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A b st r a ct  

T h e h u m a n -r estri ct e d, t y p h oi d al S al m o n ell a  P ar at y p hi A ( S.  P ar at y p hi A) a n d S . T y p hi ar e t h e m aj or 

c a us es of e nt eri c (t y p h oi d) f e v er a n d ar e e n d e mi c i n r e gi o ns wit h p o or s a nit ati o n. D es pit e t h e r e c e nt 

i n cr e as e d r at e of S. P ar at y p hi A is ol ati o n fr o m p ati e nt s i n Asi a, its p at h o g e n esis r e m ai ns l ar g el y 

u n k n o w n. As y m pt o m ati c c hr o ni c c arri a g e i n t h e g all bl a d d er is e n c o u nt er e d i n a b o ut 5 % of p ati e nts 

a n d is f a cilit at e d b y effi ci e nt i m m u n e e v asi o n. I n t his st u d y, w e h a v e  s h o w n t h at  bil e c h a n g es t h e 

e x pr essi o n of >  5 % of g e n es  i n S . P ar at y p hi A, i n cl u di n g b ot h bil e t ol er a n c e a n d vir ul e n c e -ass o ci at e d  

g e n es . S.  P ar at y p hi A a n d S.  T y p hi m a y diff er e nti all y r e g ul at e  c ert ai n m et a b oli c p at h w a y s i n r e s p o ns e 

t o bil e. F urt h er m or e, a cli ni c al S.  P ar at y p hi A is ol at e a p p e ars t o e x hi bit disti n ct r e g ul at or y m e c h a nis m s. 

As i nfl a m m as o m es h a v e b e e n s h o w n t o pl a y a k e y r ol e i n S al m o n ell a  i nf e cti o n, w e als o i n v esti g at e d 

t h eir r ol e f oll o wi n g i nf e cti o n of m a cr o p h a g es wit h S . P ar at y p hi A, usi n g S.  T y p hi a n d S.  T y p hi m uri u m 

as c o ntr ols. T his w or k d e m o nstr at es t h at S . P ar at y p hi A a n d S.  T y p hi i n d u c e p yr o pt o sis, w hi c h is l o w er 

t h a n t h at tri g g er e d b y S . T y p hi m uri u m. W hil e t h e p at h w a y a cti v at e d d uri n g S . T y p hi i nf e cti o n r e m ai ns 

u n cl e ar, S.  P ar at y p hi  A -tri g g er e d p yr o pt o sis o c c urs vi a a cti v ati o n of c as p as e -1, c as p as e -4, c as p as e -8 

a n d N L R P 3. B ot h S.  P ar at y p hi A a n d S.  T y p hi r e q uir e t h eir S PI -1 i nj e ctis o m e t o e n a bl e i nfl a m m as o m e 

a cti v ati o n. H o w e v er, w hil e t h e Vi a nti g e n of S.  T y p hi is dis p e ns a bl e f or li mit i n g p yr o pt o si s, t h e 

S. P ar at y p hi A F e p E -m e di at e d s y nt h esi s of v er y l o n g O -a nti g e n c h ai ns i m p air s m a cr o p h a g e c ell d e at h

a n d a Δ f e p E m ut a nt eli cit e d e n h a n c e d i nfl a m m as o m e a cti v ati o n. V er y l o n g O -a nti g e n c h ai ns c a n  als o 

a ct as a n i nfl a m m as o m e d a m p e ni n g m e c h a n is m i n S.  T y p hi m uri u m, b ut r e d u c e d f e p E e x pr essi o n 

i n di c at es t h at t his str at e g y is n ot e x pl oit e d b y t his p at h o g e n. T h er ef or e, t his w or k p oi nts t o w ar ds 

disti n ct m e c h a nis ms of vir ul e n c e b y S.  P ar at y p hi A , hi g hli g hti n g t h e n e e d f or a s y st e m ati c 

c h ar a ct eris ati o n of its m ol e c ul ar p at h o g e n esis.  
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A c k n o wl e d g m e nt s 

T his w or k w as f u n d e d b y t h e M R C , t hr o u g h a D T P St u d e nts hi p . I w o ul d li k e t o f urt h er t h a n k M R C f or 

a w ar di n g m e  a  gr a nt t hr o u g h t h e M R C s u p pl e m e nt s c h e m e t o c o v er m y visit t o Vi et n a m.  

I w o ul d li k e t o t h a n k m y s u p er vis or G a d Fr a n k el f or his a c a d e mi c s u p p ort, as w ell a s f or b ei n g 

u n d erst a n di n g a n d p ati e n t wit h e v er yt hi n g t h at ar o s e d uri n g m y ti m e i n his l a b . M a n y t h a n ks t o 

A vi n as h S h e n o y f or his e n dl ess k n o wl e d g e o n i nfl a m m as o m es a n d his c o nstr u cti v e f e e d b a c k. I a m 

p arti c ul arl y t h a n kf ul t o St e p h e n  B a k er n ot o nl y f or h o sti n g m e i n his l a b i n Vi et n a m , b ut a ls o f or 

r ei g niti n g m y e nt h usi as m a b o ut r es e ar c h a n d of c o urs e f or i ntr o d u ci n g us t o P ar at y p hi.  

I wis h  t o t h a n k all Fr a n k el l a b m e m b ers, p ast a n d pr es e nt, wit h o ut e x c e pti o ns . Y o u’ v e b e e n 

t h er e f or m e t hr o u g h t o u g h ti m es. I a m p arti c ul arl y gr at ef ul t o D a ni  C ars o n  f or al w a y s b ei n g t h er e f or 

a h u g a n d s o m e sist erl y l o v e , a n d S a bri n a Sl at er f or p utti n g u p wit h m y i ns e c uriti es a n d pr o vi di n g 

e x c ell e nt l a n g u a g e s kills. I a m gl a d I w as i n t his wit h y o u t w o a n d t h a n ks f or all y o ur s u p p ort i n b ot h 

a c a d e mi c a n d p ers o n al m att ers.  J uli a S a n c h e z-G arri d o, I j ust wis h y o u h a d j oi n e d t h e l a b e arli er –  a 

m assi v e t h a n k y o u f or y o ur p ati e n c e, y o ur i m m e ns e h el p wit h fi nis hi n g m y p a p er, a n d y o ur s u p p ort i n 

a n y w a y y o u c o ul d. M a n y t h a n ks t o J o s h W o n g f or b ei n g t h e c al m v oi c e I n e e d e d t o h e ar w h e n I m o st 

n e e d e d it. J a y n e W ats o n, t h a n ks f or b ei n g a n a m a zi n g offi c e b u d d y. B e c k y  J o h ns o n, t h a n ks f or t e a c hi n g 

m e all t h e C L 3 pr o c e d ur es a n d h el pi n g  m e  g et  a h a n g of  T y p hi. Al e x  B yr n e , y o ur s u p er visi o n at t h e e arl y 

st a g es of m y ti m e i n t h e l a b w as i n v al u a bl e f or m e t o c o nti n u e. S p e ci al t h a n ks t o Pi p p a G o d d ar d, f or 

h el pi n g m e i n m y b a b y st e ps i n i nfl a m m as o m e bi ol o g y ; L o uis e  K err y , f or al w a y s c ari n g; C arri e  

M ulli n e a u x -S a n d ers f or m a ki n g s ur e I d o n’t g et l o st d uri n g l a b o uti n gs; a n d R a c h a el B arr y f or al w a ys 

c h e c ki n g u p o n m e; a n d all of y o u f or a ns w eri n g m y ( m a n y) sill y q u esti o ns .  

I w o ul d li k e t o t h a n k all of m y fri e n ds b a c k h o m e, f or e nt ert ai ni n g m e a n d e n c o ur a gi n g m e t o 

c o nti n u e . S p e ci al t h a n ks t o m y h o us e m at e s Al e x a n dr a, St ef, a n d Z o e. I w o ul d n ot h a v e r et ur n e d t o t h e 

U K if w er e n’t f or y o u a n d m y l a b m at es. Al e x a n dr a, y o u pr o v e d t o b e a cl os er fri e n d t h a n m y cl o s est 

fri e n ds a n d I h o p e t o h a v e b e e n w ort h y of t his.  

I c o ul d n ot h a v e d o n e t his P h D wit h o ut m y m o m, S o p hi a, a n d m y sist er, R all o u. M o m, y o ur 

u n c o n diti o n al l o v e, s u p p ort, a n d r e a di n es s f or e n dl ess c o n v ers ati o ns a b o ut e v er yt hi n g w as w h at m a d e 

m e c arr y o n. I a m pr o u d t o h a v e y o u as m y m ot h er a n d t h a n k y ou f or e v er yt hi n g y o u h a v e t a u g ht m e. 

R all o u k a ki , I m a y n ot e v e n h a v e a “ pl a ”, b ut I k n o w I will al w a y s h a v e y o u b y m y si d e n o m att er w h at . 

A n d f or t h at, c o ul d I * b e *  a n y m or e t h a n kf ul ? Als o, cr e dits t o m y c ats f or a bs or bi n g m y e m oti o ns a n d 

t ol er ati n g m y h u gs a n d s q u e e z es.  
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I w o ul d  li k e t o t a k e a m o m e nt a n d t h a n k t h o s e I l ost d uri n g t his ti m e. M y gr a n d m ot h er f or 

al w a ys b eli e vi n g i n m e a n d f or filli n g m y i ns ati a bl e a p p etit e f or c h o c ol at e ; my first c at Ti gis  f or t e a c hi n g 

m e t o l o v e u n c o n diti o n all y  a n d  m a ki n g m e  r e alise  t h at c ats ar e m y alt er e g o ; a n d my b a b y c at Pi ki f or 

b ei n g a n e x c ell e nt  writi n g b u d d y f or as l o n g as y o u m a d e it –  I will al w a y s miss h a vi n g y o u o n m y d es k. 

A n d fi n all y, m y D a d. I w o ul d n ot h a v e r e a c h e d t his st a g e if it w as n’t f or y o u. Y o u w er e m y b est 

fri e n d, al w a ys pr o vi di n g m e wit h e n dl ess  str e n gt h a n d a d vi c e o n a bs ol ut el y e v er yt hi n g . Y o ur 

e n c y cl o p a e di c k n o wl e d g e, el e g a n c e, t hirst f or lif e, o p e n -mi n d e d n es s, al w a ys b ei n g a l o vi n g fi g ur e  h a v e 

m a d e y o u a r ol e m o d el t o as pir e t o . Y o ur l o ss h as b e e n u n b e ar a bl e, b ut I pr o mis e y o u t o c arr y o n . Y o u 

h a v e b e e n t h e b est f at h er I c o ul d h a v e e v er as k e d f or, a n d f or t h at I a m et er n all y t h a n kf ul.  
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1  
I ntr o d u cti o n 

1  I ntr o d u cti o n 

1. 1  S al m o n ell a  e nt eri c a  s p e ci e s  

1. 1. 1  T a x o n o m y  a n d n o m e n cl at ur e  

S al m o n ell a  is a Gr a m-n e g ati v e, r o d -s h a p e d, f a c ult ati v e a n a er o bi c b a ct eri u m , n a m e d aft er T h e o b al d  

S al m o n, w h o first is ol at e d a n d d es cri b e d it i n 1 8 8 4  ( S u & C hi u, 2 0 0 7). B as e d o n t h e c urr e nt C e ntr e f or 

Dis e as e C o ntr ol a n d Pr e v e nti o n n o m e n cl at ur e s yst e m, t h e S al m o n ell a  g e n us  b el o n gs t o t h e 

E nt er o b a ct eri a c e a e  f a mil y a n d c o m pris es t w o s p e ci es, S. e nt eri c a  a n d S. b o n g ori  ( Br e n n er et al. , 2 0 0 0; 

Gri m o nt & W eill, 2 0 0 7) . B as e d o n bi o c h e mi c al a n d g e n o mi c h o m ol o g y , t h e us e of si x s u bs p e ci es 

b el o n gi n g t o S . e nt eri c a  h as b e e n a p pr o v e d: s u bs p e ci es e nt eri c a  (s u bs p. I), s al a m a e (s u bs p. II), 

ari z o n a e  (s u bs p. III a), di ari z o n a e  (s u bs p. III b), h o ut e n a e  (s u bs p. I V), a n d i n di c a (s u bs p. VI) ( Br e n n er et 

al. , 2 0 0 0; Gri m o nt & W eill, 2 0 0 7). T h e K a uff m a n n -W hit e s c h e m e  s u b di vi d es s u bs p e ci e s i nt o s er o v ar s 

b as e d o n s er ol o gi c i d e ntifi c ati o n of O (s o m ati c) a n d H (fl a g ell ar) a nti g e ns ; m or e t h a n 2, 5 0 0 S al m o n ell a  

s er o v ars h a v e b e e n r e c o g nis e d  ( Br e n n er et al. , 2 0 0 0; Gri m o nt & W eill, 2 0 0 7).  
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S. e nt eri c a  s u bs p. e nt eri c a  is of p arti c ul ar i m p ort a n c e, c a usi n g e xt e nsi ve m or bi dit y a n d

m ort alit y i n b ot h h u m a ns a n d ot h er v ert e br at es  ( C o b ur n, Gr assl & Fi nl a y, 2 0 0 7). B as e d o n t h e dis e as e 

t h e y c a us e i n h u m a ns, s er o v ars b el o n gi n g t o t his s u bs p e ci es ar e br o a dl y di vi d e d i nt o t y p h oi d al , s u c h 

as s er o v ars T y p hi a n d P ar at y p hi A,  a n d n o n -t y p h oi d al S al m o n ell a  ( N T S) s er o v ars , s u c h as s er o v ar 

T y p hi m uri u m . F or si m pli cit y,  i n t his r e p ort t h e n a m e will b e s h ort e n e d i nt o t h e g e n us a n d s er o v ar 

f or m at, i. e. S al m o n ell a  e nt eri c a  s u bs p. e nt eri c a  s er o v ar P ar at y p hi  A  will b e S al m o n ell a  P ar at y p hi A or 

S . P ar at y p hi A  ( Br e n n er et al. , 2 0 0 0).

1. 1. 2  P at h o g e n e si s i n h u m a n s  

T h e m aj orit y of S. e nt eri c a  s u bs p . e nt eri c a  s er o v ars ar e p at h o g e ni c f or w ar m -bl o o d e d  a ni m al s. 

S er o v ars  m a y b e eit h er g e n er alists  ( wit h a br o a d h o st r a n g e ) s u c h as S.  T y p hi m uri u m a n d S . E nt eriti dis , 

i nf e cti n g h u m a n s , p o ultr y a n d c attl e  ali k e , or h o st-r estri ct e d, s u c h as S.  P ar at y p hi A a n d S.  T y p hi t h at 

o nl y i nf e ct h u m a ns, a n d S.  D u bli n t h at o nl y i nf e ct s c attl e ( G al-M or, 2 0 1 9) .  

A c ut e e nt eri c (t y p h oi d  or p ar at y p h oi d ) f e v er is e n d e mi c i n ar e as wit h p o or s a nit ati o n a n d is 

c a us e d b y t y p h oi d al S al m o n ell a  i n g est e d wit h c o nt a mi n at e d w at er or f o o d. Th er e ar e 1 1 – 2 7 milli o n 

c as es a n n u all y, fr o m w hi c h >  1 2 0, 0 0 0 ar e f at al ( B u c kl e, W al k er & Bl a c k, 2 0 1 2; D art o n, Bl o h m k e & 

P oll ar d, 2 0 1 4; St a n a w a y et al. , 2 0 1 9; M o g as al e et al. , 2 0 1 4; A ntill ó n et al. , 2 0 1 7; W H O, 2 0 1 8; B a k er et 

al. , 2 0 1 1). T h er e is a hi g h er i n ci d e n c e a m o n g c hil dr e n a n d t e e n a g ers i n e n d e mi c ar e as ( W H O, 2 0 0 3; 

Cr u m p & Mi nt z, 2 0 1 0; St a n a w a y et al. , 2 0 1 9). I nf e cti o n wit h t y p h oi d al s er o v ars is i n v asi v e, w h er e 

b a ct eri a e nt er t h e bl o o dstr e a m a n d diss e mi n at e s y st e mi c all y  ( D o u g a n & B a k er, 2 0 1 4; R aff at ell u et al. , 

2 0 0 8) . S y m pt o m s t y pi c all y i n cl u d e pr ol o n g e d f e v er, h e a d a c h e, m us cl e a n d st o m a c h a c h es, m al ais e, 

a n d di arr h o e a or c o nsti p ati o n. I n r ar e o c c asi o ns, c o m pli c ati o ns s u c h as i nt e sti n al bl e e di n g ( 1 0– 2 0 % of 

c as es) a n d p erf or ati o n ( 1 – 3 %), e n c e p h al o p at h y ( 2 – 4 0 %) or s e psis a n d  s e pti c  s h o c k ar e r e p ort e d ( B h a n, 

B a hl & B h at n a g ar, 2 0 0 5; P arr y et al. , 2 0 0 2; W H O, 2 0 0 3; Cr u m p et al. , 2 0 1 5). R o s e s p ots m a y  als o  

d e v el o p o n t h e c h est a n d a b d o m e n of <  2 5 % of p ati e nts ( W H O, 2 0 0 3; Cr u m p et al. , 2 0 1 5). E nt eri c  f e v er 

h as a l o n g i n c u b ati o n p eri o d of 5 – 1 4 d a ys, d e p e n di n g o n t h e i nf e cti o us d o s e , a n d us u all y l ast s f or 3 

w e e ks ( R aff at ell u et al. , 2 0 0 8; L e vi n e, T a c k et & S zt ei n, 2 0 0 1; R aff at ell u et al. , 2 0 0 6; Cr u m p et al. , 2 0 1 5). 

C ol o nis ati o n of s y st e mi c sit es all o ws t h e est a blis h m e nt of c hr o n i c c arri a g e i n t h e g all bl a d d er i n 1– 5 % 

of p ati e nts ( W H O, 2 0 0 3; D o u g a n & B a k er, 2 0 1 4; G u n n et al. , 2 0 1 4; G o n z al e z-Es c o b e d o & G u n n, 2 0 1 3 a) . 

F o o d b or n e h u m a n i nf e cti o n wit h N T S r es ult s i n >  8 0 milli o n c as es p er y e ar a n d >  1 5 0, 0 0 0 

d e at hs ar e attri b ut e d t o S al m o n ell a -ass o ci at e d g astr o e nt eritis ( M aj o wi c z et al. , 2 0 1 0). N T S s er o v ars 

s u c h as S.  T y p hi m uri u m a n d S.  E nt eriti dis ar e pr e v al e nt w orl d wi d e ( H o h m a n n, 2 0 0 1; M aj o wi c z et al. , 

2 0 1 0) . I n h e alt h y h u m a ns, N T S i nf e cti o n r e m ai ns l o c alis e d i n t h e il e u m a n d c ol o n, t y pi c all y r es ulti n g i n 

g astr o e nt eritis ( Z h a n g et al. , 2 0 0 3). S y m pt o m s i n cl u d e w at er y di arr h o e a, a b d o mi n al p ai n , n a us e a a n d 



I N T R O D U C TI O N 

2 1  

v o miti n g ( H o h m a n n, 20 0 1; G al -M or, B o yl e & Gr assl, 2 0 1 4) . S y m pt o m s d e v el o p wit hi n a n i n c u b ati o n 

p eri o d of 6 – 7 2 h, l ast < 1 0 d a ys a n d d o n ot c o m m o nl y r e q uir e a nti bi oti c tr e at m e nt t o r es ol v e 

( H o h m a n n, 2 0 0 1; R aff at ell u et al. , 2 0 0 8, 2 0 0 6). T h e ris k i n cr e as es i n p ati e nts  wit h a w e a k i m m u n e 

s y st e m, s u c h as y o u n g c hil dr e n a n d t h e el d erl y, p ati e nts u n d er g oi n g i m m u n o s u p pr essi o n, f oll o wi n g 

g astri c s ur g er y, as w ell as i n di vi d u als wit h a disr u pt e d i nt e sti n al mi cr o bi o m e ( F e as e y et al. , 2 0 1 2; G al-

M or, B o yl e & Gr assl, 2 0 1 4; H o h m a n n, 2 0 0 1; Cr u m p et al. , 2 0 1 5). A fr a cti o n of p ati e nts ( ~ 5 %) wit h N T S-

c a us e d g astr o e nt eritis, w h o ar e us u all y  i m m u n o c o m pr o mis e d i n di vi d u als, m a y d e v el o p b a ct er a e mi a 

( H o h m a n n, 2 0 0 1; Cr u m p et al. , 2 0 1 5). R e c e ntl y, t h e e m er g e n c e of i n v asi v e N T S (i N T S) i n s u b -S a h ar a n 

Afri c a, s u c h as  S.  T y p hi m uri u m S T 3 1 3, h as l e d t o i n v asi v e s y st e mi c i nf e cti o ns wit h  > 2 0 %  m ort alit y r at e 

a m o n g i m m u n o c o m pr o mis e d p ati e nts s uff eri n g fr o m HI V, m al ari a, or m al n utriti o n ( F e as e y et al. , 2 0 1 2; 

Ki n gsl e y et al. , 2 0 0 9). S T 3 1 3 is ol at es e x hi bit c o m m o n aliti e s wit h S.  T y p hi a n d S.  P ar at y p hi A, s u c h as 

i n cr e as e d g e n o m e d e gr a d ati o n a n d s y st e mi c diss e mi n ati o n ( F e as e y et al. , 2 0 1 2; Ki n gsl e y et al. , 2 0 0 9). 

1. 1. 3  T y p h oi d al S al m o n ell a  a n d t h ei r e pi d e mi ol o g y  

E nt eri c f e v er is c a us e d b y t y p h oi d al S al m o n ell a  s er o v ars T y p hi, P ar at y p hi A, P ar at y p hi B, P ar at y p hi C 

a n d S e n d ai ( G al- M or, B o yl e & Gr assl, 2 0 1 4; R aff at ell u et al. , 2 0 0 8); t h eir O a n d H a nti g e ns ar e list e d 

i n T a bl e 1. 1. E nt eri c f e v er is e n d e mi c i n S o ut h a n d S o ut h e ast Asi a a n d s u b- S a h ar a n Afri c a, wit h Asi a 

h a vi n g t h e hi g h est i n ci d e n c e a n d m ort alit y r at es ( Fi g ur e 1. 1) ( Cr u m p et al. , 2 0 1 5; T h a n h et al. , 2 0 1 6; 

St a n a w a y  et  al. , 2 0 1 9;  B a k er  et al. , 2 0 1 1).  H o w e v er,  s p ars e  d at a  a n d  p o or  s ur v eill a n c e  i n s e v er al 

c o u ntri es  c o m pli c at e  esti m ati o ns  of  a ct u al  n u m b ers  of  e nt eri c f e v er  c as es  ( St a n a w a y et  al. , 2 0 1 9) . 

S. T y p hi is t h e m o st c o m m o n eti ol o gi c a g e nt of e nt eri c f e v er ( St a n a w a y et al. , 2 0 1 9). H o w e v er, t h e r at e 

of S.  P ar at y p hi A is ol ati o n h as b e e n risi n g i n t h e r e c e nt y e ars, p artl y d u e t o t h e us e of t h e Vi v a c ci n e 

a g ai nst S.  T y p hi ( Z ell w e g er et al. , 2 0 1 7; S a h astr a b u d d h e et al. , 2 0 1 3) ( T a bl e 1. 2). C urr e ntl y, S.  P ar at y p hi 

A m a y c a us e > 4 0 % of e nt eri c f e v er c as es i n I n di a, N e p al, a n d P a kist a n ( Z h o u et al. , 2 0 1 4; Z ell w e g er et 

al. , 2 0 1 7; S a h astr a b u d d h e et al. , 2 0 1 3) a n d a b o ut a t hir d gl o b all y ( St a n a w a y et al. , 2 0 1 9). I n a d diti o n, 

t h e i n ci d e n c e of  S.  P ar at y p hi  A m a y  b e  u n d er esti m at e d  d u e  t o t h e u n a v ail a bilit y of  a p pr o pri at e 

di a g n o sti c t o ols ( S a h astr a b u d d h e et al. , 2 0 1 3). W hil e t h e i n ci d e n c e a n d m ort alit y r at es of e nt eri c f e v er 

h a v e  s h o w n  a  d e cli n e  o v er  t h e l ast t hr e e d e c a d es,  p o ssi bl y  o wi n g  t o e c o n o mi c  i m pr o v e m e nt of 

e n d e mi c c o u ntri es a n d t h e ass o ci at e d d e v el o p m e nt of s a nit ati o n a n d f o o d h a n dli n g ( St a n a w a y et al. , 

2 0 1 9),  e nt eri c f e v er i n ci d e n c e r e m ai ns hi g h i n m a n y r e gi o ns s u p p orti n g d e v el o p m e nt of  

v a c ci n ati o n p oli ci es ( M ar c h ell o, H o n g & Cr u m p, 2 0 1 9). 
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T a bl e 1 .1  T y p h oi d al S al m o n ell a  O a n d H a nti g e n s. 

T a bl e a d a pt e d fr o m W H O, 2 0 0 3; Gri m o nt & W eill, 2 0 0 7 . A nti g e n s u s e d i n a g gl uti n ati o n as s a y s f or e a c h 

s er o v ar ar e s h o w n i n b ol d. S.  T y p hi P h as e 2 H a nti g e n z 6 6 is r ar el y f o u n d. S.  P ar at y p hi A d o es n ot t y pi c all y 

e x pr es s P h as e 2 H a nti g e n s. S.  T y p hi m uri u m is pr es e nt e d a s a n e x a m pl e  N T S f or c o m p aris o n.  

S er o v ar  O a nti g e n  H a nti g e n ( P h a s e 1 : P h a s e 2)  S er o gr o u p  

S. T y p hi 9 , 1 2, Vi d , j : z 6 6 D 1  

S. P ar at y p hi A 1, 2 , 1 2 a  : (1, 5 ) A  

S. P ar at y p hi B 1, 4 , (5 ), 1 2 b  : 1, 2 B  

S. P ar at y p hi C 6 , 7 , (Vi ) c  : 1, 5 C 1  

S. S e n d ai 1, 9, 1 2  a : 1, 5  D 1  

S. T y p hi m uri u m 1, 4, 5, 1 2  i : 1, 2 B  

Fi g ur e 1. 1 E nt eri c f e v er gl o b al i n ci d e n c e i n 2 0 1 7.   

K e y s h o ws n u m b er of c as es p er 1 0 0, 0 0 0. A d a pt e d fr o m St a n a w a y et al. , 2 0 1 9. 



I N T R O D U C TI O N 

2 3  

1. 1. 3. 1  S al m o n ell a  T y p hi  

S. T y p hi is t h e m ai n c a us e of e nt eri c f e v er  (T a bl e 1 .2 ). Of i nt er est i s  H a pl ot y p e 5 8 ( H 5 8) , w hi c h is a

r e c e ntl y e m er g e d s u b cl a d e a n d is r es p o nsi bl e f or t h e o n g oi n g t y p h oi d e pi d e mi c i n Asi a a n d Afri c a 

( F e as e y et al. , 2 0 1 5; W o n g et al. , 2 0 1 5). P h yl o g e o gr a p hi c al a n al ysis s u g g est s t h at H 5 8 h as cl o n all y 

e x p a n d e d a n d diss e mi n at e d gl o b all y, u nli k e ot h er s u b cl a d es of S.  T y p hi t h at h a v e r e m ai n e d 

g e o gr a p hi c all y r estri ct e d ( F e as e y et  al. , 2 0 1 5; W o n g et al. , 2 0 1 5, 2 0 1 6). S.  T y p hi m ulti -dr u g r e sist a n c e 

(M D R ) is ass o ci at e d wit h H 5 8 i n m o st c o u ntri es, alt h o u g h t his is li k el y n ot t h e o nl y c o ntri b uti n g f a ct or 

t o t h e s u c c ess of t his g e n ot y p e a n d t h e u n d erl yi n g m e c h a nis m s r e m ai n l ar g el y u nk n o w n  ( F e as e y et al. , 

2 0 1 5; T h a n h et al. , 2 0 1 6; W o n g et al ., 2 0 1 5; J o h ns o n, M yl o n a & Fr a n k el, 2 0 1 8). 

1. 1. 3. 2   S al m o n ell a  P ar at y p hi A  

S. P ar at y p hi A is a n i m p ort a nt t h o u g h- n e gl e ct e d p at h o g e n i n Asi a ( W o o ds et al. , 2 0 0 6). S.  P ar at y p hi A 

i nf e cts y o u n g c hil dr e n l ess oft e n t h a n S.  T y p hi ( S a h astr a b u d d h e et al. , 2 0 1 3), w hi c h m a y p artl y 

e x pl ai n t h e l o w er n u m b ers of f at al c as es attri b ut e d t o S . P ar at y p hi A. Li ke S.  T y p hi, S.  P ar at y p hi A 

str ai ns wit h r e d u c e d s us c e pti bilit y t o c urr e ntl y us e d a nti mi cr o bi als a n d M D R h a v e e m er g e d 

( S a h astr a b u d d h e et al. , 2 0 1 3), f urt h er i n cr e asi n g t h e al ar m f or t his p at h o g e n. E xtr e m e dr u g 

r esist a n c e ( X D R) s e e n i n S. T y p hi ( Kl e m m et al. , 2 0 1 8) m a y s o o n b e r e pli c at e d i n S.  P ar at y p hi A 

w hil e it s pr e a ds gl o b all y.  P h yl o g e n eti c st u di es o n S.  P ar at y p hi A h a v e di s c o v er e d w orl d wi d e s pr e a d 

o n m ulti pl e o c c asi o ns a n d h a v e cl assifi e d is ol at e d str ai ns i nt o s e v e n  li n e a g es A– G  ( Z h o u et al. , 

2 0 1 4).  Li n e a g e s A a n d C ar e t h e pr o g e nit ors of m ost e xt a nt is ol at es a n d c urr e ntl y t h e m ost 

c o m m o n ( Z h o u et al. , 2 0 1 4). A cli ni c al is ol at e b el o n gi n g t o li n e a g e C ( E D 1 9 9 or N V G H 3 0 8) is 

c urr e ntl y us e d i n h u m a n c h all e n g e st u di es pr o vi di n g t h e b asis f or as s essi n g v a c ci n e effi c a c y 

( D o bi ns o n et al. , 2 0 1 7; M c C ull a g h et al. , 2 0 1 5). T h e  l a c k of a p ar at y p h oi d v a c ci n e, t h e i n cr e asi n g 

gl o b al i n ci d e n c e of S . P ar at y p hi A, a n d t h e gr o wi n g M D R ( T a bl e 1. 2), all o w t h e pr e di cti o n of S . 

P ar at y p hi A b e c o mi n g t h e m aj or c a us e of e nt eri c f e v er wit hi n t h e n e xt f e w y e ars ( B a k er, K ar k e y & 

P arr y, 2 0 1 4; W o o ds et al. , 2 0 0 6; Z ell w e g er et al. , 2 0 1 7; Z h o u et al. , 2 0 1 4; Cr u m p & Mi nt z, 2 0 1 0; 

S a h astr a b u d d h e et al. , 2 0 1 3). 
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1. 1. 3. 3  S al m o n ell a  P ar at y p hi  B , P ar at y p hi C a n d S e n d ai  

T h e r e m ai ni n g t y p h oi d al S al m o n ell a  s er o v ars ar e b e y o n d t h e s c o p e of t his pr oj e ct a n d ar e o nl y bri efl y 

dis c uss e d. S.  P ar at y p hi B c o m pris es cl o n es of diff er e nt p h yl o g e n eti c ori gi n, m ai nl y of li n e a g e J a v a a n d 

s e ns u stri ct o ; t h e f or m er is m ostl y ass o ci at e d wit h g astr o e nt eritis, w hil e t h e l att er wit h e nt eri c f e v er 

( Hi g gi ns o n et al. , 2 0 1 8; B ar k er et al. , 1 9 8 8). T h e i n ci d e n c e of S.  P ar at y p hi B s e ns u stri ct o  h as d e cli n e d 

o v er t h e l ast d e c a d es ( L e vi n e et al. , 2 0 0 7), b ut its o c c urr e n c e m a y i n cr e as e f oll o wi n g t h e us e of 

v a c ci n es a g ai nst S.  T y p hi a n d t h os e u n d er d e v el o p m e nt a g ai nst S.  P ar at y p hi A ( Hi g gi ns o n et al. , 

2 0 1 8).  S. P ar at y p hi C is oft e n misi d e ntifi e d d u e t o t h e hi g h si mil arit y t o S. C h ol er as uis, a s wi n e-

a d a pt e d  s er o v ar ( Gri m o nt & W eill, 2 0 0 7; Li u et al. , 2 0 0 9), s o its i n ci d e n c e m a y b e diffi c ult t o 

esti m at e.  S. P ar at y p hi C is m or e si mil ar t o S.  C h ol er as uis t h a n t o S.  P ar at y p hi A a n d S.  T y p hi ( Li u et al. , 

2 0 0 9) . H o w e v er, u nli k e S.  P ar at y p hi A a n d B, S.  P ar at y p hi C c arri es t h e Vi a nti g e n si mil ar t o S.  T y p hi 

( B ä u ml er et al. , 1 9 9 8; B u e n o et al. , 2 0 0 4) ( T a bl e 1. 1; f or Vi s e e S e cti o n 1. 6. 2). S.  S e n d ai is r ar el y 

is ol at e d fr o m p ati e nts a n d it r e c e ntl y di v er g e d fr o m S.  P ar at y p hi A (s e e als o Fi g ur e 1. 2 B) ( F e n g et al. , 

2 0 1 9).  

1. 2  Di a g n o si s, tr e at m e nt , a n d v a c ci n ati o n f or e nt eri c f e v er 

T h e l a c k of eff e cti v e di a g n o sti cs t o ols a n d tr e at m e nt o pti o ns r e pr es e nt m aj or o bst a cl es i n c o ntr olli n g 

e nt eri c f e v er.  C as es  ar e  c o m m o nl y  c o nfir m e d  f oll o wi n g p ersisti n g  f e v er a n d  b a ct eri a  is ol ati o n a n d 

c ult ur e ( Cr u m p et al. , 2 0 1 5; P arr y et al. , 2 0 1 1). B o n e m arr o w c ult ur e is t h e g ol d st a n d ar d o wi n g t o its 

i n cr e as e d s e nsiti vit y ( > 8 0 %), b ut  d u e t o pr a cti c al r e as o ns t h e l ess s e n siti v e ( 4 0– 6 0 %) bl o o d c ult ur e is 

t h e m ai nst a y m et h o d,  w hil e  p ol y m er as e  c h ai n  r e a cti o n ( P C R)- b as e d di a g n o sti cs  h a v e  t h e b e n efit of 

r e q uiri n g f e w or e v e n d e a d or g a nis m s ( W H O, 2 0 0 3; Cr u m p & Mi nt z, 2 0 1 0; Cr u m p et al. , 2 0 1 5; W H O, 

2 0 1 8; P arr y et al. , 2 0 1 1). H o w e v er, d et e cti o n of t y p h oi d al or g a nis m s is hi n d er e d b y t h e pr es e n c e of 

a nti bi oti cs,  a s m all  s p e ci m e n  v ol u m e,  i n a p pr o pri at e l a b or at or y m e di a,  a n d/ or  t h e ti m e of c oll e cti o n 

( W H O, 2 0 0 3; Cr u m p et al. , 2 0 1 5; P arr y et al. , 2 0 1 1). I ns uffi ci e nt mi cr o bi ol o g y f a ciliti es oft e n a ct as a n 

a d d e d o bst a cl e i n e n d e mi c c o u ntri es ( P arr y et al. , 2 0 1 1). S er ol o gi c al t e sts ( e. g. Wi d al t est, 

T y p hi d ot t est, a n d v ari ati o ns of t h es e) d et e ct a nti b o di es a g ai nst O (li p o p ol ys a c c h ari d e [ L P S]) a n d H 

(fl a g ell a) a nti g e ns, a g ai nst t h e Vi a nti g e n or o ut er m e m br a n e pr ot ei n a nti g e ns, b ut t h eir s e nsiti vit y 

a n d r eli a bilit y ar e r e d u c e d b y b a c k gr o u n d l e v els of t h e t est e d a nti b o di es i n e n d e mi c r e gi o ns, d u e t o 

Vi v a c ci n e us e a n d d u e t o si mil ariti es of t h e a nti g e ns wit h ot h er S al m o n ell a  s er o v ars or e nt eri c 

b a ct eri a ( W H O, 2 0 0 3; Cr u m p et al. , 2 0 1 5; P arr y et al. , 2 0 1 1). I m p ort a ntl y, d et e cti o n of c hr o ni c 

c arri ers is hi n d er e d b y t h e f a ct t h at ~ 2 5 % of c arri ers d o n ot r e p ort a n y cli ni c al s y m pt o ms pri or t o 

d e v el o pi n g c hr o ni c c arri a g e ( W H O, 2 0 0 3; G u n n et al. , 2 0 1 4; G al- M or, 2 0 1 9; D o n g ol et al. , 2 0 1 2).  

Ti m el y tr e at m e nt  wit h a nti bi oti cs is  ess e n ti al  f or mi ni misi n g t he  m ort alit y r at e  a n d 

c o m pli c ati o n s o f e nt eri c f e v er ( Cr u m p & Mi n t z, 2 0 1 0; Gi b a n i, Britt o & P oll ar d , 2 0 1 8; W H O , 2 0 0 3; 
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B utl er, 2 0 1 1) . H o w e v er, a v ail a bl e o pti o ns of a nti mi cr o bi als a g ai nst e nt eri c f e v er ( T a bl e 1 .2 ) s uff er fr o m 

d e cr e as e d a nti bi oti c s us c e pti bilit y t h at is i n cr e asi n gl y b ei n g i d e ntifi e d a m o n g t y p h oi d al S al m o n ell a  

( Cr u m p & Mi nt z, 2 0 1 0; B utl er, 2 0 1 1; W o n g et al. , 2 0 15; T h a n h et al. , 2 0 1 6). Ot h er t h a n M D R ( T a bl e 

1 .2 ), S.  T y p hi a n d S.  P ar at y p hi A r esist a n c e t o n ali di xi c a ci d a n d fl u or o q ui n ol o n es li k e ci pr ofl o x a ci n a n d 

ofl o x a ci n h as  fr e q u e ntl y b e e n r e p ort e d ( P arr y et al. , 2 0 1 5; Cr u m p et al. , 2 0 1 5; S a h astr a b u d d h e et al. , 

2 0 1 3; D o n g ol et al. , 2 0 1 2; Z ell w e g er et al. , 2 0 1 7). E xt e n d e d -s p e ctr u m c e p h al o s p ori ns ar e us e d t o tr e at 

M D R S al m o n ell a , w hi c h, h o w e v er, r e q uir e l o n g er ti m e f or f e v er cl e ar a n c e ( P arr y et al. , 2 0 1 5). A n ot h er 

alt er n ati v e f or u n c o m pli c at e d e nt eri c f e v er is t h e a z ali d e a nti mi cr o bi al a zit hr o m y ci n , wit h fe w 

r esist a n c e c as es t o t his a nti mi cr o bi al cl ass h a vi n g  b e e n r e p ort e d t o d at e ( Cr u m p et al. , 2 0 1 5; P arr y et 

al. , 2 0 1 5). Al ar mi n gl y, pl as mi d-b or n e X D R (T a bl e 1 .2 ) i n S.  T y p hi is ol at e s fr o m P a ki st a n l e a v es li mit e d 

alt er n ati v e tr e at m e nt o pti o ns ( Kl e m m et al. , 2 0 1 8). A nti mi cr o bi al tr e at m e nt is als o  hi n d er e d b y t h e 

li mit e d a bilit y of s u c h s u bst a n c es t o t a r g et i ntr a c ell ul ar sit es i n t h e r eti c ul o e n d ot h eli al s y st e m a n d t h e 

g all bl a d d er ( Cr u m p et al. , 2 0 1 5). A nti bi oti c tr e at m e nt of c hr o ni c c arri ers is r ar el y s u c c essf ul ( W H O, 

2 0 0 3; G u n n et al. , 2 0 1 4); a n e xt e n d e d c o urs e of a nti bi oti c a d mi nistr ati o n a n d/ or c h ol e c y st e c t o m y, i. e. 

s ur gi c al r e m o v al of t h e g all bl a d d er,  m a y i n cr e as e t h e s u c c e ss r at e ( Cr u m p et al. , 2 0 1 5).  

T h e m o st effi ci e nt pr e v e nti o n a n d c o ntr ol str at e gi es ar e t h e i m pr o v e m e nt of s a nit ati o n, 

s e c uri n g t h e s af et y of w at er a n d f o o d s u p pl y, i m pl e m e nt ati o n of m as s v a c ci n ati o n str at e gi e s a n d 

d e v el o p m e nt of t o ols t o i d e ntif y a n d m a n a g e c hr o ni c c arri ers ( Cr u m p & Mi nt z, 2 0 1 0; Cr u m p et al. , 

2 0 1 5; Pit z er et al. , 2 0 1 4; W H O, 2 0 1 8). As t h er e ar e n o a ni m al r es er v oirs f or S.  T y p hi a n d P ar at y p hi A, 

t h eir eli mi n ati o n m a y b e  f e asi bl e. T hr e e li c e ns e d v a c ci n es a g ai nst S.  T y p hi ar e a v ail a bl e  (T a bl e 1 .2 ). 

H o w e v er, T y 2 1 a a n d Vi P S v a c ci n es ar e li c e ns e d f or us e i n c hil dr e n a g e d ≥  6 a n d ≥  2 y e ars r es p e cti v el y 

a n d i m m u nit y w e a k e ns aft er t hr e e y e ars r e q uiri n g r e -v a c ci n ati o n ( Cr u m p & Mi ntz, 2 0 1 0; W H O, 2 0 0 3; 

Pit z er et al. , 2 0 1 4; W H O, 2 0 1 8). T h e r e c e nt l y li c e nse d  T C V is s u g g est e d t o h a v e l o n g er-l asti n g 

pr ot e cti o n  a n d is s af e f or p e o pl e a g e d ≥  6 m o nt hs a n d ≤  4 5 y e ars o l d ( B a k er, K ar k e y & P arr y, 2 0 1 4; 

Pit z er et al. , 2 0 1 4; W H O, 2 0 1 8). H o w e v er, v a c ci n ati o n r e m ai ns s c ar c e i n e n d e mi c c o u ntri es ( St a n a w a y 

et al. , 2 0 1 9), alt h o u g h r o uti n e v a c ci n ati o n of i nf a nts w o ul d h a v e t h e str o n g est l o n g -t er m eff e ct i n 

r e du ci n g t y p h oi d i n ci d e n c e ( Pit z er et al. , 2 0 1 4). I m p ort a ntl y, t h er e ar e n o li c e ns e d v a c ci n es a g ai nst  

S . P ar at y p hi A  y et . V a c ci n e d e v el o p m e nt a g ai nst p ar at y p h oi d is ess e nti al , a n i d e al s ol uti o n b ei n g a

bi v al e nt v a c ci n e c o nf erri n g pr ot e cti o n a g ai nst b ot h S . T y p hi a n d S.  P ar at y p hi A ( Cr u m p et al. , 2 0 1 5; 

Cr u m p & Mi nt z, 2 0 1 0; S a h astr a b u d d h e et al. , 2 0 1 3). L i v e-at t e n u at e d S . P ar at y p hi A or  c o nj u g at e O -

a nti g e n -b as e d v a c ci n es ar e i n v ari o us st a g es of d e v el o p m e nt ( S a h astr a b u d d h e et al. , 2 0 1 3; Xi o n g et 

al. , 2 0 1 5; M arti n et al. , 2 0 1 6), b ut t h eir pr ot e cti v e eff e ct r e m ai ns u n d efi n e d (B a k er, K ar k e y & P arr y, 

2 0 1 4) . U n d erst a n di n g t h e i m m u n e r es p o ns e a g ai nst S . P ar at y p hi A is t h us vit al f or t his p ur p o s e. 
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1. 3  M o d el s t o st u d y e nt eri c f e v er  

T h e m ol e c ul ar p at h o g e n esis of S.  P ar at y p hi A h as b e e n p o orl y i n v esti g at e d. Alt h o u g h S.  T y p hi h as b e e n 

i nv esti g at e d m or e, m o st of t h e c urr e nt k n o wl e d g e o n t y p h oi d al  S al m o n ell a  i nf e cti o n is e xtr a p ol at e d 

fr o m st u di es  o n  S.  T y p hi m uri u m.  S.  T y p hi  a n d  S.  T y p hi m uri u m  s h ar e  a b o ut  8 9 %  g e n o mi c  h o m ol o g y 

( S a b b a g h et al. , 2 0 1 0)  a n d  i nf e cti o n of  s us c e pti bl e  m o us e  str ai ns  wit h  S.  T y p hi m uri u m  l e a d s t o a 

t y p h oi d-li k e di s e as e ( Br o z, O hls o n & M o n a c k, 2 0 1 2; Hi g gi ns o n, Si m o n & T e n n a nt, 2 0 1 6; Ts olis  et al. , 

2 0 1 1). Als o, i n c o ntr ast t o t h e h a z ar d gr o u p 2 S . T y p hi m uri u m, S.  P ar at y p hi A a n d S.  T y p hi ar e cl assifi e d 

as h a z ar d gr o u p 3 or g a nis m s b y t h e H e alt h & S af et y E x e c uti v e ( H S E) a n d ar e list e d u n d er S c h e d ul e 5 

of  t h e A nti-t err oris m,  Cri m e  a n d  S e c urit y  A ct  ( 2 0 0 1), w hi c h  c o m pli c at es  r es e ar c h wit h t h es e 

p at h o g e ns, as a bi o s af et y l e v el 3 l a b a n d pr o p er tr ai ni n g ar e r e q uir e d. 

D u e t o t h e h o st r estri cti o n of t y p h oi d al S al m o n ell a , t h er e ar e f e w a p pr o pri at e i n vi v o m o d els 

( S o n g et al. , 2 0 1 0; Fir o z Mi a n et al. , 2 0 1 1) a n d t h us m o st st u di es ar e p erf or m e d i n vitr o. A n a p pr o a c h 

h as  b e e n  t o i ntr o d u c e S.  T y p hi-s p e cifi c  f a ct ors, s u c h  a s t h e Vi,  i nt o S.  T y p hi m uri u m,  w hi c h  h a v e 

c o ntri b ut e d  t o o ur  u n d erst a n di n g  of  s u c h f a ct ors, b ut  m e c h a nisti c  diff er e n c es  b et w e e n  t h e t w o 

s er o v ars r e m ai n u n a d dr ess e d  ( Ts olis et  al. , 2 0 1 1).  S.  T y p hi m uri u m  a n d  t y p h oi d al s er o v ars diff er  o n 

t h eir h o st a d a pt ati o n  a n d  t h e disti n ct cli ni c al  s y n dr o m es  c a us e d  i n h u m a ns,  w hi c h  ar e dri v e n  b y 

diff er e nti all y e v ol v e d eff e ct ors, t h e d e gr e e of g e n o m e d e gr a d ati o n, diff er e nti al r e g ul ati o n of vir ul e n c e 

f a ct ors a n d  t y p h oi d al-s p e cifi c vir ul e n c e  f a ct ors ( D o u g a n & B a k er,  2 0 1 4;  J o h ns o n, M yl o n a  &  Fr a n k el, 

2 0 1 8; Es w ar a p p a et al. , 2 0 0 8; H olt et al. , 2 0 0 9; R aff at ell u et al. , 2 0 0 8; Hi y o s hi et al. , 2 0 1 8 a; G al- M or, 

B o yl e  &  Gr assl,  2 0 1 4;  J e n ni n gs, T h urst o n  & H ol d e n,  2 0 1 7;  S a b b a g h  et  al. , 2 0 1 0),  w hi c h  c a n n ot  b e 

r e pli c at e d i n a S.  T y p hi m uri u m-i nf e ct e d m o us e m o d el of e nt eri c f e v er ( S o n g et al. , 2 0 1 0). Gi v e n t h at 

S. P ar at y p hi  A  a n d  S.  T y p hi  ar e  u n a bl e  t o i nf e ct c o m m o n  m o us e  str ai ns  ( C art er &  C olli ns,  1 9 7 4) , 

p er missi v e  h u m a nis e d  mi c e,  w hi c h  ar e  e n gr aft e d  wit h  h u m a n  h e m at o p oi eti c  st e m c ells,  h a v e  b e e n 

d e v el o p e d as e x p eri m e nt al a ni m al m o d els ( Li b b y et al. , 2 0 1 0; S o n g et al. , 2 0 1 0; Fir oz Mi a n et al. , 2 0 1 1). 

I n t h es e a ni m als,  S.  T y p hi  is r e c o v er e d fr o m s y st e mi c  sit es li k e t h e li v er a n d  s pl e e n,  o c c asi o n all y 

n e ur ol o gi c al s y m pt o m s m a y m a nif est, a n d a n i m m u n e r e s p o ns e hi g hl y si mil ar t o h u m a ns is eli cit e d i n 

s o m e of  t h e mi c e  ( Fir o z Mi a n  et al. , 2 0 1 1;  S o n g  et al. , 2 0 1 0;  Li b b y  et al. , 2 0 1 0). R e c e ntl y, usi n g  t his 

m o d el, K arli ns e y  et  al.  ( 2 0 1 9) d e m o nstr at e d  k e y  diff er e n c es  b et w e e n  S.  T y p hi  a n d  S.  T y p hi m uri u m 

d uri n g i nf e cti o n, s u p p orti n g t h es e m o d els as a us ef ul t o ol f or el u ci d ati n g t h e p at h o g e ni c m e c h a nis ms 

of t y p h oi d al S al m o n ell a . H o w e v er, li mit ati o ns of t h e  us e of t h e h u m a nis e d m o us e m o d el s o f ar 

i n cl u d e t h e f a ct t h at o nl y h e m at o p oi eti c c ells ar e h u m a n w hil e ot h er li k e e pit h eli al c ells ar e 

m uri n e, t h e i ntr a p erit o n e al d eli v er y of t h e i nf e cti n g or g a nis ms i nst e a d of t h e n at ur al or al r o ut e, a n d 

t h e r estri cti o n of t h e st u d y to  t h e e arl y b a ct er a e mi c p h as e o nl y ( W a n g, K n o dl er & Str u g n ell, 2 0 1 9).  
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H u m a n c h all e n g e s yst e m s h a v e b e e n d e v el o p e d wit h t h e m ai n ai m b ei n g v a c ci n e d e v el o p m e nt 

( L e vi n e, T a c k et & S zt ei n, 2 0 0 1; D o bi ns o n et al. , 2 0 1 7; Mc C ull a g h et al. , 2 0 1 5; W a d di n gt o n et al. , 2 0 1 4). 

R e c e ntl y, o n e s u c h s y st e m w as us e d t o d e m o nstr at e t h at t y p h oi d t o xi n is n ot i n v ol v e d i n s y m pt o m 

d e v el o p m e nt, i n c o ntr ast t o w h at w as pr e di ct e d b y m o us e st u di es ( Gi b a ni et al. , 2 0 1 9; S o n g, G a o & 

G al á n, 2 0 1 3) , d e m o nstr ati n g t h at m o us e m o d els ma y b e mi sl e a di n g f or st u d yi n g e nt eri c f e v er. D u e t o 

et hi c al r estri cti o ns, h u m a n c h all e n g e s y st e m s pr es e nt li mit ati o ns ( W a n g, K n o dl er & Str u g n ell, 2 0 1 9). 

Tr e at m e nt is r e q uir e d w h e n s y m pt o m s m a nif est or at d a y 1 4 ( Gi b a ni et al. , 2 0 1 9), m u c h e arli er t h a n 

t h e o ns et of c o m pli c ati o ns. T h er ef or e, l at er st a g es of t h e dis e as e, i n cl u di n g c hr o ni c c arri a g e, a n d 

s eri o us e nt eri c f e v er c o m pli c ati o ns c a n n ot b e st u di e d i n h u m a ns ( W a n g, K n o dl er & Str u g n ell, 2 0 1 9). 

T h e l a c k of a n a p pr o pri at e e nt eri c f e v er m o d el is t h us cl e ar.  

1. 4  S al m o n ell a  e v ol uti o n  

T h e a c q ui siti o n  of  S al m o n ell a  p at h o g e ni cit y isl a n ds ( S PIs ) h a v e b e e n c e ntr al t o S al m o n ell a  e v ol uti o n. 

S PIs w er e a c q uir e d t hr o u g h h ori z o nt al g e n e tr a nsf er a n d m o difi e d vi a g e n o m e d e gr a d ati o n ( B ä u ml er, 

1 9 9 7; B ä u ml er et al. , 1 9 9 8; Li u et al. , 2 0 0 9; Di d el ot et al. , 2 0 0 7; F o o k e s et al. , 2 0 1 1; H olt et al. , 2 0 0 9; 

D es ai et al. , 2 0 1 3). F oll o wi n g a si n gl e a c q uisiti o n of S PI-1, t h e S al m o n ell a  g e n us di v er g e d fr o m 

Es c h eri c hi a  c oli  >  1 0 0 milli o n y e ars a g o ( B ä u ml er, 1 9 9 7). F urt h er di v er g e n c e i nt o t h e t w o S al m o n ell a  

s p e ci es, S . b o n g ori  a n d S . e nt eri c a , w as m e di at e d b y t h e a c q uisiti o n of S PI-2 b y S. e nt eri c a a b o ut 2 5 –

4 0 milli o n y e ars a g o ( S h e a et al. , 1 9 9 6; O c h m a n & Gr ois m a n, 1 9 9 6; F o o k es et al. , 2 0 1 1; B ä u ml er et al. , 

1 9 9 8)  (Fi g ur e 1 .2 A). S PI -1 a n d S PI -2 e n c o d e f or t w o T y p e III s e cr eti o n s yst e m s f urt h er d es cri b e d i n 

S e cti o n 1. 5. 1 . 

Fi g ur e 1. 2  E v ol uti o n of S al m o n ell a . 

(AA ) A c q uisiti o n of g e n es l e a di n g t o e v ol uti o n of S. e nt eri c a  s u bs p. e nt eri c a  (s u bs p. I) c a p a bl e of i nf e cti n g w ar m-

bl o o d e d v ert e br at es. ( BB ) E v ol uti o n ar y r el ati o ns hi p b et w e e n S.  P ar at y p hi A a n d i n di c at e d s er o v ars ( n ot s c al e d). 

P a n els a d a pt e d fr o m B ä u ml er, 1 9 9 7; B ä u ml er et al. , 1 9 9 8; H olt et al. , 2 0 0 9; Li u et al. , 2 0 0 9; F e n g et al. , 2 0 1 9. 
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S. e nt eri c a s er o v ars ar e cl assifi e d b as e d o n  t h eir a nti g e ni c pr ofil e; h o w e v er, ot h er diff er e n c es

b et w e e n s er o v ars ar e f o u n d at t h e g e n o mi c l e v el, w hi c h ar e r es p o nsi bl e f or s er o v ar p at h o g e ni cit y a n d 

h o st s p e cifi cit y, d es pit e cl o s e si mil arit y i n n u cl e oti d e a n d a mi n o a ci d s e q u e n c es b et w e e n s er o v ars 

( H olt et al. , 2 0 0 9; Br o w n et al. , 2 0 0 3; B ä u ml er et al. , 1 9 9 8; Li u et al. , 2 0 0 9; D es ai et al. , 2 0 1 3; Z h o u et 

al. , 2 0 1 4; C o b ur n, Gr assl & Fi nl a y, 2 0 0 7). T h e h u m a n-r estri ct e d t y p h oi d al s er o v ars S.  P ar at y p hi A a n d 

S. T y p hi , w hi c h ar e t h e f o c us of t his pr oj e ct, h a v e i n d e p e n d e ntl y e v ol v e d wit hi n t h e S. e nt eri c a  s p e ci es

( Di d el ot et al. , 2 0 0 7), a n d m a y s h ar e r e c e nt c o m m o n a n c estr y ( d e n B a k k er et al. , 2 0 1 1). T h e y ar e hi g hl y 

cl o n al a n d m o n o m or p hi c , as w ell as b ei n g r el ati v el y disti n ct fr o m ot h er S al m o n ell a  s er o v ars ( Di d el ot 

et al. , 2 0 0 7; H olt et al. , 2 0 0 9; D e n g et al. , 2 0 0 3; H olt et al. , 2 0 0 8; Ki d g ell et al. , 2 0 0 2) (Fi g ur e 1 .2 B). T h e 

c arri er st at e ( dis c uss e d i n d et ail i n S e cti o n 1. 7 ), w hi c h is d efi n e d b y as y m pt o m ati c c hr o ni c c arri a g e a n d 

s h e d di n g of b a ct eri a, is s u g g est e d t o h a v e l ar g el y d et er mi n e d e v ol uti o n of  t y p h oi d al S al m o n ell a  

( R o u m a g n a c et al. , 2 0 0 6; Ki d g ell et al. , 2 0 0 2; Hi y o s hi et al. , 2 0 1 8 a). C o n v er g e n c e vi a h o m ol o g o us 

r e c o m bi n ati o n a n d p ar all el, r e c e nt, a n d e xt e nsi v e g e n o m e d e gr a d ati o n h as o c c urr e d d uri n g t h e 

e v ol uti o n of S.  P ar at y p hi A a n d S.  T y p hi . Ge n o m e d e gr a d ati o n (T a bl e 1 .2 ) h as l ar g el y m e di at e d h o st 

r estri cti o n a n d a d a pt ati o n of t y p h oi d al s er o v ars  ( H olt et al. , 2 0 0 9; Li u e t al., 2 0 0 9; H olt et al. , 2 0 0 8; 

S a b b a g h et al. , 2 0 1 0; Z h o u et al. , 2 0 1 4; A c ht m a n, 2 0 0 8; Di d el ot et al. , 2 0 0 7). I n f a ct, ho st -r estri cti o n 

m e di at e d b y g e n o m e d e gr a d ati o n is c o m m o n a m o n g h u m a n -r estri ct e d p at h o g e ns e v ol vi n g fr o m a 

g e n er alist pr o g e nit or , s u c h as Y er si ni a p estis  a n d M y c o b a ct eri u m l e pr a e  ( F e as e y et al. , 2 0 1 2). A f e w 

ps e u d o g e n es s h ar e d b et w e e n S.  T y p hi a n d S.  P ar at y p hi A w er e a c q uir e d vi a r e c o m bi n ati o n b et w e e n 

t h e t w o s er o v ars, w hil e t h e m ajorit y w er e i n d e p e n d e ntl y  f or m e d t hr o u g h a d a pti v e m ut ati o n(s) ( H olt 

et al. , 2 0 0 9; Z h o u et al. , 2 0 1 4) (T a bl e 1 .2 ). T h es e pr o c ess e s l e d t o i n d e p e n d e nt e v ol uti o n of t h e e xtr a-

i nt e sti n al a n d s y st e mi c lif est yl e of t y p h oi d al S al m o n ell a  s er o v ars ( H olt et al. , 2 0 0 9).  

1. 5  S al m o n ell a  i nf e cti o n m e c h a ni s m 

H u m a n i nf e cti o n wit h S al m o n ell a  t y pi c all y o c c urs f oll o wi n g c o ns u m pti o n of c o nt a mi n at e d f o o d or 

w at er a n d is tr a ns mitt e d f a e c al -or all y ( C o b ur n, Gr a ssl & Fi nl a y, 2 0 0 7). B as e d o n h u m a n c h all e n g e 

st u di es, t h e i nf e cti o us d o s e of S.  P ar at y p hi A is t y pi c all y 1 – 5 ×  1 0 3 c ol o n y f or mi n g u nits ( C F U ) c a us i n g 

dis e as e i n 6 0 % of p ati e nts, b ut as f e w as 7 0 0 C F U m a y l e a d t o a c ut e e nt eri c f e v er ( D o bi ns o n et al. , 

2 0 1 7) . Si mil arl y, e nt eri c f e v er w as c a us e d i n 5 5 % of i n di vi d u al s i nf e ct e d wit h 1 03  S.  T y p hi b a ct eri a, wit h 

t h e i nf e cti o us d o s e c orr el ati n g  t o i nf e cti o n r at e a n d i n v ers el y c orr el ati n g t o i n c u b ati o n p eri o d 

( W a d di n gt o n et al. , 2 0 1 4; L e vi n e, T a c k et & S zt ei n, 2 0 0 1). I n S.  T y p hi m uri u m o ut br e a ks, 1 0 1 – 1 0 4  

b a ct eri a w er e c al c ul at e d t o h a v e b e e n i n g est e d ( Bl as er & N e w m a n, 1 9 8 2).  
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S al m o n ell a  s ur vi v es t h e st o m a c h a n d r e a c h es t h e s m all i nt e sti n e, w h er e it cr o ss es t h e 

i nt e sti n al e pit h eli u m a n d e nt ers t h e s u b m u c o s a  (Fi g ur e 1 .3 ) ( F à br e g a & Vil a, 2 0 1 3; F o st er & H all, 1 9 9 1; 

P arr y et al. , 2 0 0 2). Cr o ssi n g of t h e e pit h eli al b arri er o c c urs vi a diff er e nt r o ut e s: S al m o n ell a  m a y i n v a d e 

e pit h eli al c ells, b e tr a nsl o c at e d t hr o u g h mi cr of ol d ( M) c ells , p h a g o c yt o s e d b y m a cr o p h a g es or b e t a k e n 

u p b y d e n driti c c ell e xt e nsi o ns b et w e e n e pit h eli al c ell ti g ht j u n cti o ns ( P arr y et al. , 2 0 0 2; J e ps o n & Cl ar k, 

2 0 0 1; F à br e g a & Vil a, 2 0 1 3; R es ci g n o et al. , 2 0 0 1; D o u g a n & B a k er, 2 0 1 4). At  t h e s ub m u c o s a, N T S 

i nf e cti o n tri g g ers a n e xt e nsi v e e x u d ati v e i nfl a m m at or y r es p o ns e, c h ar a ct eris e d b y r e cr uit m e nt of 

m a cr o p h a g es a n d d e n driti c c ells a n d b y n e utr o p hil i nfiltr ati o n ( T ü k el et al. , 2 0 0 6; Z h a n g et al. , 2 0 0 3). 

H i g h l e v els of c yt o ki n es li k e I F Nγ, T N F, I L -1 8, a n d I L -1 2  ar e d et e ct e d  ( S a nt o s et al. , 2 0 0 9). I nfl a m m ati o n 

t y pi c all y r e m ai ns l o c alis e d i n t h e i nt esti n e, a n d r es ults i n l o ss of i nt e sti n al b arri er i nt e grit y a n d pr of us e 

w at er y di arr h o e a ( Z h a n g et al. , 2 0 0 3). A d diti o n all y, N T S -i n d u c e d int e sti n al i nfl a m m ati o n  is t h o u g ht t o 

disr u pt t h e n ati v e mi cr o bi ot a t o t h e b e n efit of S al m o n ell a  ( St e c h er et al. , 2 0 0 7). O n t h e ot her h a n d, 

Fi g u r e 1. 3  T y p h oi d al  S al m o n ell a  i nf e cti o n m e c h a ni s m . 

F oll o wi n g i n g esti o n (I), S al m o n ell a  p as s es t hr o u g h t h e st o m a c h (II) a n d e nt ers t h e s m all i nt esti n e (III). Cr os si n g 

of t h e e pit h eli al b arri er t o t h e s u b m u c o s a o c c urs vi a e pit h eli al c ell i n v asi o n ( 1), M c ell tr a n s c yt o sis ( 2), u pt a k e b y 

e xt e n di n g pr o c ess es of d e n driti c c ells ( 3), a n d/ or vi a p h a g o c yt osis b y m a cr o p h a g es ( 4). S al m o n ell a  u n d er g o es 

i ntr a m a cr o p h a g e r e pli c ati o n a n d mi gr at es t o m es e nt eri c l y m p h n o d es, fr o m w h er e it diss e mi n at es (I V) vi a 

t h e r eti c ul o e n d ot h eli al s yst e m t o s y st e mi c sit es (r e d d ots) s u c h as t h e bl o o dstr e a m, li v er, s pl e e n, g all bl a d d er 

a n d b o n e m arr o w. Est a blis h m e nt of c hr o ni c c arri a g e i n t h es e or g a ns a n d r ei nf e cti o n of t h e g ut fr o m t h e 

g all bl a d d er l e a ds t o s h e d di n g ( V) a n d ulti m at el y tr a ns missi o n of e nt eri c f e v er. I m a g e d esi g n e d wit h Bi or e n d er. 



I N T R O D U C TI O N 

3 2  

t y p h oi d al S al m o n ell a  u n d er g o li mit e d r e pli c ati o n i n t h e i nt e sti n e b ef or e r e a c hi n g t h e m e s e nt eri c 

l y m p h n o d es, w hi c h, t o g et h er wit h u pt a k e b y m a cr o p h a g es, all o w s y st e mi c diss e mi n ati o n (Fi g ur e 1 .3 ) 

( P arr y et al. , 2 0 0 2; D o u g a n & B a k er, 2 0 1 4; R aff at ell u et al. , 2 0 0 8). I F Nγ  el e v ati o n is o bs er v e d d uri n g 

i nf e cti o n wit h S.  P ar at y p hi A or  S.  T y p hi, al o n g wit h m o d er at e pr o d u cti o n of T N F, I L -6 a n d I L -8 ( G al-

M or, B o yl e & Gr assl, 2 0 1 4) . H o w e v er, t y p h oi d al S al m o n ell a  s u c c e e d i n s y st e mi c diss e mi n ati o n b y 

e v a di n g h o st  r e c o g niti o n a n d i m m u n e r es p o ns e a cti v ati o n (T a bl e 1 .2 ) b y m e c h a nis m s s u c h as t h e Vi 

a nti g e n i n S . T y p hi ( Wi nt er et al. , 2 0 1 4; W a n g di et al. , 2 0 1 4; Wi nt er et al. , 2 0 0 9 b; R aff at ell u et al. , 

2 0 0 5 a; Wils o n et al. , 2 0 1 1) a n d t h e v er y l o n g L P S  u n c o m m o n  O -a nti g e n c h ai ns i n S.  P ar at y p hi A ( Hi y o s hi 

et al. , 2 0 1 8 b). T h e li mit e d i nt e sti n al i nfl a m m ati o n d uri n g t y p h oi d al S al m o n ell a  i nf e cti o n (T a bl e 1 .2 ), 

c h ar a ct eris e d  b y m o n o n u cl e ar c ell i nfiltr at es w hil e  n e utr o p hils ar e s c ar c e , als o e x pl ai ns t h e l o n g 

i n c u b ati o n p eri o d of e nt eri c f e v er ( R aff at ell u et al. , 2 0 0 8). P ass a g e of a s m all n u m b er of t y p h oi d al 

b a ct eri a, s ur vi vi n g i ntr a c ell ul arl y, i nt o t h e bl o o dstr e a m l e a ds t o s y st e mi c diss e mi n ati o n vi a t h e 

r eti c ul o e n d ot h eli al s yst e m, r e a c hi n g ot h er or g a ns s u c h as t h e g all bl a d d er, li v er, s pl e e n, a n d b o n e 

m arr o w ( Fi g ur e 1 .3 ) ( G al-M or, 2 0 1 9; D o u g a n & B a k er, 2 0 1 4; Hi y o s hi et al. , 2 0 1 8 a). C ol o nis ati o n of s u c h 

or g a ns f a cilit at es d e v el o p m e nt of t h e  c hr o ni c c arri er st at e ( S e cti o n 1. 7 ), d uri n g w hi c h r ei nf e cti o n of 

t h e g ut a n d b a ct eri al s h e d di n g pr o m ot e tr a ns missi o n of e nt eri c f e v er ( D o u g a n & B a k er, 2 0 1 4; G al-M or, 

2 0 1 9; G o n z al e z -Es c o b e d o, M ars h all & G u n n, 2 0 1 1) . Cl e arl y, t h e diff er e nt cli ni c al pr es e nt ati o n of 

g astr o e n t eritis a n d e nt eri c f e v er r efl e cts diff er e n c es i n i nf e cti o n m e c h a nis m s a n d i nt er a cti o ns of 

t y p h oi d al a n d N T S s er o v ars wit h t h e h o st i m m u n e s y st e m  ( Hi y o s hi et al. , 2 0 1 8 a; K e estr a-G o u n d er, 

Ts olis & B ä u ml er, 2 0 1 5) . 

1. 6  S al m o n ell a  k e y vi r ul e n c e f a ct or s  

1. 6. 1  S al m o n ell a  ty p e III s e cr eti o n s y st e m s  

B a ct eri al s e cr eti o n s y st e m s all o w b a ct eri a t o s e cr et e pr ot ei ns i nt o t h e e n vir o n m e nt, h ost t ar g et c ells 

or ot h er b a ct eri a d uri n g c o m p etiti o n  a n d ar e t h us c o nsi d er e d ess e nti al vir ul e n c e f a ct ors f or m a n y 

p at h o g e ni c b a ct eri a, as t h e y m a ni p ul at e h o st c ell pr o c ess e s a n d pr o m ot e b a ct eri al s ur vi v al ( Gr e e n & 

M e cs as, 2 0 1 6; R a y m o n d et al. , 2 0 1 3). T y p e III s e cr eti o n s y st e m s ( T 3 S S) ar e i n v ol v e d i n p at h o g e ni cit y 

of m a n y Gr a m -n e g ati v e b a ct eri a s u c h as p at h o g e ni c E. c oli , S hi g ell a , a n d Y er si ni a . T 3 S S ar e r ef err e d t o 

as i nj e ctis o m es or m ol e c ul ar s yri n g es as t h e y tr a nsl o c at e eff e ct or pr ot ei ns dir e ctl y fr o m wit hi n 

b a ct eri a t o t ar g et h o st c ells ( F i g ur e 1 .4 ) ( Gr e e n & M e cs as, 2 0 1 6; R a m o s-M or al es, 2 0 1 2; C o b ur n , 

S e kir o v & Fi nl a y, 2 0 0 7) . T 3 S Ss ar e m ulti pr ot ei n c o m pl e x es, e v ol uti o n aril y r el at e d t o fl a g ell ar s y st e m s, 

f or m e d b y a b as al b o d y of t w o pr ot ei n ri n gs e m b e d d e d i n t h e i n n er a n d o ut er b a ct eri al m e m br a n es, 

w hil e a n e e dl e s p a ns t h e s p a c e b et w e e n t h e b a ct eri u m a n d t h e h o st c ell ( Di e p ol d & Ar mit a g e, 2 0 1 5). 
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A tr a nsl o c o n p or e at t h e ti p of t h e n e e dl e cr e at es a p ort of e ntr y t o t h e t ar g et e u k ar y oti c h o st c ell 

(Fi g ur e 1 .4 ) ( D e n g et al. , 2 0 1 7; K u b ori et al. , 1 9 9 8). Eff e ct or s g e n er all y h a v e a s e cr eti o n si g n al dir e cti n g 

t h e m t o t h e T 3 SS a n d a c h a p er o n e m a y f a cilit at e t his tr a ns p ort pr o c es s wit hi n t h e b a ct eri al c ell ( Gr e e n 

& M e cs as, 2 0 1 6; R a m o s -M or al es, 2 0 1 2) . C h a p er o n es m a y h a v e di v ers e r ol es, s u c h as m ai nt ai ni n g t h e 

pr ot ei n  i n a n u nf ol d e d st at e a n d pr o m oti n g its st a bilit y ( E hr b ar e t al., 2 0 0 3; St e b bi ns & G al á n, 2 0 0 3; 

G h o s h, 2 0 0 4) .  

S. e nt eri c a , i n cl u di n g S.  T y p hi m uri u m,  S.  P ar at y p hi A a n d S.  T y p hi, p o ss ess t w o T 3 S Ss, e n c o d e d

b y S PI -1 a n d S PI -2 . T h e s e T 3 S Ss s e cr et e eff e ct ors w hi c h ar e i n v ol v e d i n h ost c ell i n v a si o n, m a ni p ul at e 

h o st c ell pr o c ess es, pr o m ot e i m m u n e e v asi o n a n d m e di at e t h e f or m ati o n a n d m at ur ati o n of a 

p er missi v e r e pli c ati v e ni c h e t er m e d S al m o n ell a -c o nt ai ni n g v a c u ol e ( S C V) i nsi d e h o st c ells ( M c G hi e et 

al. , 2 0 0 9; J e n ni n gs, T h urst o n & H ol d e n, 2 0 1 7; F à br e g a & Vil a, 2 0 1 3; R a m o s-M or al es, 2 0 1 2; H u m e et 

al. , 2 0 1 7). A list of eff e ct ors f o u n d i n S.  T y p hi m uri u m,  S.  P ar at y p hi A a n d S.  T y p hi, al o n g wit h t h eir 

k n o w n f u n cti o ns w as r e c e ntl y p u blis h e d (J o h ns o n, M yl o n a & Fr a n k el, 2 0 1 8; J e n ni n gs, T h urst o n & 

H ol d e n, 2 0 1 7) . T h e r e p ert oir e of f u n cti o n al eff e ct or s m a y i nfl u e n c e t h e c h ar a ct eri sti cs of t h e s er o v ars; 

f or e x a m pl e, m a n y S . T y p hi m uri u m eff e ct ors, s u c h as S o p D 2 a n d Slr P, ar e f o u n d as ps e u d o g e n es or 

ar e diff er e nti all y e v ol v e d i n t h e h u m a n-a d a pt e d S . T y p hi a n d S . P ar at y p hi A, p o ssi bl y p oi nti n g t o a 

r e d u c e d r e q uir e m e nt f or t h es e eff e ct ors i n t h es e i nf e cti o ns (J o h ns o n, M yl o n a & Fr a n k el, 2 0 1 8; 

S a b b a g h et al. , 2 0 1 0; Es w ar a p p a et al. , 2 0 0 8). P s e u do g e nis ati o n of m a n y eff e ct or g e n es h as b e e n 

s u g g est e d as a m e c h a nis m of h o st r estri cti o n a n d a d a pt ati o n of t y p h oi d al S al m o n ell a  as o p p os e d t o 

N T S (J o h ns o n, M yl o n a & Fr a n k el, 2 0 1 8). S.  T y p hi m uri u m e n c o d es f or a d diti o n al eff e ct ors n ot f o u n d i n 

t h e ot h er s er o v ars, s u c h as Gt g E, A vr A, a n d Ss eJ (J o h ns o n, M yl o n a & Fr a n k el, 2 0 1 8), w hilst, 

i nt er esti n gl y, o ur l a b r e c e ntl y i d e ntifi e d a T 3 S S eff e ct or f o u n d i n S.  T y p hi b ut a bs e nt fr o m S.  

T y p hi m uri u m a n d S . P ar at y p hi A wit h a y et u ni d e ntifi e d r ol e ( M c D o w ell et al. , 2 0 1 9; J o h ns o n, M yl o n a 

& Fr a n k el, 2 0 1 8) . C o nsi d eri n g t h es e i n a d diti o n t o t h e mi n or diff er e n c es b et w e e n S.  T y p hi a n d S.  

P ar at y p hi A eff e ct or p o ols (J o h ns o n, M yl o n a & Fr a n k el, 2 0 1 8), t h e diff er e nt vir ul e n c e m e c h a nis m s 

e m pl o y e d b y t h e t hr e e s er o v ars ar e f urt h er s u p p ort e d.  

1. 6. 1. 1  S PI -1  T 3 S S  

M o st str u ct ur al c o m p o n e nts of t h e S PI -1 T 3 S S (Fi g ur e 1. 4 ), eff e ct ors, c h a p er o n es, a n d r e g ul at ors ar e 

e n c o d e d wit h t h e S PI -1 p at h o g e ni cit y isl a n d ( F à br e g a & Vil a, 2 0 1 3; L o u et al. , 2 0 1 9). T h e S PI-1 is 

a cti v at e d b y t h e c o n diti o ns i n t h e i nt e sti n al mili e u, n a m el y l o w o x y g e n a n d hi g h o s m ol arit y ( Dr e c ktr a h 

et al. , 2 0 0 6; Kr ö g er et al. , 2 0 1 3; F à br e g a & Vil a, 2 0 1 3). B as e d o n st u di es wit h S . T y p hi m uri u m, S PI -1 

T 3 S S -s e cr et e d eff e ct ors ar e t y pi c all y e x pl oit e d d uri n g t h e i nt esti n al p h as e of i nf e cti o n ; t h e y m e di at e 

i n v asi o n i nt o h ost c ells b y i n d u ci n g c yt o s k el et al r e arr a n g e m e nts a n d m e m br a n e r uffli n g. T h es e a cti o ns 

all o w b a ct eri al i nt er n alis ati o n b y t h e h o st c ell a n d f or m ati o n of t h e S C V ( Sri k a nt h et al. , 2 0 1 1; M c G hi e 
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et al. , 2 0 0 9). S.  P a r at y p hi A, S.  T y p hi a n d S.  T y p hi m uri u m all r e q uir e t h e S PI -1 T 3 S S t o i n v a d e h ost c ells 

i n vitr o ( G al a n & C urtiss III, 1 9 8 9; Bis h o p et al. , 2 0 0 8; El h a d a d et al. , 2 0 1 6). I n vi v o, t h e S PI-1 m a y b e 

dis p e ns a bl e f oll o wi n g i ntr a p erit o n e al i n o c ul ati o n, w hil e it is s u g g est e d t o b e i m p ort a nt aft er or al 

i n o c ul ati o n ( G al a n & C urti ss III, 1 9 8 9). Alt h o u g h S PI-1 -i n d e p e n d e nt i n v asi o n m e c h a nis m s h a v e b e e n 

d es cri b e d i n S.  T y p hi m uri u m ( H u m e et al. , 2 0 1 7), t his T 3 S S is r e q uir e d f or m u c o s al i nfl a m m ati o n a n d 

d e v el o p m e nt of di arr h o e a ( Z h a n g et al. , 2 0 0 3; F à br e g a & Vil a, 2 0 1 3). 

T h e r e g ul ati o n of S PI -1 is c o m pl e x a n d o c c urs at m a n y l e v els. It i n v ol v es n u m er o us g e n eti c 

r e g ul at ors a n d is dir e ct e d b y e n vir o n m e nt al sti m uli ( L o u et al. , 2 0 1 9; F à br e g a & Vil a, 2 0 1 3). Bri efl y, t h e 

r e g ul at or y n et w or k f or S PI-1 i n S.  T y p hi m uri u m is c e ntr e d ar o u n d t hr e e tr a ns cri pti o n al r e g ul at ors Hil D, 

Rts A a n d Hil C, wit h Hil D b ei n g at t h e t o p of t h e hi er ar c h y ; t h eir c o m bi n e d a cti o n  a n d e n vir o n m e nt al 

Fi g ur e 1 .4  T y p e III s e cr eti o n s y st e m s i n S al m o n ell a . 

T 3 S S ar e c o m p o s e d of a b as al b o d y, a n e e dl e fil a m e nt, a n d a tr a ns ol o c o n t h at i n s erts its elf i n t h e t ar g et 

e u k ar y oti c c ell m e m br a n e. T h e b as al b o d y is e m b e d d e d i n t h e i n n er a n d o ut er m e m br a n es a n d c o n sists of a n 

i n n er a n d a n o ut er ri n g. A n A T P a s e at t h e b as e of t h e b as al b o d y e n er gis es t h e s e cr et or y pr o c es s, w hil e a s orti n g 

c o m pl e x m e di at es t h e t ar g eti n g of t h e eff e ct ors vi a t h e T 3 S S. T h e n e e dl e fil a m e nt s p a n s t h e s p a c e b et w e e n t h e 

b a ct eri u m a n d t h e t ar g et c ell. Eff e ct or d eli v er y t o t h e T 3 S S is oft e n m e di at e d b y c h a p er o n es. Pr ot ei n n a m es i n 

bl a c k r e pr es e nt S PI -1 T 3 S S pr ot ei ns, w hil e i n gr e y S PI -2 T 3 S S pr ot ei ns. P M, e u k ar y oti c pl as m a m e m br a n e ; I M, 

i n n er m e m br a n e; O M, O ut er m e m br a n e. I m a g e p arti all y d esi g n e d wit h Bi or e n d er. 
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si g n als  r es ult i n a cti v ati o n of Hil A w hi c h is t h e m ast er p o siti v e S PI -1 r e g ul at or, a cti v ati n g t h e e x pr essi o n 

of str u ct ur al a n d eff e ct or g e n es ( F à br e g a & Vil a, 2 0 1 3). Hil D, Rt s A a n d Hil C r e c ei v e p o siti v e or n e g ati v e 

si g n als fr o m ot h er r e g ul at or y s y st e m s all o wi n g c o m m u ni c ati o n wit h ot h er vir ul e n c e str at e gi es. hil D , 

hil C , a n d hil A  ar e e n c o d e d wit hi n t h e S PI -1, w hil e rts A a n d hil E  (i n v ol v e d i n hil A  d o w nr e g ul ati o n) ar e 

pr es e nt at s e p ar at e g e n o mi c l o ci ( F à br e g a & Vil a, 2 0 1 3; L o u et al. , 2 0 1 9). R e g ul ati o n of S PI-1 is 

i m p ort a nt t o mi ni mis e t h e e n er g eti c c o st r e q uire d f or its s y nt h esis a n d t o li mit r e c o g niti o n b y t h e 

i m m u n e s yst e m (T a bl e 1 .2 ) (J o h ns o n, M yl o n a & Fr a n k el, 2 0 1 8; F à br e g a & Vil a, 2 0 1 3). 

S PI -1 r e g ul ati o n i n r es p o ns e t o sti m uli s u c h as bil e, o x y g e n a v ail a bilit y, a n d t e m p er at ur e, oft e n 

diff er s  b et w e e n N T S a n d t y p h oi d al S al m o n ell a , as w ell as b et w e e n S . P ar at y p hi A a n d S . T y p hi (T a bl e 

1 .2 ). F or e x a m pl e, S.  T y p hi m uri u m li mits e x pr essi o n of S PI -1 g e n es f oll o wi n g e x p o s ur e t o bil e, w hil e S.  

T y p hi u pr e g ul at es t h es e g e n es (J o h ns o n et al. , 2 0 1 8; Pr o ut y & G u n n, 2 0 0 0). F urt h er m or e, S PI-1 i n S . 

T y p hi m uri u m s h o ws si mil ar e x pr essi o n p att er ns i n a er o bi c a n d mi cr o a er o bi c gr o wt h  a n d it b e c o m es 

m or e i n v asi v e f oll o wi n g a er o bi c gr o wt h (I b arr a et al. , 2 0 1 0). I n c o ntr ast, S.  P ar at y p hi A i n v asi v e n ess 

i n cr e as e s i n mi cr o a er o bi c c o n diti o ns ( El h a d a d et al. , 2 0 1 6). I n v asi o n a n d m otilit y of t y p h oi d al s er o v ars 

ar e d o w nr e g ul at e d i n r es p o ns e t o f e v er -li k e t e m p er at ur es ( 3 9– 4 2 ° C) c o m p ar e d t o 3 7 ° C, w hil e t h es e 

vir ul e n c e str at e gi es d o  n ot s h o w m ar k e d c h a n g es i n S.  T y p hi m uri u m, li k el y r efl e cti n g t h e a bilit y t o 

s e ns e diss e mi n ati o n t o s y st e mi c sit es  b y t y p h oi d al s er o v ars  ( El h a d a d et al. , 2 01 5 b) . Diff er e n c es i n S PI -

1 r e g ul ati o n b et w e e n t y p h oi d al a n d N T S li k el y r efl e ct diff er e nt sit es of i nf e cti o n a n d/ or a d a pt ati o n t o 

s y st e mi c sit es a n d i m m u n e e v asi o n b y t y p h oi d al S al m o n ell a  (J o h ns o n et al. , 2 0 1 8; Jo h ns o n, M yl o n a & 

Fr a n k el, 2 0 1 8; El h a d a d et al. , 2 0 1 5 b; I b arr a et al. , 2 0 1 0; El h a d a d et al. , 2 0 1 6; J o h ns o n et al. , 2 0 1 7). 

1. 6. 1. 2  S PI -2  T 3 S S  

S PI -2 e n c o d es str u ct ur al g e n es  (Fi g ur e 1. 4 ), eff e ct ors a n d c h a p er o n es f or a s e c o n d T 3 S S w hi c h is 

i m p ort a nt f or i ntr a c ell ul ar s ur vi v al. E x pr essi o n of S PI-2 is i n d u c e d b y t h e i ntr a c ell ul ar e n vir o n m e nt, 

p arti c ul arl y t h at of m a cr o p h a g es, w h er e t h e pr es e n c e of n utri e nts is s c ar c e ( F ass & Gr ois m a n, 2 0 0 9). 

T h e S PI -2 T 3 S S m e di at es t h e f or m ati o n of S al m o n ell a -i n d u c e d fil a m e nts ( Sifs) w hi c h p o siti o n t h e S C V 

i n a j u xt a n u cl e ar p o siti o n e x pl oiti n g t h e h o st c ell c yt os k el et o n. M at ur ati o n of S C V is m e di at e d b y S PI - 

2, pr o m oti n g b a ct eri al i ntr a c ell ul ar pr olif er ati o n a n d s ur vi v al ( St e el e-M orti m er, 2 0 0 8; J e n ni n gs, 

T h urst o n & H ol d e n, 2 0 1 7) . S PI-2 eff e ct ors m e di at e  i nt er a cti o ns of t h e S C V wit h t h e G ol gi a p p ar at us, 

e ns ur e pr ot e cti o n b y st a bili zi n g t h e S C V m e m br a n e, i nt er a ct wit h  t h e a cti n c yt os k el et o n, m o d ul at e 

l ys o s o m e f u n cti o n, a n d ar e i n v ol v e d i n i m m u n e si g n alli n g (J e nni n gs, T h urst o n & H ol d e n, 2 0 1 7) . 

E x pr essi o n of t h e S PI -2 is r e g ul at e d pri m aril y b y t h e  S PI -2 -e n c o d e d  Ssr A B t w o c o m p o n e nt 

s y st e m  i n S . T y p hi m uri u m. U p o n a cti v ati o n b y a ci di c p H or t h e m a cr o p h a g e i ntr a c ell ul ar mili e u, Ssr B 

pr o m ot e s S PI -2 g e n e e x pr essi o n b y bi n di n g t o t h e pr o m ot ers of S PI -2 g e n es a n d b y c o u nt er a cti n g t h e 
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sil e n ci n g a cti vit y of H -N S , w hi c h g e n er all y r e pr ess es h ori z o nt all y a c q uir e d g e n es ( W alt h ers et al. , 2 0 0 7; 

F ass & Gr ois m a n, 2 0 0 9) . Cr o ss-t al k b et w e e n t h e r e g ul at or y el e m e nts of S PI-1 a n d S PI -2 vi a Hil D a n d 

Ssr B all o w s t h e s wit c h fr o m t h e S PI -1 T 3 S S t o t h e S PI -2 T 3 S S  ( B ust am a nt e et al. , 2 0 0 8). 

T h e r ol e of t h e S PI -2 T 3 S S d uri n g i nf e cti o n wit h  t y p h oi d al S al m o n ell a  s er o v ars  r e m ai ns u n cl e ar. 

T h e hi g hl y h ost -a d a pt e d S.  T y p hi a n d S.  P ar at y p hi A c arr y m a n y S PI -2 eff e ct ors as ps e u d o g e n es t h at 

ar e pr es e nt a n d i nt a ct i n ot h er g astr oi nt e sti n al s er o v ars, or l a c k t h e m alt o g et h er (J e n ni n gs, T h urst o n 

& H ol d e n, 2 0 1 7; J o h ns o n, M yl o n a & Fr a n k el, 2 0 1 8) . S.  P ar at y p hi A e x hi bit e d a si g nifi c a nt i n cr e as e i n 

S PI -2 e x pr essi o n a n d i ntr a c ell ul ar r e pli c ati o n i n r es p o ns e t o hi g h t e m p er at ur es ( 4 2 ° C) p o ssi bl y 

i m pl yi n g s wit c hi n g t o i ntr a c ell ul ar s ur vi v al f oll o wi n g s y st e mi c diss e mi n ati o n ( El h a d a d et al. , 2 0 1 5 b). 

S. T y p hi S PI -2 h as b e e n s h o w n t o b e u pr e g ul at e d i n m a cr o p h a g es ( F a u c h er et al. , 2 0 0 6). Ho w e v er, it

h as b e e n s u g g est e d t o b e dis p e ns a bl e  f or S.  T y p hi  s ur vi v al wit hi n m a cr o p h a g es  ( F or est et al. , 2 0 1 0); 

this w as r e c e ntl y c orr o b or at e d i n a h u m a ni s e d m o us e m o d el of t y p h oi d  f e v er w h er e S PI -2 m ut a nts 

w er e r e c o v er e d fr o m s yst e mi c sit es e q u all y as w ell as wil d-t y p e ( W T) b a ct eri a ( K arli ns e y et al. , 2 0 1 9).  

T h e r ol e of S PI- 2 d uri n g i nf e cti o n wit h t y p h oi d al S al m o n ell a  r e q uir e s f urt h er i n v esti g ati o n. 

1. 6. 1. 3  R ol e i n vir ul e n c e  

T h e S PI -1 a n d S PI -2 T 3 S Ss h a v e m ulti pl e r ol es i n S al m o n ell a  vir ul e n c e. T h e y m e di at e h o st c ell i n v asi o n, 

S C V f or m ati o n a n d m at ur ati o n, i m m u n e e v asi o n a n d i n d u cti o n of h o st c ell d e at h.  

D uri n g i nf e cti o n, S al m o n ell a  a d h er es t o t h e h ost c ell s urf a c e a n d tr a nsl o c at e s eff e ct ors i n a 

S PI -1 T 3 S S -d e p e n d e nt m a n n er. Bri efl y, e ff e ct ors s u c h as Si p A, Si p C, S o p A, S o p B, S o p D a n d S o p E/ S o p E 2 

i n d u c e h o st c yt o s k el et al r e arr a n g e m e nts t o m e di at e b a ct eri al u pt a k e b y m e m br a n e r uffli n g. Si p C a n d 

Si p A m a ni p ul at e a cti n p ol y m eris ati o n a n d b u n dli n g, w hil e S o p B pr o m ot e s m e m br a n e r uffli n g a n d 

S o p E/ S o p E 2 a cti v at e s R h o G T P as es C d c 4 2 a n d R a c 1 ( R aff at ell u et al. , 2 0 0 5 b; M c G hi e et al. , 2 0 0 9; 

H a y w ar d & K or o n a kis, 1 9 9 9; M c G hi e, H a y w ar d & K or o n a kis, 2 0 0 1; Fri e b el et al. , 2 0 0 1; Z h o u, M o os e k er 

& G al á n, 1 9 9 9; Fi n n et al. , 2 0 1 7; St e n d er et al. , 2 0 0 0). I n t his m a n n er, S al m o n ell a  m a ni p ul at es s e v er al 

c yt o s k el et o n -a ss o ci at e d p at h w a y s, m y osi n -m e di at e d c o ntr a cti o n p at h w a y s, a n d v esi cl e tr affi c ki n g 

p at h w a y s ( H u m e et al. , 2 0 1 7). S u bs e q u e ntl y, t h e a nt a g o nisti c a cti o ns of S.  T y p hi m uri u m S pt P wit h 

S o p E pr o m ot e t h e r e c o v er y of t h e c yt o s k el et o n t o a st e a d y st at e ( K u b ori & G al á n, 2 0 0 3). H o w e v er, 

d es pit e t h e hi g h si mil arit y b et w e e n S.  T y p hi a n d S.  T y p hi m uri u m, S pt P a p p e ars t o b e n o n -f u n cti o n al i n 

S. T y p hi (J o h ns o n et al. , 2 0 1 7). S PI-1 T 3 S S eff e ct ors als o m o d ul at e ti g ht j u n cti o ns b et w e e n e pit h eli al

c ells, w hi c h l e a ds t o e pit h eli al b arri er disr u pti o n a n d di arr h o e a ( R a m o s-M or al es, 2 0 1 2) . 

F oll o wi n g i nt er n alis ati o n i nt o t h e h o st c ell, S al m o n ell a  r esi d es withi n a v a c u ol e or p h a g o s o m e.  

T h e S PI -1 T 3 S S eff e ct ors m e di at e t h e e arl y st e ps of p h a g o s o m e c o n v ersi o n t o S C V s o o n aft er i nf e cti o n, 

wit h S o p B a n d S o p E pl a yi n g m aj or r ol es , w hil e S PI -2 T 3 S S eff e ct ors s u c h as Ss e F, Ss e G, Ss eJ, Pi p B 2, Sif A 
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a m o n g ot h ers, m e di at e  p o siti o ni n g t h e S C V cl o s e t o t h e n u cl e u s, i ntr a c ell ul ar r e pli c ati o n a n d Sif 

f or m ati o n ( B a k o ws ki, Br a u n & Br u m ell, 2 0 0 8; M c G hi e et al. , 2 0 0 9; St e el e-M orti m er, 2 0 0 8) . T h e S C V 

off ers a pr ot e cti v e a n d p er missi v e ni c h e f or S al m o n ell a  t o r e pli c at e i ntr a c ell ul arl y. Alt o g et h er, t h e S C V 

a n d S PI -2 T 3 S S ef f e ct ors pr ot e ct i ntr a c ell ul ar S al m o n ell a  fr o m r e a cti v e o x y g e n s p e ci es ( R O S) g e n er at e d 

i n r es p o ns e t o i nf e cti o n, m o d ul at e h ost c ell d e at h a n d i nt erf er e wit h a nti g e n pr es e nt ati o n a m o n g 

ot h er f u n cti o ns ( B a k o ws ki, Br a u n & Br u m ell, 2 0 0 8; I b arr a et al. , 2 0 1 0; R a m o s-M or al es, 2 0 1 2; K n o dl er 

& St e el e -M orti m er, 2 0 0 3; J e n ni n gs, T h urst o n & H ol d e n, 2 0 1 7) . Sifs c arr y l at e e n d o c yti c m ar k ers a nd 

h a v e b e e n s u g g est e d t o s u p p ort p eri n u cl e ar p ositi o ni n g of t h e S C V i n cl o s e pr o xi mit y t o t h e G ol gi 

a p p ar at us; t h e ass o ci ati o n wit h t h e G ol gi a p p ar at us m a y all o w n utri e nt a n d/ or m e m br a n e u pt a k e 

( Sri k a nt h et al. , 2 0 1 1; M c G hi e et al. , 2 0 0 9). N at ur all y, s o m e i ntr a c ell ul ar S al m o n ell a  d o n ot r esi d e i n 

t h e S C V a n d ar e eit h er t ar g et e d b y a ut o p h a g y or es c a p e t h e v a c u ol e a n d eit h er r e pli c at e i n t h e c yt o s ol 

or ar e d e gr a d e d b y h o st c ell d ef e n c e m e c h a nis ms ( B a k o ws ki, Br a u n & Br u m ell, 2 0 0 8). S PI -2 -

i n d e p e n d e nt S.  T y p hi m uri u m i ntr a c ell ul ar gr o wt h h as b e e n o bs er v e d t o o c c ur o utsi d e t h e S C V 

pri m aril y i n c ult ur e d e pit h eli al c ells ( Br u m ell et al. , 2 0 0 2; M ali k-K al e, Wi nfr e e & St e el e -M orti m er, 

2 0 1 2; B e u z ó n, S al c e d o & H ol d e n, 2 0 0 2) . 

T h e S al m o n ell a  T 3 S S h a v e i m p ort a nt r ol es i n m o d ul ati n g a n d e v a di n g h o st i m m u n e r es p o ns es 

( M c G hi e et  al. , 2 0 0 9). T h e i niti al i nfl a m m at or y r e s p o ns e eli cit e d b y S.  T y p hi m uri u m is i n d u c e d b y t h e 

a cti viti es of  S PI -1 T 3 S S eff e ct ors. F or e x a m pl e, m a ni p ul ati o n of R h o G T P as es li k e C d c 4 2 b y S o p E/ E 2 is 

s e ns e d b y t h e h ost c ell, r es ulti n g i n a cti v ati o n of N F -κ B a n d A P -1 p at h w a ys l e a di n g t o tr a ns cri pti o n al 

u pr e g ul ati o n of pr o -i nfl a m m at or y g e n es a n d sti m ul ati o n of i m m u n e c ell mi gr ati o n ( P at el & G al á n, 

2 0 0 6; P at el & M c C or mi c k, 2 0 1 4) . T 3 S S eff e ct ors als o i nt er a ct wit h c ell d e at h p at h w ay s ( R a m o s-

M or al es, 2 0 1 2; W e m y ss & P e ars o n, 2 0 1 9) . S al m o n ell a  s e cr et e s b ot h pr o -a p o pt oti c ( e. g. S p v B a n d Slr P) 

a n d a nti -a p o pt oti c ( e. g. A vr A a n d S o p B) eff e ct ors i nt o e pit h eli al c ells, w hi c h c oll e cti v el y f a cilit at e 

i ntr a m a cr o p h a g e r e pli c ati o n f oll o wi n g est a blis h m e nt of its i ntr a c ell ul ar ni c h e ( R a m o s-M or al es, 2 0 1 2; 

Fi n n et al. , 2 0 1 7; W e m y ss & P e ars o n, 2 0 1 9). S.  T y p hi m uri u m s u p pr ess es n e cr o pt o si s, w hi c h is a l yti c, 

c as p as e -i n d e p e n d e nt f or m of c ell d e at h, vi a t h e s e cr eti o n of T 3 S S eff e ct ors ( Ss e K 1-3), w hi c h als o 

i n hi bit a p o pt o sis a n d N F-κ B -d e p e n d e nt si g n alli n g ( G ü nst er et al. , 2 0 1 7; W e m yss & P e ars o n, 2 0 1 9). 

M a cr o p h a g es h a v e e v ol v e d i ntr a c ell ul ar i m m u n e s ur v eill a n c e m e c h a nis m s s u c h as t h e 

i nfl a m m as o m es, w hi c h c a n d et e ct eff e ct ors a n d T 3 S S str u ct ur al c o m p o n e nts s u c h as Pr gJ a n d Pr gI a n d 

pr o m ot e p yr o pt oti c c ell d e at h a n d i nfl a m m ati o n (s e e als o S e cti o n 1. 9. 3 ) ( W e m y ss & P e ars o n, 2 0 1 9). 

S. T y p hi m uri u m t h us e x pr ess es s e v er al T 3 S S eff e ct ors t h at d a m p e n t h e i m m u n e r es p o ns e b y i n hi biti n g

i nfl a m m at or y si g n alli n g s u c h as S pt P, A vr A a n d Ss e L ( M c G hi e et al. , 2 0 0 9). S o m e eff e ct ors li n k e d t o 

m o d ul ati o n of i nfl a m m at or y r es p o ns es ar e i nt er esti n gl y a bs e nt ( e. g. A vr A) or ps e u d o g e n es ( e. g. Slr P) 

i n S.  T y p hi a n d S.  P ar at y p hi A ( S a b b a g h et al. , 2 0 1 0; J o h ns o n, M yl o n a & Fr a n k el, 2 0 1 8).  
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Alt h o u g h t h e S PI -1 T 3 S S is t h o u g ht t o b e i n v ol v e d i n i n v asi o n a n d S PI-2 T 3 S S i n i ntr a c ell ul ar 

s ur vi v al, t h er e is a t e m p or al a n d s p ati al o v erl a p i n t h eir f u n cti o ns ( Br a w n, H a y w ar d & K or o n a kis, 2 0 0 7; 

Sri k a nt h et al. , 2 0 1 1; M c G hi e et al. , 2 0 0 9; Fi n n et al. , 2 0 1 7). T h e S PI-1 T 3 S S h as als o b e e n i n v ol v e d i n 

i ntr a c ell ul ar r e pli c ati o n a n d S C V bi o g e n esis ( St e el e-M orti m er et al. , 2 0 0 2), w hil e s o m e eff e ct ors c a n 

b e s e cr et e d b y b ot h T 3 S Ss a n d S PI -1 T 3 S S -d e p e n d e nt eff e ct ors m a y p ersist wit hi n t h e h o st c ell s u ntil 

l at e st a g e of i nf e cti o n, w h e n S PI-2 is a cti v e . Fi n all y, i n s o m e c as es  b ot h s y st e m s m a y b e r e q uir e d 

si m ult a n e o usl y ( Sri k a nt h et al. , 2 0 1 1; M c G hi e et al. , 2 0 0 9; Br a w n, H a y w ar d & K or o n a kis, 2 0 0 7).  

1. 6. 2  Vi a nti g e n i n S.  T y p hi 

S. T y p hi pr o d u c es a vir ul e n c e p ol ys a c c h ari di c c a ps ul e n a m e d Vi a nti g e n ; Vi -p o siti v e S.  T y p hi str ai ns ar e

m or e vir ul e nt t h a n str ai ns l a c ki n g t h e Vi ( P arr y et al. , 2 0 0 2) a n d t h us t h e  m aj orit y of pri m ar y S.  T y p hi 

is ol at es fr o m h u m a ns e x pr ess t h e Vi ( R aff at ell u et al. , 2 0 0 6). Vi is e n c o d e d b y t h e vi a B  l o c us f o u n d 

wit hi n t h e S PI -7 ( Pi c k ar d et al. , 2 0 0 3). A hi g hl y si mil ar S PI -7  is pr es e nt i n S.  P ar at y p hi C a n d S.  D u bli n, 

w hil e is a bs e nt fr o m S.  P ar at y p hi A, as w ell a s S.  T y p hi m uri u m a n d ot h er g astr o e nt eritis -c a usi n g 

s er o v ars ( R aff at ell u et al. , 2 0 0 5 a; P ar k hill et al. , 2 0 0 1; Pi c k ar d e t al., 2 0 0 3; B u e n o et al. , 2 0 0 4).  

T h e vi a B  l o c us e n c o d es g e n es n e c e ss ar y f or its tr a ns cri pti o n al r e g ul ati o n (t vi A), Vi bi o s y nt h esis 

(t vi B C D E), a n d e x p ort a n d r et e nti o n of t h e Vi o n t h e b a ct eri al c ell s urf a c e (v e x A B C D E ) ( Virl o g e u x et al. , 

1 9 9 5) . T vi B a n d T vi C c at al ys e t h e f or m ati o n of t h e Vi b uil di n g bl o c ks, w hil e T vi D a n d T vi E f a cilit at e t h e 

p ol y m er s y nt h esis a n d ass e m bl y ( Virl o g e u x et al. , 1 9 9 5; W ett er et al. , 2 0 1 2). V e x B C f or m a n A B C 

tr a ns p ort er, V e x A is a n o ut er m e m br a n e p ol y s a c c h ari d e e x p ort pr ot ei n, V e x D is a p ol y s a c c h ari d e c o -

p ol y m er as e pr ot ei n, w hil e V e x E is a li pi d a n c h or, i m p ort a nt f or d e p o siti o n a n d r et e nti o n of t h e Vi 

a nti g e n o n t h e b a ct eri al s urf a c e ( W ett er et al. , 2 0 1 2; List o n, O v c hi n ni k o v a & W hitfi el d, 2 0 16; Virl o g e u x 

et al. , 1 9 9 5). T h e r e g ul at or T vi A is a vi a B  l o c us a cti v at or ( Virl o g e u x et al. , 1 9 9 5), a n d a n e g ati v e 

r e g ul at or f or S PI-1 T 3 S S a n d fl a g elli n e x pr essi o n t hr o u g h r e pr essi o n of  t h e fl a g ell ar r e g ul at or fl h DC  

( Wi nt er et al. , 2 0 0 9 b). T h er ef o r e, abs e n c e of t vi A r es ults i n i n cr e as e d i n v asi o n t o h o st c ell s ( Wi nt er et 

al. , 2 0 0 9 b), w hil e a bs e n c e of Vi s y nt h esis a n d e x p ort g e n es l e a ds t o v ari a bl e i n v asi o n c a p a cit y b as e d 

o n t h e c ult ur e d c ell t y p e b ei n g t e st e d  (Bis h o p et al. , 2 0 0 8; Wi nt er et al. , 2 0 0 9 b). T vi A a v ail a bilit y  

i n cr e as e s i n l o w o s m ol arit y a n d i s t h o u g ht t o p h y si ol o gi c all y tr a nsl at e as s u c h: l o w T vi A d uri n g 

i nt e sti n al e pit h eli al i n v asi o n d o w nr e g ul at es Vi e x pr essi o n a n d  all o ws fl a g ell ar m otilit y a n d S PI -1 T 3 S S 

a cti vit y, w hil e Vi u pr e g ul ati o n  i n tiss u es pr o m ot es i m m u n e e v asi o n ( Wi nt er et al. , 2 0 0 9 b; Arri c a u et 

al. , 1 9 9 8; Virl o g e u x et al. , 1 9 9 4; Pi c k ar d et al. , 1 9 9 4) as dis c uss e d n e xt . 

T vi A d a m p e ns pr o -i nfl a m m at or y N F-κ B -m e di at e d r es p o ns es b y d o w nr e g ul ati n g S PI -1 T 3 S S 

u p o n tiss u e e ntr y  a n d  i ntr o d u cti o n of T vi A i n S.  T y p hi m uri u m h as t h e s a m e eff e ct ( Wi nt er et al. , 2 0 1 4). 

Si mil arl y, T vi A -m e di at e d r e pr essi o n o f fl a g elli n e x pr essi o n is r es p o nsi bl e f or pr e v e nti n g i nfl a m m as o m e 
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a cti v ati o n, as i n di c at e d b y r e d u c e d l e v els of p yr o pt o sis, a n i nfl a m m at or y f or m of c ell d e at h, a n d I L -1 β 

( Wi nt er et al. , 2 0 1 5). S.  T y p hi is l ess c yt ot o xi c f or pri m ar y h u m a n m a cr o p h a g es c o m p ar e d t o S.  

T y p hi m uri u m i n a fl a g elli n -d e p e n d e nt m a n n er ( K ort m a n n, Br u b a k er & M o n a c k, 2 0 1 5). Als o, T vi A-

m e di at e d r e d u cti o n of fl a g elli n pr o d u cti o n a n d s e cr eti o n r es ults i n r e d u c e d l e v els of M A P ki n as e 

( M A P K) si g n alli n g a n d  s e cr eti o n of t h e c h e m o attr a ct a nt  I L-8 b y h u m a n e pit h eli al c ells, w hil e t h e 

pr es e n c e of t h e c a ps ul e p er s e  is n ot r e q uir e d f or t his i m mu n o m o d ul at or y m e c h a nis m ( Wi nt er et al. , 

2 0 0 8; R aff at ell u et al. , 2 0 0 5 a). I m p ort a ntl y, intr o d u cti o n of t h e vi a B  l o c us i n S.  T y p hi m uri u m l e a ds t o 

r e d u c e d i nfl a m m ati o n i n a m uri n e m o us e m o d el ( H a n e d a et al. , 2 0 0 9).  

T h e pr es e n c e of Vi c o nf ers i n cr e as e d r esist a n c e t o h u m a n s er u m a n d p h a g o c yt osis ( Wils o n et 

al. , 2 0 1 1), li k el y b y li miti n g a nti b o d y bi n di n g t o O-a nti g e ns ( W a n g di et al. , 2 0 1 4; H art et al. , 2 0 1 6). T h e 

Vi m a y bi n d t o pr o hi biti n m ol e c ul es o n t h e h o st c ell s urf a c e, t h us d a m p e ni n g i nfl a m m ati o n t hr o u g h 

M A P K si g n alli n g a n d I L -8 pr o d u cti o n ( S h ar m a & Q a dri, 2 0 0 4). Als o, Vi pr e v e nts r e c o g niti o n of L P S b y 

t oll-li k e r e c e pt or (T L R ) 4 a n d fl a g elli n b y T L R 5 , t h er e b y r e d u ci n g s e cr eti o n of T N F a n d I L-8 l e a di n g t o 

l o w l e v els of n e utr o p hil i nfl u x, a c h ar a ct eristi c of  S.  T y p hi i nf e cti o n ( R aff at ell u et al. , 2 0 0 5 a; Wils o n et 

al. , 2 0 0 8; Wi nt er et al. , 2 0 0 8). I n c o ntr ast t o S.  T y p hi m uri u m, h u m a n n e utr o p hils d o n ot r es p o n d t o 

t h e pr es e n c e of S.  T y p hi b y f or mi n g ps e u d o p o ds i n vitr o, as t h e Vi i nt erf er es wit h c o m pl e m e nt 

a cti v ati o n a n d c o m pl e m e nt -d e p e n d e nt c h e m ot a cti c n e utr o p hils r es p o ns es ( W a n g di et al. , 2 0 1 4). 

I n s u m m ar y, t h e vi a B  l o c us m e di at es e v asi o n of b ot h i ntr a c ell ul ar i m m u nit y b y Ti v A -

d e p e n d e nt d o w nr e g ul ati o n of t h e S PI-1 T 3 S S a n d fl a g elli n e x pr essi o n , a n d of e xtr a c ell ul ar i m m u n e 

m e c h a nis m s b y t h e Vi a cti n g as a p h y si c al s hi el d, i nt erf eri n g wit h i m m u n e r e c o g niti o n a n d c o m pl e m e nt 

d e p o siti o n o n t h e b a ct eri al s urf a c e  ( Wi nt er et al. , 2 0 1 5; W a n g di et al. , 2 0 1 4; Wils o n et al. , 2 0 0 8, 2 0 1 1). 

1. 6. 3  O -a nti g e n  i n S.  P ar at y p hi A  

T h e hi g hl y v a ri a bl e O-a nti g e n is a n oli g o - or p ol y s a c c h ari d e c o m p o s e d of r e p e ati n g h et er o p ol y m ers of 

2 – 8 m o n o s a c c h ari d es, att a c h e d t o t h e L P S c or e str u ct ur e a n d e xt e n di n g t o w ar ds t h e e n vir o n m e nt 

( Al e x a n d er & Ri et s c h el, 2 0 0 1; L er o u g e & V a n d erl e y d e n, 2 0 0 2). T h e O -a nti g e n i s i n v ol v e d i n pr ot e cti o n 

fr o m r e c o g niti o n b y i m m u n e r e c e pt ors a n d a nti b o di es, a s w ell as fr o m  p h a g o c yti c c ell u pt a k e  a n d  

c o m pl e m e nt a cti v ati o n  ( L er o u g e & V a n d erl e y d e n, 2 0 0 2; Al e x a n d er & Ri ets c h el, 2 0 0 1). T h er ef or e, t h e 

O -a nti g e n is u n d er str o n g s el e cti o n b y t h e h o st i m m u n e s y st e m a n d , al o n g wit h li pi d A , s er v e s  as a

vir ul e n c e d et er mi n a n t ( Al e x a n d er & Ri et s c h el, 2 0 0 1)  a n d as a n i m p ort a nt i m m u n o g e n r es ulti n g i n a n 

a nti b o d y -m e di at e d r es p o ns e ( R e y es et al. , 2 0 1 2). M o difi c ati o ns ar e h e n c e ess e nti al t o b e a bl e t o e v a d e 

h o st i m m u n e r es p o ns es ( R e y es et al. , 2 0 1 2); t h es e m a y als o aff e ct b a ct eri al a d h er e n c e a n d h o st 

c ol o nis ati o n ( R e y es et al. , 2 0 1 2; L er o u g e & V a n d erl e y d e n, 2 0 0 2).  
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T h e L P S of S al m o n ell a  s er o gr o u ps A a n d D t o w h i c h S.  P ar at y p hi A a n d S.  T y p hi b el o n g t o  

r es p e cti v el y (T a bl e 1 .1 ), t o g et h er wit h t h e L P S of s er o gr o u p B, is c o m p o s e d of t h e s a m e mi n or O-

a nti g e n ( O 1 2) w hi c h h as a tris a c c h ari d e  D -m a n n os e – L -r h a m n o s e– D -g al a ct o s e  b a c k b o n e ( Fi er er & 

G ui n e y, 2 0 0 1; Li u et al. , 2 0 1 4). T h e s er o gr o u ps di v er g e at  t h e br a n c hi n g s u g ar att a c h e d o n t h e 

m a n n o s e: gr o u p A h as a p ar at o s e, gr o u p D a t y v el o s e, a n d gr o u p B a n a b e q u o s e, w hi c h is t h e m ai n 

str u ct ur al diff er e n c e b et w e e n t h es e O a nti g e ns ( Fi er er & G ui n e y, 2 0 0 1; Li u et al. , 2 0 1 4). S.  T y p hi c arri es 

t h e O 9 a nti g e n (t y v el o s e), a n d t h e N T S S.  T y p hi m uri u m t h e O 4 a nti g e n ( a b e q u o s e) ( T a bl e 1 .1 ). 

H o w e v er, rf b E, t h e g e n e e n c o di n g t h e e n z y m e r es p o nsi bl e f or c o n v erti n g C D P -P ar at o s e t o C D P -

T y v el os e, is m ut at e d a n d n o n -f u n cti o n al i n S.  P ar at y p hi A ; t h er ef or e, a p ar at o s e r esi d u e, i. e. t h e O 2 

a nti g e n, r e pl a c es t y v el os e ( Hi y o s hi et al. , 2 0 1 8 b; M c Cl ell a n d et al. , 2 0 0 4; Li u et al. , 2 0 1 4). A  fe w n o n -

h u m a n N T S s er o v ars c arr y t h e O 2 a nti g e n , s u g g esti n g t h at t his is n ot an a d a pt ati o n t o  h u m a n s  

( Gri m o nt & W eill, 2 0 0 7; Hi y o shi et al. , 2 0 1 8 b). Str u ct ur al di v ersit y of t h e O -a nti g e n  a d diti o n all y 

i n cr e as es b y l at er al m o difi c ati o ns ( e. g. gl y c o s yl ati o n  or a c et yl ati o n ) ( Li u et al. , 2 0 1 4; R e y es et al. , 2 0 1 2). 

S. P ar at y p hi A d o es n ot c arr y t h e  Vi ( B u e n o et al. , 2 0 0 4), b ut i nst e a d pr o d u c es v er y l o n g L P S

O -a nti g e n c h ai ns, m e di at e d b y t h e p ol y s a c c h ari d e c o -p ol y m er a s e F e p E, w hi c h is a ps e u d o g e n e i n S.

T y p hi ( Hi y o s hi et al. , 2 0 1 8 b). I n f a ct, t h e l o ss of f u n cti o n i n f e p E is i m p ort a nt f or all o wi n g Vi f or m ati o n 

a n d Vi -m e di at e d i nfl a m m ati o n s u p pr essi o n b y S . T y p hi ( Cr a wf or d et al. , 2 0 1 3). T h e  v er y l o n g O -a nti g e n 

c h ai ns ar e t h o u g ht t o m e di at e i m m u n e e v asi o n str at e gi es, f or w hi c h t h e Vi a nti g e n is r es p o nsi bl e i n S . 

T y p hi ( Hi y o s hi et al. , 2 0 1 8 a) (T a bl e 1 .2 ). R e g ul ati o n of O -a nti g e n c h ai n l e n gt h is  als o  i m p ort a nt f or 

S. T y p hi m uri u m vir ul e n c e  a n d v er y l o n g O -a nti g e n c h ai ns m a y i nt erf er e wit h b a ct eri al u pt a k e b y

m o us e m a cr o p h a g es  i n vitr o ( M urr a y, Attri d g e & M or o n a, 2 0 0 3, 2 0 0 6). V er y l o n g O-a nti g e n c h ai ns als o 

c o ntri b ut e t o c o m pl e m e nt r e sist a n c e i n S.  T y p hi m uri u m ( M urr a y, Attri d g e & M or o n a, 2 0 0 5; H öl z er et 

al. , 2 0 0 9; M urr a y, Attri d g e & M or o n a, 2 0 0 3). Si mil ar t o O -c h ai n l e n gt h r e g ul ati o n b y F e p E i n 

S . T y p hi m uri u m, t h e v er y l o n g O -c h ai ns o n t h e b a ct eri al s urf a c e of S.  P ar at y p hi A pr e v e nt a nti b o d y -

m e di at e d c o m pl e m e nt a cti v ati o n b y m as ki n g s urf a c e str u ct ur es. A d diti o n all y, t h e S.  P ar at y p hi A O 2 -

p ol ys a c c h ari d e a v erts I g M a nti b o d y bi n di n g d u e t o t h e i n a bilit y of I g M t o bi n d t o t h e O 2 a nti g e n. I n 

c o ntr ast, t h e O 9 a nti g e n of S.  T y p hi is b o u n d b y I g M b ut t his is hi n d er e d b y t h e pr es e n c e of t h e Vi 

( Hi y o s hi et al. , 2 0 1 8 b; H art et al. , 2 0 1 6). T h er ef or e, t h e a bilit y of b ot h p at h o g e ns t o pr e v e nt a nti b o d y 

bi n di n g, t h e c o m pl e m e nt b a ct eri ci d al eff e ct s a n d t h e i n d u c e d p h a g o c yt e r es pir at or y b urst, w as 

a c q uir e d i n d e p e n d e ntl y t hr o u g h c o n v er g e nt e v ol uti o n ( Hi y o s hi et al. , 2 0 1 8 b). It t h us a p p e ars t h at t h e 

pr o d u cti o n of a c a ps ul e, b e it t h e Vi i n S.  T y p hi or t h e v er y l o n g O -p ol y s a c c h ari d es  of S.  P ar at y p hi A, is 

i m p ort a nt f or m a nif est ati o n of e nt eri c f e v er (J o h ns o n, M yl o n a & Fr a n k el, 2 0 1 8; Hi y o s hi et al. , 2 0 1 8 a). 
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1. 6. 4  Fl a g ell a  

T h e m aj orit y of S.  e nt eri c a  s er o v ars ar e m otil e, h a vi n g m ulti pl e p eritri c h o us fl a g ell a, a str u ct ur e 

ess e nti al f or m otilit y a n d c h e m ot a xis. C o m p ar e d t o S . T y p hi m uri u m, t y p h oi d al S al m o n ell a  s er o v ars 

P ar at y p hi A, T y p hi a n d S e n d ai ar e si g nifi c a ntl y l ess m otil e, e x pr essi n g t h e m otilit y -c h e m ot a xis r e g ul o n 

at l o w er l e v els ( El h a d a d et al. , 2 0 1 5 a). T h e fl a g ell ar fil a m e nt i s c o m p o s e d of fl a g elli n m o n o m ers; S . 

T y p hi m uri u m e n c o d es f or t w o alt er n ati n g, a nti g e ni c all y disti n ct fl a g elli ns ( Fli C a n d Flj B) r e g ul at e d b y a 

p h as e v ari ati o n m e c h a nis m ( Si m o n et al. , 1 9 80) . O n t h e ot h er h a n d, S . P ar at y p hi A a n d S . T y p hi ar e 

g e n er all y c o nsi d er e d m o n o p h asi c ( M c Cl ell a n d et al. , 2 0 0 4; S a b b a g h et al. , 2 0 1 0). S . T y p hi h as o nl y o n e 

g e n e e n c o di n g f or fl a g elli n Fli C of a nti g e n H: d  a n d l a c ks t h e g e n e r es p o nsi bl e f or  p h a s e  s wit c hi n g ( hi n ). 

S . P ar at y p hi A h as a fr a m es hift m ut ati o n i n hi n , dis a bli n g  p h as e s wit c hi n g ( M c Cl ell a n d et al. , 2 0 0 4).

H o w e v er, S.  T y p hi H: j a nti g e ni c v ari a nts h a v e b e e n is ol at e d i n I n d o n esi a, a v ari ati o n of H: d  d u e t o a n 

i n-fr a m e d el eti o n ( Fr a n k el et al. , 1 9 8 9; B a k er et al. , 2 0 0 8). I n d o n esi a n S.  T y p hi is ol at es h a v e als o b e e n 

o bs er v e d t o b e bi p h asi c, e x pr essi n g a pl as mi d -e n c o d e d Flj B a n al o g u e of t h e H: z 6 6  a nti g e n ( B a k er et 

al. , 2 0 0 7 a), as w ell as a Fli C r e pr ess or ( B a k er et al. , 2 0 0 7 a) r e pr essi n g fli C e x pr essi o n m a ki n g z 6 6  t h e 

d o mi n a nt a nt i g e n ( B a k er et al. , 2 0 0 7 b). H:j a n d H: z 6 6  a nti g e ni c v ari a nts ar e t h o u g ht t o h a v e r e c e ntl y 

e m er g e d d uri n g S.  T y p hi e v ol uti o n ( B a k er et al. , 2 0 0 8), d u e t o im m u n e s el e cti o n i n t h e I n d o n esi a n 

r e gi o n, w h er e S.  T y p hi i n ci d e n c e is hi g h ( B a k er et al. , 2 0 0 7 a). T his a d diti o n al v ari ati o n is t h o u g ht t o b e 

i m p ort a nt f or i m m u n e r es p o ns e e v asi o n b y S.  T y p h i ( S c hr ei b er et al. , 2 0 1 5). A si mil ar p h e n o m e n o n 

h as n ot b e e n r e p ort e d i n S . P ar at y p hi A y et. 

Fl a g ell ar -m e di at e d m otilit y f a cilit at e s h o st c ell i n v asi o n b y b ot h t y p h oi d al ( El h a d a d et al. , 

2 0 1 5 a; Li u et al. , 1 9 8 8) a n d N T S ( V a n Ast e n et al. , 2 0 0 0; El h a d a d et al. , 2 0 1 5 a). F l a g elli n is a p ot e nt 

a cti v at or of t h e i m m u n e s y st e m f or m o st b a ct eri al p at h o g e ns ( Mi a o et al. , 2 0 0 7), r e c o g nis e d b y  

i m m u n e r e c e pt ors, r es ulti n g i n ( pr o)i nfl a m m at or y cyt o ki n e se cr eti o n ( H a y as hi et al. , 2 0 0 1; Mi a o et al. , 

2 0 0 7, 2 0 0 6; K ort m a n n, Br u b a k er & M o n a c k, 2 0 1 5; R e y es R uiz et al. , 2 0 1 7). H o w e v er,  S.  T y p hi a n d S.  

P ar at y p hi A e x pl oit hi g h, f e v er -li k e t e m p er at ur e s as a c u e t o att e n u at e h o st c ell i n v asi o n a n d b a ct eri al 

m otilit y, w hi c h is h y p ot h esis e d t o pr o m ot e p ersist e n c e wit hi n t h e h o st ( El h a d a d et al. , 2 0 1 5 b). 

1. 6. 5  A d h e si n s  

I nt er a cti o ns wit h a n d a d h esi o n t o h o st c ells ar e oft e n f a cilit at e d b y  fi m bri a e, pili a n d ot h er a d h esi v e 

pr ot ei ns  f o u n d o n  t h e b a ct eri al s urf a c e, w hi c h  ar e  criti c al  f or i nt e sti n al c ol o nis ati o n.  S al m o n ell a  

e x pr ess es a n arr a y of fi m bri al o p er o ns, w hi c h ar e d e p e n d e nt o n t h e s er o v ar ( T o w ns e n d et al. , 2 0 0 1; 

S a b b a g h et al. , 2 0 1 0; A zri el et al. , 2 0 1 7). Diff er e n c es i n t h e a d h e si n r e p ert oir e i n s er o v ars 

c o ntri b ut es t o diff er e n c es i n t h eir i nf e cti o n m e c h a nis ms. F or e x a m pl e, u nli k e  S.  T y p hi m uri u m t h at  

pr ef er e nti all y i n v a d es M c ells , st g - d e pl et e d S . T y p hi s h o ws pr ef er e nti al e ntr y i n e nt er o c yt es o v er M 

c ells i n vitr o i n a n st g - d e p e n d e nt m a n n er ( G o n z al es, Wil d e & R ol a n d, 2 0 1 7). T his c a n i n p art b e 
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e x pl ai n e d b y t h e a bs e n c e of L pf (l o n g p ol ar fi m bri a e) i n S.  T y p hi, w hi c h m e di at es M c ell r e c o g niti o n 

a n d att a c h m e nt i n S.  T y p hi m uri u m ( G o n z al es, Wil d e & R ol a n d, 2 0 1 7).  F urt h er m or e, t h e fi m bri al 

r e p ert oir e a n d all eli c v ari ati o n o bs er v e d i n fi m bri al o p er o ns h a v e b e e n s u g g est e d t o pl a y a r ol e i n 

d efi ni n g s er o v ar h ost s p e cifi cit y a n d tiss u e tr o pis m ( T o w ns e n d et al. , 2 0 0 1; Bis h o p et al. , 2 0 0 8; Y u e et 

al. , 2 0 1 2; S a b b a g h et al. , 2 0 1 0; Y u e et al. , 2 0 1 5), b ut t h e s el e cti v e pr ess ur es dri vi n g t his s el e cti o n ar e 

n ot al w a ys cl e ar. F or e x a m pl e, all eli c v ari ati o n i n t h e a d h esi n of t h e fi m o p er o n, as w ell as l o w 

bi n di n g p oi nt m ut ati o ns, ar e s u g g est e d t o b e i n v ol v e d i n h o st-s p e cifi c i nt er a cti o ns i n S.  T y p hi m uri u m, 

w hil e a bs e n c e of v ari ati o n i n S.  T y p hi, i n a d diti o n t o hi g h bi n di n g, r estri cts it t o bi n di n g t o h u m a n c ells 

( Y u e et al. , 2 0 1 5, 2 0 1 2; Kisi el a et al. , 2 0 1 2). Als o, ps e u d o g e nis ati o n a n d d e gr a d ati o n of fi m bri al g e n es 

is t h o u g ht t o b e i m pli c at e d i n h o st r estri cti o n a n d a d a pt ati o n ( Y u e et al. , 2 0 1 2). S.  T y p hi a n d P ar at y p hi 

A s h ar e  ps e u d o g e nis ati o n  or  l o ss of  g e n es  i n fi m bri al o p er o ns,  w hi c h  ar e  f o u n d a cti v e  i n 

S. T y p hi m uri u m a n d ot h er N T S a n d m a y b e r el at e d t o t h e i n a bilit y of t y p h oi d al s er o v ars t o i nf e ct ot h er  

h o sts ( Li u et al. , 2 0 0 9; M c Cl ell a n d et al. , 2 0 0 1; T o w ns e n d et al. , 2 0 0 1; P ar k hill et al. , 2 0 0 1; Y u e et al. , 

2 0 1 2),  w hil e  f e w o p er o ns  r e m ai n f ull y f u n cti o n al i n b ot h  s er o v ars  ( M c Cl ell a n d et al. , 2 0 0 4) . 

A d diti o n all y,  t h e pr es e n c e  of  ps e u d o g e n es  h as  b e e n  h y p ot h esis e d  t o b e  a  m e c h a nis m  of  e n er g y 

pr es er v ati o n f or S.  T y p hi, as fi m bri al pr o d u cti o n is a n e n er g eti c all y c o stl y pr o c es s ( D ufr es n e, S a ul ni er-

B ell e m ar e & D ai gl e, 2 0 1 8). H o w e v er, o ur u n d erst a n di n g of t h e r ol e of  m o st fi m bri al o p er o ns d uri n g 

i nf e cti o n r e m ai ns li mit e d ( S a b b a g h et al. , 2 0 1 0), p arti c ul arl y i n t h e c o nt e xt of S.  P ar at y p hi A i nf e cti o n. 

T h eir e x pr essi o n v ari es b et w e e n l a b or at or y gr o wt h c o n diti o ns ( D ufr es n e, S a ul ni er- B ell e m ar e & D ai gl e, 

2 0 1 8; A zri el et al. , 2 0 1 7), w hi c h f urt h er c o m pli c at e s f u n cti o n al i n v esti g ati o n a n d c h ar a ct eri s ati o n. 

1. 6. 6  T o xi n s  

T h e t y p h oi d t o xi n is a vir ul e n c e  f a ct or e x pr ess e d b y b ot h S.  T y p hi a n d S.  P ar at y p hi A ( H a g hj o o & G al á n, 

2 0 0 4; d e n B a k k er et al. , 2 0 1 1), h o w e v er, it h as b e en  e xt e n si v el y st u di e d o nl y i n S.  T y p hi. T h e  t y p h oi d 

t o xi n isl et is a bs e nt fr o m S.  T y p hi m uri u m a n d S . E nt eriti dis, b ut is f o u n d i n ot h er N T S s er o v ars li k e S.  

J a vi a n a, S.  M o nt e vi d e o a n d S.  S c h w ar z e n gr u n d ( d e n B a k k er et al. , 2 0 1 1; S u e z et al. , 2 0 1 3; R o dri g u e z-

Ri v er a et al. , 2 0 1 5; Mill er & Wi e d m a n n, 2 0 1 6). Mi c e s y st e mi c all y a d mi nist er e d wit h p urifi e d a cti v e 

t y p h oi d t o xi n d e v el o p e d t y p h oi d s y m pt o m s, alt h o u g h n ot f e v er, s u g g esti n g t h at t y p h oi d t o xi n m a y b e 

r es p o nsi bl e f or s y m pt o m m a nif est ati o n d uri n g h u m a n i nf e cti o n , w hil e t h e y als o e x hi bit e d a dr o p i n 

i m m u n e c ell n u m b ers a n d n e utr o p hil cir c ul ati o n ( S o n g, G a o & G al á n, 2 0 1 3), i n li n e wit h t h e p o ssi bl e 

r ol e of t y p h oi d t o xi n i n m o d ul ati n g t h e h o st i m m u n e r es p o ns e  as ass ess e d i n h u m a ns  ( Gi b a ni et al. , 

2 0 1 9) . B ef or e t h e t y p h oi d t oxi n c a n e x ert its t o xi cit y, S.  T y p hi m ust b e  i ntr a c ell ul ar a n d wit hi n t h e S C V 

( H a g hj o o & G al á n, 2 0 0 4; S p a n ò, U g al d e & G al á n, 2 0 0 8; F o wl er & G al á n, 2 0 1 8). T o xi n s orti n g a n d 

p a c k a gi n g i n v esi cl e s fr o m t h e S C V r e q uir es i nt er a cti o n wit h a N-a c et yl n e ur a mi c a ci d ( N e u 5 A c) -

t er mi n at e d r e c e pt or i n t h e S C V l u m e n ( C h a n g, S o n g & G al á n, 2 0 1 6). T y p h oi d t o xi n t h e n e nt ers t ar g et 
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c ells t hr o u g h bi n di n g t o  N e u 5 A c -ter mi n at e d gl y c a ns, w hi c h is a h u m a n -s p e cifi c m oi et y, o n s urf a c e 

gl y c o pr ot ei ns ( S o n g, G a o & G al á n, 2 0 1 3; D e n g et al. , 2 0 1 4). M o st n o n -h u m a n m a m m als, s u c h as 

c hi m p a nz e e s a n d mi c e, h a v e m ai nl y N -gl y c ol yl n e ur a mi c a ci d ( N e u 5 G c) m oi eti es o n t h eir gl y c a ns , a n d 

ar e t h us r esist a nt t o t y p h oi d t o xi n a cti vit y. T his s p e cifi cit y i s u n d erli n e d b y t h e r esist a n c e s h o w n b y 

h u m a n c ells i n d u c e d t o dis pl a y N e u 5 G c i nst e a d of N e u 5 A c, as w ell as mi c e e n gi n e er e d t o c o nstit uti v el y 

e x pr ess N e u 5 G c ( D e n g et al. , 2 0 1 4). T h e s p e cifi cit y of t y p h oi d t o xi n f or h u m a n-s p e cifi c si ali c a ci d 

m o difi c ati o ns m a y b e a c c o u nt a bl e t o a c ert ai n e xt e nt f or t h e l a c k of t y p h oi d f e v er s y m pt o m 

d e v el o p m e nt i n ot h er s p e ci es ( D e n g et al. , 2 0 1 4). F urt h er m or e, f oll o wi n g bi n di n g t o c ell r e c e pt ors, t h e 

t o xi n e nt ers  t h e c ells a n d t h e a cti v e s u b u nit t ar g ets t h e n u cl e us e x erti n g its D N A -d a m a gi n g eff e ct , 

c a usi n g G 2 / M c ell c y cl e arr est ( S p a n ò, U g al d e & G al á n, 2 0 0 8; H a g hj o o & G al á n, 2 0 0 4; I bl er et al. , 2 0 1 9; 

Mill er & Wi e d m a n n, 2 0 1 6; R o dri g u e z -Ri v er a et al. , 2 0 1 5). I n a n i n vitr o st u d y, t y p h oi d t o xi n c a us e d 

e xt e nsi v e si n gl e -str a n d e d D N A f or m ati o n, tri g g eri n g a n at y pi c al D N A d a m a g e r es p o ns e, w hi c h 

ulti m at el y l e d t o s e n es c e n c e of t h e i nt o xi c at e d c ell , w hi c h is t h o u g ht t o i n cr e as e c ell  s us c e pti bilit y t o 

S. T y p hi i nf e cti o n t h us pr o m oti n g c hr o ni c i nf e cti o n  (I bl er et al. , 2 0 1 9; Mill er & Wi e d m a n n, 2 0 1 6).

H o w e v er, t y p h oi d t o xi n w as r e c e ntl y s h o w n n ot t o m e di at e i nf e cti o n a n d m a nif est ati o n of t h e cli ni c al 

pr es e nt ati o n of t y p h oi d f e v er i n a h u m a n c h all e n g e m o d el , w hil e its r ol e i n s yst e mi c dis e as e a n d 

c hr o ni c c arri a g e i n h u m a ns r e m ai ns t o b e el u ci d at e d ( Gi b a ni et al. , 2 0 1 9).  

S. P ar at y p hi A a n d S.  T y p hi als o e x pr ess t h e l ess w ell -st u di e d, tr a ns m e m br a n e p or e -f or mi n g

h e m ol ysi n Hl y E ( or Cl y A), w h o s e r ol e i n p at h o g e ni cit y r e m ai ns el usi v e ( F a u c h er et al. , 2 0 0 9; Os c arss o n 

et al. , 2 0 0 2; W all a c e et al. , 2 0 0 0). T his t oxi n is a bs e nt fr o m S.  T y p hi m uri u m, b ut pr es e nt i n s o m e ot h er 

N T S s er o v ars ( F a u c h er et al. , 2 0 0 9; d e n B a k k er et al. , 2 0 1 1; Os c arss o n et al. , 2 0 0 2; F u e nt es et al. , 2 0 0 8), 

as w ell as E. c oli  a n d S hi g ell a  ( W all a c e et al. , 2 0 0 0). Hl y E a n d t h e t y p h oi d t o xi n ar e oft e n b ot h pr es e nt 

i n S al m o n ell a  s er o v ars ( d e n B a k k er et al. , 2 0 1 1). T h e hl y E  g e n e is wit hi n t h e S PI -1 8 al o n gsi d e a n i n v asi n 

( T y p hi-ass o ci at e d i n v asi o n A, t ai A). T ai A pr o m ot e s p h a g o c yt o sis b y m a cr o p h a g es, w hil e Hl y E li mits 

b a ct eri al gr o wt h wit hi n m a cr o p h a g es ( F a u c h er et al. , 2 0 0 9). If i n d e e d m a cr o p h a g es off er a s hi el d e d 

e n vir o n m e nt f or b a ct eri a d uri n g s y st e mi c diss e mi n ati o n, t his c o m pl e m e nt ar y a cti o n of t h e t w o 

pr ot ei ns m a y pr o m ot e c hr o ni c i nf e cti o n ( F a u c h er et al. , 2 0 0 9). Hl y E h as als o b e e n  s u g g est e d t o 

pr o m ot e i n v asi o n  i n hu m a n e pit h eli al c ell s  i n vitr o vi a a n u n k n o w n m e c h a nis m ( F u e nt es et al. , 2 0 0 8; 

F a u c h er et al. , 2 0 0 9). E ct o pi c e x pr essi o n of hl y E  i n S.  T y p hi m uri u m f a cilit at e d c ol o nis ati o n of li v er a n d 

s pl e e n i n mi c e , p oi nti n g t o w ar ds a r ol e i n s y st e mi c st a g es of i nf e cti o n ( F u e nt e s et al. , 2 0 0 8). T y p h oi d 

t o xi n a n d Hl y E m a y t h us b e c o ntri b uti n g t o s o m e of t h e i nf e cti o n c h ar a ct eristi cs t h at disti n g uis h S.  

T y p hi a n d S.  P ar at y p hi A fr o m  S . T y p hi m uri u m.  
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1. 7  T h e c arri er st at e of e nt eri c f e v er  

T h e c arri er st at e d es cri b es t y pi c all y as y m pt o m ati c p ati e nts w h o, aft er c o n v al es c e n c e, ar e c o nt a gi o us 

b y  i nt er mitt e ntl y s h e d di n g hi g h l e v els of b a ct eri a i n f a e c es a n d uri n e o n e y e ar aft er i nf e cti o n ( Cr a wf or d 

et al. , 2 0 1 0; G u n n et al. , 2 0 1 4; K h atri et al. , 2 0 0 9; G al-M or, 2 0 1 9; D o n g ol et al. , 2 0 1 2). T h e c arri er st at e 

h as b e e n e x pl or e d m ai nl y wit h S.  T y p hi, w hil e it is l ess i n v esti g at e d i n S.  P ar at y p hi A i nf e cti o n ( K h atri 

et al. , 2 0 0 9; G al-M or, B o yl e & Gr assl, 2 0 1 4; D o n g ol et al. , 2 0 1 2). H o w e v er, b ot h p at h o g e n s c a n 

est a blis h c hr o ni c c arri a g e i n s e c o n d ar y or g a ns, r es ulti n g i n a p pr o xi m at el y 2– 5 % of t h e i nf e ct e d 

p o p ul ati o n  b e c o mi n g c arri ers i n  e n d e mi c ar e as ( L e vi n e et al. , 1 9 8 2; K h atri et al. , 2 0 0 9). C o nsi d eri n g 

t h e h o st r estri cti o n of t y p h oi d al S al m o n ell a , f a e c al s h e d di n g of b a ct eri a is t h o u g ht t o pr o m ot e e nt eri c 

f e v er tr a ns missi o n a n d p ersist e n c e i n e n d e mi c ar e as with c arri ers a cti n g as r es er v oir s  ( G u n n et al. , 

2 0 1 4; K h atri  et al. , 2 0 0 9; Pit z er et al. , 2 0 1 4; S a ul, S mit h & M air e, 2 0 1 3; G al-M or, 2 0 1 9) . N ot ori o us 

e x a m pl es of c arri ers c o m e fr o m w or k ers i n f o o d s er vi c e s  s u c h as “ T y p h oi d M ar y t h e c o o k ”  a n d “ Mr. N 

t h e mil k er ” w h o, alt h o u g h h e alt h y t h e ms el v es, w er e r es p o nsi bl e f o r m or e t h a n 2 0 0 c as es of t y p h oi d 

f e v er ( L e di n g h a m, 1 9 9 9; Br o o ks, 1 9 9 6). M or e r e c e ntl y, a S.  P ar at y p hi A o ut br e a k a m o n g Isr a eli 

tr a v ell ers w as  p o s si bl y tr a c e d b a c k t o f o o d h a n dl ers at a sit e t h e y visit e d i n N e p al ( G al-M or et al. , 2 0 1 2; 

M elt z er et al. , 2 0 1 4). It is w ort h n oti n g t h at, alt h o u g h N T S s h e d di n g is e vi d e nt f or s o m e w e e k s aft er 

i nf e cti o n, l o n g-t er m c arri a g e of N T S is r ar e a n d s y m pt om ati c ( G al-M or, 2 0 1 9; M arz el et al. , 2 0 1 6). 

E xtr ai nt esti n al i nf e cti o n s u g g est s cr o ssi n g of  t h e i nt e sti n al e pit h eli al b arri er, effi ci e nt i m m u n e 

e v asi o n a n d i n v asi o n a n d/ or c ol o nis ati o n of a p er missi v e, i m m u n e -pri vil e g e d ni c h e ( G u n n et al. , 2 0 1 4; 

G al -M or, 2 0 1 9; R aff at ell u et al. , 2 0 0 8). Alt h o u g h ot h er s yst e mi c sit es ar e als o c ol o nis e d d uri n g  t h e 

c arri er st at e  (Fi g ur e 1 .3 ), t h e bili ar y tr a ct a n d g all bl a d d er ar e t h o u g ht t o b e t h e pri m ar y sit es  ( G o n z al e z-

Es c o b e d o, M ars h all & G u n n, 2 0 1 1; G al -M or, 2 0 1 9;  G o n z al e z -Es c o b e d o, L a P erl e & G u n n, 2 0 1 3) . 

T y p h oi d al S al m o n ell a  m a y e x pl oit diff er e nt m e c h a nis m s to p ersist i n t h e g all bl a d d er ( Fi g ur e 1. 5 ). 

G all bl a d d er c ol o nis ati o n m a y b e pr o m ot e d b y f or m ati o n of bi ofil m s b y S.  T y p hi o n g allst o n es w h e n 

c h ol est er ol is pr es e nt ( Cr a wf or d et al. , 2 0 1 0; Pr o ut y, S c h w esi n g er & G u n n, 2 0 0 2; Cr a wf or d et al. , 

2 0 0 8) . T his is s u p p ort e d b y t h e hi g h c orr el ati o n of g allst o n es a n d t h e c arri er st at e ( G o n z al e z-Es c o b e d o, 

M ars h all & G u n n, 2 0 1 1; S c hi ø L er et al. , 1 9 8 3), an d  t h e diffi c ult y i n tr e ati n g c hr o ni c c arri a g e wit h 

a nti mi cr o bi als ( G u n n et al. , 2 0 1 4; G o n z ál e z et al. , 2 0 1 8). I n f a ct, hu m a n  g allst o n es c o v er e d wit h S.  

T y p hi bi ofil m s h a v e b e e n  o bs er v e d mi cr o s c o pi c all y ( G u n n et al. , 2 0 1 4; M arsh all et al. , 2 0 1 4). Al m o st 

9 0 % of S.  T y p hi c arri ers s uff er fr o m g allst o n es ( S c hi ø L er et al. , 1 9 8 3), w hil e a b o ut 3. 5 % of p ati e nts 

u n d er g oi n g c h ol e c yst e ct o m y  i n e n d e mi c r e gi o ns c arri e d S.  P ar at y p hi A or S.  T y p hi ( D o n g ol et al. , 2 0 1 2; 

Rist ori et al. , 1 9 8 2). S.  T y p hi m a y f or m bi ofil m s als o o n t h e g all bl a d d er e pit h eli u m ( G o n z al e z-Es c o b e d o 

& G u n n, 2 0 1 3 a)  a n d  S.  T y p hi a g gr e g at e s o n t h is e pit h eli u m h a v e b e e n o bs er v e d i n p ati e nt s fr o m 

e n d e mi c c o u ntri es ( B as n y at & B a k er, 2 0 1 5). Alt er n ati v el y, gr o wt h i n t h e g all bl a d d er l u m e n or i n v asi o n 
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a n d r e pli c ati o n wit hi n e pit h eli al c ells ar e ot h er m e c h a nis m s p o ssi bl y e x pl oit e d b y S.  T y p hi t o p ersist i n 

t h e g all bl a d d er ( G o n z al e z-Es c o b e d o & G u n n, 2 0 1 3 a; M e n e n d e z et al. , 2 0 0 9). B a ct eri al d et a c h m e nt 

fr o m bi ofil ms f orm e d i n t h e g all bl a d d er  a n d s h e d di n g, as w ell as b a ct eri al r el e as e f oll o wi n g c ell d e at h 

of i nf e ct e d h ost c ells, p o ssi bl y m e di at e r ei nf e cti o n of t h e g ut ( G u n n et al. , 2 0 1 4; G al-M or, 2 0 1 9; 

K n o dl er et al. , 2 0 1 0; Cr a wf or d et al. , 2 0 1 0; G o n z al e z-Es c o b e d o & G u n n, 2 0 1 3 a) . M a n y of t h es e 

m e c h a nis m s r e m ai n t o b e d e m o nstr at e d wit h S . P ar at y p hi A. N e v ert h el ess, t h e a bilit y of S.  T y p hi a n d 

S. P ar at y p hi A t o c ol o nis e t h e g all bl a d d er i n di c at es m e c h a nis m s t o t ol er at e t h e a nti mi cr o bi al

pr o p erti es of bil e ( S e cti o n 1. 8. 2 ) ( v a n V el ki n b ur g h & G u n n, 1 9 9 9; J o h ns o n et al. , 2 0 1 8), w hil e 

int er esti n gl y, g e n o mi c or g a nis ati o n r efl e cts t h e a bilit y of S.  T y p hi a n d S.  P ar at y p hi A t o c ol o nis e t h e 

g all bl a d d er. C hr o m o s o m al r e -arr a n g e m e nts, w hi c h m a y sl o w d o w n gr o wt h, ar e ass o ci at e d wit h 

g all bl a d d er c ol o nis ati o n, w h er e t h e n e e d f or a f ast gr o wt h r at e d uri n g c o m p etiti o n wit h n ati v e 

mi cr o bi ot a is mi ni m al ( Hi y o s hi et al. , 2 0 1 8 a), f urt h er s u p p orti n g t h e a d a pt ati o n of t y p h oi d al 

S al m o n ell a  t o t h e g all bl a d d er e n vir o n m e nt. 

Fi g ur e 1 .5  S al m o n ell a  g all bl a d d er c ol o ni s ati o n m o d el s . 

T h er e ar e diff er e nt m o d els pr o p o s e d b y w hi c h S al m o n ell a  m a y c ol o nis e t h e g all bl a d d er d uri n g t h e c arri er st at e. 

S al m o n ell a  m a y f or m bi ofil ms o n c h ol est er ol -c o nt ai ni n g g all st o n e s urf a c es ( 1), r e pli c at e i n t h e g all bl a d d er l u m e n 

( 2), or f or m bi ofil ms o n t h e g all bl a d d er e pit h eli u m w h e n g allst o n es ar e pr es e nt ( 3). Alt er n ati v el y, S al m o n ell a  

m a y i n v a d e t h e g all bl a d d er e pit h eli u m a n d r e pli c at e i ntr a c ell ul arl y ( 4) w hi c h m a y l e a d t o h o st c ell d e at h, c ell 

e xtr u si o n a n d b a ct eri al s h e d di n g ( 5). G B, g all bl a d d er. I m a g e cr e at e d u si n g Bi or e n d er.  
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O n t h e h o st si d e, ris k f a ct ors pr o m oti n g  c hr o ni c c arri a g e ar e g e n d er, a g e, a n d t h e pr es e n c e of 

g allst o n es. T h e c arri er st at e is m or e c o m m o n a m o n g w o m e n t h a n m e n, w hil e t h e ris k s e e m s t o 

i n cr e as e wit h a g e ( L e vi n e et al. , 1 9 8 2; G al-M or, 2 0 1 9; G u n n et al. , 2 0 1 4; S c hi ø L er et al. , 1 9 8 3; Cr a wf or d 

et al. , 2 0 1 0). G allst o n e-i n d u c e d i nfl a m m ati o n i n t h e g ut, p o ssi bl y ai ds S al m o n ell a  i n c ol o nisi n g a n 

alr e a d y c o m pr o mis e d e pit h eli u m ( G o n z al e z-Es c o b e d o & G u n n, 2 0 1 3 a) . C hr o ni c c arri a g e h as b e e n 

c orr el at e d wit h m ali g n a n ci es ass o ci at e d wit h t h e g all bl a d d er ( N at h et al. , 2 0 0 8; C a y gill et al. , 1 9 9 5; 

Rist ori et al. , 1 9 8 2; N at h, Si n g h & S h u kl a, 1 9 9 7); c hr o ni c i nfl a m m ati o n a n d d a m a g e i n t h e g all bl a d d er 

b y b a ct eri a a n d g allst o n es p o ssi bl y i n cr e as e s t h e ri s k of c a n c er ( G u n n et al. , 2 0 1 4; S c a n u et al. , 20 1 5; 

G o n z al e z -Es c o b e d o, L a P erl e & G u n n, 2 0 1 3) . It is u n cl e ar w h et h er t h e b a ct eri a m e di at e t h e d a m a g e or 

w h et h er t h e d a m a g e d tiss u e s er v e s as a p er missi v e ni c h e f or b a ct eri al c ol o nis ati o n, b ut a n a c ut e 

i nfl a m m at or y r es p o ns e is i n d u c e d b y t h e pr es e n c e of S.  P ar at y p hi A or S.  T y p hi ( D o n g ol et al. , 2 0 1 2).  

1. 8  Bil e d uri n g S al m o n ell a  i nf e cti o n  

1. 8. 1  Bil e c o m p o siti o n a n d f u n cti o n s  

B il e is a pr ol o n g e d str ess f a ct or f or S al m o n ell a , as t h e b a ct eri u m is e x p o s e d t o bil e i n t h e s m all i nt e sti n e 

d uri n g i nf e cti o n a n d  at hi g h er c o n c e ntr ati o ns i n t h e g all bl a d d er  d uri n g c hr o ni c i nf e cti o n  ( G u n n, 2 0 0 0; 

v a n V el ki n b ur g h & G u n n, 1 9 9 9; Sistr u n k et al. , 2 0 1 6). Bil e is a n a q u e o us , st eril e, sli g htl y b asi c, d ar k 

y ell o w di g esti v e s e cr eti o n, pr o d u c e d a n d s e cr et e d i n t h e i nt esti n al tr a ct b y t h e li v er a n d st or e d i n t h e 

g all bl a d d er i n hi g h c o n c e ntr ati o ns f oll o wi n g w at er r e m o v al b y t h e  g all bl a d d er e pit h eli u m ( H of m a n n, 

1 9 9 9 ; B o y er, 2 0 1 3). Bil e  is c o m p os e d m ai nl y of bil e a ci ds , c h ol est er ol a n d p h o s p h oli pi ds, w hil e 

p i g m e nts s u c h as bilir u bi n a n d bili v er di n ar e r es p o nsi bl e f or its c ol o ur. T h e pri m ar y r ol e of bil e is t o ai d 

i n e m ul sifi c ati o n a n d s ol u bilis ati o n of li pi ds d uri n g di g esti o n a n d t o pr o m ot e e x cr eti o n of  c h ol est er ol, 

as w ell as h ar mf ul s u bst a n c es, i n cl u di n g i ns ol u bl e or pr ot ei n-b o u n d a n d dr u g m et a b olit es ( B e gl e y, 

G a h a n & Hill, 2 0 0 5; H of m a n n, 1 9 9 9; B o y er, 2 0 1 3) . Pri m ar y bil e a ci ds ar e s y nt h esis e d i n h e p at o c yt es as 

t h e e n d pr o d u cts of c h ol est er ol d e gr a d ati o n a n d t h e m ai n o n es i n h u m a ns ar e c h ol at e a n d 

c h e n o d e o x y c h ol at e (H of m a n n, 1 9 9 9; Ur d a n et a & C as a d es ús, 2 0 1 7) . T o pr e v e nt d a m a g e t o bili ar y 

e pit h eli al c ell m e m br a n es , bil e a ci ds f or m mi c ell es wit h p h o s p h oli pi ds ( H of m a n n, 1 9 9 9). F urt h er m or e, 

bil e a ci ds ar e  c o nj u g at e d wit h gl y ci n e or t a uri n e t h at f urt h er hi n d ers t h eir a bilit y t o p e n etr at e c ell 

m e m br a n es. Bil e a ci ds m a y b e m o difi e d b y i nt e sti n al mi cr o bi ot a gi vi n g ris e t o s e c o n d ar y bil e a ci ds 

d e o x y c h ol at e a n d lit o c h ol at e, w hi c h f a cilit at e r e a bs or pti o n a n d bil e  a ci d c y cli n g i n t h e h e p ati c 

cir c ul ati o n ( H of m a n n, 1 9 9 9; Ur d a n et a & C as a d es ús, 2 0 1 7). Fi n all y, as dis c uss e d i n t h e f oll o wi n g 

s e cti o n, bil e h as a nti mi cr o bi al pr o p erti es, w hi c h al o n g wit h t h e c o nti n u o us fl o w  of fr es h bil e g oi n g 

t hr o u g h, m ai nt ai n t h e bili ar y tr a ct r el ati v el y fr e e fr o m mi cr o or g a nis m s ( G u n n et al. , 2 0 1 4). 
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1. 8. 2  A nti mi cr o bi al pr o p erti e s of bil e  

D u e t o its a m p hi p at hi c n at ur e, bil e h as a nti mi cr o bi al pr o p erti es as it c a n diss ol v e m e m br a n e li pi ds, 

t h us disr u pti n g m e m br a n e i nt e grit y a n d c a usi n g i ntr a c ell ul ar m at eri al l e a k a g e ( B e gl e y, G a h a n & Hill, 

2 0 0 5; Ur d a n et a & C as a d es ús, 2 0 1 7) . Bil e als o aff e ct s t h e c o nf or m ati o n a n d st a bilit y of m ol e c ul es s u c h 

as D N A a n d v ari o us pr ot ei ns ( B e gl e y, G a h a n & Hill, 2 0 0 5; Ur d a n et a & C as a d es ús, 2 0 1 7). N u cl e oti d e 

m ut ati o ns a n d c hr o m o s o m al r e arr a n g e m e nts m a y b e c o m e m or e fr e q u e nt  i n S al m o n ell a , as w ell as 

o xi d ati v e D N A d a m a g e i n t h e pr es e n c e of bil e ( Pri et o, R a m o s-M or al es & C as a d es ús, 2 0 0 4, 2 0 0 6) . I g A 

a n d m u c us ar e als o pr es e nt i n bil e, hi n d eri n g b a ct eri al gr o wt h a n d a d h esi o n ( H of m a n n, 1 9 9 9; B o y er, 

2 0 1 3; B e gl e y, G a h a n & Hill, 2 0 0 5) . I n a d diti o n, bil e a ci ds pr o m ot e i nt esti n al h o m e o st asis b y i n d u ci n g 

t h e pr o d u cti o n of pr ot e cti v e h o st m ol e c ul es t h at ar e n ot a c o m p o n e nt of bil e, s u c h as a nti mi cr o bi al 

p e pti d es fr o m bili ar y e pit h eli al c ells ( Ur d a n et a & C as a d es ú s, 2 0 1 7). M or e o v er, b il e a ci ds m a y c h el at e 

i o ns li k e ir o n a n d c al ci u m t h at ar e i m p ort a nt f or b a ct eri al s ur vi v al ( Ur d a n et a & C as a d es ús, 2 0 1 7).  

1. 8. 3  S al m o n ell a  m e c h a ni s m s of bil e t ol er a n c e a n d r e si st a n c e  

T h e r a n g e of bil e c o n c e ntr ati o n v ari es fr o m 0. 2 – 2 % w/ v i n t h e s m al l i nt esti n e t o u p t o 8 % w/ v i n t h e 

g all bl a d d er ( G u n n, 2 0 0 0). H o w e v er, t o pr o m ot e s ur vi v al i n t h e s e e n vir o n m e nts, e nt eri c p at h o g e ns 

h a v e e v ol v e d a m ultit u d e of m e c h a nis m s t o s e ns e, r es p o n d,  a n d t ol er at e t h e a nti mi cr o bi al eff e cts of 

bil e  list e d a b o v e ( Sistr u n k et al. , 2 0 1 6; Ur d a n et a & C as a d es ús, 2 0 1 7; G u n n, 2 0 0 0; B e gl e y, G a h a n & Hill, 

2 0 0 5) . Gr a m-n e g ati v e  b a ct eri a  ar e m or e r esist a nt t o bil e t h a n Gr a m -p o siti v e b a ct eri a , p o ssi bl y d u e t o 

t h eir o ut er m e m br a n e str u ct ur e ( B e gl e y, G a h a n & Hill, 2 0 0 5; S e n g u pt a, R a y & C h o w d h ur y, 2 0 1 4). 

S al m o n ell a  is c o nsi d er e d t o b e i n h er e ntl y r e si st a nt t o bil e a n d t o i n di vi d u al bil e s alts ( v a n V el ki n b ur g h 

& G u n n, 1 9 9 9) . S.  P ar at y p hi A c a n gr o w r el ati v el y w ell i n bil e c o n c e ntr ati o ns of ≤  5 %, w hil e it s h o ws a 

si g nifi c a nt gr o wt h d ef e ct w h e n bil e c o n c e ntr ati o n r e a c h es 1 5 % ( Z h o u et al. , 2 0 1 6). T h e mi ni m u m 

i n hibit or y c o n c e ntr ati o n  ( MI C) f or S.  T y p hi a n d S.  T y p hi m uri u m is 1 2 % a n d 1 8 %, r es p e cti v el y, w hil e t h e 

mi ni m u m b a ct eri o st ati c c o n c e ntr ati o n is 1 8 % a n d 6 0 % ( v a n V el ki n b ur g h & G u n n, 1 9 9 9), e x c e e di n g t h e 

c o n c e ntr ati o ns e n c o u nt er e d i n t h e h u m a n b o d y ( G u n n, 2 0 0 0). S u bl et h al bil e c o n c e ntr ati o ns all o w 

a d a pt ati o n of S al m o n ell a  t o bil e, i n cr e asi n g its s ur vi v al i n hi g h c o n c e ntr ati o ns ( v a n V el ki n b ur g h & 

G u n n, 1 9 9 9; H er n á n d e z et al. , 2 0 1 2). S.  P ar at y p hi A a n d S.  T y p hi h a v e b e e n is ol at e d fr o m bil e of 

c h ol e c y st e ct o m y p ati e nts, wit h m e di a n l o a ds of  9. 3 ×  1 0 4 C F U/ m L a n d 5. 2 ×  1 0 4  C F U/ m L,  r es p e cti v el y 

( D o n g ol et al. , 2 0 1 2). T h e r ef or e, t h e a bilit y of S al m o n ell a  t o r e pli c at e wit hi n t h e g all bl a d d er l u m e n a n d 

t o f or m bi ofil ms o n g allst o n es (Fi g ur e 1 .5 ), s u p p ort t h at t his p at h o g e n is c a p a bl e of s ur vi v al i n hi g h bil e 

c o n c e ntr ati o ns , w hi c h is r e q uir e d f or its lif est yl e ( M e n e n d e z et al. , 2 0 0 9; G o n z al ez-Es c o b e d o & G u n n, 

2 0 1 3 a; Cr a wf or d et al. , 2 0 1 0; Pr o ut y, S c h w esi n g er & G u n n, 2 0 0 2; B as n y at & B a k er, 2 0 1 5).  

G e n e pr o d u cts i n v ol v e d i n b a ct eri al r esist a n c e t o bil e i n cl u d e e n v el o p e str u ct ur es, p ori ns, 

effl u x p u m ps, a n d pr ot ei ns i n v ol v e d i n str es s r es p o ns es a n d D N A r e p air m e c h a nis m s ( B e gl e y, G a h a n & 
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Hill, 2 0 0 5; Sistr u n k et al. , 2 0 1 6; Ur d a n et a & C as a d es ús, 2 0 1 7; G u n n, 2 0 0 0; Ál v ar e z-Or d ó ñ e z et al. , 

2 0 1 1) . T o c o u nt er a ct t h e m e m br a n e d a m a gi n g eff e cts of bil e, b a ct eri al s p e ci es m a y c h a n g e t h eir 

m e m br a n e c o m p ositi o n a n d ar c hit e ct ur e  ( e. g. f att y a ci d c o m p o siti on a n d li pi d fl ui dit y ) ( B e gl e y, G a h a n 

& Hill, 2 0 0 5) . I n p arti c ul ar, S al m o n ell a  wit hst a n ds e x p o s ur e t o bil e vi a  s e v er al  m e c h a nis m s ( Sistr u n k et 

al. , 2 0 1 6): (i) multi pl e bil e -s e nsiti v e b a ct eri al m ut a nts ar e li n k e d t o m e m br a n e i nt e grit y i n cl u di n g T ol 

g e n es ( R a m os-M or al es et al. , 2 0 0 3; Pr o ut y et al. , 2 0 0 2) a n d l os s of t h e L P S O -a nti g e n, as w ell as t h e 

e nt er o b a ct eri al c o m m o n a nti g e n ( E C A), r e n d ers S al m o n ell a  bil e -s e n siti v e  ( Pr o ut y et al. , 2 0 0 2; R a m o s-

M or al es et al. , 2 0 0 3; Cr a wf or d et al. , 2 0 1 2), (ii) th e d o w nr e g ul ati o n of p ori ns i n S.  T y p hi m uri u m i n 

c o m bi n ati o n wit h t h e u pr e g ul ati o n of effl u x p u m ps r e g ul at e bil e s alt e ntr y a n d tr a ns p ort  o ut of t h e 

b a ct eri u m , li k e t h e A cr A B p u m p a n d t h e T ol C effl u x p u m p ( Pr o ut y et al. , 2 0 0 4 a; L a n gri d g e et al. , 2 0 0 9; 

S e n g u pt a, R a y & C h o w d h ur y, 2 0 1 4) , w hil e (iii) S al m o n ell a  als o i n d u c es D N A r e p air m e c h a nis m s 

i n cl u di n g D a m a n d R e c A B C D i n r es p o ns e t o bil e ( Pri et o, R a m o s-M or al es & C as a d es ús, 2 0 0 4, 2 0 0 6; 

L a n gri d g e et al. , 2 0 0 9). Alt h o u g h t h eir r ol e i n bil e r esist a n c e is n ot w ell u n d erst o o d, t h e t w o -

c o m p o n e nt P h o P Q s y st e m, w hi c h is i m p ort a nt f or vir ul e n c e i n b ot h S.  T y p hi a n d S.  T y p hi m uri u m, is 

ess e nti al  f or S al m o n ell a  s ur vi v al i n bil e , as l o ss of P h o P Q i n cr e as e s s us c e pti bilit y t o bil e killi n g, w hil e 

o v er e x pr essi o n of t his s y st e m i n cr e as es s ur vi v al i n hi g h bil e c o n c e ntr ati o ns ( v a n V el ki n b ur g h & G u n n, 

1 9 9 9) . Alt h o u g h m ost of t h es e st u di es h a v e b e e n p erf or m e d i n S.  T y p hi m uri u m, a st u d y s h o w e d t h at 

s ur vi v al of S.  T y p hi i n 1 0 % bil e r e q uir es m a n y of t h es e g e n es, s u c h as a cr A B , t ol C, d a m , g e n es i n v ol v e d 

i n O-a nti g e n bi o s y nt h esis, a n d p h o P Q  ( L a n gri d g e et al. , 2 0 0 9). A d diti o n all y , S.  T y p hi i m m u n o g e ni c 

a nti g e ns i n t y p h oi d c arri ers w er e i d e n tifi e d usi n g a n i m m u n o s cr e e ni n g m et h o d a n d t h es e i n cl u d e d 

m e m br a n e pr ot ei ns, li p o pr ot ei ns a n d pr ot ei ns assisti n g i n i o n effl u x ( C h arl es et al. , 2 0 1 3). 

1. 8. 4  S al m o n ell a  vir ul e n c e g e n e r e g ul ati o n  i n r e s p o n s e t o bil e 

E nt eri c b a ct eri al p at h o g e ns i n cl u di n g S hi g ell a fl e x n eri , Vi bri o c h ol er a e , p at h o g e ni c E. c oli , a n d S.  

T y p hi m uri u m e x pl oit bil e as a n e n vir o n m e nt al c u e t o s e ns e t h eir l o c ati o n wit hi n t h e h o st a n d a dj ust 

t h e e x pr essi o n of vir ul e n c e g e n es ( S e n g u pt a, R a y & C h o w d h ur y, 2 0 1 4; Sistr u n k et al. , 2 0 1 6; Ál v ar e z-

Or d ó ñ e z et al. , 2 0 1 1). E x a m pl es of vir ul e n c e -s p e cifi c r es p o ns es t o bil e i n cl u d e  S hi g ell a  a cti v ati n g  

bi ofil m -f or m ati o n, i n v asi o n a n d a d h er e n c e g e n es i n r es p o ns e t o bil e ( P o p e, R e e d & P a y n e, 1 9 9 5; 

Ni c k ers o n et al. , 2 0 1 7; F a h ert y et al. , 2 0 1 2). T h e T 3 S S ti p pr ot ei n (I p a D) u n d er g o es c o nf or m ati o n al 

c h a n g es u p o n bi n di n g t o d e o x y c h ol at e, w hi c h l e a ds t o r e cr uit m e nt of t h e tr a nsl o c at or pr ot ei n (I p a B) 

pr o m oti n g T 3 S S -d e p e n d e nt e pit h eli al c ell i n v asi o n ( Oli v e et al. , 2 0 0 7; St e nsr u d et al. , 2 0 0 8; Di c k e ns o n 

et al. , 2 0 1 1). O n t h e ot h er h a n d, V. c h ol er a e  r e pr ess es tr a ns cri pti o n of vir ul e n c e-ass o ci at e d g e n es 

i n cl u di n g c h ol er a t o xi n, w hil e it a cti v at e s m otilit y f or eff e cti v e c ol o nis ati o n ( G u pt a & C h o w d h ur y, 1 9 9 7; 

S c h u h m a c h er & Kl o s e, 1 9 9 9) . E nt er o h e m orr h a gi c E. c oli  ( E H E C) O 1 5 7: H 7 m a y d o w nr e g ul at e t h e L E E 

(l o c us of e nt er o c yt e eff a c e m e nt) p at h o g e ni cit y isl a n d, w hi c h is i m p ort a nt f or vir ul e n c e a n d a d h esi o n , 
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i n r es p o ns e t o bil e i n or d er t o pr e v e nt a d h esi o n i n t h e s m all i nt e sti n e as o p p o s e d t o t h e c ol o n w h er e 

t h er e is n o bil e ( H a m n er et al. , 2 0 1 3). 

S. T y p hi m uri u m d o w nr e g ul at e s e x pr essi o n of S PI -1 pr ot ei ns a n d eff e ct or s e cr eti o n f oll o wi n g

e x p o s ur e t o bil e, w hi c h  l e a d t o d e cr e as e d e pit h eli al c ell i n v asi o n ( Pr o ut y et al. , 2 0 0 4 b; Pr o ut y & G un n, 

2 0 0 0; J o h ns o n et al. , 2 0 1 8; v a n V el ki n b ur g h & G u n n, 1 9 9 9). M otilit y is  al s o  d e cr e as e d i n r e s p o ns e t o 

bil e, as fl a g ell ar a n d c h e m ot a xis g e n es ar e d o w nr e g ul at e d ( Pr o ut y et al. , 2 0 0 4 b; J o h ns o n et al. , 2 0 1 8) . 

Bil e s alts bi n d t o t h e T 3 S S ti p pr ot ei n ( Si p D), li k e i n S hi g ell a , alt h o u g h t h e c o ns e q u e n c e of t his r e m ai ns 

u n k n o w n ( W a n g et al. , 2 0 1 0 b). Alt h o u g h t h e r e g ul at or y m e c h a nis m s  of S.  T y p hi m uri u m vir ul e n c e i n 

r es p o ns e t o bil e r e m ai n p o orl y u n d erst o o d; t h e st a bilit y of t h e S PI -1 r e g ul at or Hil D is aff e ct e d i n t h e 

pr es e n c e of bil e w hi c h mi g ht p arti all y e x pl ai n t h e bil e -m e di at e d eff e ct o n S PI -1 e x pr essi o n ( E a d e et al. , 

2 0 1 6) . T h e c urr e nt m o d el f or S.  T y p hi m uri u m s u g g est s t h at bil e i s s e ns e d i n t h e i nt e sti n al l u m e n 

l e a di n g t o r e pr essi o n of i n v asi o n-ass o ci at e d g e n es, w h er e bil e c o n c e ntr ati o ns ar e hi g h. W h e n bil e 

c o n c e ntr ati o ns dr o p as S.  T y p hi m uri u m tr a v ers e s t h e i nt e sti n al m u c us l a y er a n d a p pr o a c h es t h e 

i nt e sti n al e pit h eli u m, t h es e g e n es ar e d er e pr ess e d t o f a cilit at e i n v asi o n ( Pr o ut y & G u n n, 2 0 0 0). 

S al m o n ell a  f or ms bi ofil m s o n g allst o n es d uri n g e st a blis h m e nt of t h e c arri er st at e (Fi g ur e 1 .5 ). 

T h er ef or e, u ns ur prisi n gl y, w h e n gr o w n i n vitr o i n bil e S.  T y p hi m uri u m u pr e g ul at es g e n es r es p o nsi bl e 

f or bi ofil m f or m ati o n, fl a g ell a, o ut er m e m br a n e pr ot ei ns, q uor u m s e nsi n g a n d E C A  s y nt h esis g e n es 

( Pr o ut y, S c h w esi n g er & G u n n, 2 0 0 2; M ars h all et al. , 2 0 1 4; Cr a wf or d et al. , 2 0 0 8; Cr a wf or d, R e e v e & 

G u n n, 2 0 1 0; G o n z al e z -Es c o b e d o & G u n n, 2 0 1 3 b) . I n f a ct, t h e pr es e n c e of bil e is ess e nti al f or i n du cti o n 

of bi ofil m f or m ati o n i n S.  T y p hi a n d S.  T y p hi m uri u m, wit h t h e m o st i m p ort a nt c o nstit u e nt b ei n g 

c h ol est er ol ( Pr o ut y, S c h w esi n g er & G u n n, 2 0 0 2; Cr a wf or d et al. , 2 0 0 8; M ars h all et al. , 2 0 1 4). 

Alt h o u g h t h e i m p ort a n c e of bil e d uri n g s y st e mi c i nf e cti o n h as l o n g b e e n r e c o g nis e d ( G u n n, 

2 0 0 0; G o n z al e z -Es c o b e d o, M ars h all & G u n n, 2 0 1 1) , t he r es p o ns e of t y p h oi d al s er o v ars t o bil e r e m ai ns 

p o orl y i n v esti g at e d. S.  T y p hi c a n s ur vi v e i n t h e g all bl a d d er (S e cti o n 1. 7 ), s u g g esti n g t h at it p o ss ess es 

m e c h a nis m s t o wit hst a n d hi g h bil e c o n c e ntr ati o ns a n d a dj ust its g e n e e x pr essi o n a c c or di n gl y 

( L a n gri d g e et al. , 2 0 0 9; J o h ns o n et al. , 2 0 1 8). Alt h o u g h t h er e w as e arl y e vi d e n c e t h at S.  T y p hi m uri u m 

a n d S.  T y p hi r es p o n d diff er e ntl y t o bil e  ( v a n V el ki n b ur g h & G u n n, 1 9 9 9), it w as o nl y u ntil r e ce ntl y t h at 

tr a ns cri pt o mi c a n al y sis r e v e al e d t h at S.  T y p hi b e h a v es u nli k e S.  T y p hi m uri u m i n r es p o ns e t o bil e. M or e 

s p e cifi c all y, bil e i n d u c es u pr e g ul ati o n of S PI -1, m otilit y a n d c h e m ot a xis g e n e s i n S.  T y p hi, l e a di n g t o 

hi g h er l e v els of H e L a c ell i n v asi o n (J o h ns o n et al. , 2 0 1 8). T h e m e c h a ni sti c d et ails h a v e y et t o b e 

d et er mi n e d, b ut,  i n c o ntr ast t o S.  T y p hi m uri u m ( E a d e et al. , 2 0 1 6), S.  T y p hi Hil D st a bilit y i n cr e as es 

d uri n g e x p o s ur e t o bil e (J o h ns o n et al. , 2 0 1 8). I nt er esti n gl y, t h e i n cr e as e d S PI-1 e x pr essi o n a n d 

i n v asi o n p h e n ot y p e is a m plifi e d wit h a H 5 8 cli ni c al str ai n, w hi c h is m or e bil e r esist a nt t h a n t h e 
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r ef er e n c e S.  T y p hi T y 2 str ai n (J o h ns o n et al. , 2 0 1 8). T h e S.  T y p hi b e h a vi o ur i n r es p o ns e t o bil e m a y 

r efl e ct a d a pt ati o n t o t h e g all bl a d d er e n vir o n m e nt d uri n g c hr o ni c i nf e cti o n a n d t h us m a y h a v e 

f a cilit at e d H 5 8 diss e mi n ati o n (J o h ns o n et al. , 2 0 1 8; J o h ns o n, M ylo n a & Fr a n k el, 2 0 1 8) . T his is als o  

s u g g est e d b y t h e u ni q u e g e n ot y p e of c arri er str ai ns a n d  t h e i m pr o v e d a bilit y of a c arri er c o m p ar e d t o 

a n o ut br e a k str ai n t o f or m bi ofil m s ( K al ai C h el v a m, C h ai & T h o n g, 2 0 1 4; C h arl es et al. , 2 0 1 3; H att a et 

al. , 2 0 1 1). Bil e -i n d u c e d D N A da m a g e m a y b e  o n e of t h e dri vi n g f or c es of m ut a g e n esis a n d a d a pt ati o n 

wit hi n t h e g all bl a d d er ( Pri et o, R a m o s-M or al es & C as a d es ús, 2 0 0 6, 2 0 0 4) . Als o, i n cr e as e i n t h e 

e x pr essi o n of m et a b oli c g e n es e x pl oiti n g bil e c o m p o n e nts as s u bstr at es, s u c h as gl y c er o p h o s p h oli pi ds, 

f urt h er d e m o nstr at e t h at t y p h oi d al S al m o n ell a  ar e w ell a d a pt e d t o t h e g all bl a d d er mili e u (J o h ns o n et 

al. , 2 01 8; A nt u n es et al. , 2 0 1 1). D es pit e t h es e i nsi g hts i n t h e b e h a vi o ur of S.  T y p hi m uri u m a n d S.  T y p hi 

u p o n e x p o s ur e t o bil e, t h e eff e ct of bil e  o n S.  P ar at y p hi A r e m ai ns u n k n o w n.  

1. 9  T h e i nfl a m m a s o m e h o st i m m u n e r e s p o n s e  t o S al m o n ell a  

1. 9. 1  P att er n r e c o g niti o n r e c e pt or s a n d i nfl a m m at or y si g n alli n g  

T h e h o st i n n at e i m m u nit y  is t h e first li n e of d ef e n c e, as it c a n m o u nt a n i m m e di at e r es p o ns e a g ai nst 

i nf e cti o n, wit hi n mi n ut e s t o h o urs ( M e d z hit o v, 2 0 0 7). T h e first st e p i n r es p o n di n g t o a n i nf e cti o n i s 

b ei n g a bl e t o d et e ct t h e p at h o g e n, as w ell as  t h e ass o ci at e d d a n g er si g n als . T his r ol e is c arri e d o ut b y 

p att er n r e c o g niti o n r e c e pt ors ( P R Rs) r e c o g nisi n g p at h o g e n ( P A M P s) or d a n g er -ass o ci at e d m ol e c ul ar 

p att er ns ( D A M P s), l e a di n g t o d o w nstr e a m pr o -i nfl a m m at or y r es p o ns es ( K u m a g ai, T a k e u c hi & A kir a, 

2 0 0 8; M e d z hit o v, 2 0 0 7; S ell g e & K uf er, 2 0 1 5) . P R Rs i n cl u d e r e c e pt ors b el o n gi n g t o t h e T L R or C -t y p e 

l e cti n r e c e pt or ( C L R) f a mili es, w hi c h c a n r e c o g nis e s p e cifi c c o ns er v e d str u ct ur es o n p at h o g e ns. T h es e 

ar e m e m br a n e -b o u n d r e c e pt ors pr es e nt o n  t h e h ost c ell pl as m a m e m br a n e  a n d o n i ntr a c ell ul ar 

c o m p art m e nts li k e e n d o s o m es , s e nsi n g P A M P s f o u n d i n t h e e xtr a c ell ul ar e n vir o n m e nt or i nsi d e 

e n d o s o m es/l y s o s o m es . C yt o pl as mi c r e c e pt ors b el o n gi n g t o t h e n u cl e oti d e bi n di n g a n d 

oli g o m eris ati o n d o m ai n ( N O D )-le u ci n e -ri c h r e p e at pr ot ei n ( N L R), r eti n oi c a ci d-i n d u ci bl e g e n e-I (RI G -

I)-li k e r e c e pt or/ h eli c as e ( R L R/ R L H), a n d AI M 2 ( a bs e nt i n m el a n o m a 2)-li k e r e c e pt or ( A L R) f a mili es 

d et e ct li g a n ds i n t h e h o st c ell c yt o s ol ( K u m a g ai, T a k eu c hi & A kir a, 2 0 0 8; S ell g e & K uf er, 2 0 1 5; T a k e u c hi 

& A kir a, 2 0 1 0; I w as a ki & M e d z hit o v, 2 0 1 5) . P R Rs ar e e x pr ess e d pri m aril y in i m m u n e c ells s u c h as 

m a cr o p h a g es a n d d e n driti c c ells, b ut n o n -i m m u n e c ells fr e q u e ntl y e x p o s e d t o t h e e xt er n al 

e n vir o n m e nt  li k e e pit h eli al c ells als o e x pr ess s e v er al of t h es e P R Rs ( K u m a g ai, T a k e u c hi & A kir a, 2 0 0 8; 

T a k e u c hi & A kir a, 2 0 1 0) . A b err a nt a cti v ati o n of P R Rs, f or e x a m pl e w h e n t h e y f ail t o disti n g uis h 

b et w e e n s elf a n d n o n -s elf -m ol e c ul es, c a n l e a d t o a ut oi m m u n e dis e as es, m a ki n g t h e ti g ht r e g ul ati o n 

of t h es e p at h w a ys e ss e nti al ( M e d z hit o v, 2 0 0 7; T a k e u c hi & A kir a, 2 0 1 0). 
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U p o n r e c o g niti o n of t h e a cti v ati n g si g n al, P R Rs  i n d u c e i ntr a c ell ul ar si g n al  tr a ns d u cti o n 

c as c a d es , tri g g eri n g t h e e x pr essi o n of pr o-i nfl a m m at or y, s u c h as T N F a n d pr o-I L-1 β , a n d/ or a cti v ati o n 

of pr o gr a m m e d c ell d e at h p at h w a y s, s u c h as a p o pt o sis or p yr o pt o sis . F or e x a m pl e, o n c e sti m ul at e d , 

m e m br a n e -b o u n d  T L Rs r e cr uit a d a pt or pr ot ei ns li k e  m y el oi d diff er e nti ati o n pr ot ei n 8 8 ( M y D 8 8 ) or  

TI R -d o m ai n -c o nt ai ni n g a d a pt or pr ot ei n i n d u ci n g I F N -β  (T RI F ), tri gg eri n g a cti v ati o n of N F -κ B, mit o g e n -

a cti v at e d pr ot ei n ( M A P ) ki n as e a n d I R F -d e p e n d e nt tr a ns cri pti o n al u pr e g ul ati o n  of g e n e s l e a di n g t o 

pr o d u cti o n of pr oi nfl a m m at or y c yt o ki n es a n d/ or t y p e I i nt erf er o ns (I F Ns) ( K a w ai & A kir a, 2 0 1 0; 

T a k e u c hi & A kir a, 2 0 1 0; H ar a g a, O hls o n & Mill er, 2 0 0 8) . T h e i ntr a c ell ul ar N L Rs ar e c o m p o s e d of a  N O D 

a n d a l e u ci n e -ri c h-r e p e at ( L R R) d o m ai n at t h e C t er mi n us. N L Rs ar e disti n g uis h e d b as e d o n t h eir N -

t er mi n al d o m ai n w hi c h c a n b e a c as p as e-r e cr uit m e nt d o m ai n ( C A R D; e. g. N L R C 4), a p yri n d o m ai n ( P Y D; 

e. g. N L R P 3), or a b a c ul o vir al i n hi bit or -of -a p o pt o sis pr ot ei n r e p e at -c o nt ai ni n g ( BI R) d o m ai n ( e. g. N AI P

[ N L R F a mil y A p o pt o sis I n hi bit or y Pr ot ei n]) ( M e d z hit o v, 2 0 0 7). A L Rs s u c h as AI M 2 c o nt ai ns a P Y D at t h e 

N -t er mi n us a n d a HI N 2 0 0 d o m ai n at t h e C t er mi n us ( H or n u n g et al. , 2 0 0 9) (Fi g ur e 1. 6 ). N L R s a n d A L Rs

ar e n ot i n v ol v e d i n tr a ns cri pti o n al a cti v ati o n of g e n es i n v ol v e d i n t h e i nfl a m m at or y r es p o ns e 

( M e d z hit o v, 2 0 0 7). I nst e a d, N L Rs a n d A L Rs ar e e x a m pl es of s e ns ors t h at ass e m bl e i nt o i ntr a c ell ul ar 

m ulti pr ot ei n c o m pl e x es k n o w n as i nfl a m m as o m es, w hi c h r es ult i n c as p as e -1 a cti v ati o n, p yr o pt o sis  

a n d s e cr eti o n of pr oi nfl a m m at or y c yt o ki n es I L -1 8 a n d I L -1 β  as d es cri b e d i n S e cti o n 1. 9. 3 . 

1. 9. 2  H o st i n n at e i m m u nit y t o S al m o n ell a  –  a n o v er vi e w  

T h e h ost i m m u n e r es p o ns e t o S al m o n ell a  h as b e e n m ostl y st u di e d wit h S.  T y p hi m uri u m as a m o d el 

or g a nis m , b ot h i n c ells a n d usi n g t h e t y p h oi d-li k e m uri n e m o d el of i nf e cti o n i n vi v o. F oll o wi n g 

i n gesti o n, S al m o n ell a  first e n c o u nt ers o p p o siti o n fr o m p h y si c al b arri ers a n d i m m u n e r es p o ns es i n t h e 

s m all i nt e sti n e. T h es e i n cl u d e a t hi c k m u c us l a y er c o m p o s e d m u ci ns, as w ell as a nti mi cr o bi al p e pti d es 

( A M Ps) s e cr et e d b y P a n et h c ells w hi c h t ar g et diff er e nt ba ct eri al c ell c o m p o n e nt s ( Fi g ur e 1 .3 ) ( Br o z, 

O hls o n & M o n a c k, 2 0 1 2) . I nf e cti o n wit h n o n-i n v asi v e N T S r es ults i n a st er e ot y pi c al h o st r es p o ns e, 

c h ar a ct eris e d b y n e utr o p hil i nfl u x f oll o wi n g r e c o g niti o n of S al m o n ell a  b y P R Rs ( R aff at ell u et al. , 2 0 0 8; 

Br o z, O hls o n & M o n a c k, 2 0 1 2) . E x pr essi o n of P R Rs o n t h e b as ol at er al si d e of e pit h eli al c ells a n d o n 

m a cr o p h a g es a n d d e n driti c c ells i n t h e l a mi n a pr o pri a all o ws t h e h o st t o dis cri mi n at e S al m o n ell a  fr o m 

r esi d e nt b a ct eri a of t h e mi cr o bi ot a ( R aff at ell u et al. , 2 0 0 8; Fr a n c hi et al. , 2 0 1 2). M ulti pl e T L Rs ar e 

i n v ol v e d i n r e c o g niti o n of Gr a m-n e g ati v e b a ct eri a i n cl u di n g S al m o n ell a . F or e x a m pl e, T L R 4 r e c o g nis es 

L P S, T L R 5 fl a g elli n, a n d T L R 9 bi n ds t o u n m et h yl at e d C p G r e p e ats o n b a ct eri al D N A ( K a w as a ki & K a w ai, 

2 0 1 4) . Br e a c h of t h e e pit h eli al b arri er e x p o s e S al m o n ell a  t o r esi de nt m a cr o p h a g es a n d d e n driti c c ells 

i n t h e s u b m u c o s a ( Br o z, O hls o n & M o n a c k, 2 0 1 2). P h a g o c yt e-m e di at e d d ef e n c es ar e i m p ort a nt f or 

li miti n g s y st e mi c di ss e mi n ati o n of N T S ( Hi y o s hi et al. , 2 0 1 8 a), t hr o u g h p h a g o c yt osis a n d si g n alli n g t o 

ot h er i m m u n e c ells ( Br o z, O hls o n & M o n a c k, 2 0 1 2). D uri n g S.  T y p hi m uri u m i nf e cti o n, a n e xt e nsi v e 
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i nfl a m m at or y r es p o ns e o c c urs i n t h e i nt e sti n al m u co s a, w hi c h i n cl u d es t h e pr o d u cti o n of s e v er al 

i nt erl e u ki ns, s u c h a s I L-2 2, I L -1 8, I L -1 β, I F N γ, as w ell as c h e m o ki n es li k e I L -8 t h at attr a ct n e utr o p hils 

( Br o z, O hls o n & M o n a c k, 2 0 1 2). B a ct eri al cl e ar a n c e is m e di at e d by c ell d e at h b y p yr o pt o sis, r el e as e of 

i ntr a c ell ul ar b a ct eri a a n d n e utr o p hil killi n g of e xtr a c ell ul ar S al m o n ell a  ( Br o z, O hls o n & M o n a c k, 2 0 1 2; 

G al -M or, B o yl e & Gr assl, 2 0 1 4) .  

T y p h oi d al S al m o n ell a  ar e a d e pt at e v a di n g h o st i m m u n e r es p o ns es a n d m o d er ati n g i nt esti n al 

i nfl a m m ati o n (T a bl e 1 .2 ). W hil e c yt o ki n es s u c h as I F Nγ ar e d et e ct e d d uri n g a c ut e e nt eri c f e v er, l e v els 

of I L -1 β a n d T N F ar e c o nsi d er e d l o w ( G al-M or, B o yl e & Gr assl, 2 0 1 4; G al -M or et al. , 2 0 1 2) a n d, a s 

m e nti o n e d e arli er, i nf e cti o n wi t h t y p h oi d al S al m o n ell a  is n ot c h ar a ct eris e d b y a n e utr o p hil i nfiltr ati o n 

( R aff at ell u et al. , 2 0 0 8; G al-M or, B o yl e & Gr assl, 2 0 1 4) , w hi c h all o ws t h eir s y st e mi c diss e mi n ati o n 

(Fi g ur e 1 .3 ). T h e r e q uir e m e nt of a str o n g i m m u n e r es p o ns e a g ai nst N T S is hi g hli g ht e d b y t h e i n cr e as e d 

s us c e pti bilit y of i m m u n o c o m pr o mis e d p ati e nts a n d p ati e nts wit h i m m u n e d efi ci e n ci es  ( e. g. I L-1 2/I L -

2 3 a xis) , w h o, h o w e v er, ar e n ot s us c e pti bl e t o t y p h oi d al S al m o n ell a , f urt h er s u p p orti n g t h e e xist e n c e 

of m aj or diff er e n c es i n t h e i m m u n e r es p o ns e a g ai nst t h e t w o t y p es of s er o v ars ( G al-M or, B o yl e & 

Gr assl, 2 0 1 4; R aff at ell u et  al. , 2 0 0 8). M a cr o p h a g es ar e i m p ort a nt f or b ot h t y p h oi d al a n d n o n-t y p h oi d al 

S al m o n ell a  s er o v ars, p arti c ul arl y f or s y st e mi c dis s e mi n ati o n. H o w e v er, t h e i nt er a cti o ns of 

m a cr o p h a g es wit h S.  P ar at y p hi A h a v e b e e n i n v e sti g at e d o nl y r e c e ntl y a n d i n a v er y li mit e d m a n n er.  

1. 9. 3  I nfl a m m a s o m e a cti v ati o n d uri n g S al m o n ell a  i nf e cti o n 

I nfl a m m as o m es ar e m ulti m eri c pr ot ei n ass e m bl i es, a cti n g as c yt o s oli c pl atf or ms f or pr ot e ol yti c 

cl e a v a g e a n d a cti v ati o n  of c as p as e -1, w hi c h i n t ur n pr o c es s es  pr o -i nfl a m m at or y c yt o ki n es a n d c ell 

d e at h m e di at ors ( El dri d g e & S h e n o y, 2 0 1 5; Br o z & Di xit, 2 0 1 6; S c hr o d er & Ts c h o p p, 2 0 1 0). T h e y pl a y 

a n ess e nti al r ol e i n a nti b a ct eri al i n n at e i m m u nit y, b ut i nfl a m m as o m e d ysr e g ul ati o n c a n als o l e a d t o 

t h e d e v el o p m e nt of m ulti pl e a ut oi nfl a m m ator y s y n dr o m es ( F us c o & D u n c a n, 2 0 1 8; M e d z hit o v, 2 0 0 7; 

H e, H ar a & N ú ñ e z, 2 0 1 6) . I nfl a m m as o m es h a v e b e e n m ostl y st u di e d i n m a cr op h a g es , h o w e v er t h e y 

h a v e b e e n als o s h o w n t o b e a cti v e i n n e utr o p hils a n d d e n driti c c ells, i n a d diti o n t o n o n -pr of essi o n al 

i m m u n e c ells s u c h as epit h eli al c ells  ( S elli n, M üll er & H ar dt, 2 0 1 8; S c hr o d er & Ts c h o p p, 2 0 1 0), a n d 

m a y p erf or m disti n ct f u n cti o ns i n diff er e nt c ell t y p es ( V a n c e, 2 0 1 5). C a n o ni c al a cti v ati o n of 

i nfl a m m as o m es ( S e cti o ns 1. 9. 3. 5 , 1. 9. 3. 6 ) l e a ds t o c as p as e-1 -m e di at e d m at ur ati o n a n d s e cr eti o n of 

pr oi nfl a m m at or y c yt o ki n es pr o -I L-1 8 a n d pr o -I L-1 β,  a n d c ell d e at h b y G as d er mi n -D ( G S D M D) -

m e di at e d p yr o pt o sis w hi c h ar e d es cri b e d i n S e cti o ns 1. 9. 3. 2  a n d 1. 9. 3. 3 , r es p e cti v el y. N o n-c a n o ni c al 

i nfl a m m as o m e a cti v ati o n m a y als o o c c ur a n d i n d u c e p yr o pt oti c c ell d e at h vi a c as p as e-4 / 5  ( S e cti o n 

1. 9. 3. 8 ).  
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1. 9. 3. 1  I nfl a m m at or y c a s p a s e s 

C as p as es ar e c y st ei n e -d e p e n d e nt as p art at e -s p e cifi c pr ot e as es a n d ar e disti n g uis h e d i nt o a p o pt oti c 

(i niti at or c as p as e-2, -8, -9, a n d -1 0 a n d e x e c uti o n er c as p as e -3, -6, a n d -7)  a n d i nfl a m m at or y ( c as p as e-

1, -4, -5, a n d -1 1) ( F er n á n d e z & L a m k a nfi, 2 0 1 5). I nfl a m m at or y c as p as es ar e i n v ol v e d i n m at ur ati o n 

a n d s e cr eti o n of pr o -i nfl a m m at or y c yt o ki n es I L-1 8, I L -1 β , a n d I L-1 α , c ell d e at h b y p yr o pt o sis a n d 

e li mi n ati o n of p at h o g e ns ( S a n c h e z-G arri d o et al. , 2 0 2 0).  

C as p as e -1 is i m p ort a nt f or m e di ati n g cl e ar a n c e of i ntr a c ell ul ar p at h o g e ns i n cl u di n g 

S. T y p hi m uri u m ( Mi a o et al. , 2 0 1 0 a; M ari at h as a n et al. , 2 0 0 4; Br o z & M o n a c k, 2 0 1 1; R a u pa c h et al. ,

2 0 0 6; L ar a -T ej er o et al. , 2 0 0 6; Br o z et al. , 2 0 1 0 b). C as p as e -1 r e cr uit m e nt t o t h e i nfl a m m as o m e 

c o m pl e x at hi g h c o n c e ntr ati o ns all o ws t h e di m eri z ati o n of c as p as e -1 m o n o m ers w hi c h l e a ds t o 

a ut o pr ot e ol ysis a n d a cti v ati o n ( B o u c h er et al. , 2 0 1 8; D att a et al. , 2 0 1 3; Sri ni v a s ul a et al. , 2 0 0 2). 

C as p as e -1 is s y nt h e sis e d as a 4 5 k D a m o n o m eri c z y m o g e n c o nt ai ni n g  a C A R D at t h e N -t er mi n us a n d 

p 2 0/ p 1 0 ( 2 0 k D a/ 1 0 k D a) s u b u nits at t h e C -t er mi n us (Fi g ur e 1 .6 ) ( T h or n b err y et al. , 1 9 9 2; Wils o n et 

al. , 1 9 9 4). Alt h o u g h t h e a cti v e s p e ci es of c as p as e -1 h as l o n g b e e n t h o u g ht t o b e a t etr a m er of t w o p 2 0 

a n d t w o p 1 0 s u b u nits ( p 2 0/ p 1 0), it w as r e c e ntl y pr o p o s e d t h at t h e f ull l e n gt h p 4 5 a n d a tr a nsi e nt 

h et er o di m er p 3 3/ p 1 0 e n a bl e c as p as e -1 a cti vit y ( B o u c h er et al. , 2 0 1 8; Wils o n et al. , 1 9 9 4). p 3 3/ p 1 0 

u n d er g o e s a ut o pr o c essi n g r el e asi n g p 2 0/ p 1 0 disr u pt i n g t h e st a bilit y of t h e di m er, w hi c h r es ults i n 

Fi g ur e 1 .6  C a n o ni c al infl a m m a s o m e a s s e m bl y . 

S c h e m ati c s h o wi n g d o m ai n c o m p o siti o n of s el e ct e d h u m a n N L Rs a n d AI M 2. H o m ot y pi c i nt er a cti o n s b et w e e n 

d o m ai n s l e a d t o c a s p as e -1 r e cr uit m e nt a n d a cti v ati o n. M ol e c ul es  t h at d o n ot c o nt ai n a C A R D bi n d t o c a s p as e-1 

vi a A S C; C A R D -c o nt ai ni n g N L Rs c a n a cti v at e c as p as e -1 i n t h e a b s e n c e of A S C, b ut c as p as e -1 -m e di at e d pr o c es si n g 

of c yt o ki n es is c o m pr o mis e d. As s e m bl y of i nfl a m m as o m es i nt o m ulti pr ot ei n pl atf or m all o ws d o w n str e a m 

e v e nts, s u c h as cl e a v a g e of c yt o ki n es a n d G S D M D ( n ot s h o w n). I m a g e cr e at e d u si n g Bi or e n d er.  
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t er mi n ati o n of c as p as e-1 pr ot e as e a cti vit y, s er vi n g as a n i ntri nsi c m e c h a nis m t o r e g ul at e a n d 

d e a cti v at e i nfl a m m as o m es ( B o u c h er et al. , 2 0 1 8). 

T h e ot h er i nfl a m m as o m e -ass o ci at e d i nfl a m m at or y c as p as e is c as p as e -1 1 i n mi c e, w hi c h 

c orr es p o n ds t o c as p as e -4 a n d c as p as e -5 i n h u m a ns ( F er n á n d e z & L a m k a nfi, 2 0 1 5). C as p as e-4 a n d 

c as p as e -5 ar e  p o ssi bl y t h e r es ult of g e n e d u pli c ati o n of t h e a n c estr al c as p as e -1 1 -li k e g e n e ( M arti n o n 

& Ts c h o p p, 2 0 0 4) . T h es e c as p as es ar e i n v ol v e d i n c yt os oli c L P S r e c o g niti o n i n t h e n o n -c a n o ni c al 

i nfl a m m as o m e p at h w a y ( K a y a g a ki et al. , 2 0 1 5; S hi et al. , 2 0 1 5; C ass o n et al. , 2 0 1 5; H a g ar et al. , 2 0 1 3; 

A a c h o ui et al. , 2 0 1 3; S hi et al. , 2 0 1 4), w hi c h is d es cri b e d i n S e cti o n 1. 9. 3. 8 . C as p as e -4 bi n ds t o L P S vi a 

its C A R D d o m ai n, l e a di n g t o its a cti v ati o n wit h o ut c o m pl et e a ut o pr o c essi n g a n d r es ulti n g i n p 3 2 

fr a g m e nts ( Shi et al. , 2 0 1 4; C ass o n et al. , 2 0 1 5; Y a n g, Z h a o & S h a o, 2 0 1 5).  

1. 9. 3. 2  I L-1 β  a n d I L-1 8 pr o -i nfl a m m at or y c yt o ki n e s 

T h e pr o -i nfl a m m at or y c yt o ki n es I L-1 8 a n d I L -1 β  ar e s y nt h e si s e d as t h e i n ert pr e c urs or s pr o -I L-1 8 a n d 

pr o -I L-1 β , r es p e cti v el y. C as p as e-1 -m e di at e d m at ur ati o n i nt o t h eir a cti v e f or m s ( p 1 8 a n d p 1 7, 

r es p e cti v el y) is r e q uir e d f or t h eir u n c o n v e nti o n al s e cr eti o n ( C h a n & S c hr o d er, 2 0 1 9). I L-1 β  b el o n gs t o 

t h e s o-c all e d l e a d erl ess pr ot ei ns, as it d o es n ot h a v e a si g n al s e q u e n c e t o dir e ct its s e cr eti o n vi a t h e 

e n d o pl as mi c r eti c ul u m a n d G ol gi a p p ar at us c a n o ni c al s e cr et or y p at h w a y ( E d er, 2 0 0 9). As b ot h I L -1 8 

a n d I L -1 β ar e l e a d erl ess pr ot ei ns wit h si mil ar m o d es of r e g ul ati o n, t h e s e cr eti o n of I L -1 8 i s ass u m e d t o 

f oll o w a si mil ar r o ut e t o I L-1 β, alt h o u g h it h as n ot b e e n w ell st u di e d. It is t h o u g ht t h at t h eir r el e as e 

o c c urs t hr o u g h G S D M D p or es (s e e als o 1. 9. 3. 3 ) vi a t h eir p or e f u n cti o n or vi a p assi v e s e cr eti o n u p o n 

c ell l y sis (t o g et h er wit h t h eir pr o -f or m s) ( E v a v ol d et al. , 2 0 1 8; C h a n & S c hr o d er, 2 0 1 9; Br o z, P el e grí n 

& S h a o, 2 0 1 9) . T h es e c yt o ki n es m a y als o b e s e cr et e d i n d e p e n d e ntl y of p yr o pt osis, s u c h as b y 

n e utr o p hils d uri n g S . T y p hi m uri u m i nf e cti o n a n d b y m o n o c yt e s u p o n e x p o s ur e t o L P S or S . 

T y p hi m uri u m, or d uri n g h y p er a cti v at e d m a cr o p h a g es ( Di a m o n d et al. , 2 0 1 7; G ai dt et al. , 2 0 1 6; C h e n 

et al. , 2 0 1 4; E v a v ol d et al. , 2 0 1 8). F oll o wi n g m at ur ati o n, I L-1 β  a n d I L -1 8 bi n d t o t h e ir r e c e pt or, 

tri g g eri n g si g n alli n g t h at r es ults i n pr o d u cti o n of i nfl a m m at or y m e di at ors a n d r e cr uit m e nt of ot h er 

i m m u n e c ells, pr o m oti n g l o c al i nfl a m m ati o n (J o o st e n, N et e a & Di n ar ell o, 2 0 1 3; Di n ar ell o et al. , 2 0 1 3). 

1. 9. 3. 3  P yr o pt o si s  a n d G a s d er mi n -D  

P yr o pt o sis is a pr o -i nfl a m m at or y, l yti c f or m of c ell d e at h, a c c o m p a ni e d b y c ell s w elli n g a n d r el e as e of 

c ell c o nt e nts ( B er gs b a k e n, Fi n k & C o o ks o n, 2 0 0 9; S hi, G a o & S h a o, 2 0 1 7; J or g e ns e n & Mi a o, 2 0 1 5) . It 

is t h o u g ht t o disr u pt t h e i ntr a c ell ul ar r e pli c ati o n ni c h e of p at h o g e ns, all o wi n g killi n g b y e xtr a c ell ul ar 

i m m u n e m e c h a nis m s, s u c h as t hr o u g h p or e-i n d u c e d i ntr a c ell ul ar tr a ps ( PI Ts) (J or g e ns e n et al. , 2 0 1 6). 

P yr o pt o sis h e n c e all o ws s e cr eti o n of pr o -i nfl a m m at or y c yt o ki n es, as w ell as D A M P s, a n d pr o m ot es c ell 
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e xtr usi o n a n d r el e as e of i ntr a c ell ul ar p at h o g e ns ( S elli n et al. , 2 0 1 4; K n o dl er et al. , 2 0 1 4; Mi a o et al. , 

2 0 1 0 a; M a n, K ar ki & K a n n e g a nti, 2 0 1 7; H a y w ar d et al. , 2 0 1 8). 

G S D M D b el o n gs t o t h e  h u m a n G as d er mi n f a mil y , w hi c h c o nsists of si x  pr ot ei ns  wit h diff er e nt 

e x pr essi o n pr ofil es  ( Br o z, P el e grí n & S h a o, 2 0 1 9). G S D M D , e x pr ess e d i n m ost tiss u es, h as b e e n 

i d e ntifi e d as t h e c as p as e s u bstr at e i n d u ci n g m e m br a n e r u pt ur e a n d c ell d e at h b y s w elli n g a n d o s m oti c 

l ysis ( Li u et al. , 2 0 1 6; K a y a g a ki et al. , 2 0 1 5; S hi et al. , 2 0 1 5; Di n g et al. , 2 0 1 6; Br o z, P el e grí n & S h a o, 

2 0 1 9; H e et al. , 2 0 1 5). G S D M D w as first i d e ntifi e d as t h e m e di at or of p yr o pt o sis, d uri n g c as p as e -1 a n d 

c as p as e -1 1 c ell d e at h i n m uri n e m a cr o p h a g es ( K a y a g a ki et al. , 2 0 1 5; S hi et al. , 2 0 1 5; H e et al. , 2 0 1 5). 

Si n c e t h e n, c as p as e -8 h as als o b e e n s h o w n t o cl e a v e G S D M D ( Or ni n g et al. , 2 0 1 8). T h er ef or e, 

p yr o pt o sis h as b e e n r e d efi n e d as G as d er mi n -m e di at e d pr o gr a m m e d n e cr oti c c ell d e at h  ( Br o z, P el e grí n 

& S h a o, 2 0 1 9) . G S D M D is cl e a v e d b y c a s p as e s i nt o its N- ( p 3 0) a n d C-t er mi n al d o m ai ns ( S hi et al. , 2 0 1 5; 

Li u et al. , 2 0 1 6; A gli etti et al. , 2 0 1 6). F ull-l e n gt h G S D M D r e m ai ns i n a cti v e b y str u ct ur al a ut oi n hi biti o n 

of t h e C -t er mi n al d o m ai n t h at f ol ds o n t h e N-t er mi n al d o m ai n; t his a cti vit y i n hi biti o n m e c h a nis m is 

c o ns er v e d a m o n g  m o st G as d er mi ns ( Di n g et al. , 2 0 1 6; R at h k e y et al. , 2 0 1 7; S hi et al. , 2 0 1 5).  

C as p as e -m e di at e d cl e a v a g e of G S D M D is r e q uir e d t o tri g g er p y r o pt o si s. Cl e a v a g e b et w e e n  t h e 

N a n d C -d o m ai ns all o ws t h e r el e as e of t h e N fr o m t h e C -d o m ai n , w hi c h c a n t h e n tr a nsl o c at e t o t h e 

pl as m a m e m br a n e t o f or m p or es of 1 0 -1 6 n m  ( S hi et al. , 2 0 1 5; Li u et al. , 2 0 1 6; Br o z, P el e grí n & S h a o, 

2 0 1 9; Di n g et al. , 2 0 1 6). I n a gr e e m e nt wit h t h e i n hi bit or y r ol e of t h e C-t er mi n us, ect o pi c e x pr essi o n of 

t h e G S D M D N -d o m ai n al o n e is s uffi ci e nt t o i n d u c e p yr o pt osis b y s el e cti v el y bi n di n g li pi ds f o u n d o n t h e 

i n n er l e afl et of t h e pl as m a m e m br a n e a n d oli g o m erisi n g t o f or m p or es ( Li u et al. , 2 0 1 6; Di n g et al. , 

2 0 1 6; A gli etti et al. , 2 0 1 6; S hi et al. , 2 0 1 5; M ul vi hill et al. , 2 0 1 8), w hil e m ut ati o n of t h e i nt er d o m ai n 

cl e a v a g e sit e bl o c ks G S D M D -m e di at e d p yr o pt o si s ( Li u et al. , 2 0 1 6; R at h k e y et al. , 2 0 1 7). T h e  G S D M D 

N -d o m ai n c a n als o bi n d t o c ar di oli pi n, w hi c h is f o u n d o n b a ct eri al m e m br a n es, a n d t h us G S D M D m a y

als o h a v e  dir e ct  b a ct eri ci d al pr o p erti es ( Li u et al. , 2 0 1 6; Di n g et al. , 2 0 1 6). S u p p orti n g G S D M D p or e -

m e di at e d c yt o ki n e s e cr eti o n, t h e si z e of t h e p or es s u g g est s m at ur e I L -1 β  a n d I L -1 8 p ass a g e  t hr o u g h 

t h e m, w hil e t h eir pr e c urs ors ar e t o o l ar g e t o p ass ( Li u et al. , 2 0 1 6; Di n g et al. , 2 0 1 6; A gli etti et al. , 

2 0 1 6) . F oll o wi n g G S D M D -m e di at e d p or e f or m ati o n  c o m bi n e d wit h o v er w h el mi n g t h e a bilit y of t h e c ell 

t o n at ur all y r e p air t h e m e m br a n e ( R ü hl et al. , 2 0 1 8), t h e c ell s w ells a n d u n d er g o e s o s m oti c l y sis a n d 

e v e nt u all y p yr o pt osis ( Di n g et al. , 2 0 1 6; S hi, G a o & S h a o, 2 0 1 7; A gli etti et al. , 2 0 1 6; S b or gi et al. , 2 0 1 6). 

1. 9. 3. 4  I nfl a m m a s o m e si g n alli n g  

I nfl a m m as o m e ass e mbl y r eli es o n h o m ot y pi c i nt er a cti o ns b et w e e n pr ot ei n d o m ai ns of t h e diff er e nt 

c o m p o n e nts (Fi g ur e 1 .6 ). F or e x a m pl e, N L R C 4 c a n dir e ctl y i nt er a ct wit h pr o-c as p as e -1 t hr o u g h C A R D -

C A R D i nt er a cti o ns a n d l e a d t o p yr o pt oti c c ell d e at h ( D u n c a n & C a n n a, 2 0 1 8). F or r e c e pt ors t h at l a c k a 
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C A R D d o m ai n, li k e N L R P 3, a n a d a pt or m ol e c ul e n a m e d A S C ( a p o pt o sis -ass o ci at e d s p e c k -li k e pr ot ei n) 

is r e cr uit e d. A S C is a bi p artit e m ol e c ul e c o nt ai ni n g a P Y D a n d C A R D a n d s er v es as a bri d g e b et w e e n 

t h e P Y D of t h e N L R a n d t h e C A R D of pr o-c as p as e -1 ( H ar a et al. , 2 0 1 3; F er n a n d es-Al n e mri et al. , 2 0 0 7). 

R e cr uit m e nt of A S C l e a ds t o f or m ati o n of a si n gl e A S C -s p e c k i n t h e h o st c ell, w hi c h is visi bl e b y 

mi cr o s c o p y ( Br o z et al. , 2 0 1 0 b; M ari at h as a n et al. , 2 0 0 4; M a n et al. , 2 0 1 4 b; Br y a n et al. , 2 0 0 9).  

I nfl a m m as o m es ar e oft e n d es cri b e d as r e q uiri n g t w o si g n als i n or d er t o b e f ull y a cti v at e d. 

Si g n al 1, t h e pri mi n g si g n al, i n v ol v es a cti v ati o n of pr o -i nfl a m m at or y si g n alli n g p at h w a y s b y mi cr o bi al 

c o m p o n e nts, c yt o ki n es or i nt erf er o ns. S p e cifi c mi cr o bi al li g a n ds a n d/ or h o m e ost ati c p ert ur b ati o ns 

oft e n c a us e d b y i nf e cti o n ar e e x a m pl es of si g n al 2, t h e a cti v ati n g si g n al. B a ct eri al i nf e cti o n c a n t h us 

pr o vi d e b ot h si g n al 1 a n d 2, a n d l e a d t o r o b ust i nfl a m m as o m e a cti v ati o n ( S c hr o d er & Ts c h o p p, 2 0 1 0; 

H e, H ar a & N ú ñ e z, 2 0 1 6; B a u er nf ei n d et al. , 2 0 0 9). N L Rs r e c o g nis e a v ari et y of si g n al s r el at e d t o 

i nf e cti o n, b ot h dir e ctl y ( e. g. T 3 S S c o m p o n e nts) a n d i n dir e ctl y ( e. g. mit o c h o n dri al d a m a g e), w hil e AI M -

2 dir e ctl y bi n ds t o i ntr a c ell ul ar ds D N A, a n d P Y RI N r es p o n ds t o m o difi c ati o ns of R h o G T P as es i n d u c e d 

b y b a ct eri a. F oll o wi n g r e c o g niti o n of si g n al 2, i nfl a m m as o m e -ass o ci at e d r e c e pt ors oli g o m eris e a n d 

f or m a si n gl e m ulti m eri c c o m pl e x ( El dri d g e & S h e n o y, 2 0 1 5; Br o z, 2 0 1 9; S h ar m a & K a n n e g a nti, 2 0 1 6) . 

T h e o ut c o m es of i nfl a m m as o m e a cti v ati o n, n a m el y m at ur ati o n a n d s e cr eti o n of pr o -i nfl a m m at or y 

c yt o ki n es a n d p yr o pt o sis ar e ess e nti al f or pr o m oti n g i nfl a m m ati o n a n d ai di n g i n li miti n g t h e p at h o g e n 

b ur d e n ( H a y w ar d et al. , 2 0 1 8). 

I nfl a m m as o m e-ass o ci at e d pr ot ei ns ar e als o r e g ul at e d at t h e p o st-tr a nsl ati o n al l e v el. Bri efl y, 

p h o s p h or yl ati o n of i nf l a m m as o m e c o m p o n e nts, pr ot e ol y sis or bi n di n g t o a n a cti v ati n g li g a n d ar e k e y 

f or a cti v ati o n or c o ntri b ut e t o o pti m al a cti vit y ( F us c o & D u n c a n, 2 0 1 8). G u a n yl at e bi n di n g pr ot ei ns 

( G B P s) ar e a f a mil y of G T P as es t h at c o ntr ol b a ct eri al r e pli c ati o n a n d e n h a n c e i nfl a m m as o m e a cti v ati o n 

( Ki m et al. , 2 0 1 2; S h e n o y et al. , 2 0 1 2; M e u ni er et al. , 2 0 1 5). T h es e m ol e c ul es ar e I F Nγ -i n d u c e d a n d 

t h eir a cti o ns aft er m a cr o p h a g e I F Nγ pri mi n g pr o m ot e i nfl a m m as o m e a cti v ati o n d uri n g i nf e cti o n wit h 

S. T y p hi m uri u m ( S h e n o y et al. , 2 0 1 2; M e u ni er et al. , 2 0 1 4; S a nt o s et al. , 2 0 1 8; S a nt o s & Br o z, 2 0 1 8;

Fis c h et al. , 2 0 1 9 a; Pill a et al. , 2 0 1 4). G B P s m a y h a v e diff er e nt a cti viti es d uri n g i nfl a m m as o m e 

a cti v ati o n, s u c h as m e di ati n g b a ct eri a -c o nt ai ni n g v a c u ol e disr u pti o n, or pr o m oti n g L P S bi n di n g t o 

c as p as e -1 1 t o e n a bl e oli g o m eris ati o n ( El dri d g e & S h e n o y, 2 0 1 5; S a nt o s & Br o z, 2 0 1 8). 

I nfl a m m as o m es h a v e b e e n e xt e nsi v el y st u di e d i n i nf e cti o n wit h S.  T y p hi m uri u m; h o w e v er, 

m ost of o ur u n d erst a n di n g c o m e s fr o m m uri n e st u di es a n d i nfl a m m as o m e r es p o ns es i n h u m a n c ells 

r e m ai n p o orl y i n v esti g at e d ( Bi ers c h e n k, B o u c h er & S c hr o d er, 2 0 1 7). T h e m ai n i nfl a m m as o m es k n o w n  

t o b e a cti v at e d b y S . T y p hi m uri u m ar e N L R P 3 ( S e cti o n 1. 9. 3. 5 ), N L R C 4 (S e c ti o n 1. 9. 3. 6 ), a n d t h e n o n-

c a n o ni c al p at h w a y (S e cti o n  1. 9. 3. 8 ), w hil e c as p a s e -8 ( S e cti o n 1. 9. 3. 7 ) als o c o ntri b ut e s t o t h es e 
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p at h w a y s (Fi g ur e 1 .7 ). Ot h e r k n o w n i nfl a m m as o m es ar e  N L R P 1, AI M 2, P Y RI N, a n d N L R P 6. N -t er mi n al 

cl e a v a g e of Nlr p 1 b r es ults i n d est a bilis ati o n a n d pr ot e as o m al d e gr a d ati o n w hi c h l e a ds t o r el e as e of 

t h e C-t er mi n al FII N D a n d C A R D d o m ai n w hi c h i nt er a cts wit h a n d a cti v at e s c as p as e -1. Alt h o u g h Nlr p 1 b 

c a n r es p o n d t o b a ct eri al pr ot ei ns t h at c a us e its N -t er mi n al cl e a v a g e, s u c h as pr ot e as es ( a nt hr a x t o xi n) 

or u bi q uiti n li g as es ( S hi g ell a  I p a H 7. 8), ( S a n dstr o m et al. , 2 0 1 9; H a y w ar d et al. , 2 0 1 8; Mit c h ell, 

S a n dstr o m & V a n c e, 2 0 1 9; X u et al. , 2 0 1 9), s u c h S al m o n ell a -ass o ci at e d f a ct ors h a v e n ot b e e n 

i d e ntifi e d y et. T h e AI M 2 i nfl a m m as o m e d et e cts t h e pr es e n c e of ds D N A i n t h e c yt o s ol f oll o wi n g 

i nf e cti o n wit h a vir us or a n i ntr a c ell ul ar b a ct eri u m ( H or n u n g et al. , 2 0 0 9; F er n a n d es-Al n e mr i et al. , 

2 0 1 0; R at hi n a m et al. , 2 0 1 0; S a g ul e n k o et al. , 2 0 1 3; J o n es et al. , 2 0 1 0; W arr e n et al. , 2 0 1 0). T h e HI N 2 0 0 

d o m ai n of AI M 2 dir e ctl y bi n ds t o ds D N A i n d e p e n d e ntl y of t h e D N A s e q u e n c e ( R o b erts et al. , 2 0 0 9). 

AI M 2 is n ot i n v ol v e d i n c as p as e -1 a cti v ati o n n or I L -1 β  s e cr eti o n d uri n g i nf e cti o n wit h S.  T y p hi m uri u m 

( F er n a n d es-Al n e mri et al. , 2 0 1 0; R at hi n a m et al. , 2 0 1 0; J o n es et al. , 2 0 1 0), b ut it m a y h a v e 

i nfl a m m as o m e-i n d e p e n d e nt r ol es. Mi c e d efi ci e nt i n AI M 2 s u c c u m b t o i nf e cti o n wit h S.  T y p hi m uri u m 

si g nifi c a ntl y f ast er t h a n W T  mi c e. T his w as s h o w n t o b e d u e t o t h e pr ot e cti v e r ol e of AI M 2 a g ai nst 

S al m o n ell a -m e di at e d disr u pti o n of t h e i nt esti n al e pit h eli u m i nt e grit y b y pr o m oti n g t h e e x pr essi o n of 

ti g ht j u n cti o n pr ot ei ns ( H u et al. , 2 0 1 6). A cti v ati o n of P Y RI N d uri n g S . T y p hi m uri u m i nf e cti o n h as n ot 

b e e n r e p ort e d s o f ar ( W e m y ss & P e ars o n, 2 0 1 9), w hil e N L R P 6 a n d N L R P 1 2 a p p e ar t o a ct i n a n 

i nfl a m m as o m e-i n d e p e n d e nt m a n n er a n d d a m p e n i n n at e i m m u n e si g n alli n g, a n d mi c e d efi ci e nt i n 

N L R P 6 or N L R P 1 2 ar e r esist a nt t o i nf e cti o n ( Z a ki et al. , 2 0 1 4; A n a n d et al. , 2 0 1 2). H o w e v er, t h e 

m e c h a nis m a n d/ or li g a n ds u n d erl yi n g t h eir a cti v ati o n b y S.  T y p hi m uri u m r e m ai n t o b e f o u n d.  

T h e m ai n i nfl a m m as o m e a cti v ati o n  a cti v at e d d uri n g S al m o n ell a  i nf e cti o n ar e n e xt d es cri b e d 

wit h a f o c us o n t h eir r ol e d uri n g S.  T y p hi m uri u m i nf e cti o n. T h e r ol e of i nfl a m m as o m es d uri n g i nf e cti o n 

wit h S.  T y p hi h as b e e n i n v esti g at e d i n a li mit e d m a n n er a n d will b e o utli n e d as w ell, w hil e 

i nfl a m m as o m e a cti v ati o n i n d u c e d b y S.  P ar at y p hi A h a d n ot b e e n i n v esti g at e d u ntil t his st u d y t o t h e 

b est of m y k n o wl e d g e.  

1. 9. 3. 5  T h e N L R P 3  i nfl a m m a s o m e 

D es pit e e xt e nsi v e r es e ar c h o n t h e N L R P 3 i nfl a m m as o m e, t h e s p e cifi c tri g g er is still t o b e d efi n e d . D u e 

t o t h e l o w a m o u nt of N L R P 3 i n r esti n g c o n diti o ns t o pr e v e nt u n n e c e ss ar y e x c essi v e a cti v ati o n, N L R P 3 

us u all y r e q uir es si g n al 1 t o b e e x pr ess e d a n d t o u n d er g o p o st -tr a nsl ati o n al m o difi c ati o n b y d e-

u bi q uiti n ati o n t o b e r e a d y f or a cti v ati o n b y si g n al 2 ( B a u er nf ei n d et al. , 2 0 0 9; J uli a n a et al. , 2 0 1 2; P y 

et al. , 2 0 1 3). Ot h er c ell ul ar pr o c es s es als o c o ntri b ut e t o N L R P 3 pri mi n g, s u c h as c as p as e -8 ( G ur u n g e t 

al. , 2 0 1 4), a n d t h us si g n al 1 f or N L R P 3 a cti vit y m a y b e m or e c o m pli c at e d t h a n ori gi n all y t h o u g ht ( H e, 

H ar a & N ú ñ e z, 2 0 1 6) . M ulti pl e a cti v ati n g si g n als (si g n al 2) h a v e b e e n s h o w n t o i n d u c e  N L R P 3 a cti vit y, 

i n cl u di n g e xtr a c ell ul ar A T P, b a ct eri al p or e-f or mi n g t o xi ns, a n d d y sf u n cti o n al mit o c h o n dri a ( H e, H ar a 
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& N ú ñ e z, 2 0 1 6; S w a ns o n, D e n g & Ti n g, 2 0 1 9) . A d diti o n all y, N L R P 3 c a n b e a cti v at e d b y t h e n o n-

c a n o ni c al p at h w a y (S e cti o n 1. 9. 3. 8 ). D u e t o t h e pl et h or a of N L R P 3 a cti v ati o n si g n al s, it is t h o u g ht t h at 

N L R P 3 d o es n ot i nt er a ct dir e ctl y wit h a s p e cifi c li g a n d b ut r at h er t h es e di v ers e si g n als a ct o n a c o m m o n 

c ell ul ar pr o c ess  w hi c h  c a us e s  N L R P 3 a cti v ati o n ( H e et al. , 2 0 1 6; S w a ns o n, D e n g & Ti n g, 2 0 1 9). T h er e 

ar e s e v er al s u g g est e d s u c h pr o c es s es, s u c h as K +  effl u x ( Y a n g et al. , 2 0 1 5; M u ñ o z-Pl a nill o et al. , 2 0 1 3; 

P étrilli et al. , 2 0 0 7), C a2 +  effl u x ( L e e et al. , 2 0 1 2), r el e as e of o xi dis e d mt D N A ( S hi m a d a et al. , 2 0 1 2), 

pr o d u cti o n of R O S b y mit o c h o n dri a ( Z h o u et al ., 2 0 1 1), a n d l y s o s o m al r u pt ur e a c c o m p a ni e d b y 

Fi g ur e 1 .7  H u m a n i nfl a m m a s o m e a cti v ati o n d uri n g m a cr o p h a g e i nf e cti o n wit h S.  T y p hi m uri u m . 

F oll o wi n g i nf e cti o n, S al m o n ell a  m ai nl y r esi d es i n t h e S C V. T h e n e e dl e a n d i n n er r o d pr ot ei ns of t h e S PI -1 T 3 S S, 

as w ell as i n a d v ert e nt fl a g elli n s e cr eti o n i nt o t h e h o st c ell c yt o s ol, ar e r e c o g nis e d b y t h e si n gl e h u m a n N AI P, 

w hi c h i n t ur n a cti v at es N L R C 4. N L R C 4 oli g o m eris ati o n c a n o c c ur i n d e p e n d e ntl y of A S C r es ulti n g i n c as p a s e -1 

a cti v ati o n a n d G S D M D cl e a v a g e a n d p yr o pt o sis. H o w e v er, A S C r e cr uit m e nt is r e q uir e d f or o pti m al m at ur ati o n 

a n d r el e as e of c yt o ki n es. G B P -m e di at e d S C V disr u pti o n r es ults i n c yt o s oli c L P S, w hi c h i s r e c o g nis e d b y c as p as e -

4 l e a di n g t o p yr o pt o sis. Als o, t h e r es ulti n g K +  effl u x is s e n s e d b y t h e N L R P 3, al o n g wit h ot h er pr o p o s e d si g n al s, 

r es ulti n g i n its a cti v ati o n a n d A S C r e cr uit m e nt, w hi c h i n t ur n l e a d s  t o c as p as e-1 -m e di at e c yt o ki n e m at ur ati o n 

a n d p yr o pt oti c c ell d e at h . Fi n all y, c as p as e-8 h as b e e n s u g g est e d t o b e i n v ol v e d i n pri mi n g of N L R P 3 a n d/ or t o b e 

r e cr uit e d t o t h e i nfl a m m as o m e c o m pl e x. A l ar g e c o m pl e x c o n sisti n g of N L R P 3, N L R C 4,  A S C,  a n d c as p as e -1/ 8 m a y 

f or m d uri n g i nf e cti o n wit h S. T y p hi m uri u m ( n ot s h o w n).  I m a g e cr e at e d wit h Bi or e n d er.  
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c at h e psi n r el e as e ( H or n u n g & L at z, 2 0 1 0). K+  effl u x is t h e r es ult of m a n y N L R P 3 a cti v ati o n p at h w a ys 

t h at i n v ol v e p or e f or m ati o n, li k e tr e at m e nt wit h t h e t o xi n ni g eri ci n a n d A T P sti m ul ati o n, a n d t h us is 

c o nsi d er e d a u ni v ers al tri g g er of N L R P 3 ( M u ñ o z-Pl a nill o et al. , 2 0 1 3). H o w e v er, t h e m e c h a nisti c d et ails 

of K +  effl u x a n d N L R P 3 a cti v ati o n ar e n ot f ull y el u ci d at e d ( H e, H ar a & N ú ñ e z, 2 0 1 6) a n d s o m e K +  effl u x -

i n d e p e n d e nt N L R P 3 a cti v ati o n p at h w a ys h a v e als o b e e n d es cri b e d. F or e x a m pl e, N L R P 3 a cti v ati o n vi a 

c as p a s e -8 i n h u m a n m o n o c yt e s r es ult e d i n c as p as e -1 a n d I L -1 β  m at ur ati o n wit h o ut K +  effl u x a n d i n t h e 

a bs e n c e of si g n al 2 ( G ai dt et al. , 2 0 1 6).  

D uri n g S.  T y p hi m uri u m i nf e cti o n, N L R P 3 c o ntri b ut e s t o I L -1 β  a n d I L -1 8 s e cr eti o n, t o g et h er wit h 

N L R C 4 a n d c as p as e -8, a n d t h es e m ol e c ul es ar e r e cr uit e d t o t h e s a m e c o m pl e x i n m a cr o p h a g es ( M a n 

et al. , 2 0 1 4 b, 2 0 1 3; Br o z et al. , 2 0 1 0 b; Q u et al. , 2 0 1 6; Bi er s c h e n k et al. , 2 0 1 9). Als o, h u m a n m o n o c yt e s 

r es p o n d t o S.  T y p hi m uri u m i nf e cti o n b y a cti v ati n g t h e N L R P 3 i nfl a m m as o m e a n d s e cr eti n g I L -1 β  

wit h o ut u n d er g oi n g p yr o pt o sis p o ssi bl y a cti n g as a s ust ai n e d si g n al f or ot h er i m m u n e c ells ( Di a m o n d 

et al. , 2 0 1 7). T h e N L R P 3 i nfl a m m as o m e h as b e e n s u g g est e d t o b e i m p ort a nt d uri n g t h e s y st e mi c st a g es 

of S.  T y p hi m uri u m i nf e cti o n i n mi c e, as l o w e x pr essi o n of S PI -1 T 3 S S i n d u c es N L R P 3 i nfl a m m as o m e vi a 

a n u n d et er mi n e d si g n al ( Br o z et al. , 2 0 1 0 b; S elli n et al. , 2 0 1 4). Als o, S.  T y p hi m uri u m -m e di at e d 

disr u pti o n o f gl y c ol yti c fl u x b y utilisi n g h o st c ell gl u c o s e l e a ds t o r e d u c e d N A D H a n d i n cr e as e d 

mit o c h o n dri al R O S pr o d u cti o n, w hi c h h as b e e n s u g g est e d t o a cti v at e N L R P 3 ( S a n m a n et al. , 2 0 1 6). 

C A R D 9, a pr ot ei n ass o ci at e d wit h i m m u n e si g n alli n g a n d c yt o ki n e s y n t h esis, li mits N L R P 3 a n d I L-1 β  

a cti v ati o n b y i nt erf eri n g wit h A S C a n d c as p as e -8 r e cr uit m e nt t o t h e i nfl a m m as o m e; h o w e v er, u p o n 

e x p o s ur e t o S.  T y p hi m uri u m C A R D 9 e x pr essi o n is d o w nr e g ul at e d i n m o us e m a cr o p h a g es pr o m oti n g 

i n cr e as e d pr o d u cti o n of I L-1 β  ( P er eir a et al. , 2 0 1 6). O n t h e ot h er h a n d, S.  T y p hi m uri u m o xi d ati v e 

m et a b olis m h as b e e n pr o p o s e d as a n e v asi o n m e c h a nis m of N L R P 3 a cti v ati o n t o pr o m ot e s y st e mi c 

vir ul e n c e ( W y n o s k y-D olfi et al. , 2 0 1 4). N L R P 3 a cti v ati o n is c o m pl e x a n d t h e a cti v ati n g si g n al is n ot 

al w a ys cl e ar. It is t h er ef or e u ns ur prisi n g t h at t h e tri g g er f or N L R P 3 a cti v at i o n u p o n S.  T y p hi m uri u m 

e x p o s ur e  is n ot est a blis h e d ( S a n c h e z-G arri d o et al. , 2 0 2 0) a n d w arr a nts f urt h er i n v e sti g ati o n.  

1. 9. 3. 6  T h e N L R C 4  i nfl a m m a s o m e 

T h e N L R C 4 i nfl a m m as o m e h as b e e n e xt e nsi v el y i m pli c at e d i n t h e i m m u n e r es p o ns e a g ai nst S.  

T y p hi m uri u m , a n d is als o i n v ol v e d i n m a n y ot h er e nt eri c b a ct eri al i nf e cti o ns s u c h as  S . fl e x n eri 

( Bi ers c h e n k, B o u c h er & S c hr o d er, 2 0 1 7; Z h a o & S h a o, 2 0 1 5; S a n c h e z -G arri d o et al. , 2 0 2 0). T h e N L R C 4 

i nfl a m m as o m e c o m pl e x is f or m e d f oll o wi n g r e c o g niti o n of t h e c o g n at e li g a n d of N AI P m ol e c ul es 

l e a di n g t o h et er o-oli g o m eris ati o n of N AI P a n d N L R C 4 ( Fi g ur e 1 .6 ) ( Y a n g et al. , 2 0 1 3; H u et al. , 2 0 1 5; 

Z h a n g et  al. , 2 0 1 5; K of o e d & V a n c e, 2 0 1 1). N AI P  m ol e c ul es u n d er g o c o nf or m ati o n al c h a n g es r e cr uiti n g 

a n d a cti v ati n g N L R C 4, w hi c h i n t ur ns s elf -oli g o m eris es wit h ot h er N L R C 4 m ol e c ul es ( H u et al. , 2 0 1 5; 

Z h a n g et al. , 2 0 1 5; Di e b ol d er et al. , 2 0 1 5; H alff et al. , 2 0 1 2). H u m a ns h a v e a si n gl e N AI P  g e n e, w hil e 
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mi c e e n c o d e s e v e n  (N ai p 1 – 7 ). T h e h u m a n N AI P h as b e e n s h o w n t o r e c o g nis e c yt o s oli c S al m o n ell a  

fl a g elli n ( Fli C), T 3 S S r o d ( Pr gJ) a n d n e e dl e ( Pr gI) pr ot ei ns (Fi g ur e 1 .7 ) ( R e y es R uiz et al. , 2 0 1 7; K ort m a n n, 

Br u b a k er & M o n a c k, 2 0 1 5; Y a n g et al. , 2 0 1 3), w hil e m o us e N ai p 1 r e c o g nis es t h e T 3 S S n e e dl e pr ot ei n, 

N ai p 2 t h e T 3 S S r o d, a n d N ai p 5/ 6 r e c o g nis e fl a g elli n m o n o m ers ( Y a n g et al. , 2 0 1 3; Z h a o et al. , 2 0 1 1; 

Br o z et al. , 2 0 1 0 b; M a n et al. , 2 0 1 4 b; Mi a o et al. , 2 0 0 6; Fr a n c hi et al. , 2 0 0 6; K of o e d & V a n c e, 2 0 1 1; 

Li g htfi el d et al. , 2 0 0 8; R a y a m aj hi et al. , 2 0 1 3; Mi a o et al. , 2 0 1 0 b). S.  T y p hi i n d u c es c as p as e -1 a cti v ati o n 

a n d p yr o pt o sis i n b ot h h u m a n pri m ar y m a cr o p h a g es a n d t h e T H P -1 c el l li n e ( K ort m a n n, Br u b a k er & 

M o n a c k, 2 0 1 5; Wi nt er et al. , 2 0 1 5). T his r es p o ns e i s t h o u g ht t o b e fl a g elli n-d e p e n d e nt i n pri m ar y c ells 

s u g g esti n g t h at N L R C 4 is i m pli c at e d ( K ort m a n n, Br u b a k er & M o n a c k, 2 0 1 5) , alt h o u g h f urt h er st u di es 

ar e r e q uir e d t o c o nfir m t his. Si mil arl y, d uri n g T H P -1 c ell i nf e cti o n, T vi A -m e di at e d r e d u cti o n of fl a g elli n 

h as b e e n s u g g est e d as a m e c h a nis m t o li mit p yr o pt o sis ( Wi nt er et al. , 2 0 1 5). 

T h e a bilit y of a si n gl e N AI P t o r e c o g nis e diff er e nt li g a n ds i s pr o b a bl y e x pl ai n e d b y t h e str u ct ur al 

si mil arit y of t h e C -t er mi n us of t h es e pr ot ei ns. M or e s p e cifi c all y, t h e C -t er mi n al h eli c al h air pi n str u ct ur e 

of t h e T 3 S S n e e dl e pr ot ei n is hi g hl y si mil ar t o t h at of t h e r o d pr ot ei n a n d fl a g elli n ( Y a n g et al. , 2 0 1 3; 

Z h a o & S h a o, 2 0 1 5; Mi a o et al. , 2 0 1 0 b; Li g htfi el d et al. , 2 0 0 8; R e y es R uiz et al. , 2 0 1 7). D u e t o t h e 

e v ol uti o n ar y r el at e d n ess of T 3 S S a n d fl a g ell ar a p p ar at us, it is s u g g est e d t h at fl a g elli n is i n a d v ert e ntl y 

s e cr et e d t o t h e h o st c ell c yt o s ol vi a t h e S PI -1 T 3 S S ( Z h a o & S h a o, 2 0 1 5) a n d a f u n cti o n al S PI -1 T 3 S S is 

r e q uir e d f or fl a g elli n-i n d u c e d c as p as e-1 a cti v ati o n ( S u n, R ol á n & Ts olis, 2 0 0 7). T h e S PI -2 T 3 S S r o d a n d 

n e e dl e pr ot ei ns ar e n ot r e c o g nis e d b y N AI P d u e t o t h eir disti n ct  str u ct ur es, w hi c h p o ssi bl y s er v es as 

a n i m m u n e e v asi o n str at e g y at l at er st a g es of i nf e cti o n, t o g et h er wit h d o w nr e g ul ati o n of S PI -1 

pr ot ei ns  a n d fl a g elli n ( Mi a o et al. , 2 0 1 0 b; R e y es R uiz et al. , 2 0 1 7; Mi a o et al. , 2 0 0 6, 2 0 1 0 a). T h e S PI-2 

T 3 S S h as b e e n als o s h o w n t o c o u nt er a ct t h e S PI -1 T 3 S S -m e di at e d i nfl a m m as o m e a cti v ati o n i m pl yi n g 

a n i m m u n e e v asi o n m e c h a nis m b y S.  T y p hi m uri u m at i nf e cti o n st a g es w h e n S PI -2 is a cti v e ( Bi ers c h e n k 

et al. , 2 0 1 9). It is u n cl e ar w h et h er t y p h oi d al S al m o n ell a  e x pl oit a si mil ar e v asi o n m e c h a nis m, as S PI -2 

m a y n ot b e r e q uir e d d uri n g i nf e cti o n wit h S. T y p hi ( K arli ns e y et al. , 2 0 1 9; F or est et al. , 2 0 1 0). 

D uri n g S.  T y p hi m uri u m i nf e cti o n , N L R P 3 a n d N L R C 4  ar e r e cr uit e d t o a si n gl e m a cr o m ol e c ul ar 

c o m pl e x t o g et h er wit h c as p as e -1 a n d m a y b e f u n cti o n all y r e d u n d a nt i n m o us e c ells, alt h o u g h t h eir 

a cti v ati n g si g n als diff er ( Br o z et al. , 2 0 1 0 b; M a n et al. , 2 0 1 4 b; Q u et al. , 2 0 1 6). I n s u p p ort of t his, 

N L R C 4 -d efi ci e nt mi c e c a n cl e ar S.  T y p hi m uri u m i nf e cti o n si mil arl y t o W T  mi c e, w hil e mi c e l a c ki n g b ot h 

i nfl a m m as o m es ar e m or e s us c e pti bl e t o S.  T y p hi m uri u m i nf e cti o n ( Br o z et al. , 2 0 1 0 b). I n hu m a n 

pri m ar y m a cr o p h a g es a n d a m a cr o p h a g e -li k e c ell li n e, p h ar m a c ol o gi c al i n hi biti o n of N L R P 3 al o n e d o es 

n ot d e cr e as e c as p as e -1 a cti v ati o n a n d i nfl a m m as o m e-i n d u c e d c ell d e at h, a n d b ot h N L R C 4 a n d N L R P 3 

ar e t h o u g ht t o c o ntri b ut e t o p yr o pt o si s a n d c yt o ki n e s e cr eti o n ( Bi er s c h e n k et al. , 2 0 1 9; Y a n g et al. , 
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2 0 1 3; K ort m a n n, Br u b a k er & M o n a c k, 2 0 1 5) . N L R C 4 c o nt ai ns a C A R D  a n d t h us d o es n ot r el y o n A S C t o 

f or m a n i nfl a m m as o m e c o m pl e x c a p a bl e of r e cr uiti n g c as p as e-1  a n d  N L R C 4 c a n c a us e c as p as e -1 -

d e p e n d e nt d o w nstr e a m si g n alli n g wit h o ut c as p as e -1 u n d er g oi n g a ut o pr ot e ol y sis ( Br o z et al. , 2 0 1 0 a). 

H o w e v er,  A S C is r e q uir e d f or o pti m al N L R C 4 i nfl a m m as o m e a cti vit y e ns uri n g c yt o ki n e m at ur ati o n a n d 

s e cr eti o n ( Br o z et al. , 2 0 1 0 a). 

St u di es i n m uri n e m o d els h a v e s h o w n t h at N L R C 4 a cti v ati o n l e a ds t o s e v er al d o w nstr e a m 

e v e nts d uri n g i nf e cti o n wit h S.  T y p hi m uri u m. N AI P/ N L R C 4 a cti v ati o n i n m uri n e i nt e sti n al e pit h eli al 

c ells (I E Cs) is ess e nti al f or li miti n g diss e mi n ati o n t o s y st e mi c sit es ( H a us m a n n et al. , 2 0 2 0), as it r es ults 

i n e x p ulsi o n of s u c h c ells i n t h e i nt esti n al l u m e n pr o m oti n g eli mi n ati o n of t h e p at h o g e n ( S elli n et al. , 

2 0 1 4; R a u c h et al. , 2 0 1 7). Als o, N L R C 4 i nfl a m m as o m e a cti v ati o n r es ults i n c yt o s k el et al r e arr a n g e m e nt s  

l e a di n g t o c ell stiff n ess a n d r e d u c e d b a ct eri al u pt a k e b y h o st c ells i n vitr o, li miti n g h o st c ell i nf e cti o n 

a n d p at h o g e n i ntr a c ell ul ar s ur vi v al  ( M a n et al. , 2 0 1 4 a). N L R C 4 -m e di at e d c yt o ki n e s e cr eti o n  r e cr uits 

i m m u n e c ells t o t h e i nt esti n al l u m e n a n d n e utr o p hil -m e di at e d eli mi n ati o n of S.  T y p hi m uri u m , w hil e 

ei c o s a n oi d r el e as e as a r es ult of c ell e x p ulsi o n pr o m ot es fl ui d a c c u m ul ati o n t o pr o m ot e fl us hi n g of t h e 

p at h o g e n ( Mi a o et al. , 2 0 1 0 a; Fr a n c hi et al. , 2 0 1 2; R a u c h et al. , 2 0 1 7). A cti vit y of N L R C 4 i n i nt esti n al 

m a cr o p h a g es a n d d e n driti c c ells i n r es p o ns e t o S.  T y p hi m uri u m all o ws dis cri mi n ati o n b et w e e n 

c o m m e ns als a n d p at h o g e ns i n t h e i nt esti n e, u n d erli ni n g t h e i m p ort a nt r ol e of t his i nfl a m m as o m e i n 

h o st i nt esti n al d ef e n c e ( Fr a n c hi et al. , 2 0 1 2). 

1. 9. 3. 7  C a s p a s e -8 a n d i nfl a m m a s o m e s  

C as p as e -8 is tr a diti o n all y c o nsi d er e d a n a p o pt oti c c as p as e ( F er n á n d e z & L a m k a nfi, 2 0 1 5; F elt h a m, 

Vi n c e & L a wl or, 2 0 1 7) . H o w e v er, its r ol e i n i nfl a m m as o m e a cti v ati o n a n d m o d ul ati o n, as w ell as i n 

tiss u e h o m e o st asis, is b e c o mi n g i n cr e asi n gl y a p p ar e nt. Its m a n y r ol es i n i nfl a m m ati o n i n cl u d e 

pr o m oti n g N L R P 3 i nfl a m m as o m e pri mi n g a n d T L R -m e di at e d c yt o ki n e pr o d u cti o n ( G ur u n g et al. , 2 0 1 4; 

P hili p et al. , 2 0 1 4, 2 0 1 6), as w ell as b ei n g i n v ol v e d i n N L R P 3-i n d u c e d I L-1 β  s e cr eti o n ( A nt o n o po ul o s et 

al. , 2 0 1 5). I m p ort a ntl y, c as p as e-8 c a n dir e ctl y cl e a v e pr o -I L-1 β at t h e s a m e sit e as c as p as e -1 , al b eit 

l ess effi ci e ntl y ( M a elf ait et al. , 2 0 0 8). Si mil arl y, F as-d e p e n d e nt si g n alli n g, a T N F f a mil y r e c e pt or, c a n 

i n d u c e c as p as e-8 -d e p e n d e nt, i nfl a m m as o m e -i n d e p e n d e nt I L-1 β  a n d I L -1 8 m at ur ati o n ( B oss all er et al. , 

2 0 1 2) . I n s u p p ort of t his, c as p as e-8 c o nt ai ns a d e at h eff e ct or d o m ai n ( D E D) d o m ai n w hi c h c a n i nt er a ct 

wit h t h e P Y D d o m ai n of A S C, p oi nti n g t o w ar ds c as p as e -8 r e cr uit m e nt t o t h e i nfl a m m as o m e pl atf or m 

( S a g ul e n k o et al. , 2 0 1 3; V ajj h al a et al. , 2 0 1 5). I n d e e d, i n t h e a bs e n c e of c as p as e-1, N L R P 3 a cti v ati o n 

c a n i n d u c e A S C -c as p as e -8 p ol y m eris ati o n a n d c as p as e -8 -d e p e n d e nt a p o pt osis ( A nt o n o p o ul o s et al. , 

2 0 1 5; V ajj h al a et al. , 2 0 1 5; S a g ul e n k o et al. , 2 0 1 3). C as p as e-8 is i n v ol v e d i n i nfl a m m as o m e a cti v ati o n 

f oll o wi n g i nf e cti o n wit h v ari o us p at h o g e ns. Fr a n cis ell a t ul ar e nsis  i n d u c es r el e as e of I L-1 8 i n a c as p as e-

1 -i n d e p e n d e nt, c as p as e-8 -d e p e d e nt m a n n er v i a AI M 2-A S C ( Pi eri ni et al. , 2 0 1 3). C as ps as e -8 is ess e nti al 
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f or h o st d ef e n c e a g ai nst Y er si ni a , as i nfl a m m as o m e a cti v ati o n e n g a g es c as p as e-8, w hi c h m e di at es 

c as p as e -1 pr o c es si n g  w hil e it als o dir e ctl y cl e a v es G S D M D ( Or ni n g et al. , 2 0 1 8; P hili p et al. , 2 0 14) . As 

m e nti o n e d e arli er, d uri n g S.  T y p hi m uri u m i nf e cti o n  c as p as e -8 is r e cr uit e d t o t h e N L R P 3 a n d N L R C 4-

c o nt ai ni n g i nfl a m m as o m e c o m pl e x, w h er e c as p as e -8 is pr ot e ol yti c all y a cti v at e d a n d c o ntri b ut e s t o 

c yt o ki n e pr o d u cti o n a n d pr o c essi n g, w hil e it d o es n o t s e e m t o aff e ct p yr o pt o sis of m o us e 

m a cr o p h a g es ( M a n et al. , 2 0 1 4 b, 2 0 1 3). D uri n g i n vi v o i nf e cti o n, c as p as e-8 is als o a cti v at e d 

d o w nstr e a m of N L R C 4  i n a n A S C-d e p e n d e nt m a n n er  i n I E Cs pr o m oti n g S.  T y p hi m uri u m -i nf e ct e d c ell 

e x p ulsi o n i n d e p e n d e ntl y of c as p as e -1 a n d G S D M D ( R a u c h et  al. , 2 0 1 7). 

1. 9. 3. 8  N o n -c a n o ni c al i nfl a m m a s o m e a cti v ati o n  

T h e N L R P 3 i nfl a m m as o m e c a n b e a cti v at e d vi a a n o n -c a n o ni c al p at h w a y d uri n g S.  T y p hi m uri u m 

i nf e cti o n u p o n r e c o g niti o n of c yt o s oli c L P S (Fi g ur e 1 .7 ). T his r e c o g niti o n o c c urs b y h u m a n c as p as e-4 

a n d c as p as e -5 or b y m o us e c as p as e -1 1, i n d e p e n d e ntl y of T L R 4 ( Y a n g, Z h a o & S h a o, 2 0 1 5; S hi et al. , 

2 0 1 4; C ass o n et al. , 2 0 1 5; B a k er et al. , 2 0 1 5; K a y a g a ki et al. , 2 0 1 3, 2 0 1 1; H a g ar et al. , 2 0 1 3; S c h mid -

B ur g k et al. , 2 0 1 5; A a c h o ui et al. , 2 0 1 3). T h e C A R D d o m ai ns of c a s p as e-4 a n d c as p as e -1 1 c o nt ai n Li pi d 

A -bi n di n g sit es all o wi n g f or dir e ct r e c o g niti o n of c yt o s oli c L P S b y t h es e c as p as es ( S hi et al. , 2 0 1 4),

l e a di n g t o c as p as e oli g o m eris ati o n a n d a cti v ati o n ( S hi et al. , 2 0 1 4; Y a n g, Z h a o & S h a o, 2 0 1 5). H e x a- or 

p e nt a -a c yl at e d li pi d A is r e c o g nis e d b y c as p as e -1 1, w hil e t etr a -a c yl at e d li pi d A is o nl y r e c o g nis e d b y 

h u m a n c as p as e -4 ( H a g ar et al. , 2 0 1 3; L a gr a n g e et al. , 2 0 1 8). C as p as e-4/ 1 1 a cti v ati o n l e a ds t o G S D M D 

cl e a v a g e a n d p yr o pt oti c c ell d e at h, w hil e I L -1 8 a n d I L -1 β m at ur ati o n is  dri v e n m ai nl y b y N L R P 3 -

m e di at e d a cti v e c as p as e -1 ( K a y a g a ki et al. , 2 0 1 1, 2 0 1 5; S c h mi d-B ur g k et al. , 2 0 1 5). K+  effl u x d uri n g 

n o n -c a n o ni c al a cti v ati o n h as b e e n pr o p o s e d as t h e m e c h a nis m u n d erl yi n g N L R P 3 a cti v ati o n, dir e ctl y 

c a us e d b y G S D M D p or es or tri g g er e d b y c as p as e -1 1 -m e di at e d p a n n e xi n -1 cl e a v a g e ( S w a ns o n, D e n g & 

Ti n g, 2 0 1 9; Y a n g, Z h a o & S h a o, 2 0 1 5; R ü hl & Br o z, 2 0 1 5) . G B Ps ar e i n v ol ve d i n t h e e x p o s ur e of L P S t o 

t h e h o st c yt os ol d uri n g i nf e cti o n wit h Gr a m-n e g ati v e b a ct eri a (i n cl u di n g S.  T y p hi m uri u m) b y m e di ati n g 

disr u pti o n of t h e b a ct eri a -c o nt ai ni n g v a c u ol es ( Y a n g, Z h a o & S h a o, 2 0 1 5; S a nt o s et al. , 2 0 1 8; Fis c h et 

al. , 2 0 1 9 a; M e u ni er et al. , 2 0 1 4; S h e n o y et al. , 2 0 1 2). I n s u p p ort of t his r e q uir e m e nt of G B P s, I F Nγ -

tr e at e d h u m a n m a cr o p h a g es r es p o n d t o S.  T y p hi m uri u m b y r e cr uiti n g c as p as e -4 i n a G B P -1 -m e di at e d 

m a n n er pr o m oti n g p yr o pt o sis, w hil e u ntr e at e d m a cr o p h a g es d o n ot r es p o n d t o S . T y p hi m uri u m i n a 

c as p as e -4 -d e p e n d e nt m a n n er ( Fis c h et al. , 2 0 1 9 a). I n a d diti o n t o c as p as e-4, c as p as e -5 h as als o b e e n 

f o u n d t o m e di at e c ell d e at h a n d I L-1 β  r el e as e d uri n g i nf e cti o n of h u m an m a cr o p h a g es wit h S.  

T y p hi m uri u m, i n c o ntr ast t o w h at is s e e n wit h L P S tr a nsf e cti o n al o n e w h er e c as p as e -5 d o es n ot h a v e 

a r ol e ( B a k er et al. , 2 0 1 5). 
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1. 1 0  Pr oj e ct a i m s 

S . P ar at y p hi A is a n e gl e ct e d p at h o g e n t h at m a y s o o n b e c o m e t h e l e a di n g c aus e of e nt eri c f e v er .

U n d erst a n di n g its vir ul e n c e m e c h a nis m s a n d t h e e ns ui n g h o st i m m u n e r es p o ns e  is criti c al f or v a c ci n e  

d e v el o p m e nt . I m p ort a nt g a ps i n o ur k n o wl e d g e  i n cl u d e t h e i nt er a cti o n of S . P ar at y p hi A wit h t h e h o st 

at t h e a n at o mi c al a n d c ell ul ar l e v el s.  T h e  m ai n ai m  of t his pr oj e ct w as t o st u d y S.  P ar at y p hi A -h o st 

i nt er a cti o ns; i n p arti c ul ar, I ai m e d t o:  

• In v esti g at e S.  P ar at y p hi A r es p o ns e s  t o bil e

• St u d y t h e i nt er a cti o n of S.  P ar at y p hi A wit h h u m a n e pit h eli al c ells a n d m a cr o p h a g es

• E l u ci dat e t h e a cti v ati o n of c ell d e at h a n d i nfl a m m as o m e a cti v ati o n  p at h w a ys  i n h u m a n

m a cr o p h a g es  d uri n g S.  P ar at y p hi A  i nf e cti o n

• I n v esti g at e i nf e cti o n wit h S.  P ar at y p hi A cli ni c al is ol at es
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2  
M at eri al s & M et h o d s  

2  M at eri als &  M et h o ds  

2. 1  B a ct eri al c ult ur e a n d str ai n s  

2. 1. 1  B a ct eri al c ult ur e  

S al m o n ell a  str ai ns us e d i n t his st u d y ar e list e d i n T a bl e 2. 1  a n d cli ni c al is ol at es i n T a bl e 2. 2 . S al m o n ell a  

str ai ns w er e r o uti n el y c ult ur e d i n L e n n o x L y s o g e n y Br ot h ( L B) at 3 7 ° C wit h  a git ati o n ( 2 0 0 r p m ) a n d 

a er ati o n, u nl ess ot h er wis e st at e d . W h er e n e c e ss ar y, gr o wt h m e di a w er e  s u p pl e m e nt e d wit h 

a nti bi oti cs ( Si g m a) at t h e r e q uir e d c o n c e ntr ati o ns: 5 0 µ g/ m L  k a n a m y ci n  ( k a n), 1 0 0 µ g/ m L 

s p e cti n o m y ci n  ( S p e c), or 1 0 0 µ g/ m L  a m pi cilli n  ( A m p). S PI -1 e x pr essi o n w as i n d u c e d eit h er b y s u b -

c ult uri n g s at ur at e d c ult ur es 1: 3 3 t o l at e e x p o n e nti al p h as e ( o pti c al d e nsit y at A 6 0 0  ( O D6 0 0 ) ≈1. 8) , or b y 

gr o wt h i n mi cr o a er o bi c c o n diti o ns, w h er e b a ct eri a w er e i n c u b at e d as st ati c c ult ur es f or 1 6– 1 8 h i n L B 

Mill er ( O D 6 0 0  ≈ 1. 0). W h er e a p pli c a bl e, L e n n o x L B w as s u p pl e m e nt e d wit h 3 % (w/ v ) filt er-st erilis e d o x 

bil e ( Si g m a B 3 8 8 3/ M er c k 1 0 3 7 5 6 0 5 0 0) . F or gr o wt h c ur v es, ba ct eri a w er e gr o w n f or 1 6 h b ef or e b ei n g 

s u b-c ult u r e d 1: 5 0, a n d t h e O D6 0 0  w as m o nit or e d e v er y h o ur.  
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T a bl e 2 .1  Str ai n s a n d pl a s mi d s us e d i n t hi s st u d y  

Str ai n s  

N a m e  G e n ot y p e  S o ur c e  

S.
Ty

p
hi

T y 2  

W T  
G. D o u g a n ( W ell c o m e S a n g er
I nstit ut e, U K)

Δ i n v A:: K a nr (J o h ns o n et al. , 2 0 1 7) 

Δ t vi B:: K a nr Fr a n k el Gr o u p ( R. J o h ns o n)  

Δ st o D:: K a nr ( M c D o w ell et al. , 2 0 1 9) 

H 5 8  
E R L 1 2 1 4 8  

G. D o u g a n (W ell c o m e S a n g er
I nstit ut e, U K)

1 2 9 -0 2 3 8
G. D o u g a n (W ell c o m e S a n g er
I nstit ut e, U K)

S.
Pa

ra
ty

p
hi 

A

A T C C 9 1 5 0  

W T  
O h a d G al -M or  ( T el A vi v U ni v ersit y, 
Isr a el) 

Δ f e p E:: K a nr T his st u d y  

Δ i n v A:: K a nr Fr a n k el Gr o u p ( R. J o h ns o n)  

Δ a c e A :: K a nr T his st u d y  

Δ a c e B :: K a nr T hi s st u d y  

Δ a c e B A :: K a nr T his st u d y  

S.
 

Ty
p
hi

m
ur
i
u

m 

A T C C 1 4 0 2 8  

W T  A T C C  

Δ pr g H :: T n 5 (J o h ns o n et al. , 2 0 1 7) 

Δ pr g H Δ ss a V::K a n r S o p hi e H el ai n e, I m p eri al C oll e g e  

Δ f e p E:: K a nr T his st u d y  

Pl a s mi d s  

N a m e  C o m m e nt s / S el e cti o n  S o ur c e  

p
WS

K
29

-S
pe

c 

E m pt y v e ct or  
( E V) 

S p e c r (J o h ns o n et al. , 2 0 1 7) 

p W S K 2 9 -hil A  
9 1 5 0 hil A  g e n e, T 3 pr o m ot er  

S p e c r 
T his st u d y  

p W S K 2 9 -f e p E 
9 1 5 0 f e p E g e n e, T 3 pr o m ot er  

S p e c r 
T his st u d y  

p W S K 2 9 -
s o p D -T E M -1  

S p e c r T his st u d y  

p W S K 2 9 -st o D -
T E M -1  

S p e c r T his st u d y  

p W S K 2 9 -T E M -
1 E V  

S p e c r T his st u d y  

p K D 4  
K a n r c ass ett e -e x pr essi n g 

pl as mi d, us e d as t e m pl at e  ( D ats e n k o & W a n n er, 2 0 0 0) 

p K D 4 6  

E x pr essi n g λ -r e d 
r e c o m bi n as e u n d er t h e 

ar a bi n o s e -i n d u ci bl e ar a B A D  
pr o m ot er w hi c h is 

t e m p er at ur e-s e nsiti v e, A m p r 

( D ats e n k o & W a n n er, 2 0 0 0) 
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2. 1. 2  B a ct eri al st r ai n s a n d m ut a g e n e si s  

S al m o n ell a  d el eti o n m ut a nts w er e g e n er at e d usi n g t h e λ -r e d r e c o m bi n as e s y st e m as pr e vi o usl y 

d es cri b e d ( D ats e n k o & W a n n er, 2 0 0 0). Bri efl y, t h e k a n a m y ci n r esist a n c e ( Ka n r)-e n c o di n g c ass ett e w as 

a m plifi e d fr o m p K D 4 pl as mi d  usi n g pri m ers ( T a bl e 2. 3 ) c o m pl e m e nt ar y t o t h e Ka n r c ass ett e -r egi o n 

wit h a p pr o xi m at el y 5 0 b as e -p air  o v er h a n g r e gi o ns c o m pl e m e nt ar y t o t h e u pstr e a m or d o w nstr e a m 

T a bl e 2 .2  S.  T y p hi a n d S.  P ar at y p hi A cli ni c al i s ol at e str ai n s fr o m N e p al . 

Str ai n s w er e ki n dl y pr o vi d e d b y Pr of St e p h e n B a k er d uri n g w or k i n O U C R U, Vi et n a m. All str ai n s w er e is ol at e d 
fr o m p ati e nts wit h a c ut e t y p h oi d i n N e p al i n t h e st at e d y e ar ( D ol e c e k et al. , 2 0 0 8; Arj y al et al. , 2 0 1 6). S.  T y p hi 
is ol at es w er e t est e d f or Vi a n d O 9, a n d S.  P ar at y p hi A f or O 2 b y sli d e a g gl uti n ati o n ( S e e S e cti o n 2. 1. 3 ). 

S er o v ar  G e n ot y p e / Li n e a g e  I D / N a m e I s ol ati o n D at e, A g e, S e x A g gl uti n ati o n t e st  

S. T y p hi

G e n ot y p e 4. 3. 1 
( H 5 8) 

0 1 T Y 0 5 2  2 0 0 8, 4, M  Vi +, O 9 +  

0 1 T Y 0 6 1  2 0 0 8, 1 6, M  Vi +, O 9 +  

0 1 T Y 0 6 5  2 0 0 8, 2 3, F  Vi +, O 9 +  

0 1 T Y 0 6 6  2 0 0 8, 1 1, F  Vi +, O 9 +  

0 1 T Y 0 6 9  2 0 0 8, 2 4, M  Vi +, O 9 +  

0 1 T Y 0 7 3  2 0 0 8, 2 4, F  Vi +, O 9 +  

0 1 T Y 0 7 7  2 0 0 8, 6, F  Vi +, O 9 +  

0 1 T Y 0 8 3  2 0 0 9, 6, F  Vi +, O 9 +  

0 1 T Y 0 8 8  2 0 0 9, 1 9, M  Vi +, O 9 +  

0 1 T Y 0 9 5  2 0 0 9, 1 6, M  Vi +, O 9 +  

0 1 T Y 0 9 6  2 0 0 9, 1 5, M  Vi +, O 9 +  

0 1 T Y 1 0 2  2 0 0 9, 1 8, M  Vi +, O 9 +  

0 1 T Y 3 0 1  2 0 1 0, 1 6, M  Vi +, O 9 +  

0 1 T Y 4 2 6  2 0 1 0, 1 7, M  Vi +, O 9 +  

0 1 T Y 4 3 3  2 0 1 0, 1 9, M  Vi +, O 9 +  

0 1 T Y 4 4 1  2 0 1 0, 2 8, M  Vi +, O 9 +  

0 1 T Y 4 8 1  2 0 1 0, 1 7, M  Vi +, O 9 +  

G e n ot y p e 3. 3  

0 1 T Y 0 8 6  2 0 0 9, 1 3, M  Vi +, O 9 +  

0 1 T Y 1 5 1  2 0 0 9, 6, F  Vi +, O 9 +  

0 1 T Y 1 5 4  2 0 0 9, 1 7, F  Vi +, O 9 +  

0 1 T Y 2 5 7  2 0 0 9, 1 9, M  Vi +, O 9 +  

S. P ar at y p hi A
Li n e a g e A  

0 2 T Y 1 2 9  2 0 1 3, 6, M  O 2 +  

0 2 T Y 2 2 1  2 0 1 4, 2 4, M  O 2 +  

0 2 T Y 2 2 4  2 0 1 4, 2 7, M  O 2 +  

E D 2 9 3  2 0 0 6, 2 4, M  O 2 +  

Li n e a g e C  E D 1 9 9  2 0 0 6, 3 5, F  O 2 +  
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r e gi o ns of t h e g e n e of i nt er est.  P C R pr o d u cts w er e D p nI -di g est e d a n d p urifi e d.  S al m o n ell a  c arr yi n g 

p K D 4 6 w as gr o w n at 3 0 ° C t o s at ur ati o n b ef or e s u b-c ult uri n g  t o mi d-l o g p h as e ( O D6 0 0  ≈ 0. 4 -0. 6) a n d λ -

r e d r e c o m bi n as e w as i n d u c e d wit h t h e a d diti o n of 1 0 m M ar a bi n o s e f or 3 0 mi n pri or t o w as hi n g t hr e e 

ti m es wit h i c e-c ol d 1 5 % v/ v gl y c er ol. S al m o n ell a  w as tr a nsf or m e d wit h 1 µ g K a n r-g e n e fl a n ki n g 

pr o d u cts b y el e ctr o p or ati o n ( 2. 5 k V, 2 0 0 Ω, 2 5 µ F). Tr a nsf or m a nts w er e r e c o v er e d i n 1 m L S O C m e di a 

a n d i n c u b at e d at 3 0 ° C f or at l e ast 1 h. K a n r-o nl y m ut a nts w er e s el e ct e d  b y gr o wt h o n k a n a m y ci n -

c o nt ai ni n g a g ar pl at es a n d s cr e e n e d b y s e q u e n ci n g usi n g U p/ D o w n pri m ers ( T a bl e 2 .3 ). P ositi v e cl o n es 

w er e c ur e d of p K D 4 6 b y 1 6 h gr o wt h at 4 2 ° C a n d l oss of t h e pl as mi d w as c o nfir m e d b y s el e cti o n of 

K a n -r esist a nt, A m p-s e nsiti v e cl o n es. G e n e d el eti o ns w er e c o nfir m e d b y  s e q u e n ci n g  ( G A T C/ E ur ofi ns) 

usi n g U p/ D o w n pri m ers (T a bl e 2. 3 ).  

T h e hil A  o v er e x pr essi o n a n d f e p E c o m pl e m e nt ati o n pl as mi ds  w er e c o nstr u ct e d b y Gi bs o n 

ass e m bl y ( N E B) f oll o wi n g t h e m a n uf a ct ur er’s i nstr u cti o ns. T h e T E M -1 pl as mi ds w er e g e n er at e d b y first 

c o nstr u cti n g a p W S K 2 9 -S p e c pl as mi d c o nt ai ni n g t h e T E M -1 β -l a ct a m as e b y Gi bs o n ass e m bl y ( N E B) 

a c c or di n g t o t h e m a n uf a ct ur er’s i n str u cti o ns a n d usi n g pri m ers list e d i n T a bl e 2 .3 . T h e i n di c at e d S.  

T y p hi T y 2 g e n es w er e cl o n e d as a C -t er mi n al f usi o n t o T E M-1 ( T a bl e 2 .3 ) i nt o p W S K 2 9-S p e c -T E M -1. 

Pl as mi d i ns ert s w er e a m plifi e d wit h Q 5 p ol y m er as e ( T a bl e 2 .3 ) a n d c o nfir m e d b y s e q u e n ci n g usi n g 

st a n d ar d M 1 3 pri m ers . T o tr a nsf or m pl as mi ds i nt o S al m o n ell a , t h e i n di c at e d b a ct eri al str ai ns w er e 

gr o w n o v er ni g ht a n d s u b -c ult ur e d t o mi d -l o g p h as e. B a ct eri a w er e w as h e d t w o ti m es wit h i c e c ol d 

1 5 % gl y c er ol a n d tr a nsf or m e d wit h 1 0 0 n g of pl as mi d b y el e ctr o p or ati o n. B a ct eri a w er e r e c o v er e d f or 

1 h at 3 7 ° C a n d tr a nsf or m a nts w er e s el e ct e d b y gr o wt h o n a nti bi oti c a g ar pl at e s.  

2. 1. 3  Sli d e a g gl uti n ati o n t e st  

Cli ni c al is ol at e str ai ns w er e t e st e d f or t h e pr es e n c e of Vi a n d O 9 a nti g e n f or S. T y p hi, a n d O 2 a nti g e n 

f or S. P a r at y p hi A b y sli d e a g gl uti n ati o n as f oll o ws. A dr o p of 0. 9 % N a Cl s ol uti o n o n a gl a ss sli d e w as 

mi x e d wit h 3 -4  c ol o ni es of b a ct eri a . 2 -3 dr o ps o f Vi, O 9, or O 2 r a b bit a ntis er a ( R e m el) w as mi x e d wit h 

e a c h b a ct eri a -c o nt ai ni n g dr o pl et. T h e dr o pl et s w er e vis u all y i ns p e ct e d f o r cl u m p f or m ati o n a n d a 

p o siti v e/ n e g ati v e r e a d o ut w as r e c or d e d . 
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T a bl e 2 .3  Pri m er s u s e d i n t hi s st u d y  

N a m e  S e q u e n c e  

D el eti o n m ut a nts  

9 1 5 0 Δ f e p E F or  T C A T T G G A T A A A G T T T T C A G G T C A T A C G G C A T G C C A T C T C T T A A T G T
A A A A C G T G T A G G C T G G A G C T G C T T C  

T m Δ f e p E F or  T C A T T G G A T A A A T T T T T C A G G T C A T A C G G C A T G C C A T C T C T T A A T G T
A A A A C G T G T A G G C T G G A G C T G C T T C  

9 1 5 0/ T m Δ f e p E R e v  G G A T A T C G C T A T C C G G C T T T T C G G G T A A A T C A G A C T A A C C G T T C A T C
T A C A T A T G A A T A T C C T C C T T A G  

Δ i n v A F or  A C T T A A C A G T G C T C G T T T A C G A C C T G A A T T A C T G A T T C T G G T A C T A A
T G G G T G T A G G C T G G A G C T G C T T C (J o h ns o n et al. , 2 0 1 7) 

Δ i n v A R e v  G C T A T C T G C T A T C T C A C C G A A A G A T A A A A C C T C C A G A T C C G G A A A A C
G A C C C A T A T G A A T A T C C T C C T T A G (J o h ns o n et al. , 2 0 1 7) 

Δ a c e A  F or  C A C C A C A T A A C A A T A T G G A G C A T C T G C A C A T G A A A A C C C G T A C T C A
A C T G T G T A G G C T G G A G C T G C T T C G  

Δ a c e A  R e v  C G G T A A G C G C A G C G C C A C C G G G C A T C A A T C A A A A C T G C G A T T C T T C
G G C A T A T G A A T A T C C T C C T T A G  

Δ a c e B F or  A T C T G G A T C A A C A A C G A G G A G C T G C A T G A T G A A T C C A C A G G C A A C C
A C T G T G T A G G C T G G A G C T G C T T C G  

Δ a c e B  R e v  G T G C A G A T G C T C C A T A T T G T T A T G T G G T G A A T T A A G C C A G T A A G C G
A T A G C C A T A T G A A T A T C C T C C T T A G  

S e q u e n ci n g pri m er s ( g e n e d el eti o n c o nfir m ati o n)  

f e p E U p  A G G C A A G T T T A A T T C C G A A T A T T T A G C  

f e p E D o w n  T A T G G G C T G C G C T G T A T G A T T A T C  

i n v A U p  G T T A C G T A G T A T G A C C G A T A T T G C (J o h ns o n et al. , 2 0 1 7) 

i n v A D o w n  C C T C C A A T T A A T G A A G G A T C G C (J o h ns o n et al. , 2 0 1 7) 

a c e A  U p  C G A T G C C G C A C G T C T G A T G  

a c e A  D o w n  G G T T T G A G C A A T C A G T A A T T C C A G  

a c e B  U p  T G G A A A T T G T T T T T G A T T T T G  

a c e B  D o w n  A C G G G C G G G T G A T G C C T T C  

Gi b s o n a ss e m bl y pri m er s  

hil A  F or  G C T C C A C C G C G G T G G C G G C C A T G C C A C A T T T T A A T C C T G  

hil A  R e v  G G A T C C A C T A G T T C T A G A G C T T A C C G T A A T T T A A T C A A G C G  

p W S K 2 9 -S p e c F or  (hil A  v e ct or ) G C T C T A G A A C T A G T G G A T C  

p W S K 2 9 -S p e c R e v  (hil A  v e ct or ) G G C C G C C A C C G C G G T G G A  

f e p E F or  C T C C A C C G C G A T G C C A T C T C T T A A T G T A A A A C  

f e p E R e v  T A C C G G G C C C T C A G A C T A A C C G T T C A T C  

p W S K 2 9 -S p e c F or ( f e p E v e ct or ) G T T A G T C T G A G G G C C C G G T A C C C A A T T C  

p W S K 2 9 -S p e c R e v  (f e p E v e ct or ) G A G A T G G C A T C G C G G T G G A G C T C C A G C T  

p W S K 2 9 -S p e c E V F or  
( T E M 1 f usi o n v e ct or ) 

G A T A T C A A G C T T A T C G A T A C C G  

p W S K 2 9 -S p e c E V R e v  
( T E M 1 f usi o n v e ct or ) 

A A T T C C T G C A G C C C G G G G G A  

T E M 1 F or  T C C C C C G G G C T G C A G G A A T T C G C A C C C A G A A A C G C T G G T G  

T E M 1 R e v  G T A T C G A T A A G C T T G A T A T C T T A C C A A T G C T T A A T C A G T G A G G C A C C  

R e stri cti o n di g e st pri m er s  

T y 2 s o p D F or ( N otI ) C A T G G C G G C C G C A T G C C A G T C A C T T T A A G C T T C G  

T y 2 s o p D R e v ( E c o RI ) C G G A A T T C C G T G T C A G T A A T A T A T T A C G A C T G  
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st o D F or  ( B a m HI) C G C G G A T C C A G A A G G A G A T A T A C C T A C G T A A T G T T C T T A A C A T T T C C
T A A T G T A G  

st o D R e v  ( E c o RI) C G C G G A T C C A G A A G G A G A T A T A C C T A C G T A A T G T T C T T A A C A T T T C C
T A A T G T A G  

q R T -P C R pri m ers  

fts Z F or  G T A T C A C C G A G C T G T C C A A G (J o h ns o n et al. , 2 0 1 8) 

fts Z R e v  C T G C G A T A C C C T G A A C C G (J o h ns o n et al. , 2 0 1 8)  

hil A  F or  C A T G G C T G G T C A G T T G G A G (J o h ns o n et al. , 2 0 1 8) 

hil A  R E V  C G T A A T T C A T C G C C T A A A C G (J o h ns o n et al. , 2 0 1 8) 

s o p B F O R  G C C T G G A A T T G T A A A A G C G G (J o h ns o n et al. , 2 0 1 8) 

s o p B R E V  T T T T C T G T C C A C C G C T A T C C (J o h ns o n et al. , 2 0 1 8) 

hil D  F or  T G C A C T T A T C C C A A A C G A G C (J o h ns o n et al. , 2 0 1 8) 

hil D  R e v  G G C A G G A A A G T C A G G T G T A T A G (J o h ns o n et al. , 2 0 1 8) 

f a d E F or  T C G T C A C T T C C C G C T T A A C (J o h ns o n et al. , 2 0 1 8) 

f a d E R e v  T C C T A C C G A C A A A C A T T C C A C (J o h ns o n et al. , 2 0 1 8) 

hil C  F or  G T G G G T T T G A T T T C C T T G A G C ( pri m er d esi g n e d b y R. J o h ns o n)  

hil C  R e v  C C A G T T T T C G C T T C A G A C T T G ( pri m er d esi g n e d b y R. J o h ns o n)  

rts A F or  T G T T T A A T C C C T C A C C T G T C C ( pri m er d esi g n e d b y R. J o h ns o n)  

rts A R e v  G A T T T C C T C T G C C A G T T T T G C ( pri m er d esi g n e d b y R. J o h ns o n)  

fli Z F or  G G G A A T A T G T C G T G C G T T T A C ( pri m er d esi g n e d b y R. J o h ns o n)  

fli Z R e v  T C A T C G A G A A A A C C G T C C T G ( pri m er d esi g n e d b y R. J o h ns o n)  

c ysJ  F or  C T G T T G G T G A T A G T G A C G T C C ( pri m er d esi g n e d b y R. J o h ns o n)  

c ysJ  R e v  A T T C A T A A G A G G T G T C G C C G ( pri m er d esi g n e d b y R. J o h ns o n)  

a c e B  F or  T G A A G G C G A A C G T A C A G A A G  

a c e B  R e v  C C T C C A T C A G A C C G T A A A T C G  

a c e A  F or  A G A A A G A G T G G A C A C A A C C G  

a c e A  R e v  G T A A T T T C A C C A C C T C C T C C G  

i cl R F or  C G G G C A G G T T C A G T C T T T A A  

i cl R R e v  G G T G A G T C G T G G A A T T A G G C  

s o d A F or  G T G C T G A A A G G T G A C A A A C T G  

s o d A R e v  T T C A G A T A G T A A G C G T G T T C C C  

fli E F or  G C T G C G C T G G A T C G T A T T A G  

fli E R e v  T C G G C C A T C A C G T C A T T A A G  

si p A F or  A C G T C A G A A A A G G G C A C T A C  

si p A R e v  T T C A C A A T C T C T G C C G T C T G  

f e p E F or  G G G T T G C T T C T G T C C T T T C T G  

f e p E R e v  T T A C C T C C A T A T C C A A C A C G C  

1 6 S F or  T G T A G C G G T G A A A T G C G T A G  ( pri m er d esi g n e d b y R. J o h ns o n) 

1 6 S R e v  C A A G G G C A C A A C C T C C A A G  ( pri m er d esi g n e d b y R. J o h ns o n) 
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2. 2  C ell li n e s a n d c ell c ult ur e  

2. 2. 1  H u m a n c ell li n e s u s e d i n t hi s st u d y  

H u m a n c ell li n es us e d i n t his st u d y ar e list e d i n T a bl e 2. 4 . All c ell li n es w er e m ai nt ai n e d at 3 7 ° C i n 5 %  

( v/ v) C O 2  a n d w er e c o nfir m e d t o b e m y c o pl as m a -n e g ati v e ( M y c o Al ert m y c o pl as m a d et e cti o n kit, 

L o n z a). T h e r etr o vir al -tr a ns d u c e d N AI Pmi R  c ell li n e w as g e n er at e d as pr e vi o usl y d es cri b e d ( El dri d g e et 

al. , 2 0 1 7) b y P . G o d d ar d, a n d t h e pl as mi d w as d esi g n e d b y J . S a n c h e z -G a rri d o ( S h e n o y Gr o u p, I m p eri al 

C oll e g e L o n d o n) .  

2. 2. 2  H e L a c ell c ult ur e  

H e L a c ells w er e m ai nt ai n e d i n D ul b e c c o’s m o difi e d E a gl e m e di u m ( D M E M ) wit h 4 5 0 0 m g/L  gl u c o s e 

(Si g m a ), 1 0 % ( v/ v) h e at -i n a cti v at e d f o et al b o vi n e s er u m ( F B S; Gi b c o) a n d 1 % ( v/ v) Gl ut a M A X 

( T h er m o Fis h er S ci e ntifi c). F or h ar v esti n g, m e di a w er e r e m o v e d, c ells w er e w as h e d o n c e wit h 

D ul b e c c o’s P h o s p h at e B uff er S ali n e ( D P B S , Si g m a) a n d tr e at e d wit h 0. 2 %  E D T A ( Si g m a) s u p pl e m e nt e d 

wit h 2 %  Tr y psi n ( Si g m a ) f or 5 mi n at 3 7 ° C/ 5 % ( v/ v) C O 2 . FB S -c o nt ai ni n g m e di a w as a d d e d t o i n a cti v at e 

tr y psi n a n d c ells w er e h ar v est e d  b y c e ntrif u g ati o n at 1, 2 0 0 r p m. C ells w er e s e e d e d at 7 × 1 0 4  c ells/ w ell 

i n 2 4-w ell pl at es f or i n v asi o n a ss a ys or 3. 5 x 1 0 4  c ells/ w ell  i n bl a c k w all/ cl e ar b ott o m 9 6-w ell pl at es f or 

tr a nsl o c ati o n ass a y s 2 4 h pri or t o  i nf e cti o n.  

 

T a bl e 2 .4  C ell li n e s u s e d i n t hi s st u d y .  

C ell li n e  G e n ot y p e  S el e cti o n  S o ur c e  

H e L a 
A T C C  

W T  N/ A  A T C C  

T H P -1  W T  N/ A  J o h n M a c Mi c ki n g l a b or at or y ( Y al e 
S c h o ol of M e di ci n e)  ( S h e n o y et al. , 
2 0 1 2)   

T H P -1 
G S D M D mi R  

p M X -C M V -Y F P -G S D M D mi R  5’ -
T A C A C A T T C A T T G A G G T G C T G G -3’  

P ur o m y ci n  ( El dri d g e et al., 2 0 1 7) 

T H P -1 
A S C mi R  

p M X -C M V -Y F P -A S C -mi R 3 0 E 5’ -
C A G C T C T T C A G T T T C A C A C C A G -3’  

P ur o m y ci n  ( G o d d ar d et al., 2 0 1 9) 

T H P -1 
C A S P 4 mi R  

p M X -C M V -Y F P -C A S 4 -mi R 3 0 E 5’ -
A T A T C T T G T C A T G G A C A G T C G T -3’   

P ur o m y ci n  ( P all ett et al., 2 0 1 6; G o d d ar d et al., 
2 0 1 9)  

T H P -1 
N AI P mi R  

p M X -C M V -Y F P -N AI P mi R  5’ -

A T T C A C A A A G T T C A C C A C G G C T -3’  

P ur o m y ci n  Oli g o m er d esi g n b y P . G o d d ar d, c ell 
li n e c o nstr u cti o n b y J . S a n c h e z -
G ar ri d o, A. S h e n o y gr o u p  

T H P -1 
C T R L mi R  

p M X -C M V -Y F P -L a c Z mi R  5’ -

T C A C G A C G T T G T A A T A C G A C G T -3’  

P ur o m y ci n  ( El dri d g e et al., 2 0 1 7) 

T H P -1 
A S C m R F P  

p M X -A S C -m R F P  P ur o m y ci n  ( G o d d ar d et al., 2 0 1 9) 
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2. 2. 3  T H P -1 c ell c ult ur e  

T H P -1  c ells w er e r o uti n el y c ult ur e d i n s us p e nsi o n i n R P MI -1 6 4 0 ( Si g m a) s u p pl e m e nt e d wit h 1 0 % ( v/ v) 

h e at -i n a cti v at e d F B S, 1 m M S o di u m P yr u v at e ( Si g m a), 1 0 m M H E P E S s ol uti o n ( Si g m a) a n d 1 0 0 U / 1 0 0 

μ g/ m L p e ni cilli n/ str e pt o m y ci n ( Si g m a). R etr o vir al pl as mi d tr a ns d u c e d c ell li n es ( mi R) w er e m ai nt ai n e d 

wit h 2 µ g/ m L P ur o m y ci n ( Si g m a).  

C ells w er e s e e d e d at 1. 5 × 1 0 5  c ells/ w ell i n 9 6 -w ell bl a c k -w all cl e ar -b ott o m pl at es f or c ell d e at h 

ass a ys a n d C F U ass a y s, at 4 . 5 × 1 0 5  c ells/ w ell i n 4 8 -w ell pl at es f or w est er n bl otti n g, or  at 5 × 1 0 5  

c ells/ w ell o n gl ass c o v ersli ps i n 2 4 -w ell pl at es f or i m m u n ofl u or es c e n c e. F or all ass a y s, T H P -1  c ells w er e 

s e e d e d 3 d a y s pri or t o i nf e cti o n a n d diff er e nti at e d  t o m a cr o p h a g e-li k e c ells wit h 1 0 0 n g/ m L p h or b ol 

1 2 -m yrist at e 1 3 -a c et at e ( P M A; Si g m a ) for 4 8 h. 2 4 h b ef or e i nf e cti o n P M A w as wit h dr a w n a n d 

a nti bi oti c -c o nt ai ni n g m e di a w as r e pl a c e d wit h a nti bi oti c -fr e e m e di a. F or c ell d e at h ass a ys, c ell 

tr e at m e nts a n d i nf e cti o ns w er e c arri e d o ut s p e cifi c all y i n c o m pl et e R P MI m e di a l a c ki n g p h e n ol r e d 

( Gi b c o) t o pr e v e nt i nt erf er e n c e of t h e d y e wit h pr o pi di u m i o di d e ( PI). 

2. 2. 4  I s ol ati o n of pri m ar y h u m a n m o n o c yt e-d eri v e d m a cr o p h a g e s ( M D M s)  

Pri m ar y M D Ms w er e pr e p ar e d as pr e vi o usl y d es cri b e d  b y C D 1 4 +  e nri c h m e nt b y M A C S ( M a g n eti c -

a cti v at e d c ell s orti n g, Milt e n yi Bi ot e c)  ( G o d d ar d et al., 2 0 1 9). Bri efl y, l e u k o c yt e c o n es w er e o bt ai n e d 

eit h er fr o m t h e N H S bl o o d a n d tr a nsf usi o n s er vi c e or fr o m a n o n y m o us h e alt h y d o n o rs. B uff y c o ats 

c o nt ai ni n g w hit e bl o o d c ells w er e pr e p ar e d b y dil uti n g bl o o d fr o m e a c h  d o n or i n P B S a n d usi n g 5 0 m L 

L e u c o S e p t u b es ( Gr ei n er Bi o -o n e) a n d c e ntrif u g ati o n at 1 0 0 0 × g f or 2 0 mi n at R T  ( n o br e a ks, t o pr e v e nt 

dist ur b a n c e of bl o o d l a y ers) . F oll o w i n g t hr e e w as h es wit h 2 0 m L of pr e-w ar m e d R P MI a n d t w o w as h es 

wit h 2 0 m L of M A C S b uff er ( 5 0 m g/ m L B S A, 2 m M E D T A i n P B S), C D 1 4 +  c ells w er e is ol at e d usi n g 

bi oti n yl at e d a nti -C D 1 4 +  a nti b o d y a n d a nti -bi oti n mi cr o b e a ds f oll o wi n g t h e m a n uf a ct ur er’s g ui d eli n es 

( Milt e n yi Bi ot e c). C D 1 4+  c ells w er e c o nfir m e d b y fl o w c yt o m etr y ( 8 5 -9 5 %; p erf or m e d b y J . S a n c h e z -

G arri d o) a n d w er e s e e d e d a n d c ult ur e d f or 7 -8 d a y s i n R P MI s u p pl e m e nt e d wit h 2 0 n g/ m L h u m a n 

m a cr o p h a g e c ol o n y -sti m ul ati n g f a ct or ( M C S F) t o pr o m ot e diff er e nti ati o n t o m a cr o p h a g es. M e di a w as 

r e pl e nis h e d e v er y 3 d a ys. M C S F a n d a nti bi oti cs w er e r e m o v e d 2 4 h pri or t o i nf e cti o n.  

2. 3  T H P -1 a n d M D M c ell t r e at m e nt s 

T H P -1  or M D M  c ells w er e i n c u b at e d wit h c h e mi c al i n hi bit ors 1 h pri or t o i nf e cti o n or tr e at m e nt at t h e 

f oll o wi ng c o n c e ntr ati o ns: Z -V A D -F M K  ( R & D S y st e ms, F M K 0 0 1) at 5 0 µ M, Z -Y V A D -F M K ( R & D S yst e m s, 

F M K 0 0 5) at 5 0 µ M, Z -I E T D-F M K  ( R & D S yst e m s, F M K 0 0 7) at 5 0 µ M, a n d M C C 9 5 0 ( T o cris Bi o s ci e n c e, 

5 4 7 9) at 2 µ M  f or T H P-1 c ells or 5 µ M f or M D Ms .  
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F or L P S pl us ni g eri ci n c o ntr ol s ( L P S / Ni g), T H P -1 c ells w er e pri m e d wit h 2 5 0 n g/ m L Ultr a -p ur e 

E. c oli  O 1 1 1: B 4 L P S -E B (I n vi v o g e n, tlrl -3 p el ps) f or 3 h pri or t o tr e at m e nt wit h 2 5 µ M ni g eri ci n ( Si g m a ) 

f or 1 h. W h e n r e q uir e d, c as p as e-4 a cti v ati o n w as i n d u c e d i n u n pri m e d c ells b y tr a nsf e cti n g L P S ( 5 

µ g/ m L) wit h Li p of e ct a mi n e 2 0 0 0 tr a nsf e cti o n r e a g e nt [1 % (v/ v )] ( Lif e T e c h n ol o gi es). C as p as e -8 

a cti v ati o n w as i n d u c e d b y tr e ati n g u n pri m e d c ells wit h 2 µ M st a ur o s p ori n e f or 5 h ( Si g m a).  

F or s m all i nt erf eri n g R N A (si R N A) -m e di at e d tr a nsi e nt k n o c k d o w n of C A S P 4, N AI P, a n d G S D M D 

i n M D M c ells, O N-t ar g et Pl us S M A R T p o ol ( D h ar m a c o n) w as us e d wit h si R N As list e d i n T a bl e 2 .5 , 7 2 h 

p o st s e e di n g. Tr a nsf e cti o n w as p erf or m e d wit h t h e Tr a nsit -X 2 Tr a nsf e cti o n R e a g e nt ( Mir us) a c c or di n g 

t o m a n uf a ct ur er’s g ui d eli n es at a fi n al si R N A c o n c e ntr ati o n of 3 0 n M. C ells w er e i n c u b at e d f or 5 -6 h 

p o st tr a nsf e cti o n a n d m e di a w as s u p pl e m e nt e d wit h M C S F as d es cri b e d a b o v e.  

T a bl e 2 .5  S M A R T P o ol si R N A s e q u e n c e s  

si R N A s e q u e n c e  C at. N o  S o ur c e  

si R N A O N -T A R G E T pl us n o n -t ar g eti n g  

- U G G U U U A C A U G U C G A C U A A -  
- U G G U U U A C A U G U U G U G U G A  -  
- U G G U U U A C A U G U U U U C U G A  -  
- U G G U U U A C A U G U U U U C C U A - 

D h ar m a c o n , D -0 0 1 8 1 0 -1 0  

D -0 0 1 8 1 0 -0 1  
D -0 0 1 8 1 0 -0 2  
D -0 0 1 8 1 0 -0 3  
D -0 0 1 8 1 0 -0 4  

( G o d d ar d et al. , 2 0 1 9) 

si R N A C A S P 4  

- G G A C U A U A G U G U A G A U G U A -  
- C A A C G U A U G G C A G G A C A A A - 
- G A A C U G U G C A U G A U G A G A A -  
- U A A C A U A G A C C A A A U A U C C - 

D h ar m a c o n , L -0 0 4 4 0 4 -0 0  

L -0 0 4 4 0 4 -0 5  
L -0 0 4 4 0 4 -0 6  
L -0 0 4 4 0 4 -0 7  
L -0 0 4 4 0 4 -0 8  

( G o d d ar d et al. , 2 0 1 9) 

si R N A N AI P  

- G C A U C G A A C U C C A U U U A A A  - 
- G A A C A U U A U C C A G C A G U U A  - 
- G A G C G A A A U U U A G C U G A A A  - 
- G U A C A A G A U U C C C U G U C U A  - 

D h ar m a c o n , L -0 0 4 3 8 9 -0 0  

J-0 0 4 3 8 9 -0 6  
J-0 0 4 3 8 9 -0 7  
J-0 0 4 3 8 9 -0 8  
J-0 0 4 3 8 9 -0 9  

A. S h e n o y  

si R N A G S D M D  

- C C A C G U G C U U G C A G G G U G A - 
- G U C C U U C U C U U C C C G G A U A - 
- G C A C C U C A A U G A A U G U G U A - 
- G G A A C U C G C U A U C C C U G U U - 

D h ar m a c o n , J-0 1 6 2 0 7 -0 0  

J-0 1 6 2 0 7 -0 5  
J-0 1 6 2 0 7 -0 6  
J-0 1 6 2 0 7 -0 7  
J-0 1 6 2 0 7 -0 8  

Q. Z h o n g, Fr a n k el Gr o u p  

 

2. 4  C ell i nf e cti o n s  

F or T H P -1 i nf e cti o ns a n d i nf e cti o ns wit h bil e -gr o w n b a ct eri a, b a ct eri al c ult ur es w er e w as h e d t wi c e i n 

P B S a n d dil ut e d t o a c hi e v e t h e a p pr o pri at e  m ulti pli cit y of i nf e cti o n ( M OI ). C F U s w er e c o nfir m e d b y 

r etr os p e cti v e pl ati n g. F oll o wi n g i nf e cti o n, c ells w er e c e ntrif u g e d at 6 0 0 ×  g  f or 1 0 mi n i n or d er t o 

s y n c hr o nis e t h e i nf e cti o n.  
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2. 4. 1  H e L a i n v a si o n a n d H e L a r e pli c ati o n a s s a y s  

All H e L a i nf e cti o ns w er e p erf or m e d at a n M OI of 1 0 0 f or all S al m o n ell a  s er o v ars. F oll o wi n g i nf e cti o n, 

i n v asi o n w as all o w e d f or 3 0 mi n at 3 7 ° C/ 5 % ( v/ v) C O 2 . C ells w er e w as h e d t wi c e wit h D P B S a n d m e di a 

s u p pl e m e nt e d wit h 1 0 0 µ g/ m L g e nt a mi ci n ( Si g m a) w as a d d e d t o t h e c ells f or 2 h p o st i nf e cti o n. F or 

l o n g er i nf e cti o n ti m e p oi nts, g e nt a mi ci n w as r e d u c e d t o 2 0 µ g/ m L . C ells w er e h ar v est e d f oll o wi n g 

w as hi n g t wi c e wit h D P B S a n d i n c u b ati n g i n i c e c ol d D P B S s u p pl e m e nt e d wit h 0. 1 % Trit o n X 1 0 0 f or 5 

mi n at R T. C ell l y s at es w er e mi x e d a n d s eri all y dil ut e d b ef or e pl at i n g i n tri pli c at e o n L B a g ar pl at e s f or 

C F U e n u m er ati o n.  

2. 4. 2  T H P -1 g e nt a mi ci n pr ot e cti o n a n d c hl or o q ui n e r e si st a n c e a s s a y s  

F or g e nt a mi ci n pr ot e cti o n ass a ys, T H P -1  or M D M  c ells w e r e tr e at e d wit h Z -V A D -F M K  pri or t o i nf e cti o n 

i n or d er t o pr e v e nt l oss of i nt er n alis e d b a ct eri a d u e t o c ell d e at h. C ells w er e i nf e ct e d a n d at 3 0 mi n of 

b a ct eri al u pt a k e b y T H P -1  c ells, c ells w er e w as h e d o n c e wit h D P B S a n d m e di a s u p pl e m e nt e d wit h 1 0 0 

μ g/ m L g e nt a mi ci n w as a d d e d. At 1. 5 h p o st i nf e cti o n, c ells w er e w as h e d t wi c e wit h P B S, l ys e d i n 0. 5 % 

Trit o n X -1 0 0 f or 5 mi n at r o o m t e m p er at ur e a n d s eri all y dil ut e d i n st eril e P B S. Dil uti o ns w er e pl at e d i n 

tri pli c at e o nt o L B a g ar pl at es a n d C F Us w er e e n u m er at e d. T o d et er mi n e  t h e p er c e nt a g e of c yt os oli c 

b a ct eri a, G S D M D mi R  T H P -1 c ells w er e  us e d  i n or d er t o mi ni mis e c ell d e at h. At 3 0 mi n p ost i nf e cti o n 

g e nt a mi ci n ( 1 0 0 µ g/ m L) w as a d d e d. F or t h e 1. 5 h p ost i nf e cti o n ti m e p oi nt, c hl or o q ui n e ( 2 0 0 µ g/ m L; 

Si g m a) w as a d diti o n all y a d d e d t o t h e c ells f or 1 h ( G o d d ar d et al. , 2 0 1 9), b ef or e l ysi n g a n d pl ati n g 

C F Us . F or t h e 3 h p o st i nf e cti o n ti m e p oi nt, g e nt a mi ci n w as r e d u c e d t o 2 0 µ g/ m L a n d c hl or o q ui n e ( 2 0 0 

µ g/ m L) w as a d d e d at 2 h p ost i nf e cti o n a n d l eft f or 1 h t o e ns ur e killi n g of v a c u ol ar b a ct eri a. C ells w er e 

l ys e d a n d C F Us w er e d et er mi n e d as a b o v e.  

2. 4. 3  PI u pt a k e -b a s e d c ell d e at h a s s a y  

Pri or t o i nf e cti o n, c ell m e di a w a s r e pl a c e d wit h f ull m e di a s u p pl e m e nt e d wit h 5 µ M PI ( Si g m a ). C ells 

w er e i nf e ct e d as d es cri b e d a n d PI u pt a k e w as m o nit or e d o n e a F L U Ost ar O m e g a pl at e r e a d er ( B M G 

L a bt e c h) wit h  5 3 0 n m e missi o n /  6 2 0 n m e x cit ati o n filt ers. G e nt a mi ci n w as a d d e d 3 0 mi n p o st i nf e cti o n 

t o all w ells at a fi n al c o n c e ntr ati o n of 2 0 0 μ g/ m L. F or 1 0 0 % c ell d e at h c o ntr ol c ells, c ell s w er e tr e at e d 

wit h 0. 0 5 % Trit o n X 1 0 0 ( d efi n e d as m a xi m al  c ell l y sis). U nl ess ot h er wis e st at e d, e x p eri m e nt al v al u es 

of PI u pt a k e w er e bl a n k e d wit h u ni nf e ct e d c ell v al u es . C ell d e at h w as c al c ul at e d as t h e p er c e nt a g e of 

t h e a v er a g e v al u e of m a xi mal  c ell l ysis.  

2. 4. 4  I m m u n ofl u or e s c e n c e 

F or mi ni misi n g c ell d e at h, s e e d e d c ells w er e tr e at e d wit h Z -V A D -F M K  pri or t o i nf e cti o n. C ells w er e 

i nf e ct e d a n d tr e at e d wit h g e nt a mi ci n as a b o v e. At t h e d esir e d ti m e p oi nts,  c ells w er e w as h e d t hr e e 

ti m es wit h P B S. F or i nsi d e/ o utsi d e st ai ni n g c ells w er e tr a nsf err e d t o i c e a n d s at ur at e d wit h 2 % B o vi n e 



MATERIALS & METHODS  

75 

Serum Albumin (BSA; Si gma) for 5 min, before adding anti -CSA antibody ( 1:200; Insight Biotechnology ) 

for 35 -45 min . All proceeding steps were carried out  at room temperature  (RT). Cells were washed 

with PBS and the secondary antibody (1:200 donkey anti -goat immunoglobulin -Cy2; Jackson 

ImmunoResearch) was added in 2% BSA for 30 min, before washing with PBS and fixing with 4% 

Paraformaldehyde (PFA, ThermoFisher Scientific) in PBS for 20 min . PFA was removed  and cells w ere 

washed three times with PBS  before quenching amines with 50  mM NH 4Cl for 10  min. Cells were 

permeabilised with 0.2% Triton X -100 (Sigma) for 4 min. Coverslips were blocked in BSA  (Sigma) for 5 

min before staining bacteria with primary antibody in 2% BSA for 45 min. Cells were washed and 

blocked once more, before a dding secondary antibody, Hoechst (1:1,000), and phalloidin -tetramethyl 

rhodamine isocyanate (1:100; Invitrogen) for 30 min. For total staining, coverslips were fixed in PFA at 

the desired time points and stained as  above. All fluorescence antibodies are l isted in Table 2.6. 

Coverslips were washed in PBS before mounting with ProLong Gold antifade reagent ( ThermoFisher 

Scientific) on microscopic slides and visualized using a Zeiss Axio Observer Z1 microscope at 40 x or 63 x 

magnification at consistent exposure times . Images were processed using the associated Carl Zeiss Zen 

Blue software.  

Table 2.6 Fluorescence antibodies used in this study  

Antibody Source Identifier 

Goat anti -CSA-1 Insight Biotechnology  01-91-99 

Phalloidin Alexa647  Startech 23127-AAT 

Hoechst 33258  Sigma-Aldrich 94403 

Donkey anti -goat 
immunoglobulin-Cy2 

Jackson ImmunoResearch  705-225-147,
RRID: AB_2307341

2.4.5 Enzyme linked immunosorbent assay (ELISA) 

Cells were infected as for PI uptake assays and supernatants were collected at 3 h post infection.  IL-1β 

or TNF was measured using the huma n TNF -α ELISA kit  or the human IL -1beta ELISA kit  (ThermoFischer 

Scientific) following the manufacturer’s guidelines. Absorbance was measured using a FLUOstar 

Omega plate reader (BMG Labtech) at 450 nm, and absorbance at 540 nm was subtracted for well 

correction.  

2.4.6 Sample preparation for SDS-PAGE and immunoblotting 

30 min prior to treatment/infection THP -1 cells were washed three times  with non -supplemented 

RMPI, and media was replaced with serum -free OptiMEM supplemented with 1 mM sodium pyruvate, 

in which subsequent procedures were completed. For detection of secreted proteins, supernatants 

were collected and proteins were precipitate d in acetone [1:5 (v/v)] at -20 °C overnight, followed by 

centrifugation at 15,000  × g for 15  min. Pellets were air -dried and re -suspended in 2X SDS loading 
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b uff er ( 4 % S D S, 2 0 % Gl y c er ol, 1 2 0 m M Tris p H 6. 8, br o m o p h e n ol bl u e). C ell l ys at es w er e pr e p ar e d i n 

i c e-c ol d RI P A b uff er ( 6 0 m M Tris p H 8. 0, 1 5 0 m M N a Cl, 1 % N P -4 0, 0. 5 % s o di u m -d e o x y c h ol at e, 1 m M 

E D T A, 5 % β -m er c a pt o et h a n ol; Si g m a) s u p pl e m e nt e d wit h Pr ot e as e i n hi bit or ( Pi er c e pr ot e as e i n hi bit or 

mi ni t a bl ets, E D T A -fr e e, T h er m o S ci e ntifi c), a n d 1 m M p h e n yl m eth yls ulf o n yl fl u ori d e ( P M S F) a n d 

r es us p e n d e d i n 1 X  S D S l o a di n g b uff er . S u p er n at a nt a n d l ys at e s a m pl es w er e v ort e x e d a n d b oil e d f or 

1 0 -1 5 mi n a n d c e ntrif u g e d. Pr ot ei ns w er e s e p ar at e d b y S D S p ol y a cr yl a mi d e g el el e ctr o p h or esis ( S D S -

P A G E) a n d tr a nsf err e d o nt o 0 . 2 µ m P V D F m e m br a n es ( G E H e alt h c ar e) b y s e mi-dr y tr a nsf er ( Bi o R a d 

Tr a ns Bl ot) at 2 5 V f or 3 0 mi n. M e m br a n es w er e bl o c k e d i n 1 0 % mil k  i n P B S-T  b ef or e i n c u b ati o n wit h 

pri m ar y a n d s e c o n d ar y a nti b o di es as list e d i n T a bl e 2. 7 . M e m br a n es w er e i m a g e d usi n g E C L Pri m e 

w e st er n bl otti n g d et e cti o n r e a g e nt ( G E H e alt h c ar e ) wit h a Bi o R a d C h e mi D o c X R S +.  

2. 5  B a ct eri al pr ot ei n e x pr e s si o n a n al y si s  

B a ct eri a w er e gr o w n u n d er d esir e d c o n diti o ns i n li q ui d c ult ur e a n d t h e O D 6 0 0  w as r e c or d e d. 1 m L of 

c ult ur e w as c oll e ct e d b y c e ntrif u g ati o n a n d r e -s us p e n d e d i n a p pr o pri at e a m o u nt of 2 X  S D S l o a di n g 

b uff er ( 1 M Tris p H 6. 8, 2 % S D S, 2 0 % gl y c er ol, 5 % β -m er c a pt o et h a n ol, br o m o p h e n ol bl u e),  i. e. 1 00  µ L 

p er 1 of O D 6 0 0  u nit . S a m pl es w er e pr o c ess e d, s e p ar at e d b y S D S -P A G E a n d tr a nsf err e d t o P V D F 

m e m br a n e s  as a b o v e, b ef or e m e m br a n es w er e i n c u b at e d i n 5 % mil k f oll o w e d b y pri m ar y a nti b o d y 

(T a bl e 2. 7 ) i n 5 % mil k at 4 ° C o v er ni g ht. M e m br a n es w er e i m a g e d as a b o v e.  

2. 6  T r a n s cri pt o m e  a n al y si s 

2. 6. 1  R N A e xtr a cti o n  

B a ct eri a w er e c ult ur e d o v er ni g ht i n L B or L B s u p pl e m e nt e d wit h 3 % (w/ v ) o x bil e , b ef or e b ei n g dil ut e d 

1: 3 3 a n d gr o w n t o l at e e x p o n e nti al p h as e. A p pr o xi m at el y 6 x  1 0 8 b a ct eri a i n d u pli c at e f or e a c h str ai n 

f or R N As e q w er e tr e at e d wit h R N A pr ot e ct r e a g e nt ( Qi a g e n ) a n d di g est ed wit h 1 5 m g/ m L l ys o z y m e 

( Si g m a) a n d 2 m g/ m L pr ot ei n as e K ( Qi a g e n ) f or 2 0 mi n a c c or di n g t o m a n uf a ct ur er’s i nstr u cti o ns. R N A 

e xtr a cti o n w as p erf or m e d usi n g t h e R N e as y Mi ni Kit ( Qi a g e n) f oll o wi n g t h e m a n uf a ct ur er’s g ui d eli n es.  

2. 6. 2  R N A s e q u e n ci n g ( R N A -S e q) a n d d at a a n al y si s  

At l e ast 4 0 µ g of R N A fr o m e a c h str ai n w as tr e at e d wit h D N as e ( Pr o m e g a) as p er t h e m a n uf a ct ur er’s 

i nstr u cti o ns, e x c e pti n g a l o n g er s a m pl e  i n c u b ati o n at 3 7 ° C f or 1 h, b ef or e a d di n g a n a d diti o n al 1 µl of 

D N as e a n d i n c u b ati n g f or a f urt h er of 1 h. R N asI N ( Pr o m e g a) w a s a d d e d f or t h e d ur ati o n of i n c u b ati o n 

t o m ai nt ai n t h e i nt e grit y of R N A. D u pli c at e s w er e p o ol e d a n d R N A -S e q w as p erf or m e d o v er t hr e e 

bi ol o gi c al r e pli c at e s. D e pl eti o n of r R N A w as p erf or m e d usi n g Ri b o -z er o  (Ill u mi n a) a n d R N A -S e q w as 
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p erf or m e d i n  W el l c o m e S a n g er I nstit ut e b y D . Pi c k ar d.  m R N A li br ari e s w er e m ulti pl e x e d a n d  pr e p ar e d 

f oll o wi n g t h e Ill u mi n a Tr u S e q pr ot o c ol b ef or e s e q u e n ci n g vi a p air e d -e n d m et h o d ol o g y o n t h e Ill u mi n a 

Hi S e q pl atf or m. E a c h l a n e of Ill u mi n a s e q u e n c e w as ass ess e d f or q u alit y o n t h e b asis of  a d a pt er 

c o nt a mi n ati o n, a v er a g e b as e r e a d q u alit y, a n d a n y u n us u al G -C bi as usi n g F ast Q C. Q u alit y c o ntr ol w as 

p erf or m e d f or e a c h of t h e s e q u e n c es (s e ns e a n d a ntis e ns e of e a c h s a m pl e) usi n g t h e i nt er a cti v e 

v ersi o n of F ast Q C ( A n dr e ws, 2 0 1 0), s e e Fi g ur e A p p e n di x .1 . Q u alit y c h e c ks w er e c o n d u ct e d f or a d a pt er 

c o nt a mi n ati o n, a v er a g e b as e r e a d q u alit y, G C distri b uti o n, a n d s e q u e n c e  c o nt e nt. All s e q u e n c es 

p ass e d t h e q u alit y c o ntr ol gi vi n g a m e di a n P hr e d s c or e >  3 2. I n v esti g ati o n of diff er e nti al e x pr essi o n 

w as p erf or m e d usi n g t h e R o c k h o p p er t o ol  ( M c Cl ur e et al. , 2 0 1 3) wit h d ef a ult s etti n gs a n d b y ali g ni n g 

all s e q u e n c es t o  t h e S . P ar at y p hi A A T C C 9 1 5 0 ( N C _ 0 0 6 5 1 1 ) g e n o m e. W h e n i n di c at e d, S . T y p hi T y 2 

s a m pl es w er e ali g n e d t o S . T y p hi T y 2 ( N C _ 0 0 4 6 3 1). T h e e x pr essi o n v al u e i n Bil e of e a c h str ai n w as 

di vi d e d b y t h e e x pr essi o n v al u e i n L B of e a c h str ai n a n d c o n v ert e d t o l o g 2  i n or d er t o gi v e t h e l o g2  f ol d 

c h a n g e  (l o g2 F C) .  

2. 6. 3  R e al Ti m e -q u a ntit ati v e P C R ( R T -q P C R)  

R N A w as e xtr a ct e d fr o m 6 x  1 0 8 b a ct eri a  f or e a c h str ai n as d es cri b e d a b o v e. 2 µ g of R N A w as tr e at e d 

wit h D N as e ( Pr o m e g a) as p er t h e m a n uf a ct ur er’s i nstr u cti o ns, wit h pr ol o n g e d i n c u b ati o n ti m e of 1 h. 

T a bl e 2 .7  W e st er n bl ot a nti b o di e s u s e d i n t hi s st u d y  

A nti b o d y  S o ur c e /I d e ntifi er  

Si p A  R a b bit a nti -Si p A ( S al m o n ell a ) V K or o n a kis L a b  (J o h ns o n et al. , 2 0 1 7) 

Si p C  R a b bit a nti -Si p C ( S al m o n ell a ) V K or o n a kis L a b (J o h ns o n et al. , 2 0 1 7) 

Si p D  R a b bit a nti -Si p D ( S al m o n ell a ) V K or o n a kis L a b (J o h ns o n et al. , 2 0 1 7) 

D n a K  
M o us e a nti -D n a K ( E. c oli) m A b 
( 8 E 2/ 2) 

E n z o, A DI -S P A -8 8 0 -D  
R RI D: A B _ 1 0 6 1 9 0 1 2  

C as p as e -1  
M o us e a nti -C as p as e -1 ( p 2 0) 
( h u m a n) m A b ( B all y-1)  

A di p o G e n, A G -2 0 B -0 0 4 8  
R RI D: A B _ 2 4 9 0 2 5 7  

C as p as e -4  M o us e a nti -h u m a n c as p as e -4 ( 4 B 9)  
S a nt a Cr uz Bi ot e c h n ol o g y, s c -5 6 0 5 6, 
R RI D: A B _ 7 8 1 8 2 8  

I L-1 8  A nti -I L-1 8 ( H u m a n) p A b  
M B L I nt er n ati o n al, P M 0 1 4  
R RI D: A B _ 5 9 2 0 1 7  

N AI P  M o us e a nti -h u m a n N AI P  R & D S y st e m s, M A B 8 2 9  

G S D M D  
M o us e A nti -H u m a n G S D M D C 1 
M o n o cl o n al A nti b o d y, 
U n c o nj u g at e d, Cl o n e 6 4 -Y  

S a nt a Cr uz Bi ot e c h n ol o g y, s c -8 1 8 6 8, 
R RI D: A B _ 2 2 6 3 7 6 8  

G A P D H  R a b bit a nti -G A P D H  A b c a m, a b 9 4 8 5  

A S C  a nti -As c p A b ( A L 1 7 7) a nti b o d y  
A di p o g e n, A G -2 5 B -0 0 0 6, 
R RI D: A B _ 2 4 9 0 4 4 0  

S e c o n d ar y a nti -
m o us e  

P er o xi d as e Affi ni P ur e G o at A nti -
M o us e I g G  

J a c ks o n I m m u n or es e ar c h, 1 1 5-0 3 5 -0 0 8  
R RI D: A B _ 2 3 1 3 5 8 5  

S e c o n d ar y a nti -
r a b bit 

P er o xi d as e Affi ni P ur e G o at A nti -
R a b bit I g G  

J a c ks o n I m m u n or es e ar c h, 1 1 1-0 3 5 -0 0 8  
R RI D: A B _ 2 3 3 7 9 3 7  
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1 7 . 1 2 5 µ L of D N as e-tr e at e d s a m pl e w as i n c u b at e d wit h 2 µ L r a n d o m pri m ers ( Pr o m e g a) at  7 5 ° C f or 5 

mi n t o m elt s e c o n d ar y R N A str u ct ur es a n d i m m e di at el y tr a nsf err e d t o i c e t o pr e v e nt s e c o n d ar y 

str u ct ur e s fr o m r ef or mi n g. R e v ers e tr a ns cri pti o n w as t h e n p erf or m e d wit h  M -M L V r e v ers e 

tr a ns cri pt as e ( Pr o m e g a) a c c or di n g t o  t h e m a n uf a ct ur er’s i nstr u cti o ns, f oll o w e d b y se c o n d str a n d 

s y nt h esis wit h f urt h er i n c u b ati o n at 7 2 ° C f or 1 0 mi n. R T -q P C R w as t h e n p erf or m e d usi n g t h e P o w er U p 

m ast er mi x ( A p pli e d Bi o s yst e ms) o n t h e A p pli e d Bi o s yst e m s St e p O n e Pl us s y st e m usi n g 2 0 n g of c D N A 

a n d f or w ar d a n d r e v ers e pr i m ers (T a bl e 2 .3 ) at a fi n al c o n c e ntr ati o n of 0. 2 µ M. As n e g ati v e c o ntr ols, 

s a m pl es wit h o ut r e v ers e tr a ns cri pti o n w er e us e d. F or bil e st u di es, fts Z w as us e d as t h e r ef er e n c e g e n e 

as it h as b e e n s h o w n n ot t o b e aff e ct e d b y bil e (J o h ns o n et al. , 2 0 1 8). F or f e p E e x pr essi o n c o m p aris o n 

a cr o ss str ai ns, t h e c o ns er v e d 1 6 S  r R N A g e n e w as us e d as t h e h o us e k e e pi n g g e n e. q P C R w as p erf or m e d 

i n d u pli c at e f or at l e ast t hr e e bi ol o gi c al r e p e ats a s i n di c at e d. Pri m ers d esig n e d i n t his st u d y w er e t e st e d 

f or t h eir effi ci e n c y o n a r a n g e of c D N A c o n c e ntr ati o ns a n d d et er mi ni n g t h eir effi ci e n c y usi n g t h e q P C R 

effi ci e n c y c al c ul at or of T h er m o F is h er.  

2. 7  Cr u d e L P S pr e p ar ati o n a n d sil v er st ai ni n g  

1. 5 m L of o v er ni g ht b a ct eri al c ult ur e  w as  c e ntrif u g e d  at 1 0, 0 0 0 × g  a n d r e s us p e n d e d i n 1 0 0 µ L 1 X S D S 

l o a di n g b uff er, b ef or e b oili n g at 1 0 0 ° C f or 5 mi n. Pr ot ei n as e K ( Qi a g e n) w as a d d e d at 1 m g/ m L a n d 

s a m pl es w er e i n c u b at e d  at  6 0 ° C f or 2 h, pri or t o  t h e a d diti o n of 5 % β -m er c a pt o et h a n ol  a n d f urt h er 

i n c u b ati o n f or 5 mi n at 1 0 0 ° C . A cr yl a mi d e g els l o a d e d wit h cr u d e L P S s a m pl es w er e fi x e d i n 1 0 % a c eti c 

a ci d/ 3 0 % et h a n ol o v er ni g ht. G els w er e h a n dl e d at r o o m t e m p er at ur e a n d i n c u b ati o ns w er e p erf or m e d 

wit h sl o w a git ati o n.  G els w er e o xi dis e d i n o xi d ati v e s ol uti o n ( 1 0 % a c eti c a ci d, 3 0 % et h a n ol, 1 % p eri o di c 

a ci d) f or 1 0 mi n a n d w as h e d t hr e e ti m es f or 1 5 mi n i n w at er. G els w er e st ai n e d f or 3 0 mi n i n sil v er 

st ai n s ol uti o n ( 0. 2 m g/ m L sil v er nitr at e) a n d bri efl y ri ns e d i n w at er. D e v el o p er s ol uti o n ( 1 0 %  a c eti c 

a ci d, 3 0 % et h a n ol, 0. 0 2 % f or m al d e h y d e) w as a p pli e d b ef or e st o p pi n g t h e r e a cti o n wit h 1 % a c eti c a ci d. 

2. 8  S PI -1 s e cr eti o n a s s a y 

B a ct eri a w er e gr o w n  u n d er  S PI -1 i n d u ci n g c o n diti o ns i n 5 0 m L gr o wt h m e di a i n t h e pr es e n c e or 

a bs e n c e of  3 %  bil e. A S PI -1 s e cr eti o n ass a y w as p erf or m e d as pr e vi o usl y d es cri b e d  ( K a ni g a et al. , 1 9 9 5). 

Bri efl y, 1 m L of c ult ur e w as p ell et e d b y c e ntrif u g ati o n f or 1 mi n a n d r es us p e n d e d i n  a n  a p pr o pri at e 

a m o u nt of 2 X S D S b uff er as d es cri b e d a b o v e. T h e r e m ai ni n g c ult ur e w as c e ntrif u g e d at 4 0 0 0  × g  f or 2 0 

mi n at 4 ° C a n d filt er e d t hr o u g h a 0. 2 2 µ m filt er. Pr ot ei ns i n 5 m L of s u p er n at a nt w er e t h e n pr e ci pit at e d 

o v er ni g ht i n 1 0 % tri c hl or o a c eti c a ci d ( T C A, Si g m a) at 4 ° C. Pr e ci pit at e d pr ot ei ns w er e c oll e ct e d b y 

c e ntrif u g ati o n at 1 5, 0 0 0 × g  f or 1 5 mi n a n d w as h e d t wi c e i n 1 0 0 % a c et o n e at 4 ° C, b ef or e air dryi n g 



M A T E RI A L S & M E T H O D S  
 

7 9  
 

a n d r es us p e n si o n i n t h e s a m e v ol u m e of 2 X S D S b uff er as t h e r es p e cti v e p ell et fr a cti o ns. B ot h 

s u p er n at a nt a n d p el l et s a m pl es w er e b oil e d at 1 0 0 ° C f or at l e a st 1 0 mi n, b ef or e w est er n bl otti n g as 

d es cri b e d a b o v e ; A nti b o di es us e d ar e list e d i n  T a bl e 2. 7 . 

 

2. 9  β -l a ct a m a s e T r a n sl o c ati o n a s s a y s  

H e L a c ells w er e i nf e ct e d a s d es cri b e d a b o v e. A gr o u p of bl a n k ( m e di u m -o nl y) a n d a gr o u p of 

u ni nf e ct e d c o ntr ols w er e i n cl u d e d. T h e pl at e w as c e ntrif u g e d at 6 0 0 ×  g  f or 5 mi n a n d b a ct eri al 

i n v asi o n w as all o w e d f or 1 h at 3 7 ° C/ 5 % ( v/ v) C O 2 . T h e f oll o wi n g st e ps w er e p erf or m e d i n t h e d ar k. 

M e di a w er e r e m o v e d a n d 1 0 0 μ L  of 3 m M pr o b e n e ci d  s ol uti o n  ( Si g m a)-2 0 m M H E P E S ( Si g m a) i n H B S S 

p H 7. 3 ( Gi b c o) ( pr o b e n e ci d -H E P E S -H B S S) w as  a d d e d. T E M -1 s u bstr at e ( C C F 2 -A M -Li v e B L A z er -F R E T B/ G 

l o a di n g kit, I n vitr o g e n) w as a d d e d a n d c ells w er e i n c u b at e d at R T f or 3 h p o st i nf e cti o n. C ells w er e 

w as h e d  a n d l eft wit h  1 0 0 μ L  pr o b e n e ci d -H E P E S -H B S S . Fl u or es c e n c e w as m e as ur e d wit h a F L U Ost ar 

O pti m a pl at e r e a d er ( B M G L a bt e c h), s et at a n e x cit ati o n w a v el e n gt h of 4 1 0 n m; e missi o n w as r e c or d e d 

at 4 5 0 n m ( bl u e) a n d 5 2 0 n m ( gr e e n). Bl a n k e d a v er a g e gr e e n a n d bl u e b a c k gr o u n ds c al c ul at e d w er e 

s u btr a ct e d fr o m r es p e cti v e e missi o ns of all s a m pl es gi vi n g t h e n et gr e e n or bl u e si g n al. Bl u e t o gr e e n 

r ati o w as c al c ul at e d f or e a c h s a m pl e a n d di vi d e d b y t h e a v er a g e of t h e s a m e r ati o f or t h e u ni nf e ct e d 

c o ntr ols  t o o bt ai n t h e r es p o ns e r ati o.  

 

2. 1 0  B il e t ol er a n c e a s s a y s  

B a ct eri a w er e gr o w n i n L B o v er ni g ht as pr e vi o usl y d es cri b e d a n d t h eir O D 6 0 0  w as m e as ur e d. C ult ur es 

w er e n or m alis e d t o t h e l o w est v al u e a n d 1 5 µ L w er e a d d e d i n 1. 5 m L bil e s ol uti o n of v ari e d 

c o n c e ntr ati o n as st at e d. B a ct eri al gr o wt h w as  all o w e d f or 1 6 h, b ef or e r e c or di n g t h eir gr o wt h b y O D 6 0 0  

r e a di n gs a n d C F U e n u m er ati o n b y s eri all y dil uti n g a n d pl ati n g t h e bil e c ult ur es.  

 

2. 1 1  M otilit y  a s s a y s  

M otilit y w as ass ess e d b y i n o c ul ati n g a si n gl e c ol o n y of b a ct eri al str ai ns gr o w n i n st a n d ar d L B a g ar  

pl at es o nt o 0. 3 % B a ct o Dif c o A g ar ( S ci e ntifi c L a b or at or y S u p pli es) wit h or wit h o ut 1 % (w/ v ) o x bil e , 

a n d i n c u b at e d at 3 7 ° C f or t h e i n di c at e d d ur ati o n. A l o w er p er c e nt a g e of bil e w as us e d, as hi g h er 

c o n c e ntr ati o ns i nt erf er e d wit h a g ar s etti n g. M otilit y w a s ass ess e d b y m e as uri n g t h e di a m et er of 

s wi m mi n g. 
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2. 1 2  Bi oi nf or m ati c s a n al y si s  

Bi oi nf or m ati cs a n al y sis t o ols w er e us e d f or g e n e s e q u e n c e a c q uisiti o n, pri m er d esi g n a n d at v ari o us 

st a g es of t h e tr a ns cri pt o mi c a n al ysis. All g e n e s e q u e n c es w er e o bt ai n e d fr o m K E G G  g e n es. G e n e 

ali g n m e nt w as p erf or m e d usi n g Cl ust al O m e g a m ulti pl e s e q u e n ci n g ali g n m e nt t o ol ( M a d eir a et al., 

2 0 1 9) . H e at m a ps w er e p erf or m e d wit h M or p h e us h e at m a p d esi g n t o ol ( W e n g er & C o o n, 2 0 1 3). G O 

a n al ysis w as c arri e d o ut wit h P a nt h er G O a n n ot ati o n t o ol  ( Mi et al. , 2 0 1 7). P C A a n al ysis w as p erf or m e d 

i n P ers e us ( T y a n o v a et al. , 2 0 1 6). 

2. 1 3  St ati sti c al a n al y si s  

N o st atisti c al m et h o ds w er e us e d t o d et er mi n e s a m pl e si z e. All e x p eri m e nts w er e r e p e at e d 

i n d e p e n d e ntl y as i n di c at e d i n fi g ur e le g e n ds. C ell d e at h ass a y s, g e nt a mi ci n pr ot e cti o n a n d c hl or o q ui n e 

r esist a n c e ass a y s, a n d E LI S As w er e p erf or m e d wit h at l e ast t w o te c h ni c al r e p e ats f or e a c h bi ol o gi c al 

r e p e at a n d m e a ns fr o m i n d e p e n d e nt e x p eri m e nts w er e a n al ys e d. F or i m m u n ofl u or es c e n c e a n al y sis, 

> 1 0 0 c ells w er e c o u nt e d fr o m r a n d o ml y s el e ct e d fi el ds, % c ells s h o wi n g e v e nts w er e o bt ai n e d f or

e a c h bi ol o gi c al r e p e at a n d m e a ns w er e c o m p ar e d st atisti c all y. W h e n r e q uir e d, d at a w er e l o g -

tr a nsf or m e d ( C F U e x p eri m e nts) or l o git-tr a nsf or m e d ( PI d e at h ass a ys). N or m al distri b uti o n w as 

d et er mi n e d wit h t h e S h a pir o -Wil k n or m alit y t est. P air e d t w o -t ail e d t-t est s, r e p e at e d m e as ur es o n e-

w a y or t w o -w a y A N O V A w er e a p pli e d t o a n al ys e d at a as i n di c at e d i n t h e fi g ur e l e g e n ds. M ulti pl e 

c o m p aris o ns w er e c orr e ct e d b y t h e T u k e y t est or t h e F als e Dis c o v er y R at e ( F D R) a p pr o a c h of 

B e nj a mi ni, Kri e g er a n d Y e k uti eli. All st atisti c al a n al ys es w er e p erf or m e d usi n g Gr a p h P a d Pris m 8 

( Gr a p h p a d S oft w ar e I n c.). 
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3  
T h e S al m o n ell a  P ar at y p hi A 
r e s p o n s e t o bil e 

3  T h e S al m o n ell a  P ar at y p hi A r e s p o n s e t o bil e  

E nt eri c p at h o g e ns h a v e e v ol v e d m e c h a nis m s t o r es p o n d a n d t ol er at e bil e i n t h e s m all i nt esti n e 

( S e cti o n 1. 8. 3 ; Sistr u n k et al. , 2 0 1 6). S al m o n ell a  e n c o u nt ers hi g h c o n c e ntr ati o ns of bil e i n t h e 

g all bl a d d er u p o n s y st e mi c d iss e mi n ati o n a n d est a blis h m e nt of c hr o ni c i nf e cti o n ( G o n z al e z-Es c o b e d o 

& G u n n, 2 0 1 3 a; G u n n, 2 0 0 0) . T y p h oi d al S al m o n ell a  c ol o nis ati o n of t h e g all bl a d d er a n d s ur vi v al i n  bil e 

r e q uir e effi ci e nt t ol er a n c e a n d/ or r esist a n c e m e c h a nis m s t o w ar ds bil e. T h er ef or e, t y p h oi d al 

S al m o n ell a  ar e e x p e ct e d t o  b e a bl e t o s e n s e bil e t o r e g ul at e g e n e e x pr e ssi o n. W hil e it is w ell a c c e pt e d 

t h at c hr o ni c c arri a g e is i m p ort a nt d uri n g t h e i nf e cti on c y cl e of t y p h oi d al S al m o n ell a  ( G al-M or, 2 0 1 9; 

G o n z al e z -Es c o b e d o & G u n n, 2 0 1 3 a; D o u g a n & B a k er, 2 0 1 4) , t h e b e h a vi o ur of t y p h oi d al S al m o n ell a  i n 

bil e h as n ot b e e n e xt e nsi v el y i n v esti g at e d. O ur l a b or at or y r e c e ntl y s h o w e d t h at, w hil e S.  T y p hi m uri u m 

d o w nr e g ul at es g e n es ass o ci at e d  wit h S PI -1 a n d m otilit y i n r es p o ns e t o bil e ( Pr o ut y & G u n n, 2 0 0 0; 

Pr o ut y et al. , 2 0 0 4 b; J o h ns o n et al. , 2 0 1 8; H er n á n d e z et al. , 2 0 1 2), S.  T y p hi u pr e g ul at es t h es e g e n es 
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b e c o mi n g m or e vir ul e nt b y i n cr e as e d h o st c ell i n v asi o n (J o h ns o n et al. , 2 0 1 8). T h e r es p o ns e of 

S. P ar at y p hi A t o bil e r e m ai ns u n k n o w n. W hil e it is s p e c ul at e d t h at it m a y b e hi g hl y si mil ar t o t h at of

S. T y p hi, diff er e n c es b et w e e n t h e t w o s er o v ars ( T a bl e 1 .2 ) m a y b e r es p o nsi bl e f or disti n ct  r es p o ns es.

T h er ef or e, w e ai m e d t o i n v esti g at e t h e tr a ns cri pt o mi c pr ofil e of S.  P ar at y p hi A i n r es p o ns e t o bil e, 

w hil e c o m p ari n g it t o S.  T y p hi as a c o ntr ol. T h e str ai n s  us e d f or t his p ur p o s e w er e  t h e s e q u e n c e d 

r ef er e n c e S.  P ar at y p hi A A T C C 9 1 5 0 ( h e n c ef ort h r ef err e d t o as S.  P ar at y p hi A 9 1 5 0) a n d t h e cli ni c al 

S. P ar at y p hi A is ol at e E D 1 9 9 ( D ol e c e k et al. , 2 0 0 8). S.  T y p hi T y 2 w as us e d  a s a c o ntr ol  (J o h ns o n et al. ,

2 0 1 8) . T h e s p e cifi c o bj e cti v es t h us w er e t o:  

• Est a blis h a H e L a i nf e cti o n m o d el f or S . P ar at y p hi A w hi c h w o ul d all o w t o n e xt

• E x a mi n e t h e eff e ct of bil e o n S PI -1 a cti vit y i n S . P ar at y p hi A;

• Id e ntif y bil e -m e di at e d c h a n g es i n t h e S . P ar at y p hi A tr a ns cri pt o m e;

• D et er mi n e r e g ul ati o n of g e n es i n v ol v e d i n bil e  t ol er a n c e;

• D et er mi n e t h e eff e ct of bil e o n vir ul e n c e g e n es;

• E x a mi n e  p ot e nti all y  S . P ar at y p hi A-s p e cifi c r e s p o ns es.

3. 1  S.  P ar at y p hi A i n v a d e s H e L a c ell s i n a S PI -1 -d e p e n d e nt  m a n n er   

T h e first ai m w as t o est a blis h a H e L a i nf e cti o n m o d el f or S.  P ar at y p hi A i n o ur l a b. S.  P ar at y p hi A i n d u c es 

S PI -1 e x pr essi o n d uri n g b ot h a er o bi c a n d mi cr o a er o bi c c o n diti o ns ( El h a d a d et al. , 2 0 1 6). A er o bi c 

c o n diti o ns ar e cr e at e d b y a git ati o n, w h er e b a ct eri a ar e gr o w n o v er ni g ht a n d t h e n s u b -c ult ur e d t o l at e 

e x p o n e nti al p h as e. Mi cr o a er o bi c c o n diti o ns i n v ol v e gr o wt h i n st ati c c ult ur es f or 1 6 h , aft er w hi c h 

b a ct eri a r e a c h st ati o n ar y p h as e. S.  P ar at y p hi  A h as b e e n s h o w n t o b e m or e i n v asi v e d uri n g 

mi cr o a er o bi c c o n diti o ns ( El h a d a d et al. , 2 0 1 6). H o w e v er, b a ct eri al gr o wt h is c o m pr o mis e d i n 

mi cr o a er o bi c c o n diti o ns i n t h e pr es e n c e of bil e ( Ki n g, F er e n ci & S z a b o, 2 0 0 3 a n d R. J o h ns o n, 

u n p u blis h e d d at a). Alt er n ati v el y, b a ct eri al a g gr e g at es m a y f or m i n st ati c c o n diti o ns, as h as b e e n 

o bs er v e d wit h S hi g ell a  ( Ni c k ers o n et al. , 2 0 1 7), eit h er b e c a u s e of t h e l o n g er i n c u b ati o n ti m e or t h e 

l a c k of a git ati o n all o wi n g b a ct eri a t o a g gr e g at e m or e e asil y. T h er ef or e, t o e x cl u d e a n y gr o wt h d ef e cts 

a n d/ or v ari ati o n i n d o w ns tr e a m a n al y s es, S.  P ar at y p hi A 9 1 5 0 or  E D 1 9 9 w er e gr o w n i n a er o bi c 

c o n diti o ns o v er ni g ht a n d s u b -c ult ur e d . To t est w h e n S PI -1 w as e x pr ess e d d uri n g t h es e c o n diti o ns, 

b a ct eri al p ell et s w er e c oll e ct e d at v ari o us  r e adi n gs of  O D 6 0 0  a n d  b a ct eri al p ell ets w er e pr o b e d f or t h e 

S PI -1 T 3 S S pr ot ei n Si p D. Si p D is d et e ct a bl e at  a n  O D 6 0 0  o f 1. 4, a n d n o f urt h er i n cr e as e i n Si p D 
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a b u n d a n c e is o bs er v e d aft er O D6 0 0  of 2. 0 ( Fi g ur e 3. 1 A). T h er ef or e, b ot h S.  P ar at y p hi A str ai ns e x pr ess 

S PI- 1 at d et e ct a bl e l e v els at l at e e x p o n e nti al p h as e ( O D 6 0 0  of 1. 7- 2. 0, Fi g ur e 3. 1 A), si mil arl y t o S.  

T y p hi (J o h ns o n et al. , 2 0 1 7, 2 0 1 8) a n d S . T y p hi m uri u m ( Kr ö g er et al. , 2 0 1 3).  

T o f urt h er t e st S PI- 1 a cti vit y d uri n g a n a er o bi c gr o wt h, t h e a bilit y of  S . P ar at y p hi A t o i n v a d e 

e pit h eli al c ells w as n e xt d et er mi n e d. H e L a c ells w er e i nf e ct e d wit h S.  P ar at y p hi A 9 1 5 0 gr o w n t o l at e 

e x p o n e nti al p h as e i n a er o bi c c o n diti o ns, w hil e S.  T y p hi T y 2 w as us e d as a c o ntr ol. B a ct eri al i n v asi o n 

w as ass ess e d  f oll o wi n g a g e nt a mi ci n  pr ot e cti o n  ass a y s  b y  C F U  e n u m er ati o n  at  2  h  p o st  i nf e cti o n. 

Si mil ar t o S.  T y p hi T y 2, S.  P ar at y p hi A 9 1 5 0 i n v a d e H e L a c ells i n a S PI- 1-d e p e n d e nt m a n n er, as a Δ i n v A 

m ut a nt str ai n l a c ki n g a f u n cti o n al S PI- 1 T 3 S S, f ail e d t o i n v a d e H e L a c ells i n t h es e s etti n gs ( Fi g ur e 3. 1 B), 

i n li n e wit h a pr e vi o us r e p ort ( El h a d a d et al. , 2 0 1 6). I nt er esti n gl y, S.  P ar at y p hi A 9 1 5 0 W T i n v a d es H e L a 

c ells at  si g nifi c a ntl y  l o w er l e v els t h a n S.  T y p hi  T y 2  W T  ( Fi g ur e 3. 1 B),  s u g g esti n g t h at S.  P ar at y p hi  A 

s h o w s l o w er S PI- 1 a cti vit y t h a n S.  T y p hi w h e n gr o w n u n d er t h es e c o n diti o ns.  

Fi g ur e 3 .1  T h e  S PI -1 T 3 S S  of S.  P ar at y p hi A i s a cti v e  d uri n g  gr o w t h i n a er o bi c c o n diti o n s t o l at e 

e x p o n e nti al p h a s e.  

( A) S.  P ar at y p hi A 9 1 5 0 or E D 1 9 9 w er e s u b -c ult ur e d a n d b a ct eri al p ell et s a m pl es w er e c oll e ct e d at v ari o u s

gr o wt h st a g es fr o m mi d t o l at e e x p o n e nti al p h as e. S PI -1 e x pr es si o n w as as s ess e d b y i m m u n o bl o tti n g f or t h e S PI-

1 T 3 S S pr ot ei n Si p D. D n a K w a s u s e d a s a l o a di n g c o ntr ol. I m a g e r e pr es e nt ati v e of t w o i n d e p e n d e nt r e p e at s. ( B) 

H e L a c ells w er e i nf e ct e d wit h S.  T y p hi T y 2 a n d S.  P ar at y p hi A 9 1 5 0 W T a n d Δ i n v A m ut a nts (M OI 8 0 -1 0 0 ) a n d 

i n v asi o n effi ci e n c y w as as s es s e d at 2 h p o st i nf e cti o n b y g e nt a mi ci n pr ot e cti o n as s a ys . B ar s s h o w m e a n s  ± S E M 

fr o m fi v e i n d e p e n d e nt r e p e at s a n d w er e a n al y s e d b y t w o-w a y A N O V A.  * *,  p  < 0. 0 1; * * * *,  p  < 0. 0 0 0 1  
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3. 2  S.  P ar at y p hi A b e c o m e s m or e i n v a si v e i n e pit h eli al c ell s f oll o wi n g gr o wt h 
i n bil e 

S. T y p hi m uri u m  b e c o m es  l ess i n v asi v e i nt o h o st  e pit h eli al  c ells  f oll o wi n g e x p o s ur e  t o bil e,  w hil e  

S. T y p hi b e c o m es m or e i n v asi v e  (J o h ns o n et al. , 2 0 1 8; Pr o ut y & G u n n, 2 0 0 0). I n or d er t o i n v esti g at e 

w h et h er t h e l att er is s h ar e d b et w e e n t y p h oi d al S al m o n ell a , t h e i n v asi v e n ess of S.  P ar at y p hi A f oll o wi n g 

e x p o s ur e t o bil e w as t est e d. First, t h e eff e ct of bil e o n S.  P ar at y p hi A gr o wt h was  ass ess e d t o eli mi n at e 

a n y v ari ati o n d u e t o a p o ssi bl e gr o wt h d ef e ct . S.  P ar at y p hi A 9 1 5 0 or  E D 1 9 9 w er e gr o w n i n st a n d ar d 

L B m e di a wit h or wit h o ut t h e a d diti o n of 3 % o x bil e a n d t h eir gr o wt h w as ass ess e d b y m o nit ori n g O D 6 0 0  

o v er  ti m e. T his  c o n c e ntr ati o n  m or e  cl o s el y  r efl e ct s bil e  c o n c e ntr ati o ns  e n c o u nt er e d  i n t h e s m all 

i nt e sti n e t h a n i n t h e g all bl a d d er, b ut  it w as c h o s e n f or t his a n al ysis  t o ai d  c o m p aris o ns  wit h t h e 

p u blis h e d  bil e-i n d u c e d  tr a ns cri pt o m e of  S.  T y p hi  a n d  b e c a us e  it h as b e e n  pr e vi o usl y  s h o w n n ot  t o 

aff e ct  gr o wt h  of  S.  T y p hi  a n d  S.  T y p hi m uri u m  (J o h ns o n et  al. , 2 0 1 8).  I m p ort a ntl y, 3 %  bil e  h as  b e e n 

s h o w n t o i nfl u e n c e b ot h t h e S.  T y p hi a n d S.  T y p hi m uri u m tr a ns cri pt o m e (J o h ns o n et al. , 2 0 1 8; Pr o ut y 

& G u n n, 2 0 0 0; Pr o ut y et al. , 2 0 0 4 a).  

T h e pr es e n c e of 3 % bil e i n gr o wt h m e di a d o es n ot aff e ct gr o wt h of S . P ar at y p hi A 9 1 5 0 

(Fi g ur e  3. 2 A) or E D 1 9 9 ( Fi g ur e 3. 2 B), as d et er mi n e d b y O D 6 0 0 . T o i n d e p e n d e ntl y v erif y t h at bil e d o es 

n ot hi n d er S . P ar at y p hi A gr o wt h i n t h e c o n diti o ns t h at w er e us e d i n f urt h er e x p eri m e nts (i. e. 

gr o wt h t o l at e  e x p o n e nti al p h as e), S.  P ar at y p hi A w as gr o w n i n t h e pr es e n c e or a bs e n c e of 3 % bil e 

a n d C F Us w er e e n u m er at e d. T o d et er mi n e w h et h er t his p h e n o m e n o n is c o nsist e nt a cr oss S.  

P ar at y p hi A str ai ns, fi v e m or e cli ni c al is ol at es w er e i n cl u d e d i n t h e a n al ysis. T h e cli ni c al is ol at es 

t est e d w er e S.  P ar at y p hi A E D 1 9 9, 0 2 T Y 1 2 9, 0 2 T Y 2 2 1, 0 2 T Y 2 2 4, or  E D 2 9 3, all t est e d f or t h e O 2 

a nti g e n b y sli d e a g gl uti n ati o n a n d w e r e is ol at e d fr o m a d ult p ati e nts wit h a c ut e t y p h oi d b et w e e n 

2 0 0 6 a n d 2 0 1 4 i n N e p al ( Arj y al et al. , 2 0 1 6; D ol e c e k et al. , 2 0 0 8) ( T a bl e 2. 2). S.  T y p hi T y 2 a n d S.  

T y p hi m uri u m w er e us e d as c o ntr ols (J o h ns o n et al. , 2 0 1 8). C o nsist e nt wit h t h e S.  P ar at y p hi A 9 1 5 0 

a n d E D 1 9 9 gr o wt h c ur v es ( Fi g ur e 3. 2 A- B), bil e di d n ot i nfl u e n c e t h e gr o wt h of a n y S al m o n ell a  str ai n 

t est e d, wit h all str ai ns r e a c hi n g si mil ar C F U/ m L i n t h e pr es e n c e or a bs e n c e of bil e ( Fi g ur e 3. 2 C) 

w h e n gr o w n t o l at e e x p o n e nti al p h as e i n a er o bi c c o n diti o ns. T h es e r es ults s u g g est t h at S.  

P ar at y p hi A c a n gr o w e q u all y w ell i n m e di a wit h or wit h o ut bil e.  
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N e xt, t h e eff e ct of bil e o n S . P ar at y p hi A S PI-1 a ct i vit y w as d et er mi n e d. B e c a us e t h e i m p a ct of 

bil e  o n S.  T y p hi m uri u m i n v asi v e n ess h as l o n g b e e n k n o w n (J o h ns o n et al. , 2 0 1 8; Pr o ut y & G u n n, 2 0 0 0), 

W T S.  T y p hi m uri u m w as us e d as a c o ntr ol i n a d diti o n t o S.  T y p hi T y 2. I n li n e wit h pr e vi o us r e p orts 

( Pr o ut y & G u n n, 2 0 0 0; Pr o ut y et al. , 2 0 0 4 b; J o h ns o n et al. , 2 0 1 8), S.  T y p hi m uri u m i n v asi v e n e ss w as 

f o u n d t o b e o v er 6 0 % l o w er f oll o win g e x p o s ur e t o bil e ( Fi g ur e 3 .3 A ). C o n v ers el y, b ut as e x p e ct e d 

(J o h ns o n et al. , 2 0 1 8), i n v asi o n of S.  T y p hi T y 2 w as  hi g h er f oll o wi n g gr o wt h i n bil e c o m p ar e d t o L B 

(Fi g ur e 3 .3 A). Si mil ar t o S.  T y p hi T y 2, S.  P ar at y p hi A 9 1 5 0 w as  si g nifi c a ntl y m or e i n v asi v e i n H e L a c ells 

aft er e x p o s ur e t o bil e ( Fi g ur e 3 .3 A). Bil e r es ult e d i n a >  1. 6 -f ol d i n cr e as e i n S.  P ar at y p hi A 9 1 5 0 i n v asi o n 

as c o m p ar e d t o t h e > 3. 3 -f ol d i n cr e as e i n S.  T y p hi T y 2 i n v asi o n ( Fi g ur e 3 .3 A). B ot h S.  T y p hi a n d 

S. P ar at y p hi A 9 1 5 0 Δ i n v A d el eti o n m ut a nts i n v a d e d H e L a c ells e q u all y i n t h e pr es e n c e a n d a bs e n c e of

bil e, s u g g esti n g t h a t t h e i n cr e a s e i n i n v asi v e n ess w as S PI-1 -d e p e n d e nt ( Fi g ur e 3 .3 A). T h e i n cr e as e d 

Fi g ur e 3 .2  T h e pr e s e n c e of 3 % bil e i n t h e gr o wt h m e di a d o e s n ot aff e ct S.  P ar at y p hi A gr o wt h.  

( A) S.  P ar at y p hi A 9 1 5 0 ( 9 1 5 0) or ( B) E D 1 9 9 ( E D 1 9 9) w er e gr o w n i n t h e a b s e n c e ( L B) or pr es e n c e ( 3 % Bil e) of 3 %

o x bil e a n d t h eir gr o wt h w as a s s es s e d b y m e as uri n g t h e O D 6 0 0  o v er ti m e. ( C) C F Us w er e e n u m er at e d i n c ult ur e d 

b a ct eri a gr o w n a er o bi c all y t o l at e e x p o n e nti al p h as e i n t h e pr es e n c e or a b s e n c e of bil e. B ars s h o w m e a n s  ± S E M 

fr o m ( A) t hr e e, ( B) t w o, or ( C) fi v e i n d e p e n d e nt r e p e ats . St atisti c al a n al y sis b y t w o-w a y A N O V A f oll o w e d b y 

c orr e cti o n f or m ulti pl e c o m p aris o n s.  ns, n ot si g nifi c a nt.  
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i n v asi v e n ess i n r es p o ns e t o bil e p oi nts t o a t y p h oi d al s er o v ar-s p e cifi c res p o ns e t o bil e, as o p p o s e d t o 

N T S.  

T h e S PI -1 -d e p e n d e nt i n cr e as e i n i n v asi v e n ess i n bil e s u g g est e d t h at S PI -1 is u pr e g ul at e d aft er 

e x p o s ur e t o bil e. Als o, pr e vi o us r es e ar c h h as c o nfir m e d t h at e x pr essi o n of S PI -1 T 3 S S pr ot ei ns i s 

u pr e g ul at e d i n S.  T y p hi i n r es p o ns e t o bil e (J o h ns o n et al. , 2 0 1 8). T h er ef or e, i n d u cti o n of S PI-1 

e x pr essi o n w as v erifi e d b y bl otti n g f or S PI -1 pr ot ei ns i n b a ct eri al w h ol e l y s at es. I n d e e d, S.  P ar at y p hi A 

9 1 5 0 e x pr ess e d  b ot h t h e S PI -1 T 3 S S str u ct ur al ( Si p D, Si p C) a n d eff e ct or ( Si p A) pr ot ei ns at hi g h er l e v els 

i n t h e pr es e n c e t o 3 % bil e as o p p os e d t o L B al o n e, li k e S.  T y p hi T y 2 ( Fi g ur e 3 .3 B). T h e diff er e n c e i n S PI -

Fi g ur e 3 .3  E x p o s ur e t o bil e r e n d er s S.  P ar at y p hi A 9 1 5 0 m or e i n v a si v e t o H e L a c ell s i n a S PI -1 -

d e p e n d e nt m a n n er.   

( A) S. T y p hi m uri u m ( T m), S. T y p hi T y 2 ( T y 2) or S. P ar at y p hi A 9 1 5 0 ( 9 1 5 0) w er e gr o w n t o l at e e x p o n e nti al p h as e 

i n t h e pr es e n c e or a bs e n c e of 3 % bil e a n d H e L a c ells w er e i nf e ct e d (M OI 1 0 0 ). I ntr a c ell ul ar b a ct eri a w er e 

q u a ntifi e d b y C F U e n u m er ati o n at 2 h p ost i nf e cti o n b y g e nt a mi ci n pr ot e cti o n as s a y s . ( B) S PI -1 T 3 S S pr ot ei n 

e x pr es si o n w as t est e d b y W est er n Bl otti n g i n b a ct eri al p ell ets f or m b a ct eri a gr o w n t o l at e e x p o n e nti al p h as e i n 

t h e pr es e n c e or a b s e n c e of bil e. I m m u n o bl ot r e pr es e nt ati v e of t hr e e i n d e p e n d e nt r e p e ats. B ar s s h o w m e a n s  ± 

S E M fr o m fi v e i n d e p e n d e nt r e p e at s. St atisti c al a n al ysis b y t w o -w a y A N O V A f oll o w e d b y c orr e cti o n f or m ulti pl e 

c o m p aris o n s.  * * *,  p  < 0. 0 0 1; * * * *,  p  < 0. 0 0 0 1 ; n s, n ot si g nifi c a nt 
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1  pr ot ei n  e x pr essi o n  b et w e e n  L B  a n d  bil e  c o n diti o ns  w as gr e at er  i n t h e Δi n v A m ut a nts,  as S PI- 1 

pr ot ei ns ar e e x p e ct e d t o b e r et ai n e d wit hi n b a ct eri a a n d n ot s e cr et e d. S.  T y p hi m uri u m W T w as us e d 

as a c o ntr ol  t o c o nfir m  t h e a cti o n of  bil e, w hi c h,  as  e x p e ct e d,  r e pr ess e d t h e e x pr essi o n  of  t h e S PI- 1 

pr ot ei ns  t e st e d ( Fi g ur e 3. 3 B).  S.  P ar at y p hi  A a p p e ars  t o e x pr ess  S PI- 1  T 3 S S  pr ot ei ns  at l o w  l e v els 

c o m p ar e d  t o S.  T y p hi  T y 2  a n d  S.  T y p hi m uri u m  ( Fi g ur e 3. 3).  T hi s m a y  s u g g est l o w o v er all  S PI- 1 

e x pr essi o n, w hi c h w o ul d b e c o nsist e nt wit h t h e l o w i n v asi v e n ess of S.  P ar at y p hi A W T i nt o H e L a c ells 

( Fi g ur e 3. 1 A  a n d  Fi g ur e  3. 3 A).  T h e  l o w a b u n d a n c e  of  S PI- 1  pr ot ei ns  i n b a ct eri al  l ys at es m a y  als o 

i n di c at e effi ci e nt s e cr eti o n of S PI- 1 pr ot ei ns fr o m S . P ar at y p hi A, w hi c h w o ul d t h e n n ot b e d et e ct e d i n 

w h ol e c ell l ys at e s; t his is s u p p ort e d b y t h e hi g h er l e v els of S PI- 1 pr ot ei ns d et e ct e d i n t h e S.  P ar at y p hi 

A 9 1 5 0  S PI- 1  m ut a nt  Δ i n v A i n c o m p aris o n  t o W T,  alt h o u g h  S PI- 1  pr ot ei n  l e v els ar e still  l ess t h a n i n 

S. T y p hi T y 2 Δ i n v A ( Fi g ur e 3. 3 B).

T o  e x a mi n e  w h et h er  t h e bil e- m e di at e d  i n cr e as e i n i n v asi o n i nt o H e L a  c ells,  as  w ell  as t h e 

hi g h er  S PI- 1  pr ot ei n  e x pr essi o n  o bs er v e d  i n S . P ar at y p hi  A 9 1 5 0,  is s h ar e d b et w e e n  S.  P ar at y p hi  A 

cli ni c al  is ol at es, t h e i n v asi v e n ess a n d  S PI- 1  e x pr essi o n  of  m ulti pl e  str ai ns  w er e  t e st e d f oll o wi n g 

e x p o s ur e t o bil e. Li k e S.  P ar at y p hi A 9 1 5 0, all cli ni c al is ol at es t est e d h er ei n b e c a m e si g nifi c a ntl y m or e 

i n v asi v e, b y > 1. 4-f ol d o n a v er a g e, f oll o wi n g gr o wt h i n L B m e di a s u p pl e m e nt e d wit h 3 % bil e c o m p ar e d 

t o gr o wt h i n u ns u p pl e m e nt e d L B m e di a ( Fi g ur e 3. 4 A). H o w e v er, i n c o ntr ast t o o bs er v ati o ns 

wit h S. P ar at y p hi A 9 1 5 0 a n d S.  T y p hi T y 2 ( Fi g ur e 3. 3), w h er e i n cr e as e d i n v asi o n c orr el at e d wit h 

i n cr e as e i n S PI- 1 e x pr essi o n, all cli ni c al str ai ns s h o w ed  a d e cr e as e i n S PI- 1 pr ot ei n e x pr essi o n 

f oll o wi n g gr o wt h i n bil e ( Fi g ur e 3. 4 B).  

N ot a bl y all S.  P ar at y p hi A cli ni c al is ol at e s w er e si g nifi c a ntl y m or e i n v asi v e t h a n 9 1 5 0 f oll o wi n g 

gr o wt h i n st a n d ar d L B m e di a ( Fi g ur e 3. 4 A) , w hi c h c orr el at e d wit h hi g h er e x pr essi o n of S PI- 1 pr ot ei ns 

i n cli ni c al  is ol at es c o m p ar e d  t o S.  P ar at y p hi  A  9 1 5 0  ( Fi g ur e 3. 4 B).  T h es e  r es ults s u g g est  t h at cli ni c al 

str ai ns ar e m or e vir ul e nt t h a n t h e r ef er e n c e S.  P ar at y p hi A str ai n i n t er ms of S PI- 1 T 3 S S a cti vit y. 



T H E S A L M O N E L L A P A R A T Y P HI A R E S P O N S E T O BI L E  

8 8  

3. 3  O v er vi e w of c h a n g e s i n  S. P ar at y p hi A t r a n s cri pt o m e i n r e s p o n s e t o bil e  

T h e a b o v e r es ults s u g g est e d t h at t h e b e h a vi o ur of  S.  P ar at y p hi A c h a n g es i n bil e a n d t h er ef or e w e  n e xt 

ai m e d t o u n d erst a n d t h e u n d erl yi n g m e c h a nis m s.  Gl o b al c h a n g es i n g e n e e x pr essi o n i n r es p o ns e t o 

bil e i n S.  P ar at y p hi A w er e e x a mi n e d b y p erf or mi n g R N A -S e q a n al ysis o n R N A is ol at e d fr o m t h e 

r ef er e n c e S.  P ar at y p hi A str ai n 9 1 5 0 a n d t h e cli ni c al is ol at e E D 1 9 9, al o n g wit h S.  T y p hi T y 2 a cti n g as a 

c o ntr ol (J o h ns o n et al. , 2 0 1 8). As pr e vi o usl y, str ai ns w er e gr o w n i n t h e a bs e n c e ( L B) or pr es e n c e of 3 % 

o x bil e ( Bil e) t o l at e e x p o n e nti al p h as e. F oll o wi n g s e q u e n ci n g of R N A r e a ds, r i b o s o m al R N A w as 

d e pl et e d fr o m all s a m pl es, as it is t h e m o st a b u n d a nt R N A s p e ci es i n t h e t ot al c o nt e nt of R N A a n d m a y 

s k e w d o w nstr e a m a n al ys es if r et ai n e d i n t h e s a m pl e ( b ot h st e ps c o n d u ct e d b y D . Pi c k ar d, S a n g er 

Fi g ur e 3 .4  Eff e ct of bil e o n S.  P ar at y p hi A S PI -1 e x pr essi o n a n d i n v a si o n i n H e L a c ell s.  

( A) H e L a c ells w er e i nf e ct e d ( M OI 1 0 0) wit h S.  P ar at y p hi A str ai n s gr o w n i n L B or L B s u p pl e m e nt e d wit h 3 % bil e 

a n d i nt er n alis e d C F U w er e e n u m er at e d at 2 h pi b y g e nt a mi ci n pr ot e cti o n as s a y s . ( B) E x pr es si o n of S PI -1 pr ot ei ns 

Si p D a n d Si p A w as d et er mi n e d i n b a ct eri al p ell ets gr o w n t o l at e e x p o n e nti al p h a s e. R e pr es e nt ati v e i m a g e of f o ur 

i n d e p e n d e nt r e p e at s. St atisti c al a n al y sis b y t w o-w a y A N O V A f oll o w e d b y c orr e cti o n f or m ulti pl e c o m p aris o n s or 

r e p e at e d-m e as ur es o n e -w a y A N O V A f or L B c o m p aris o n s. B ars s h o w m e a n s ± S E M fr o m s e v e n  ( T y 2, T m, 9 1 5 0) 

or fi v e ( clini c al is ol at es) i n d e p e n d e nt e x p eri m e nts.  *,  p  <  0. 0 5; * *,  p  <  0. 0 1; * * *,  p  <  0. 0 0 1 . 
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I nstit ut e; s e e als o S e cti o n 2. 6. 2 ), w hil e b y r e m o vi n g r R N A a gr e at er pr o p orti o n of t h e s e q u e n ci n g 

li br ar y will b e m R N A. 

 R N A -S e q a n al ysis w as p erf or m e d usi n g t h e s e q u e n c e d a n d a n n ot at e d g e n o m e of S.  P ar at y p hi 

A 9 1 5 0 ( M c Cl ell a n d et al. , 2 0 0 4). R e a ds fr o m all s a m pl es w er e ali g n e d t o t his ge n o m e t o f a cilit at e 

c o m p aris o ns usi n g t h e R o c k h o p p er a n al y sis t o ol, w hi c h is s p e cifi c all y d esi g n e d f or b a ct eri al g e n o m es  

( M c Cl ur e et al. , 2 0 1 3). M or e t h a n 8 7 % of r e a ds w er e s u c c e ssf ull y ali g n e d i n all str ai ns, w hil e v er y l o w 

l e v els of ri b o s o m al ( a n d ot h er s p e ci es of) R N A ( < 2 %) w er e  d et e ct e d, s u g g esti n g a  g o o d r e pr e s e nt ati o n 

of m R N A i n all s a m pl es ( T a bl e 3 .1 ). I n a gr e e m e nt wit h t his, > 8 4 % of r e a ds w er e ali g n e d t o pr ot ei n-

c o di n g g e n es i n all s a m pl es. O n a v er a g e, 7 % of r e a ds w er e ali g n e d t o u n a n n ot at e d r e gi o ns i n all str ai ns 

(T a bl e 3 .1 ), p o ssi bl y d u e t o p o or a n n ot ati o n of t his g e n o m e. U n a n n ot at e d r e gi o ns r e pr es e nt r e a ds 

ali g ni n g t o i nt er g e ni c r e gi o ns, s R N As or, alt er n ati v el y, m a y ali g n t o o p e n r e a di n g fr a m es ( O R Fs) t h at 

h a v e  n ot b e e n i d e ntifi e d or c h ar a ct eris e d y et. T h es e s e q u e n c es m a y w arr a nt f urt h er i n v esti g ati o n a n d 

m a y r e v e al u n k n o w n r e g ul at or y r e gi o ns a n d/ or g e n o mi c r e gi o ns wit h ot h er u n k n o w n f u n cti o ns.  

T a bl e 3 .1  R e a d ali g n m e nt a n d R N A t y p e s i n R N A -S e q s a m pl e a n al y si s . 

R N A r e a d s w er e ali g n e d t o t h e S.  P ar at y p hi A 9 1 5 0 g e n o m e u si n g t h e R o c k h o p p er a n al y sis t o ol a n d t h e o ut p ut 

of t h e fr a cti o n s of diff er e nt R N A t y p es ar e pr es e nt e d h er e. T hr e e v al u es p er str ai n/ c o n diti o n r e pr es e nt t hr e e 

i n d e p e n d e nt r e p e at s.    

R e a dsR e a ds   
S.S. T y p hi T y 2T y p hi T y 2 S.S. P ar at y p hi A 9 1 5 0P ar at y p hi A 9 1 5 0 S.S. P ar at y p hi A E D 1 9 9P ar at y p hi A E D 1 9 9

L BL B   Bil eBil e   L BL B   Bil eBil e   L BL B   Bil eBil e   

T ot al ( 1 0 7 ) 2. 2  1. 9  1. 8  2. 2  2. 0  1. 8  2. 3  2. 3  2. 3  2. 1  1. 8  2. 1  1. 8  2. 4  1. 6  2. 0  2. 4  1. 8  

% S u c c ess -
f ull y ali g n e d 

8 9  8 9  8 8  8 7  8 9  8 7  9 4  9 4  9 4  9 4  9 4  9 5  9 3  9 5  9 4  9 4  9 4  9 5  

% Pr ot ei n -
c o di n g g e n e s  

8 7  8 6  8 5  8 5  8 6  8 6  8 7  8 7  8 6  8 7  8 5  8 4  8 6  8 5  8 4  8 6  8 6  8 7  

% Ri b os o m al  
R N A  

1  0  1  1  1  1  0  1  1  1  2  1  1  1  2  1  1  1  

% Tr a nsf er 
R N A  

0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  

% Mis c. R N A  5  7  8  6  6  6  6  5  6  5  6  1 0  6  6  6  6  5  6  

% 
U n a n n ot at e d 
r e gi o ns 

7  7  7  7  7  7  7  7  7  7  7  7  7  8  7  7  7  7  
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 A h e at m a p of n or m alis e d r e a d a b u n d a n c e i n i n di vi d u al s a m pl es is s h o w n i n Fi g ur e 3 .5 A. 

S. T y p hi T y 2 L B a n d Bil e s a m pl es cl ust er e d t o g et h er, s e p ar at el y fr o m S.  P ar at y p hi A s a m pl es.

S. P ar at y p hi A E D 1 9 9 s a m pl es w er e als o cl ust er e d s e p ar at el y, alt h o u g h o n e  bil e s a m pl e is m or e cl o s el y

p o siti o n e d t o L B s a m pl es t h a n t o ot h er bil e s a m pl es ( Fi g ur e 3 .5 A). S.  P ar at y p hi A 9 1 5 0 s a m pl es 

e x hi bit e d a mi x e d r el at e d n ess  wit h ot h er s a m pl es, w hi c h m a y i n di c at e v ari ati o n  b et w e e n r e p e ats. 

H o w e v er, a n al y sis of t h e n or m alis e d a b u n d a n c e of all r e a ds i n all s a m pl es b y Pri n ci p al C o m p o n e nt 

A n al ysis ( P C A) s h o w e d cl ust eri n g of S.  T y p hi a n d of S.  P ar at y p hi A s e p ar at el y, w h e n t h e firs t t w o 

c o m p o n e nts e x pl ai ni n g 6 7. 1 % of t h e v ari ati o n w er e pl ott e d ( Fi g ur e 3 .5 B). T h e L B a n d Bil e s a m pl es of 

e a c h str ai n br o a dl y cl ust er e d s e p ar at el y as w e ll, i n di c ati n g t h at t h er e is a cl e ar v ari ati o n b et w e e n g e n e 

e x pr essi o n i n t h e t w o c o n diti o ns. S.  P ar at y p hi A s a m pl es  gr o u p e d s e p ar at el y, s u g g esti n g a s er o v ar -

s p e cifi c r es p o ns e as w ell ( Fi g ur e 3 .5 A). C o m bi ni n g t h e r es ults fr o m t h e h e at m a p a n d t h e P C A i n Fi g ur e 

3 .5 , w hi c h cl ust er d at a b y sli g htl y diff er e nt m et h o ds, it w as d e ci d e d n ot t o e x cl u d e a n y s a m pl e fr o m 

t h e d o w nstr e a m a n al ysis as t his m a y h a v e l e d t o bi as t o w ar ds i d e ntif yi n g ‘ o utli ers’. Pr e p ar ati o n of all 

s a m pl es w as p erf or m e d i n a si mil ar m a n n er a n d t h er e w er e n o o b vi o us v ari ati o ns or d e vi ati o ns i n 

or d er t o f urt h er s u p p ort e x cl usi o n of o n e or m or e s a m pl es.  

Fi g ur e 3 .5  O v er vi e w of tr a n s c ri pto mi c c h a n g e s i n d u c e d b y bil e . 

( A) H e at m a p s h o wi n g n or m alis e d r e a d c o u nts i n all i n di vi d u al s a m pl es a n d hi er ar c hi c al cl ust eri n g of t h es e. ( B) 

P C A s c att er pl ot of T y 2, 9 1 5 0, a n d E D 1 9 9 tr a n s cri pt o m es i n L B a n d B il e. E a c h r e p e at is s h o w n as a s q u ar e, a n d 

n u m b ers m at c h t h e r e p e at s a cr os s str ai n s. T h es e gr a p h s w er e pr o d u c e d wit h t h e h el p of C . M ulli n e a u x -S a n d ers  

( Fr a n k el gr o u p). 
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Bil e -m e di at e d diff er e nti al g e n e e x pr essi o n w as c o nsi d er e d i n g e n es t h at s h o w e d a ≥  2 -f ol d 

c h a n g e a n d w er e st atisti c all y si g nifi c a nt ( a dj ust e d p  v al u e  or q  ≤  0. 0 5). T h es e g e n es w er e s el e ct e d f or 

d o w nstr e a m a n al ysis, u nl ess ot h er wis e st at e d. T h e t ot al n u m b er of g e n es s h o w n t o b e diff er e nti all y 

r e g ul at e d at t h e tr a ns cri pti o n l e v el i n bil e c o m p ar e d to st a n d ar d gr o wt h m e di a w er e 1 6 4 i n S.  T y p hi 

T y 2, 2 9 3 i n S.  P ar at y p hi A 9 1 5 0 a n d 2 4 3 i n E D 1 9 9 ( T a bl e 3 .2 ). T h e s e n u m b ers c orr es p o n d e d t o 

a p pr o xi m at el y 6 % of t h e t ot al n u m b er of c o di n g s e q u e n c es i n S.  P ar at y p hi A ( T a bl e 3 .2 ). T his v al u e w a s 

l o w er i n S.  T y p hi T y 2 ( 3. 7 %), b ut t his w as p ossi bl y t h e r es ult of ali g ni n g t h e tr a ns cri pt o m e r e a ds t o 

S. P ar at y p hi A 9 1 5 0 g e n o m e. W h e n t h e S.  T y p hi T y 2 R N A -S e q d at a w er e ali g n e d t o t h e s e q u e n c e d

S. T y p hi T y 2 g e n o m e, t h e t ot al n u m b er of diff er e nti all y r e g ul at e d g e n es w as 1 5 7, w hi c h c orr es p o n d e d

t o 3. 4 % of t ot al c o di n g s e q u e n c es of t h e T y 2 g e n o m e. T h er ef or e, ali g ni n g t h e S.  T y p hi T y 2 s a m pl es t o 

t h e S.  P ar at y p hi A 9 1 5 0 g e n o m e s h o ul d n ot aff e ct d o w nstr e a m a n al y s e s.  

3. 4  Bil e -m e di at e d d iff er e nti al g e n e r e g ul ati o n i n S.  T y p hi a n d S.  P ar at y p hi A  

T o i d e ntif y c o m m o n a n d dis cr et e r es p o ns es t o bil e b et w e e n S.  T y p hi a n d S.  P ar at y p hi A , t h e p o ols of 

u pr e g ul at e d or d o w nr e g ul at e d g e n es fr o m t h e t hr e e str ai ns t est e d w er e c o m p ar e d . T h e t w o 

S. P ar at y p hi A str ai ns ( 9 1 5 0 a n d E D 1 9 9) s h ar e d m or e u pr e g ul at e d or d o w n r e g ul at e d g e n es t h a n eit h er

di d wit h S.  T y p hi T y 2 (Fi g ur e 3 .6 ). T h e m aj orit y of diff er e nti all y e x pr ess e d g e n e s i n bil e i n S.  T y p hi w er e 

n ot c o m m o nl y r e g ul at e d i n eit h er of t h e t w o S.  P ar at y p hi A str ai ns. Als o, S.  T y p hi T y 2 s h ar e d a fr a cti o n 

of diff er e nti all y e x pr ess e d g e n es ( eit h er u pr e g ul at e d or d o w nr e g ul at e d) wit h o nl y o n e of t h e t w o 

S. P ar at y p hi A str ai ns. M o st g e n es ( ≈ 6 0 %) a cti v at e d b y bil e w er e s h ar e d b y b ot h S.  P ar at y p hi A str ai ns,

w hil e f e w er ( 3 3 % a n d 4 8 % f or E D 1 9 9 a n d 9 1 5 0, r es p e cti v el y) w er e c o m m o nl y d o w nr e g ul at e d i n b ot h 

str ai ns. T h es e c o m p aris o ns s u g g est t h at bil e m a y e x ert str ai n -s p e cifi c eff e cts o n g e n e r e g ul ati o n, w hil e 

si mil ariti es b et w e e n t y p h oi d al s er o v ars p oi nt t o w ar ds s h ar e d r es p o ns es.  

T a bl e 3 .2  N u m b er of g e n e s diff er e nti all y r e g ul at e d i n r e s p o n s e t o bil e.  

P er c e nt a g es  of c o di n g s e q u e n c es c orr es p o n d t o t h e S . P ar at y p hi A 9 1 5 0 g e n o m e, a n d i n p ar e nt h es es t o S. T y p hi 

T y 2 g e n o m e.  

S er o v ar  Str ai n  
N u m b er of g e n e s diff er e nti all y r e g ul at e d  A p pr o x. % of 

c o di n g s e q u e n c e s  T ot al  U p  D o w n  

S. T y p hi T y 2T y 2   1 6 4  1 0 3  6 1  3. 7 ( 3. 4)  

S. P ar at y p hi A
9 1 5 09 1 5 0   2 9 3  1 2 7  1 6 6  6. 6  

E D 1 9 9E D 1 9 9   2 4 3  1 2 9  1 1 4  5. 5  



T H E S A L M O N E L L A P A R A T Y P HI A R E S P O N S E T O BI L E  

9 2  

Of all si g nifi c a ntl y u pr e g ul at e d g e n es b y > 2 -f ol d, 2 2 w er e s h ar e d b et w e e n all t hr e e str ai ns 

t e st e d, a c c o u nti n g f or a b o ut 7. 5– 1 3. 4 % of all diff er e nti all y r e g ul at e d g e n es p er str ai n ( Fi g ur e 3 .6 A). 

T h e o v erl a p i n d o w nr e g ul at e d g e n es i n all t hr e e str ai ns w as s m all; o nl y 3 d o w nr e g ul at e d g e n es w er e 

s h ar e d b et w e e n S.  T y p hi T y 2, S.  P ar at y p hi A 9 1 5 0 a n d E D 1 9 9, a c c o u nti n g f or l ess t h a n 2 % of  t h e t ot al 

diff er e nti all y r e g ul at e d g e n es i n e a c h str ai n i n r es p o ns e t o bil e ( Fi g ur e 3 .6 B). T h es e s h ar e d c h a n g es i n 

g e n e e x pr essi o n ar e f urt h er dis c uss e d  i n t h e n e xt s e cti o ns. 

G e n e O nt ol o g y ( G O) e nri c h m e nt a n al ysis w as p erf or m e d o n t h e p o ols of diff er e nti all y 

r e g ul at e d g e n es, i n or d er t o g ai n i nsi g hts i nt o w h at bi ol o gi c al p at h w a y s a n d f u n cti o ns ar e aff e ct e d b y 

e x p o s ur e t o bil e i n S.  P ar at y p hi A. A s u m m ar y of si g nifi c a ntl y e nri c h e d G O t er m s ar e list e d i n T a bl e 3 .3 . 

As e x p e ct e d (J o h ns o n et al. , 2 0 1 8), S.  T y p hi u pr e g ul at e d fl a g ell ar -m e di at e d m otilit y a n d c h e m ot a xis 

(T a bl e 3 .3 ). Al o n g wit h fl a g ell ar m otilit y-ass o ci at e d g e n e s, J o h ns o n et al.  (2 0 1 7)  pr e vi o usl y s h o w e d 

t h at S PI-1 T 3 S S -ass o ci at e d g e n es w er e als o u pr e g ul at e d, w hi c h ar e i m p ort a nt f or vir ul e n c e. G e n es 

ass o ci at e d wit h S PI -1 di d n ot c o m e u p i n t h e a n al ysis h er ei n ; ho w e v er, as it is dis c uss e d l at er, all S PI -

1 -r el at e d g e n es w er e u pr e g ul at e d, b ut p o ssi bl y d u e t o v ari ati o n i n i n di vi d u al s a m pl es ( s e e als o Fi g ur e

3 .5 ), t his eff e ct w as s h o w n n ot t o b e st atisti c all y si g nifi c a nt. W h e n gr o w n i n bil e, S.  P ar at y p hi A 

si g nifi c a ntl y d o w nr e g ul at e d v ari o us m et a b oli c pr o c ess es ( T a bl e 3 .3 ). A m o n g t h e p at h w a y s 

d o w nr e g ul at e d i n S.  P ar at y p hi A 9 1 5 0 w er e g e n es li n k e d t o s ul p h at e m et a b olis m, gl y o x yl at e c y cl e, a n d 

r e m o v al of s u p er o xi d e r a di c als , a n d t h e m aj orit y of t h es e p at h w a ys w er e s h ar e d wit h S.  P ar at y p hi A 

E D 1 9 9 ( T a bl e 3 .3 ). I nt er esti n gl y, g e n es ass o ci at e d wit h h y dr o g e n s ul p hi d e bi o s y nt h eti c pr o c ess, 

s ul p h at e tr a ns p ort a n d assi mil ati o n, a n d t h e tri c ar b o x yli c a ci d c y cl e ( T C A) w er e f o u n d t o b e a cti v at e d 

Fi g ur e 3 .6  S h ar e d r es p o n s e s t o bil e b et w e e n S.  T y p hi a n d S.  P ar at y p hi A.  

V e n n di a gr a ms c o m p ari n g si g nifi c a ntl y diff er e nti all y ( A) u pr e g ul at e d or ( B) d o w nr e g ul at e d g e n es i n r es p o n s e t o 

bil e a cr os s t h e t hr e e str ai n s t est e d.  
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b y bil e i n S.  T y p hi m uri u m a n d S.  T y p hi i n t h e J o h ns o n et al. , (2 0 1 7)  st u d y.  C oll e cti v el y t h es e r es ults 

s u g g est e d t h at S. P ar at y p hi A a n d S. T y p hi m a y b e e x pl oiti n g diff er e nt m et a b oli c p at h w a y s i n bil e.  

3. 5  S h ar e d r e s p o n s e s t o bil e b et w e e n S.  T y p hi a n d S.  P ar at y p hi A  

2 2 g e n es w er e si g nifi c a ntl y u pr e g ul at e d i n all t hr e e str ai ns b y m or e t h a n 2 -f ol d (Fi g ur e 3 .6 ; T a bl e 3 .4 ), 

w hi c h r e pr es e nts a s m all p r o p orti o n of t h e t ot al n u m b er of diff er e nti all y e x pr ess e d g e n es i n all str ai ns 

( < 2 0 % of u pr e g ul at e d g e n es). It is w ort h n oti n g, h o w e v er, t h at t h e g e n es s h o w n i n Fi g ur e 3 .6  t o b e 

u pr e g ul at e d i n S.  T y p hi a n d o nl y o n e of t h e t w o S.  P ar at y p hi A str ai n, ar e als o u pr e g ul at e d i n t h e ot h er 

o n e al b eit n ot si g nifi c a ntl y.  

T a bl e 3 .3  G O e nri c h m e nt a n al y si s of bi ol o gi c al pr o c e s s e s diff er e nti all y e x pr e s s e d i n  t y p h oi d al 

S al m o n ell a  f oll o wi n g e x p o s ur e t o bil e.  

G O t er ms si g nifi c a ntl y e nri c h e d i n t h e t hr e e str ai ns t est e d wit hi n g e n e p o ols u pr e g ul at e d or d o w nr e g ul at e d ar e 

s h o w n. P at h w a y s i n c ol o ur ar e t o i n di c at e s h ar e d r es p o n s es b et w e e n i n di c at e d str ai n s.  

S. T y p hi S. P ar at y p hi A 9 1 5 0 S. P ar at y p hi A E D 1 9 9

U
pr

eg
ul

at
e
d

 • B a ct eri al -t y p e fl a g ell u m

ass e m bl y

• C h e m ot a xis

• B a ct eri al -t y p e fl a g ell u m-

d e p e n d e nt c ell m otilit y

• H a e m  tr a ns p ort

• C yt o c hr o m e c o m pl e x ass e m bl y

• A n a er o bi c r es pir ati o n

D
o

w
nr

eg
ul

at
e
d

 

• Pr ot o n tr a ns m e m br a n e

tr a ns p ort

• H y dr o g e n s ul p h i d e

bi os y nt h eti c pr o c ess

• ‘ d e n o v o’ I M P bi os y nt h eti c

pr o c e ss

• S ul p h at e assi mil ati o n

• S ul p h at e r e d u cti o n

• S ul p h at e tr a ns m e m br a n e

tr a ns p ort

• A T P h y dr ol ysis c o u pl e d a ni o n

tr a ns m e m br a n e tr a ns p ort

• Gl y o x yl at e c y cl e

• Ar gi ni n e c at a b oli c pr o c e ss t o

s u c ci n at e

• R e m o v al of s u p er o xi d e

r a di c als

• M o -m ol y b d o pt eri n c of a ct or

bi os y nt h eti c pr o c ess

• H y dr o g e n s ul p h i d e

bi os y nt h eti c pr o c ess

• ‘d e n o v o’ I M P bi os y nt h eti c

pr o c e ss

• S ul p h at e assi mil ati o n

• S ul p h at e r e d u cti o n

• S ul p h at e tr a ns m e m br a n e

tr a ns p ort

• A T P h y dr ol ysis c o u pl e d a ni o n

tr a ns m e m br a n e tr a ns p ort

• Gl y o x yl at e c y cl e

• C yst ei n e bi os y nt h eti c pr o c ess

• G M P bi os y nt h eti c pr o c ess
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T a bl e 3. 4 S h ar e d u p r e g ul at e d g e n e s in b il e b e t w e e n T y 2, 9 1 5 0, a n d E D 1 9 9 . 

q  < 0. 0 5;  F C, f ol d c h a n g e; O M, o ut er m e m br a n e; I M, i nn e r m e m br a n e  

G e n e 
n a m e 
G e n e 
n a m e 

Pr o d u ct Pr o d u ct 

I D I D L o gL o g 22 F C  F C  

K n o w n f u n cti o n(s)/ N ot es K n o w n f u n cti o n(s)/ N ot es 

91
50

 
91

50
 

Ty
2 

Ty
2 

Ty
2 

Ty
2 

91
50

 
91

50
 

E
D1

99
 

E
D1

99
 

y h c N h y p ot h eti c al pr ot ei n  
S
P
A
3
22

8 

t
3
2
76

 

4.
0
21

1 

2.
4
23

2 

2.
7
99

4 

P ut ati v e O M  pr ot ei n; p er o xi d e/ a ci d str ess r e s p o ns e 
pr ot ei n; D U F 1 4 7 1 d o m ai n- c o nt ai ni n g pr ot ei n 

( u n k n o w n f u n cti o n) –  r e pr es e nt ati v es  
of t his f a mil y pl a y r ol es i n c ell ul ar pr o c e ss es 

i n cl u di n g str e ss r es p o ns e, a n d bi ofil m  
f or m ati o n ( Elets k y et al. , 2 0 1 4; L e e et al. , 2 0 1 0) 

y nf M 
m e m br a n e tr a ns p ort 

pr ot ei n  

S
P
A
1
36

8 

t
1
4
07

 

3.
0
75

3 

2.
3
49

6 

2.
4
85

4 I M tr a ns p ort pr ot ei n, p ut ati v e m aj or f a cilit at or 
tr a ns p ort ( M F S) pr ot ei n, f a cilit at es m o v e m e nt of 

s m all s ol ut es a cr oss m e m br a n e s 

- h y p ot h eti c al pr ot ei n  

S
P
A
3
22

9 

t
3
2
77

 

3.
0
95

9 

2.
0
80

9 

2.
4
50

0 

P ut ati v e p eri pl as mi c pr ot ei n 

gl p D 
a er o bi c gl y c er ol- 3-

p h os p h at e 
d e h y dr o g e n as e  S

P
A
3
38

4 

t
3
9
87

 

2.
6
72

4 

3.
8
71

8 

3.
3
08

8 

gl p  g e ne s ( gl p F , gl p K , gl p D ) i n v ol v e d i n gl y c er ol 
utilis ati o n, r e q uir e d f or bil e t ol er a n c e i n S al m o n ell a  

( L a n gri d g e et al. , 2 0 0 9); 
i n v ol v e d i n p ersist er c ell f or m ati o n a n d m ulti dr u g 
t ol er a n c e of bi ofil ms i n E. c oli  ( S p o eri n g, V uli ć & 

L e wis, 2 0 0 6) 

- h y p ot h eti c al pr ot ei n  

S
P
A
1
30

8 

t
1
4
75

 

2.
3
64

8 

3.
1
04

3 

1.
2
91

2 

A ci d str ess  c h a p er o n e H d e B; r ol e as a ci d pr ot e cti v e 
c h a p er o n e ( D a hl et a l., 2 0 1 5) 

y biJ h y p ot h eti c al pr ot ei n  

S
P
A
1
93

0 

t
2
0
65

 

2.
2
35

2 

1.
1
61

5 

1.
5
16

6 

P ut ati v e p eri pl as mi c pr ot ei n; D U F 1 4 7 1 d o m ai n-
c o nt ai ni n g pr ot ei n (s e e als o e ntr y f or y h c N); r ol e i n 

bi ofil m f or m ati o n/ m otilit y i n U P EC ( H a n c o c k, 
V ej b or g & Kl e m m, 2 0 1 0) 

y ei A 
di h y dr o p yri mi di n e 
d e h y dr o g e n as e  

S
P
A0

66
4 

t
0
6
68

 

1.
9
06

9 

1.
2
77

2 

1.
6
54

9 R ol e i n s w a r mi n g m otilit y i n E. c oli  (i n v ol v e d  
i n e n er g y pr o d u cti o n a n d c o n v ersi o n) (I n o u e et al. , 

2 0 0 7), ps e u d o g e n e i n T y 2 

- 
p ut ati v e 

tr a ns cri pti o n al 
r e g ul at or S

P
A2

65
4 

t
2
6
92

 

1.
7
63

0 

4.
6
04

9 

4.
8
67

5 

Ar s R f a mil y tr a ns cri pti o n al r e g ul at or 

gl p F 
gl y c er ol u pt a k e 

f a cilit at or pr ot ei n 

S
P
A3

93
0 

t
3
5
31

 

2.
1
99

8 

3.
3
14

2 

1.
4
43

8 

Diff usi o n of gl y c er ol, s e e als o e ntr y f or gl p D 

- h y p ot h eti c al pr ot ei n  

S
P
A1

83
1 

t
1
9
67

 

1.
4
65

6 

1.
6
67

4 

1.
9
03

8 

S m all p e pti d e of 3 5 a mi n o a ci d l o n g, pr es e nt i n v er y 
f e w S al m o n ell a  s er o v ars 

- o xi d or e d u ct as e  

S
P
A0

66
5 

t
0
6
69

 

1.
8
61

6 

2.
3
11

6 

2.
0
70

4 Di h y dr o p yri mi di n e d e h y dr o g e n as e ( N A D +) s u b u nit 
Pr e T; diff er e nti all y r e g ul at e d i n r es p o ns e t o str ess 

( S h a h et al. , 2 0 1 3)
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marA 

multiple antibiotic 
resistance protein / 

DNA-binding 
transcriptional 

activator 

SP
A
1
33

6
 

t1
4
40

 

1
.5
96

9
 

1
.8
32

0
 

1
.8
68

9
 

marRAB operon activated in response to bile; 
confers antibiotic tolerance by activating multidrug 
efflux pumps; important for survival  in bile (Gunn, 
2000; Begley , Gahan & Hill, 2005; Prouty et al. , 

2004a) 

glgS 
glycogen synthesis 

protein GlgS  

SP
A
3
06

5
 

t3
1
17

 

1
.6
19

7
 

1
.9
69

6
 

1
.3
31

0
 Surface composition regulator; upregulated in 

response to starvation stress in E. coli ; 
overexpression results in  glycogen synthesis  

(Hengge‐Aronis & Fischer, 1992)  

tdcC 

HAAAP family, L -
threonine/ L -serine 

permease, 
anaerobically 
inducible 

SP
A
3
11

2
 

t3
1
63

 

1
.5
39

2
 

3
.0
06

3
 

2
.4
41

2
 

Threonine transporter, role in nutrient uptake ; 
pseudogene in Ty2  

marR 

multiple antibiotic 
resistance protein/ 

DNA-binding 
transcriptional 
repressor 

SP
A
1
33

5
 

t1
4
41

 

1
.3
47

9
 

2
.2
07

2
 

2
.0
45

3
 

(see also marA entry) marR encodes a repressor of 
marRAB  transcription and controls the production 
of MarA in response to environmental signals ; 

directly interacts with deoxycholate (Prouty et al. , 
2004a) 

ygaP hypothetical protein  

SP
A
2
65

5
 

t2
6
93

 

1
.3
70

2
 

4
.3
14

8
 

4
.5
15

2
 

Membrane transport protein ; thiosul phate sul phur 
transferase 

dmsC 
anaerobic dimethyl 
sulphoxide reductase 

subunit C  SP
A
1
83

2
 

t4
2
14

 

1
.2
50

0
 

1
.6
04

6
 

1
.6
43

9
 Role in bacterial survival in anaerobic conditions; 

detected as differentially expressed in S.  Paratyphi 
A in vivo  vs ex vivo  possibly due to adaptation of the 

macrophage environment (Sheikh et al. , 2010)  

dmsB 
anaerobic dimethyl 
sulphoxide reductase 

subunit B  SP
A
1
35

7
 

t1
4
18

 

1
.2
92

8
 

1
.4
09

9
 

1
.6
59

9
 

Role in bacterial survival in anaerobic conditions  

tdcB 
catabolic threonine 

dehydratase 

SP
A
3
11

3
 

t3
1
64

 

1
.6
75

5
 

3
.6
99

0
 

2
.5
31

9
 

Involved in L-threonine catabolism 

slsA hypothetical protein  

SP
A
3
61

1
 

t3
7
57

 

1
.0
75

3
 

2
.1
59

4
 

3
.8
62

9
 

Predicted IM protein; encoded within SPI -3

apbA 
2-dehydropantoate

2-reductase

SP
A
2
28

9
 

t2
4
30

 

1
.0
19

9
 

1
.3
12

3
 

1
.2
68

9
 

Potential virulence -associated gene in Ty; involved 
in thiamine biosynthesis  

hypC 

Putative 
hydrogenase 
expression/ 

formation protein  SP
A
2
71

4
 

t2
7
58

 

1
.0
02

7
 

1
.8
77

6
 

1
.8
70

1
 

Upregulated in Tm in response to physiological bile  
(Antunes et al. , 2012)  
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T h e s h ar e d u pr e g ul at e d g e n es a m o n g S.  T y p hi T y 2, S.  P ar at y p hi A 9 1 5 0 a n d E D 1 9 9 i n cl u d e 

g e n es i n v ol v e d i n tr a ns p ort a cr o ss t h e i n n er or o ut er m e m br a n e, m et a b oli c pr o c ess es, bi ofil m 

f or m ati o n a n d str e ss r es p o ns es. G e n es s u c h as gl p  g e n es ( L a ngri d g e et al. , 2 0 0 9) t h os e i n t h e m ar R A B  

o p er o n ( Pr o ut y et al. , 2 0 0 4 a) w er e e x p e ct e d t o b e u pr e g ul at e d i n r es p o ns e t o bil e (s e e als o T a bl e 3 .6 ). 

G e n es li n k e d t o str ess r es p o ns es ( e. g. y h c N , gl p S , S P A 1 3 0 8 ) w er e  u pr e g ul at e d i n all t hr e e str ai ns, i n 

k e e pi n g wit h b il e a cti n g a s a str e ss f a ct or e n a bli n g t h e i n d u cti o n of a str ess r es p o ns e ( B e gl e y, G a h a n 

& Hill, 2 0 0 5; H er n á n d e z et al. , 2 0 1 2; Ur d a n et a & C as a d es ú s, 2 0 1 7; W al a w al k ar, V ai d y a & N a y a k, 2 0 1 6). 

A f e w g e n es ( y ei A , gl p D , y biJ ) wit h p ut ati v e r ol es i n bi ofil m f or m ati o n a n d/ or m otilit y, w hi c h is 

ass o ci at e d wit h bi ofil m s, w er e  als o i n cl u d e d i n t his list, c o nsist e nt wit h t h e bi ofil m -i n d u ci n g c a p a cit y 

of bil e i n S al m o n ell a  ( G o n z al e z-Es c o b e d o & G u n n, 2 0 1 3 a) .  

T hr e e g e n es ar e  si g nifi c a ntl y d o w nr e g ul at e d i n all S . P ar at y p hi A 9 1 5 0, S . P ar at y p hi A E D 1 9 9, 

a n d S . T y p hi T y 2 (T a bl e 3 .5 ). All t hr e e e n c o d e c o nfir m e d or p ut ati v e m e m br a n e pr ot ei ns. E x pr essi o n 

of t h e p ori n -e n c o di n g g e n e o m p F  s h o w e d t h e gr e at est r e d u cti o n i n r es p o ns e t o bil e i n all t hr e e str ai ns 

t e st e d (T a bl e 3 .5 ). As list e d i n T a bl e 3 .6  as w ell , m ut ati o n i n o m p F  i n E. c oli  l e a ds t o i n cr e as e d r esist a n c e 

t o w ar ds bil e ( T h a n assi, C h e n g & Ni k ai d o, 1 9 9 7). T h e d e cr e as e i n o m p F  e x pr essi o n i n bil e i n al l t hr e e 

str ai ns t e st e d h er e is c o nsist e nt wit h u pr e g ul ati o n of m ar R  a n d m ar A  i n all str ai ns (T a bl e 3 .4 ), w hi c h 

ar e i n v ol v e d i n o m p F  d o w nr e g ul ati o n ( H er n á n d e z et al. , 2 0 1 2; Vill arr e al et al. , 2 0 1 4; Pr o ut y et al. , 

2 0 0 4 a) . m ar B  of t h e m ar R A B  o p er o n w as si g nifi c a ntl y u pr e g ul at e d i n b o t h S.  P ar at y p hi A str ai ns; 

e x pr essi o n i n S.  T y p hi w as als o i n cr e as e d i n bil e, alt h o u g h n ot si g nifi c a ntl y. L ess is k n o w n a b o ut t h e 

ot h er t w o s h ar e d d o w nr e g ul at e d g e n es i n bil e ( y aj G  a n d y gj U ) as s h o w n i n T a bl e 3 .5 .  

T a bl e 3 .5  S h ar e d d o w nr e g ul at e d g e n e s i n bil e b et w e e n T y 2, 9 1 5 0, a n d E D 1 9 9 . 

q  < 0. 0 5;  F C, f ol d c h a n g e; O M, o ut er m e m br a n e  

G e n e G e n e 
n a m en a m e   

Pr o d u ctPr o d u ct   

I DI D  L o gL o g 22 F CF C   

K n o w n f u n cti o n/ N ot e sK n o w n f u n cti o n/ N ot e s   

91
50

91
50

  

Ty
2

Ty
2  

Ty
2

Ty
2  

91
50

91
50

  

E
D1

99
E
D1

99
  

o m p F  
o ut er 

m e m br a n e 
pr ot ei n F  S

P
A1

79
9 

t
1
9
35

 

-4
.6

40

-6
.3

31

-5
.5

34

D o w nr e g ul ati o n i n d u c e d b y m ar R A B ; li n k e d t o s ur vi v al  
i n a n d r esist a n c e t o w ar ds bil e; d o w nr e g ul at e d i n r es p o ns e 
t o d e o x y c h ol at e ( H er n á n d ez et al. , 2 0 1 2; Vill arr e al et al. , 

2 0 1 4; Pr o ut y et al. , 2 0 0 4 a) 

y aj G  li p o pr ot ei n 

S
P
A2

27
7 

t
2
4
15

 

-1
.0

83

-1
.1

99

-1
.0

12

P ut ati v e O M li p o pr ot ei n; ass o ci at e d  
wit h o xi d ati v e st re ss r es p o ns e i n S.  K e nt u c k y  d uri n g 

c hi c k e n i nf e cti o n ( C h e n g et al. , 2 0 1 5); d o w nr e g ul at e d i n S.  
T y p hi m uri u m i n bil e (J o h ns o n et al. , 2 0 1 8) 

y gj U  
m e m br a n e 
tr a ns p ort 
pr ot ei n  S

P
A3

09
4 

t
3
1
45

 

-1

-1
.4

09

-1
.1

59

P ut ati v e di c ar b o x yl at e p er m e as e; s eri n e/t hr e o ni n e 
tr a ns p ort er Sst T (i m p ort of s er/t hr, i m p ort of N a; 

s y m p ort er ); u pr e g ul at e d i n S.  T y p hi m uri u m a n d i n S.  T y p hi 
i n bil e pr e vi o usl y (J o h ns o n et al. , 2 0 1 8)  
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T o i d e ntif y s er o v ar -s p e cifi c r es p o ns es t o bil e, g e n es u pr e g ul at e d i n S.  T y p hi a n d  

d o w nr e g ul at e d i n S.  P ar at y p hi A str ai ns a n d vi c e v er s a  w er e n e xt c o m p ar e d. N o g e n es w er e 

si g nifi c a ntl y r e pr ess e d i n bil e i n S.  T y p hi a n d u pr e g ul at e d i n b ot h S.  P ar at y p hi A str ai ns, w hil e o n e g e n e 

w as si g nifi c a ntl y u pr e g ul at e d i n r es p o ns e t o bil e i n S.  T y p hi a n d w as d o w nr e g ul at e d i n S.  P ar at y p hi A. 

T his g e n e w as a c e B , w hi c h e n c o d es a m al at e s y nt h as e A a n d is o n e of t h e e n z y m es of t h e gl y o x yl at e 

b y p ass of t h e Kr e bs c y cl e. E x pr essi o n of a c e B  i n S.  T y p hi i n bil e is c o nsist e nt wit h t h e r e p ort b y J o h ns o n 

et al.  (2 0 1 7) , w hi c h als o s h o w e d a n u pr e g ul ati o n of a c e B  i n r es p o ns e t o bil e i n S.  T y p hi m uri u m. T his 

p oi nts t o w ar ds a p o ssi bl e S.  P ar at y p hi A -s p e cifi c r e s p o ns e.  

Ot h er t h a n a c e B , S.  T y p hi u pr e g ul at e d S P A 0 3 0 7  (t 0 2 9 7; l o g2 F C = 2. 5 6) a n d S P A 1 7 2 8  (t 1 7 9 8; 

l o g2 F C = 2. 5 3), w hi c h w er e si g nifi c a ntl y d o w nr e g ul at e d i n S.  P ar at y p hi A E D 1 9 9 ( S P A 3 0 7  l o g2 F C = -4. 1 7; 

S P A 1 7 2 8  l o g2 F C = -1. 1 5). B ot h g e n es s h o w e d a sli g ht d e cr e as e i n e x pr essi o n i n S.  P ar at y p hi A 9 1 5 0, 

alt h o u g h t his w as n ot st atisti c all y si g nifi c a nt. S P A 0 3 0 7  e n c o d es f or c a d A , a l ysi n e d e c ar b o x yl as e 

i n v ol v e d i n l ysi n e m et a b olis m, w hil e S P A 1 7 2 8 is a h y p ot h eti c al pr ot ei n. Si mil arl y, S.  P ar at y p hi A 9 1 5 0 

d o w nr e g ul at e d S P A 1 3 7 2  (l o g2 F C = -1. 3 1), als o k n o w n as y d g F , w hi c h w as u pr e g ul at e d i n S.  T y p hi ( t 1 4 0 2; 

l o g2 F C = 1. 1 0) a n d e n c o d es f or a h y p ot h eti c al pr ot ei n. T his g e n e w as als o d o w nr e g ul at e d i n S.  P ar at y p hi 

A E D 1 9 9, alt h o u g h n ot si g nifi c a ntl y. T h er e w er e n o g e n es diff er e nti all y e x pr ess e d b et w e e n t h e t w o 

S.  P ar at y p hi A str ai ns ( 9 1 5 0 a n d E D 1 9 9) si g nifi c a ntl y b y ≥  2 -f ol d i n r e s p o ns e t o bil e. 

I n t h e f oll o wi n g s e cti o ns, ge n es n ot e vi d e ntl y e x hi biti n g a si mil ar r es p o ns e a m o n g all t hr e e 

st r ai ns b ut t h at ar e of i nt er est ar e dis c uss e d, s u c h as wit h r e g ar ds t o vir ul e n c e or bil e t ol er a n c e, a n d 

w h o s e c h a n g es ar e n ot n e c es s aril y st atisti c all y si g nifi c a nt or ≥  2 -f ol d, i n or d er t o e ns ur e c o m pl et e 

c o v er a g e of t h e tr a ns cri pt o mi c c h a n g es i n t h es e str a i ns a n d t o g ai n i nsi g hts i nt o t h es e pr o c es s es. 

 

3. 6  Diff er e nti al r e g ul ati o n  of bil e -t ol er a n c e a n d r e si st a n c e g e n e s 

As d es cri b e d i n S e cti o ns  1. 8. 2  a n d 1. 8. 3 , bil e h as a nti mi cr o bi al pr o p erti es t o w hi c h m a n y b a ct eri al 

p at h o g e ns h a v e d e v el o p e d r esist a n c e ( G u n n, 2 0 0 0; Sistr u n k et al. , 2 0 1 6; Ur d a n et a & C as a d es ús, 2 0 1 7). 

G e n es k n o w n t o b e i n v ol v e d i n bil e r esist a n c e a n d t ol er a n c e i n cl u d e t h e T ol  g e n es, effl u x p u m ps, 

p ori ns, a n d s e v er al r e g ul at or y g e n es (T a bl e 3 .6 ). T h e pr e di ct e d or k n o w n r e g ul ati o n of t h es e g e n es i n 

r es p o ns e t o bil e, al o n g wit h c h a n g es o bs er v e d i n t h eir e x pr essi o n i n r es p o ns e t o bil e i n S.  P ar at y p hi A 

ar e s h o w n i n T a bl e 3 .6  a n d Fi g ur e 3 .7 A. S.  T y p hi a n d S.  P ar at y p hi A s h o w a hi g hl y si mil ar r e g ul ati o n of 

t h es e g e n es w h e n gr o w n i n bil e, i n li n e wit h t h eir g e n er all y c o ns er v e d r ol e. B as e d o n hi er ar c hi c al 

cl ust eri n g, S . P ar at y p hi A 9 1 5 0 a n d E D 1 9 9 a r e m or e si mil ar, p o ssi bl y d u e t o t h e si mil ar m a g nit u d e i n 

c h a n g es of e x pr essi o n. B ot h t y p h oi d al S al m o n ell a  s er o v ars r e g ul at e d all t ol er a n c e a n d r esist a n c e -

ass o ci at e d g e n es as e x p e ct e d / pr e di ct e d ( T a bl e 3 .6  a n d Fi g ur e 3. 7 A). Si g nifi c a nt i n cr e as e i n t h e 
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e x pr essi o n of a cr R , m ar R , a n d m ar A  i n r es p o ns e t o bil e w as o bs er v e d i n all t hr e e str ai ns t e st e d ( Fi g ur e 

3. 7 A). C o n v ers el y, as dis c uss e d e arli er, o m p F  w as d o w nr e g ul at e d i n all str ai ns. Als o, t ol Q a n d t ol R w er e 

si g nifi c a ntl y d o w nr e g ul at e d i n t h e t w o S.  P ar at y p hi A str ai ns; t h e d e cr e as e i n e x pr essi o n of t h es e g e n es 

T a bl e 3 .6  G e n e s li n k e d t o bil e t ol er a n c e a n d / or  r e si st a n c e i n S al m o n ell a .  

E C A; e nt er o b a ct eri al c o m m o n a nti g e n ; T m, T y p hi m uri u m; Pt, P ar at y p hi A; T y, T y p hi. 

G e n e G e n e 
n a m en a m e   

F u n cti o n/ m e c h a nis m of F u n cti o n/ m e c h a nis m of 
r e sist a n c e/t ol er a n c er e sist a n c e/t ol er a n c e  

K n o w n/ pr e di ct e d K n o w n/ pr e di ct e d 
r e g ul ati o n i n bil er e g ul ati o n i n bil e  

R ef er e n c eR ef er e n c e   

T
ol 

ge
ne

s t ol Q R A 
t ol C 

Effl u x p u m p f u n cti o n 
C ell e n v el o p e  

M ut a nts s e nsiti v e t o bil e  

N o m ar k e d c h a n g e 
i n e x pr e ssi o n 

( Pr o ut y et al. , 2 0 0 2; 
L a n gri d g e et al. , 2 0 0 9) 

Ef
fl

ux
 
p
u

m
ps

 

a cr A B  Effl u x p u m p  
M ut a nts s e nsiti v e t o bil e  

U pr e g ul ati o n  
( Pr o ut y et al. , 2 0 0 4 a; 
L a n gri d g e et al. , 2 0 0 9) 

a cr R  

e mr A  Effl u x p u m p  
( pr es e nt i n T m a n d Pt, p arti al 

pr es e n c e i n T y)  
E. c oli  a cr A e mr B  m ut a nt hi g hl y

s e nsiti v e t o bil e  

U pr e g ul ati o n  
( T h a n assi, C h e n g & 

Ni k ai d o, 1 9 9 7)  
e mr B  

er m R  

Re
g
ul

at
or

y 
ge

ne
s
 

p h o P Q  
T w o c o m p o n e nt s yst e m  
M ut a nts s e nsiti v e t o bil e  

N o i n d u cti o n/  
u pr e g ul ati o n, 
s o m e p h o P Q -

r e g ul at e d g e n es 
i m p ort a nt f or 

vir ul e n c e  

( v a n V el ki n b ur g h & G u n n, 
1 9 9 9; L a n gri d g e et al. , 

2 0 0 9)  

m ar R  R e g ul at or y g e n e s  
U pr e g ul ati o n i n bil e p arti c ul arl y 
b y d e o x y c h ol at e (i nt er a cts wit h 
m ar R); M ut a nts s e nsiti v e t o bil e  

U pr e g ul ati o n  ( Pr o ut y et al. , 2 0 0 4 a) m ar A  

m ar B  

r p o S 
G e n er al str e ss r e s p o ns e  
M ut a nt s e nsiti v e t o bil e  

U pr e g ul ati o n  
( B e gl e y, G a h a n & Hill, 

2 0 0 5)  

P
or
i
ns

 o m p F  
E. c oli  m ut a nt m or e r e sist a nt t o

bil e  
D o w nr e g ul ati o n  

( T h a n assi, C h e n g & 
Ni k ai d o, 1 9 9 7; H er n á n d e z 
et al. , 2 0 1 2; Vill arr e al et 

al. , 2 0 1 4) o m p C  E. c oli  m ut a nt s e nsiti v e t o bil e D o w nr e g ul ati o n  

D
N
A 
re

pa
ir

 

d a m  
D N A a d e ni n e m et h yl as e  
M ut a nt s e nsiti v e t o bil e  

U pr e g ul ati o n ?  
( Pri et o, R a m os-M or al es & 

C as a d e s ús, 2 0 0 4)  

r e c A, B, 
C, D  

D N A r e p air  
M ut a nts s e nsiti v e t o bil e  

U pr e g ul ati o n ?  
( Pri et o, R a m os-M or al es & 

C as a d e s ús, 2 0 0 6)  

E
C
A 

sy
nt

he
si
s w e c D  Bi os y nt h e sis a n d ass e m bl y of 

E C A; P ut ati v e pr ot e cti v e r ol e 
a g ai nst bil e s alts  

M ut a nts s e nsiti v e t o bil e  

U pr e g ul ati o n ?  
( Pr o ut y et al. , 2 0 0 2; 

R a m os -M or al e s et al. , 
2 0 0 3)  w e c A  
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i n S.  T y p hi T y 2 w as n ot st atisti c all y si g nifi c a nt. R e m ai ni n g g e n es l ar g el y s h o w e d i nsi g nifi c a nt c h a n g es 

i n r e s p o ns e t o bil e.  

S.  T y p hi a n d S.  T y p hi m uri u m h a v e b e e n s h o w n t o b e i n h er e ntl y r esist a nt t o hi g h bil e 

c o n c e ntr ati o ns wit h a MI C of 1 2 % a n d 1 8 %, r es p e cti v el y ( v a n V el ki n b ur g h & G u n n, 1 9 9 9). As s h o w n i n 

Fi g ur e 3. 2 A -B , t h e gr o wt h r at e of S.  P ar at y p hi A 9 1 5 0 a n d E D 1 9 9 w as n ot aff e ct e d b y t h e pr e s e n c e of 

3 % bil e i n t h e gr o wt h m e di a, li k e S.  T y p hi a n d S.  T y p hi m uri u m (J o h ns o n et al. , 2 0 1 8). T o f urt h er 

i n v esti g at e bil e t ol er a n c e of S.  P ar at y p hi A i n hi g h c o n c e ntr ati o ns, b a ct eri a w er e gr o w n f or 1 6 h i n a 

gr a di e nt of bil e c o n c e ntr ati o ns ( 5 – 3 0 %) a n d gr o wt h w as a ss ess e d r el ati v e t o L B -gr o w n b a ct eri a b y C F U 

e n u m er ati o n. S.  T y p hi T y 2 gr o wt h w as  aff e ct e d at  hi g h bil e c o n c e ntr ati o ns ( 1 5 – 3 0 %), c o nsis t e nt wit h 

Fi g ur e 3 .7  Bil e t ol er a n c e of  S.  T y p hi a n d S.  P ar at y p hi A.   

( A) H e at m a p s h o wi n g diff er e nti al r e g ul ati o n of g e n es i n v ol v e d i n 

S al m o n ell a  bil e t ol er a n c e a n d/ or r esist a n c e i n all t hr e e str ai n s t est e d. 

Ast eris ks d e n ot e st atisti c all y si g nifi c a nt c h a n g e. ( B) B a ct eri a w er e gr o w n 

i n L B m e di a s u p pl e m e nt e d wit h v ar yi n g bil e c on c e ntr ati o n s as i n di c at e d. 

At 1 6 h, b a ct eri al c ult ur es w er e pl at e d a n d C F Us w er e e n u m er at e d. 

Gr o wt h w as as s es s e d b y n or m alisi n g C F Us t o C F Us fr o m L B c ult ur es. B ars 

s h o w m e a n s fr o m f o ur ( T y 2, 9 1 5 0, E D 1 9 9) or t hr e e ( E D 2 9 3) i n d e p e n d e nt 

e x p eri m e nts ± S E M.  
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its p u blis h e d MI C, a n d its gr o wt h i n bil e r el ati v e t o st a n d ar d L B r e m ai ns u n aff e ct e d i n 5– 7. 5 % bil e 

(Fi g ur e 3 .7 B). S.  P ar at y p hi A 9 1 5 0 t ol er at e d si mil ar bil e c o n c e ntr ati o ns  t o S . T y p hi T y 2, alt h o u g h it s 

gr o wt h w as l ess li mit e d at hi g h c o n c e ntr ati o ns ( Fi g ur e 3 .7 ). S . P arat y p hi E D 1 9 9 is a bl e t o wit hst a n d 

c o n c e ntr ati o ns r e a c hi n g 1 5 % m or e r e a dil y t h a n S.  P ar at y p hi A a n d S . T y p hi T y 2 (Fi g ur e 3 .7 B). T o t e st 

w h et h er t h e a bili t y of S.  P ar at y p hi A t o t ol er at e  hi g h bil e c o n c e ntr ati o ns is s h ar e d wit h ot h er cli ni c al 

is ol at es, S.  P ar at y p hi A E D 2 9 3 w as als o i n cl u d e d i n t his a n al ysis. T his str ai n t ol er at e d hi g h bil e 

c o n c e ntr ati o ns b ett er t h a n all ot h er str ai ns t e st e d. Its gr o wt h w as e n h a n c e d i n bil e c o n c e ntr ati o ns 

r a n gi n g 5– 1 0 %, w hil e 1 5 – 3 0 % bil e o nl y mil dl y aff e ct e d its gr o wt h c o m p ar e d t o S.  T y p hi T y 2 a n d ot h er 

str ai ns of S.  P ar at y p hi A ( Fi g ur e 3 .7 B). T h es e r es ults s u g g est e d t h at S.  P ar at y p hi A m a y b e m or e t ol er a nt 

t h a n S.  T y p hi i n  hi g h bil e c o n c e ntr ati o ns, w hil e cli ni c al is ol at e s e x hi bit a n a m plifi e d p h e n ot y p e of bil e 

t ol er a n c e, w hi c h h as als o b e e n o bs er v e d wit h a n S.  T y p hi cli ni c al is ol at e c o m p ar e d t o T y 2 (J o h ns o n et 

al. , 2 0 1 8) 

3. 7   Eff e ct of e x p o s ur e t o bil e  o n S PI -1 a n d a d h e si n e x pr e s si o n  

It w as s h o w n a b o v e t h at e x p o s ur e t o bil e r es ult s i n i n cr e as e d i n v asi v e n ess b y S . P ar at y p hi A. Als o, a 

k e y diff er e n c e b et w e e n S.  T y p hi m uri u m a n d S.  T y p hi i n t h eir r es p o ns e t o bil e is dis p ar at e S PI -1 

r e g ul ati o n (J o h ns o n et al. , 2 0 1 8). Bil e-m e di at e d c h a n g es i n e x pr essi o n of S PI -1 -e n c o d e d g e n es a n d 

ot h er S PI -1 T 3 S S -d e p e n d e nt eff e ct ors e n c o d e d o utsi d e t h e S PI -1 i n S.  T y p hi T y 2 a n d S.  P ar at y p hi A 

9 1 5 0 a n d E D 1 9 9 ar e s h o w n i n Fi g ur e 3 .8 A. As e x p e ct e d (J o h ns o n et al. , 2 0 1 8), all S PI-1 -ass o ci at e d 

g e n es w er e u pr e g ul at e d i n bil e i n S.  T y p hi T y 2 ; t his c h a n g e i n e x pr essi o n w as st atisti c al si g nifi c a nt f or 

s o m e of t h e s e g e n es. Si mil arl y, S.  P ar at y p hi A 9 1 5 0 u pr e g ul at e d all S PI -1 ass o ci at e d g e n es, wit h a f e w 

s h o wi n g a st atisti c all y si g nifi c a nt i n cr e as e ( Fi g ur e 3 .8 A). Stri ki n gl y, S.  P ar at y p hi A E D 1 9 9 s h o w e d a n 

o v er all d e cr e as e i n e x pr essi o n of S PI -1 -ass o ci at e d g e n es, wit h a f e w e x c e pti o ns, s u c h a s hil D  a n d hil C  

w hi c h w er e mil dl y, alt h o u g h n ot si g nifi c a ntl y, u pr e g ul at e d ( Fi g ur e 3. 8 A ). Hi er ar c hi c al cl ust eri n g 

s u g g est e d a cl o s er si mil arit y b et w e e n S.  T y p hi T y 2 a n d S.  P ar at y p hi A 9 1 5 0 t h a n b et w e e n t h e t w o 

S. P ar at y p hi A str ai ns ( 9 1 5 0 a n d E D 1 9 9).

T o v ali d at e t h es e fi n di n gs, t h e tr a ns cri pti o n of t h e S PI -1 r e g ul at ors hil A , hil C  a n d hil D  ( F à br e g a 

& Vil a, 2 0 1 3) , as w ell as rts A w hi c h is e n c o d e d o utsi d e t h e g e n o mi c isl a n d ( Ell er m ei er & Sl a u c h, 2 0 0 3), 

al o n g wit h t h e eff e ct ors s o p B  a n d si p A w as t est e d vi a R T -q P C R. F or b ett er c o m p aris o n, t h e i n di vi d u al 

v al u es of l o g 2  f ol d c h a n g e o bt ai n e d fr o m e a c h r e p e at i n R N A-S e q a n al y sis w er e pl ott e d s e p ar at el y f or 

t h es e g e n es (Fi g ur e 3 .8 B). R T -q P C R c orr o b or at e d r es ults o bt ai n e d fr o m R N A -S e q a n al ysis r e g ar di n g all 

f o ur r e g ul at ors t e st e d (hil A , hil C , hil D , a n d rts A). W hil e t h e g en es e n c o di n g t h es e pr ot ei ns w er e 

u pr e g ul at e d i n b ot h S.  T y p hi T y 2 a n d S.  P ar at y p hi A 9 1 5 0, R T -q P C R a n al y sis s h o w e d a mi ni m al c h a n g e 

i n e x pr essi o n i n S . P ar at y p hi A E D 1 9 9, b ut t h e tr e n d w as i n li n e wit h t h e R N A-S e q d at a (Fi g ur e 3 .8 C).  
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s o p B a n d si p A w er e u pr e g ul at e d i n S . T y p hi T y 2 a n d S . P ar at y p hi A 9 1 5 0 as s h o w n b y b ot h R N A-S e q 

a n d R T -q P C R a n al ysis ( Fi g ur e 3 .8 A -B). H o w e v er , diff er e nti al e x pr e ssi o n of s o p B a n d si p A i n S . P ar at y p hi 

A E D 1 9 9 i n r es p o ns e t o bil e as s h o w n b y R N A -S e q w as n ot c orr o b or at e d wit h R T -q P C R ( Fi g ur e 3 .8 B).  

T h e o v er all l a c k of diff er e nti al e x pr essi o n of S PI -1 r e g ul at ors b et w e e n L B a n d bil e gr o wt h c o n diti o ns 

of S . P ar at y p hi A E D 1 9 9 m a y e x pl ai n t h e v ari ati o n s e e n i n e x pr essi o n of S PI-1 T 3 S S -d e p e n d e nt 

Fi g ur e 3 .8  Eff e ct of bil e o n S.  P ar at y p hi S PI -1 e x pr e s si o n .  

( A) H e at m a p s h o wi n g c h a n g e s i n S PI -1 g e n e e x pr es si o n i n r e s p o n s e 

t o bil e i n T y 2, 9 1 5 0 a n d E D 1 9 9. Ast eris ks  i n di c at e st atisti c all y 

si g nifi c a nt c h a n g es i n g e n e e x pr es si o n i n e a c h str ai n. ( B) I n di vi d u al 

R N A -S e q -d eri v e d l o g 2  f ol d c h a n g e v al u es a n d ( C) v ali d ati o n of 

c h a n g es i n S PI -1 g e n e e x pr es si o n f oll o wi n g e x p o s ur e t o 3 % bil e b y 

R T -q P C R. ( B) a n d ( C) w er e p erf or m e d wit h diff er e nt s ets of  s a m pl es.  
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eff e ct ors. A d diti o n all y,  S . P ar at y p hi A E D 1 9 9 is m or e v ari a bl e t h a n t h e r ef er e n c e str ai ns a cr oss 

bi ol o gi c al r e pli c at es , w hi c h m a y b e a r es ult of a d a pt ati o n of t h e l att er t o l a b or at or y c o n diti o ns a n d 

m a y i n di c at e a n o v er all a bs e n c e of a n eff e ct of bil e o n S PI -1 r e g ul a ti o n i n E D 1 9 9. 

D o w nr e g ul ati o n or s m all c h a n g e i n e x pr essi o n of S PI -1 -ass o ci at e d g e n es i n S.  P ar at y p hi A 

E D 1 9 9 c o m es i n s h ar p c o ntr ast t o t h e H e L a c ell i n v asi o n d at a, b ut is i n li n e wit h t h e S PI -1 pr ot ei n 

e x pr essi o n l e v els ( Fi g ur e 3. 4 ). It is p o ssi bl e t h at cli ni c al S.  P ar at y p hi A is ol at es e x pl oit ot h er m ol e c ul es 

t o pr o m ot e i n v asi o n i nt o h o st c ell u p o n e x p o s ur e t o bil e. A n o b vi o us c a n di d at e w o ul d b e a d h esi n s, 

w hi c h f a cilit at e b a ct eri al pr o xi mit y a n d a d h esi o n t o t h e h o st c ell, as w ell as bi ofil m f or m ati o n w hi c h is 

i m p ort a nt f or s ur vi v al i n t h e g all bl a d d er ( F à br e g a & Vil a, 2 0 1 3; Kli n e et al. , 2 0 0 9; G o n z al e z-Es c o b e d o 

& G u n n, 2 0 1 3 a) . A l ar g e n o n-fi m bri al T 1 S S-s e cr et e d a d h esi n, Sii E, w hi c h is e n c o d e d wit hi n S PI -4 is 

s u g g est e d t o b e i m p ort a nt i n i n vitr o i n v asi o n of S.  T y p hi m uri u m b y pr o m oti n g a cl o s e i nt er a cti o n of 

e pit h eli al c ells a n d t h us effi ci e nt tr a nsl o c ati o n of S PI -1 pr ot ei ns ( Gerl a c h et al. , 2 0 0 7; S a b b a g h et al. , 

2 0 1 0; G erl a c h et al. , 2 0 0 8). Als o, i n S.  T y p hi m uri u m, S pr B a cti v at es t h e S PI -4 ( S ai ni & R ao, 2 0 1 0; M ai n -

H est er et al. , 2 0 0 8); s pr B  w a s si g nifi c a ntl y u pr e g ul at e d i n S.  P ar at y p hi A 9 1 5 0 (l o g 2 F C = 1. 9 4), as w ell as 

i n S.  P ar at y p hi A E D 1 9 9 alt h o u g h  n ot si g nifi c a ntl y.  H o w e v er, a ll S PI-4 g e n es ( sii A-F / S P A 4 0 7 3 -7 8 ) w er e 

d o w nr e g ul at e d i n S.  P ar at y p hi A  9 1 5 0 a n d E D 1 9 9, w h er e t his r e d u cti o n i n e x pr essi o n w as st atisti c all y 

si g nifi c a nt a n d m or e t h a n 5 -f ol d (l o g2 F C = -2. 3 4) i n S P A 4 0 7 7/sii E  i n S.  P ar at y p hi A E D 1 9 9. T h e Sii E 

a d h esi n -ass o ci at e d g e n es ar e f o u n d as ps e u d o g e n es i n S.  T y p hi T y 2 ( P ar k hill et al. , 2 0 0 1; S a b b a g h et 

al. , 2 0 1 0). F urt h er m or e, m o st fi m bri al o p er o n g e n es di d n ot e x hi bit diff er e nti al r e g ul ati o n i n r es p o ns e 

t o bil e, s u c h as s ef , st e , st b, t cf, a n d st h a n d t h e c urli cs g . fi m A of t h e fi m o p er o n a n d st d C  of t h e st d 

o p er o n w er e si g nifi c a ntl y d o w nr e g ul at e d i n S.  P ar at y p hi A E D 1 9 9 ( T a bl e A p p e n di x. 1 ). All t h es e g e n es 

s h o w e d n o diff er e n c e i n e x pr essi o n f oll o wi n g e x p o s ur e t o bil e i n S.  P ar at y p hi A 9 1 5 0  (T a bl e 

A p p e n di x. 1 ). T a k e n t o g et h er, bil e-m e di at e d c h a n g es i n e x pr essi o n of g e n es t h at pr o m ot e h o st c ell 

att a c h m e nt a n d i n v asi o n di d n ot fit a m o d el w h er e b y t h e y w o ul d assist i n i n cr e as e d i n v asi o n 

c o m p e ns ati n g f or d o w nr e g ul ati o n of S PI -1 ; h o w e v er, as t h e r ol e of a d h esi n s is u n k n o w n i n m o st c as es, 

it is i m p o ssi bl e t o c o n cl u d e h o w S . P ar at y p hi A E D 1 9 9 e x pl oits t h es e c h a n g es t o m o d ul at e h o st c ell 

Fi g ur e 3 .9  E x p o s ur e t o bil e d o w nr e g ul at e s e x pr es si o n of S PI -4 i n 

S. P ar at y p hi A.

H e at m a p s h o wi n g l o g 2  f ol d c h a n g e i n e x pr es si o n l e v els of S PI-4 g e n es i n 

S.  P ar at y p hi A 9 1 5 0 a n d E D 1 9 9. Ast eris k  i n di c at es st atisti c al si g nifi c a n c e.
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i n v asi o n. A n ot h er p o ssi bilit y is t h at r e g ul ati o n of m otilit y-ass o ci at e d g e n e e x pr essi o n i n S.  P ar at y p hi A 

cli ni c al str ai ns all o ws f or i n cr e as e d i n v asi o n.  

 

3. 8  Eff e ct of bil e  o n S.  P ar at y p hi A m otilit y  

F oll o wi n g e x p o s ur e t o bil e, S.  T y p hi m uri u m d o w nr e g ul at es g e n es ass o ci at e d wit h fl a g ell ar m otilit y, 

w hil e S.  T y p hi u pr e g ul at es t h es e g e n es (J o h ns o n et al. , 2 0 1 8). T h e i n cr e as e i n e x pr essi o n of m otilit y-

ass o ci at e d g e n es i n S.  T y p hi w as o bs er v e d h er e as w ell, w h er e t h e m aj orit y of g e n es s h o w e d a 

st atisti c all y si g nifi c a nt i n cr e as e of m or e t h a n 2 -f ol d i n e x pr essi o n f oll o wi n g e x p o s ur e t o bil e (Fi g ur e 

3. 1 0 A). I nt er esti n gl y, g e n es li n k e d t o fl a g ell ar m otilit y a n d c h e m ot a xis w er e a m o n g t h e g e n es s h o w n 

t o b e si g nifi c a ntl y u pr e g ul at e d i n S.  T y p hi T y 2, b ut n ot i n S.  P ar at y p h i A str ai ns ( Fi g ur e 3 .6 ). S.  P ar at y p hi 

A 9 1 5 0 s h o w e d a m o d est u pr e g ul ati o n i n t h e m aj orit y of g e n es ass o ci at e d wit h m otilit y a n d 

c h e m ot a xis, alt h o u g h t his c h a n g e i n e x pr essi o n w as n ot st atisti c all y si g nifi c a nt (Fi g ur e 3. 1 0 A). 

S ur prisi n gl y, S.  P ar at y p hi A E D 1 9 9 s h o w e d a s m all c h a n g e i n e x pr essi o n of m o st g e n es, w hil e t h e 

m aj orit y of g e n es s h o w e d a d e cr e as e i n e x pr essi o n, wit h d o w nr e g ul ati o n of fli E (l o g2 F C = -1. 0 4) a n d fl h E 

(l o g2 F C = -0. 6 8) b ei n g st atisti c all y si g nifi c a nt. I n or d er t o c o nfir m t his dis p ar at e m o d ul ati o n of g e n e 

e x pr essi o n b et w e e n t h e t hr e e str ai ns t est e d h er e, t h e e x pr essi o n of fli E, w hi c h w as si g nifi c a ntl y 

d o w nr e g ul at e d i n S.  P ar at y p hi A E D 1 9 9, a n d of fli Z, w hi c h w as u pr e g ul at e d i n all str ai ns, w a s c o nfir m e d 

b y R T -q P C R. I n d e e d, t h e tr e n d of t h e e x pr essi o n of t h es e g e n es s e e n wit h R N A -S e q (Fi g ur e 3. 1 0 A -B) 

w as c orr o b or at e d wit h R T -q P C R ( Fi g ur e 3. 1 0 C). S.  P ar at y p hi A 9 1 5 0 s h o w e d m or e v ari ati o n  i n 

e x pr essi o n of t h es e t w o g e n es w h e n i n v esti g at e d b ot h wit h R N A -S e q a n d wit h R T -q P C R, s u g g esti n g 

t h at bil e pr o b a bl y h as a n i nsi g nifi c a nt eff e ct o n t h e m otilit y of t his str ai n.  

T o v erif y  t h es e r es ults, m otilit y w as t est e d i n st a n d ar d m otilit y a g ar s u p pl e m e nt e d wit h 1 % 

bil e. A  sli g htl y l o w er c o n c e n trati o n w as us e d,  a s 3 % bil e c o n c e ntr ati o n i nt erf er e d wit h a g ar s etti n g. 

M e as uri n g t h e s wi m mi n g di a m et er  of S.  T y p hi T y 2, S.  P ar at y p hi A 9 1 5 0 a n d E D 1 9 9 i n m otilit y a g ar i n 

t h e pr es e n c e or a bs e n c e of 1 % bil e c o nfir m e d t h at t h e i m p a ct o f bil e o n m otilit y is i n li n e wit h t h e g e n e 

e x pr essi o n r es ults. I n p arti c ul ar, S.  T y p hi T y 2 b e c a m e si g nifi c a ntl y m or e m otil e i n t h e pr es e n c e of bil e 

(Fi g ur e 3. 1 0 D), w hil e t h e m otilit y of S.  P ar at y p hi A 9 1 5 0 di d n ot c h a n g e i n t h e pr es e n c e of bil e ( Fi g ur e 

3. 1 0 E), as s u g g est e d b y t h e e x pr essi o n d at a ( Fi g ur e 3. 1 0 B -C). S.  P ar at y p hi A E D 1 9 9 w as  si g nif i c a ntl y 

l ess m otil e i n bil e (Fi g ur e 3. 1 0 F), i n li n e wit h t h e o v er all d o w nr e g ul ati o n of fl a g ell ar g e n es ( Fi g ur e 

3. 1 0 A). Dir e ct c o m p aris o ns b et w e e n t h e m otilit y pr ofil es of t h es e str ai ns c a n n ot b e m a d e, d u e t o t h e 

diff er e nt i n c u b ati o n ti m es us e d f or S.  T y p hi ( 1 6 h), S.  P ar at y p hi A 9 1 5 0 ( 2 4 h) a n d E D 1 9 9 ( 8 h) , o wi n g 

t o m ar k e d str ai n-t o-str ai n v ari ati o n i n m otilit y i n s wi m mi n g a g ar. H o w e v er, S . P ar at y p hi A E D 1 9 9 is 

m ar k e dl y m or e m otil e wit h  a s wi m mi n g di a m et er of  4. 6 c m  o n a v er a g e , i. e. gr e at er  t h a n d o u bl e t h at 



T H E S A L M O N E L L A P A R A T Y P HI A R E S P O N S E T O BI L E  

1 0 4  

of  2 c m  of S . P ar at y p hi A 9 1 5 0 i n a t hir d of t h e ti m e. S . P ar at y p hi A h as b e e n pr e vi o usly  s h o w n t o b e 

m or e m otil e t h a n S . T y p hi, alt h o u g h t h e str ai ns t est e d w er e diff er e nt t h at t h o s e t est e d i n t his pr oj e ct 

( El h a d a d et al. , 2 0 1 5 a). Als o, S.  P ar at y p hi A cli ni c al is ol at es m a y e x pl oit i n cr e a s e d m otilit y f or s ur vi v al 

wit hi n t h e h o st, w hi c h is c o nsist e nt wit h d at a wit h a n o ut br e a k str ai n fr o m a n i n d e p e n d e nt st u d y ( G al-

M or et al. , 2 0 1 2). H o w e v er, u p o n e n c o u nt er of bil e, w hi c h m a y a ct as a n e n vir o n m e nt al c u e, m otilit y 

Fi g ur e 3 .1 0  Eff e ct of bil e o n S.  P ar at y p hi A m otilit y. 

( A) H e at m a p s h o wi n g t h e l o g 2  f ol d c h a n g e (l o g2 F C) i n g e n e e x pr es si o n of 

fl a g ell ar m otilit y a n d c h e m ot a xis-as s o ci at e d g e n es f oll o wi n g e x p o s ur e t o 3 % bil e 

i n T y 2, 9 1 5 0 a n d E D 1 9 9. * i n di c at e st atisti c all y si g nifi c a nt diff er e n c es i n g e n e 

e x pr es si o n. ( B) I n di vi d u al v al u es of l o g2 F C i n R N A -S e q a n al y sis a n d ( C) v ali d ati o n 

of c h a n g es i n g e n e e x pr es si o n of fli E a n d fli Z i n bil e b y q R T-P C R.  ( B) a n d ( C) w er e 

p erf or m e d wit h diff er e nt s ets of s a m pl es.  ( D-F)  S wi m mi n g m otilit y of ( D) S.  

T y p hi T y 2, ( E) S.  P ar at y p hi A 9 1 5 0 or ( F) E D 1 9 9 i n L B a n d 1 % bil e w as as s es s e d 

b y  t h e a v er a g e di a m et er of s wi m mi n g r a di u s o n s wi m mi n g a g ar aft er 1 6 h ( T y 2), 

2 4 h ( 9 1 5 0) or 8 h ( E D 1 9 9), r es p e cti v el y. Gr a p h s s h o w m e a n ± S E M. St atisti c al 

a n al y sis wit h p air e d St u d e nt’s t-t e st. *,  p  <  0. 0 5 ; n s, n ot si g nifi c a nt. 
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m a y b e  li mit e d t o e v a d e r e c o g niti o n b y t h e i m m u n e s yst e m. T o e x a mi n e w h et h er t his i n cr e as e d 

m otilit y w as  s h ar e d wit h ot h er cli ni c al S . P ar at y p hi A is ol at es, s wi m mi n g m otilit y w as t est e d i n t h e 

ot h er  cli ni c al str ai ns as w ell . I nt er esti n gl y, bil e di d n ot aff e ct t he m otilit y of S.  P ar at y p hi A 0 2 T Y 1 2 9, 

0 2 T Y 2 2 1 a n d 0 2 T Y 2 2 4, w hil e it pr o m ot e d m otilit y f or S.  P ar at y p hi A E D 2 9 3 ( Fi g ur e 3. 1 1 ). It is c urr e ntl y 

u n cl e ar w h y t h e S.  P ar at y p hi A cli ni c al is ol at es  m a y  r e g ul at e t h eir m otilit y diff er e ntl y i n r es p o ns e t o 

bil e , b ut i n di c at es  wit hi n -s er o v ar v ari ati o n  i n fl a g ell ar m otilit y a n d/ or fl a g elli n pr ot ei ns . 

3. 9  Eff e ct of bil e o n S.  P ar at y p hi  A -s p e cifi c g e n e s 

G e n es o nl y f o u n d i n S . P ar at y p hi A a n d n ot i n S.  T y p hi w er e n e xt i n v esti g at e d , as t h es e m a y b e 

i m pli c at e d i n diff er e nt str at e gi es t o est a blis h c hr o ni c c arri a g e b et w e e n t h e t w o s er o v ars . A list of t h es e 

g e n es (S P A 2 3 9 4 -2 4 3 1, S P A 2 4 6 9, S P A 2 4 7 2 -3, S P A 2 6 0 1 -1 3, S P A 2 6 2 3 -2 5, S P A 4 2 8 9 -9 1 ) w as f o u n d i n H olt 

( 2 0 0 9). Alt h o u g h t h e c o m p aris o n w as m a d e b et w e e n ot h er r ef er e n c e str ai ns t h a n t h o s e us e d h er ei n, 

n a m el y S.  T y p hi C T 1 8 a n d S.  P ar at y p hi A A K U _ 1 2 6 0 1, m o st of t h es e g e n es w er e f o u n d i n ot h er 

S. P ar at y p hi A str ai ns t e st e d i n t h at st u d y  i n cl u di n g 9 1 5 0. N o n e of t h es e g e n es w er e diff er e nti all y

r e g ul at e d i n r es p o ns e t o bil e i n a n y of t h e t w o S.  P ar at y p hi A str ai ns t e st e d.  

Fi g ur e 3 .1 1  Eff e ct of bil e o n S.  P ar at y p hi A cli ni c al i s ol at e s m otilit y.  

S wi m mi n g m otilit y of S.  P ar at y p hi A cli ni c al str ai ns i n L B a n d 1 % bil e as s es s e d b y t h e a v er a g e s wi m mi n g di a m et er 

o n s wi m mi n g a g ar aft er 8 h. Gr a p h s s h o w m e a n ± S E M fr o m fi v e i n d e p e n d e nt r e p e at s. St atisti c al a n al y sis b y 

t w o-w a y A N O V A f oll o w e d b y c orr e cti o n f or m ulti pl e c o m p aris o n s.  *,  p  < 0. 0 5 ; n s, n ot si g nifi c a nt. 
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T h e g e n o m es of b ot h S.  P ar at y p hi A a n d S.  T y p hi ar e c h ar a ct eris e d b y e xt e nsi v e g e n o m e 

d e gr a d ati o n ( M c Cl ell a n d et al., 2 0 0 4; H olt et al., 2 0 0 9). Alt h o u g h S.  T y p hi a n d S.  P ar at y p hi A s h ar e 

s o m e of t h eir ps e u d o g e n es ( T a bl e 1 .2 ), t h er e ar e als o ps e u d o g e n es t h at ar e n ot s h ar e d b et w e e n t h e 

t w o s er o v ars. Ps e u d o g e n es i n S.  T y p hi T y 2 t h at ar e i nt a ct i n S . P ar at y p hi A 9 1 5 0 w er e e x a mi n e d f or 

diff er e nti al r e g ul ati o n t o bil e, w hi c h m a y dri v e dis p ar at e r es p o ns es b et w e e n t h e t w o s er o v ars. Fr o m 

T a bl e 3 .7  E x pr es si o n  c h a n g e  of S . P ar at y p hi A g e n e s i n bil e f o u n d a s p s e u d o g e n e s i n S . T y p hi.  

G e n es t h at ar e i nt a ct i n S . P ar at y p hi A a n d p s e u d o g e n es i n S. T y p hi T y 2 w er e e x a mi n e d f or diff er e nti al 

r e g ul ati o n i n r es p o ns e t o bil e. T h o s e t h at e x hi bit e d a st atisti c all y si g nifi c a nt c h a n g e i n e x pr es si o n i n o n e of t h e 

t w o or b ot h S . P ar at y p hi A str ai n s ar e pr es e nt e d h er e. l o g2 F C v al u es ar e s h o w n o nl y w h e n q  <  0. 0 5.  

G e n e I D  
G e n e 
n a m e  

F u n cti o n  
S . P ar at y p hi A l o g2 F C,

q  <  0. 0 5  

9 1 5 0  E D 1 9 9  

S P A 0 1 8 6  p a n D  as p art at e 1 -d e c ar b o x yl as e  -1. 2 5 8 7 3

S P A 0 3 7 5  - - 1. 1 8 9 8 2 5  

S P A 0 6 6 4  y ei A  p ut ati v e di h y dr o p yri mi di n e d e h y dr o g e n as e  1. 2 7 7 2 2 8  1. 6 5 4 8 6 5  

S P A 0 7 1 2  y e g S  p ut ati v e di a c yl gl y c er ol ki n as e c at al yti c d o m ai n  -0. 8 3 2 8 9

S P A 1 1 3 3  o p p C  
A B C s u p erf a mil y ( m e m br a n e), oli g o p e pti d e 

tr a ns p ort pr ot ei n 
-0. 8 7 9 3 2

S P A 1 3 2 6  - p ut ati v e o ut er m e m br a n e pr ot ei n  4. 0 9 5 9 2 4  

S P A 1 3 4 0  y d eI  p ut ati v e p eri pl as mi c pr ot ei n  -1. 0 9 5 1 6

S P A 1 3 5 6  d ms A  
p ut ati v e di m et h yl s ul p h o xi d e r e d u ct as e 

s u b u nit  
1. 5 5 3 5 9 8  

S P A 1 4 7 9  y n h G  p ut ati v e L y s M d o m ai n  -0. 9 2 0 9 3

S P A 1 5 4 0  ast A  ar gi ni n e s u c ci n yltr a nsf er as e  -3. 4 1 5 0 4

S P A 1 5 5 5  y e a D  
p ut ati v e e n z y m es r el at e d t o al d os e 1 -

e pi m er as e  
1. 3 5 2 6 7 2  

S P A 1 7 2 3  - p ut ati v e s o di u m/ gl u c o s e c otr a ns p ort er  -0. 7 8 7 2 7

S P A 1 9 2 3  gl n H  
gl ut a mi n e -bi n di n g p eri pl as mi c pr ot ei n 

pr e c urs or  
1. 6 4 5 8  1. 5 4 4 1 7 1  

S P A 2 0 4 0  s p e F or nit hi n e d e c ar b o x yl as e is oz y m e, i n d u ci bl e  2. 9 1 8 1 6 2  

S P A 2 0 8 0  - p ut ati v e c yt o pl as mi c pr ot ei n  1. 3 2 9 7 0 5  

S P A 2 3 3 3  ar o M  pr ot ei n of ar o o p er o n, r e g ul at e d b y ar o R  -1

S P A 2 3 5 7  y a h O  pr o b a bl e s e cr et e d pr ot ei n  -2. 8 3 0 9 4 -1. 8 6 7 9

S P A 2 6 5 0  g a b P  
G a b A p er m e as e ( 4 -a mi n o b ut yr at e tr a ns p ort 

c arri er)  
-2. 6 3 5 5 9

S P A 2 6 5 2  y g a U  p ut ati v e L y s M d o m ai n  -1. 1 0 7 4 5

S P A 3 1 1 2  t d c C 
H A A A P f a mil y, L -t hr e o ni n e/ L-s eri n e p er m e as e, 

a n a er o bi c all y i n d u ci bl e  
3. 0 0 6 2 7 7  2. 4 4 1 2 2 7  

S P A 3 3 6 9  y h g F  p ut ati v e tr a ns cri pti o n a c c ess or y pr ot ei n  -1. 2 3 1 9 5

S P A 3 4 5 6  - - -0. 9 0 9 4

S P A 3 6 1 2  ci g R  p ut ati v e i n n er m e m br a n e pr ot ei n  -0. 6 8 5 8 9 -0. 9 7 7 6 3

S P A 4 2 8 6  yj g B  p ut ati v e al c o h ol d e h y dr o g e n a s e  -1. 9 7 7 9 7
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t h e ~ 2 0 0  g e n es ( M c Cl ell a n d et al. , 2 0 0 4), 2 4 s h o w e d st atisti c all y si g nifi c a nt u pr e g ul ati o n or 

d o w nr e g ul ati o n i n r es p o ns e t o bil e i n a n y of t h e t w o S.  P ar at y p hi A str ai ns ( T a bl e 3 .7 ). T h e r es p o ns e 

t o bil e of s o m e of t h es e g e n es w as s h ar e d b et w e e n t h e t w o S.  P ar at y p hi A str ai ns. M ost  g e n e s wit h a 

k n o w n f u n cti o n h a v e c at al yti c a cti vit y i n m et a b oli c p at h w a y s, alt h o u g h t h es e s h o w e d a v ar yi n g 

r es p o ns e t o bil e b et w e e n t h e t w o S . P ar at y p hi A str ai ns. B as e d o n t h e c urr e nt a n n ot ati o n ( G O a n al ysi s) 

of t his p o ol of g e n es , it w as s u g g est e d t h at t h e y ar e n ot i n v ol v e d i n a s p e cifi c ar m of m et a b olis m t h at 

is t ar g et e d b y bil e. Bil e als o tri g g er e d c h a n g es i n e x pr essi o n of g e n es e n c o di n g m e m br a n e pr ot ei ns 

t h at m a y b e i n v ol v e d i n bil e c o m p o n e nts u pt a k e or effl u x or h a v e ot h er r e g ul at or y p ur p o s es. G e n e s 

b el o n gi n g t o t his p o ol wit h u n k n o w n or n ot w ell i n v est i g at e d f u n cti o ns m a y pr o v e t o b e u ni q u e 

S . P ar at y p hi A str at e gi es f or s ur vi v al a n d/ or vir ul e n c e f oll o wi n g e x p o s ur e t o bil e .

3. 1 0  Eff e ct of bil e o n S.  P ar at y p hi  A m et a b oli s m  

M o st  of  t h e bi ol o gi c al pr o c es s es  r e pr ess e d i n r es p o ns e t o bil e  i n S.  P ar at y p hi  A 9 1 5 0  a n d  E D 1 9 9 

i n cl u d e d p at h w a y s  i n v ol v e d i n m et a b oli c  pr o c es s es  ( T a bl e 3. 3).  Alt h o u g h  n ot  st atisti c all y  e nri c h e d, 

t h es e p at h w a y s s h o w e d t h e o p p o sit e r es p o ns e i n S . T y p hi ( n ot s h o w n). M a n y of t h es e p at h w a y s ar e 

bi o s y nt h eti c pr o c ess es; d o w nr e g ul ati o n of s u c h p at h w a y s i n r es p o ns e t o bil e m a y i n di c at e a n arr est i n 

c ert ai n m et a b oli c pr o c ess es i n t h e h ars h e n vir o n m e nt cr e at e d b y bil e.  

G O a n al ysis  ( T a bl e 3. 3)  i n di c at e d t h at s ulp h at e  a ssi mil ati o n  a n d  r e d u cti o n i n v ol v e d g e n es 

e n c o d e d b y t h e c ys  o p er o n. G e n es b el o n gi n g t o t h e c ys  o p er o n ar e i m pli c at e d i n S al m o n ell a  o xi d ati v e 

str e ss ( W a n g et al. , 2 0 1 0 a) a n d i n S.  T y p hi t ol er a n c e t o bil e ( L a n gri d g e et al. , 2 0 0 9). c ys  g e n es ar e als o 

i n v ol v e d i n h y dr o g e n  s ul p hi d e  bi o s y nt h eti c  pr o c ess,  w hi c h  h as  b e e n  i m pli c at e d i n d ef e n c es  a g ai nst 

o xi d ati v e  str es s  i n b a ct eri a  ( S h at ali n et al. , 2 0 1 1).  As pr e vi o usl y  m e nti o n e d,  bil e  r es ults i n o xi d ati v e 

str e ss  i n b a ct eri a  ( W al a w al k ar, V ai d y a  & N a y a k,  2 0 1 6);  t h er ef or e, it is i ntri g ui n g t h at S.  P ar at y p hi  A 

w o ul d  r e d u c e t h es e g e n es i n  r es p o ns e t o bil e.  A si mil ar  r es p o ns e w as o bs er v e d wit h  a S.  T y p hi H 5 8 

str ai n (J o h ns o n et  a l., 2 0 1 8). Bil e-tri g g er e d  d o w nr e g ul ati o n of  a  c ys  g e n e  (c ysJ ) w as c orr o b or at e d  i n 

S. P ar at y p hi A str ai ns, alt h o u g h t h e m a g nit u d e w as s m all er t h a n t h at o bs er v e d wit h R N A- S e q ( Fi g ur e  

3. 1 2 A- B).  H o w e v er,  c ysJ  e x pr essi o n  i n S.  T y p hi  c o ul d  n ot  b e  v ali d at e d.  A n ot h er  g e n e  i n v ol v e d i n 

pr ot e cti o n fr o m o xi d ati v e str ess i n S al m o n ell a  is s o d A  ( L a n gri d g e et al. , 2 0 0 9), a n d a si mil ar tr e n d i n 

its e x pr essi o n i n r es p o ns e t o bil e w as o bs er v e d i n t h e J o h ns o n et al  ( 2 0 1 7) st u d y, n a m el y it w as 

u pr e g ul at e d i n S.  T y p hi T y 2, b ut d o w nr e g ul at e d i n a cli ni c al str ai n. W hil e its e x pr essi o n l e v el s r e m ai n e d 

u n c h a n g e d  i n S.  T y p hi  T y 2  i n t h e pr es e nt st u d y,  it s h o w e d a t e n d e n c y  t o b e  d o w nr e g ul at e d  i n 

S. P ar at y p hi  A ( Fi g ur e  3. 1 2 A- B).  As d e cr e as es  i n e x pr essi o n  o bs er v e d  b y  R N A- S e q  w er e  n ot  al w a y s  

c orr o b or at e d wit h R T- q P C R, a g e n e t h at  w as o bs er v e d  t o b e u pr e g ul at e d b y R N A- S e q i n all t hr e e str ai ns 
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t e st e d w as e x a mi n e d. T h e u pr e g ul ati o n of f a d E, w hi c h is i n v ol v e d i n f att y a ci d m et a b olis m ( W olf e, 

2 0 0 5) , w as e x a mi n e d b y q P C R a n d v ali d at e d i n all t hr e e str ai ns. It r e m ai ns u n k no w n w h y t h e R N A -S e q 

d at a w er e n ot al w a ys c orr o b or at e d wit h R T -q P C R i n t his c as e. N e v ert h el ess, t his dis cr e p a n c y m a y 

s u g g est o v er all n o n -si g nifi c a nt c h a n g es i n e x pr essi o n i n r e s p o ns e t o bil e of t h e g e n es t e st e d.  

T h e gl y o x yl at e b y p ass ( als o k n o w n as gl y o x yl at e s h u nt or c y cl e) of t h e T C A c y cl e ( Fi g ur e 3. 1 3 A) 

m e di at es t h e utilis ati o n of a c et at e a n d f att y a ci ds as c ar b o n s o ur c es w h e n gl u c o s e is s c ar c e. T h e C O 2 -

pr o d u ci n g r e a cti o ns ar e b y p ass e d d uri n g a cti v ati o n of t h e gl y o x yl at e c y cl e a n d m ai nt ai ns t h e n u m b er 

of c ar b o n at o m s ( Fi g ur e 3. 1 3 A). T h e e n z y m es i n v ol v e d i n t h e gl y o x yl at e s h u nt ar e A c e A, w hi c h is a n 

is o citr at e l y as e c at al y si n g t h e c o n v ersi o n of is o citr at e t o gl y o x yl at e a n d s u c ci n at e, a n d A c e B, a m al at e 

s y nt h as e A, w hi c h c at al y s es t h e f or m ati o n of m al at e fr o m gl y o x yl at e. T o d et er mi n e c y cl e fl o w t hr o u g h 

t h e gl y o x yl at e c y cl e i nst e a d of t h e T C A c y cl e, A c e A c o m p et es f or t h e s a m e s u bstr at e wit h I c d A, t h e 

Fi g ur e 3 .1 2  V ali d ati o n of bil e eff e ct o n S.  P ar at y p hi A m et a b oli c g e n e s . 

( A) I n di vi d u al l o g2 F C v al u es fr o m R N A -S e q a n al y sis  of i n di c at e d g e n es s h o wi n g e x pr es si o n c h a n g e i n bil e o v er L B . 

( B) V ali d ati o n of e x pr es si o n of i n di c at e d g e n es  i n bil e wit h R T -q P C R. ( A) a n d ( B) w er e p erf or m e d wit h diff er e nt 

s ets of s a m pl es.  
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is o citr at e d e h y dr o ge n as e c o n v erti n g is o citr at e t o α -K et o gl ut ar at e, as A c e A h as a l o w er affi nit y f or 

is o citr at e t h a n I c d A. T h eir a cti vit y is c o ntr oll e d b y A c e K, t h e is o citr at e d e h y dr o g e n as e 

ki n as e/ p h o s p h at as e t h at p h o s p h or yl at es a n d i n a cti v at es I c d A, all o wi n g A c e A t o dir e ct f l u x t hr o u g h t h e 

gl y o x yl at e c y cl e ( C o zz o n e, 1 9 9 8; W olf e, 2 0 0 5).  

T h e g e n es i n v ol v e d i n t his p at h w a y ar e e n c o d e d b y t h e a c e B A K  o p er o n ( Fi g ur e 3 .1 3 B ) i n 

S al m o n ell a  a n d E. c oli . In S . P ar at y p hi A, a c e K  is a ps e u d o g e n e d u e t o a m ut ati o n r es ulti n g i n a st o p 

c o d o n at b as e 9 6 ( M c Cl ell a n d et al. , 2 0 0 4; Wils o n & M al o y, 1 9 8 7). E x pr essi o n of a c e B a n d a c e A w er e 

si g nifi c a ntl y d o w nr e g ul at e d i n r es p o ns e t o bil e i n b ot h S . Par at y p hi A 9 1 5 0 a n d E D 1 9 9 b y m or e t h a n 

4 -f ol d (l o g2 F C  >  2. 3) ( Fi g ur e 3. 1 2 A). I n c o ntr ast, S.  T y p hi T y 2 si g nifi c a ntl y r e pr ess e d e x pr essi o n of a c e B ; 

e x pr e ssi o n of a c e A w as u n c h a n g e d . T o v ali d at e t h es e r es ults, tr a ns cri pti o n of t h es e g e n es w as 

Fi g ur e 3 .1 3  Gl y o x yl at e c y cl e i n S al m o n ell a .  

( A) T h e gl y o x yl at e b y p ass of t h e Kr e b s c y cl e. Gl y o x yl at e c y cl e e n z y m es ar e s h o w n i n gr e e n. Gr a p hi c pr o d u c e d 

wit h Bi or e n d er. ( B) t h e a c e B A K  o p er o n i n S.  P ar at y p hi A. ( C) S.  P ar at y p hi A w as gr o w n i n st a n d ar d L B m e di a a n d 

gr o wt h w as a s s es s e d b y m o nit ori n g O D 6 0 0  o v er ti m e. R es ult s s h o w m e a n s fr o m t hr e e i n d e p e n d e nt r e p e at s.  
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ass ess e d b y R T -q P C R. As s h o w n i n Fi g ur e 3 .1 2 B, b ot h a c e B  a n d a c e A  w er e d o w nr e g ul at e d i n t h e 

S. P ar at y p hi A str ai ns, w hil e t h e y w er e i n d u c e d b y bil e i n S.  T y p hi T y 2. It is w ort h n oti n g t h at n o n e of

t h e T C A c y cl e e n z y m es w er e si g nifi c a ntl y diff er e nti all y e x pr ess e d i n bil e i n a n y of t h e t hr e e str ai ns 

(T a bl e A p p e n di x. 1 ), s u g g esti n g t h at r e g ul ati o n of t h e gl y o x yl at e c y cl e b y bil e is n ot b e c a u s e of c h a n g es 

in t h e T C A c y cl e a cti vit y. As a c e B  w as t h e o nl y g e n e t o b e si g nifi c a ntl y diff er e nti all y r e g ul at e d b y bil e 

b et w e e n S.  T y p hi a n d S.  P ar at y p hi A (s e e S e cti o n  3. 5 ), it w as f urt h er i n v esti g at e d as s h o w n i n t h e 

f oll o wi n g s e cti o ns. D el eti o n of a c e A , a c e B , or a c e B A di d n ot aff e ct S . P ar at y p hi A 9 1 5 0 gr o wt h i n 

st a n d ar d L B m e di a ( Fi g ur e 3 .1 3 C). It is w ort h n oti n g t h at a n ot h er p at h w a y d o w nr e g ul at e d i n t h e t w o 

S . P ar at y p hi A str ai ns w as a c at a b oli c pr o c es s r es ulti n g i n s u c ci n at e (T a bl e 3 .1 ), w hi c h is i n li n e wit h

d o w nr e g ul ati o n of t h e gl y o x yl at e p at h w a y a n d pr o d u cti o n of t h e i nt er m e di at e m ol e c ul es.  C oll e cti v el y, 

t h es e r es ults s u g g est t h at S.  P ar at y p hi A m a y h a v e a disti n ct m et a b oli c pr ofil e i n bil e  c o m p ar e d t o 

S. T y p hi.

3. 1 1  R ol e of gl y o x yl at e c y cl e g e n e s i n h o st c ell  i nf e cti o n 

T h e e n z y m es i n v ol v e d i n t h e gl y o x yl at e c y cl e h a v e b e e n s h o w n t o i nfl u e n c e i nt er a cti o ns of b a ct eri a 

wit h h ost c ells. A c e A is i n v ol v e d i n p ersist e n c e d uri n g c hr o ni c i nf e cti o n, b ut  n ot i n a c ut e i nf e cti o n of 

mi c e wit h S.  T y p hi m uri u m, s u g g esti n g S.  T y p hi m uri u m d e p e n d e n c e o n f att y a ci ds at t h e p ersist e nt 

p h as e of i nf e cti o n ( F a n g et al. , 2 0 0 5). A tr a ns cri pt o mi c a n al ysis f o u n d i n d u cti o n of a c e A  d uri n g S.  T y p hi 

i nf e cti o n of h u m a n m a cr o p h a g es aft er 1 2 h of i nf e cti o n ( F a u c h er et al. , 2 0 0 6). T h es e su g g est t h at A c e A 

m a y b e  i m p ort a nt f or l o n g-t er m s ur vi v al i n m a cr o p h a g es. A d diti o n all y, A c e A is i n v ol v e d i n m o d ul ati o n 

of N L R P 3 i nfl a m m as o m e d uri n g i nf e cti o n wit h S . T y p hi m uri u m ( W y n os k y-D olfi et al. , 2 0 1 4). S . 

P ar at y p hi A i nt er a cti o ns wit h m a cr o p h a g es ar e e x a mi n e d i n C h a pt er  4  a n d t h e gl y o x yl at e c y cl e a p p e ars 

t o b e r el e v a nt f or t h e sy st e mi c p h as e of i nf e cti o n. T h er ef or e, t h e n e xt ai m w a s t o e x pl or e w h et h er t his 

p at h w a y h as a r ol e d uri n g S.  P ar at y p hi A i nf e cti o n  of h u m a n c ells . T o  t e st w h et h er d el eti o n of a c e A  or 

a c e B  aff e ct i nt er a cti o ns of S.  P ar at y p hi A 9 1 5 0 wit h h o st c ells , H e L a a n d diff er e nti at e d m a cr o p h a g e -

li k e T H P-1 c ells w er e i nf e ct e d wit h S.  P ar at y p hi A 9 1 5 0, Δ a c e A , Δ a c e B , a n d Δ a c e B A .  

H e L a c ells w er e i nf e ct e d a n d i nt er n alis e d b a ct eri a w er e d et er mi n e d at 2 h p o st i nf e cti o n t o 

ass ess i n v asi o n l e v els. D el eti o n of eit h er a c e A , a c e B , or b ot h a c e B A  di d n ot aff e ct i n v asi o n of 

S. P ar at y p hi A, as t h es e i n v a d e d H e L a c ells at c o m p ar a bl e l e v els t o W T ( Fi g ur e 3 .1 4 A). T h e a bilit y of

t h es e m ut a nts t o r e pli c at e wit hi n H e L a c ells w as d et er mi n e d b y i nf e cti n g H e L a c ells a n d ass essi n g 

b a ct eri al n u m b ers at  2 0 h p o st i nf e cti o n. T h e d el eti o n of eit h er or b ot h  g e n es  h a d n o si g nifi c a nt eff e ct 

o n i ntr a c ell ul ar r e pli c ati o n c o m p ar e d t o W T b a ct eri a (Fi g ur e 3 .1 4 B).  T h es e  r es ults s u g g est t h at t h e 

gl y o x yl at e b y p ass is n ot r e q uir e d f or i nt er a cti o ns of S.  P ar at y p hi A 9 1 5 0 wit h H e L a c ells. T his is i n li n e 



T H E S A L M O N E L L A P A R A T Y P HI A R E S P O N S E T O BI L E  

1 1 1  

wit h a st u d y i n v esti g ati n g t h e m et a b oli c r e q uir e m e nts of S.  T y p hi m uri u m d uri n g i nf e cti o n of H e L a c ells 

( B o w d e n et al. , 2 0 1 4). 

A c e A is i m p ort a nt f or l o n g -t er m s ur vi v al of S.  T y p hi m uri u m i n m a cr o p h a g es. T h er ef or e, T H P -1 

c ells w er e i nf e ct e d wit h S.  P ar at y p hi A 9 1 5 0 W T, Δ a c e A , Δ a c e B , a n d Δ a c e B A  i n m a cr o p h a g es i n w hi c h 

c ell d e at h w as bl o c k e d t o m or e a c c ur at el y ass ess b a ct eri al l o a ds at s e v er al ti m e p oi nts.  T h e 

est a blis h m e nt of t h e i nf e cti o n c o n diti o ns f or T H P -1 c ell li n e ar e pr es e nt e d i n C h a pt er 4.  B a ct eri al l o a ds 

w er e d et er mi n e d at 1. 5 h, 3 h, a n d 2 0 h p o st i nf e cti o n. D u e t o C L 3 bi o s af et y r e g ul ati o ns, a n 

i nt er m e di at e ti m e p oi nt c o ul d n ot b e i n cl u d e d i n t h e a n al ysis. Disr u pti o n of t h e gl y o x yl at e c y cl e di d 

n ot aff e ct s ur vi v al a n d r e pli c ati o n wit hi n m a cr o p h a g es c o m p ar e d t o b a ct eri a wit h a n i nt a ct gl y o x yl at e 

p at h w a y at 3 or 2 0 h p o st i nf e cti o n ( Fi g ur e 3. 1 5 A).  B a ct eri al l o a ds at 3 a n d 2 0 h p o st i nf e cti o n w er e 

als o a n al ys e d as f ol d c h a n g e i n b a ct eri al n u m b ers c o m p ar e d t o t h os e at 1. 5 h p o st i nf e cti o n. F ol d 

c h a n g e of gl y o x yl at e c y cl e e n z y m e m ut a nts  w as si mil ar t o t h at of W T b a ct eri a at b ot h ti m e p oi nts 

t e st e d at 3 h (Fi g ur e 3. 1 5 B) a n d 2 0 h p o st i nf e cti o n ( Fi g ur e  3. 1 5 C). I nt er esti n gl y , S.  P ar at y p hi A 

i ntr a c ell ul ar r e pli c ati o n b e gi ns l at er t h a n 3 h p o st i nf e cti o n, w hil e it r e a c h es > 5-f ol d hi g h er n u m b ers 

at 2 0 h p o st i nf e cti o n.  C oll e cti v el y, t h es e r e s ults s u g g est t h at t h e i n a bilit y t o utilis e t h e gl y o x yl at e s h u nt 

d o es n ot i m p a ct o n i nt er a cti o ns of S . P ar at y p hi A wit h h o st c ells. 

Fi g ur e 3 .1 4  L os s  of gl y o x yl at e c y cl e e n z y m e s d o e s  n ot aff e ct i n v a si o n or i ntr a c ell ul ar r e pli c ati o n of 

S. P ar at y p hi A i n e pit h eli al c ell s .

H e L a c ells w er e i nf e ct e d ( M OI 1 0 0) wit h S.  P ar at y p hi A 9 1 5 0 a n d ( A) i n v asi o n w as d et er mi n e d at 2 h p o st 

i nf e cti o n, a n d ( B) r e pli c ati o n at 2 0 h p o st i nf e cti o n b y e n u m er ati o n of i ntr a c ell ul ar C F Us b y g e nt a mi ci n pr ot e cti o n 

as s a ys. B ars r e pr es e nt m e a n s ± S E M fr o m t w o i n d e p e n d e nt r e p e at s. 
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Fi g ur e 3 .1 5  Eff e ct of gl y o x yl at e e n z y m e g e n e d el eti o n o n i ntr a c ell ul ar r e pli c ati o n of S.  P ar at y p hi A 

i n h u m a n m a cr o p h a g e s.  

( A) G S D M D mi R T H P -1 c ells w er e i nf e ct e d wit h S.  P ar at y p hi A 9 1 5 0 ( M OI 5 0) as i n di c at e d a n d n u m b ers of 

i ntr a c ell ul ar b a ct eri a w er e d et er mi n e d at 1. 5, 3 a n d 2 0 h p o st i nf e cti o n. B as e d o n t h es e n u m b ers, f ol d r e pli c ati o n 

of b a ct eri a at ( B) 3 h a n d ( C) 2 0 h r el ati v e t o 1. 5 h p o st i nf e cti o n w er e c al c ul at e d. B ars s h o w m e a n s ± S E M fr o m 

t w o i n d e p e n d e nt r e p e at s. St atisti c al a n al y sis b y o n e-w a y A N O V A s h o w e d st atisti c all y n ot si g nifi c a nt diff er e n c es 

b et w e e n str ai n s.  
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3. 1 2  Di s c u s si o n  

I nf e cti o n wit h t y p h oi d al S al m o n ell a  oft e n r es ults i n as y m pt o m ati c c hr o ni c c arri a g e i n t h e g all bl a d d er  

( G al-M or, 2 0 1 9) . S al m o n ell a  e n c o u nt ers bil e b ot h wit hi n t h e s m all i nt esti n e a n d i n t h e g all bl a d d er i n 

hi g h c o n c e ntr ati o ns. D es pit e t h e i m p ort a n c e of t h e c hr o ni c c arri er st at e, t h e r es p o ns e of t y p h oi d al 

S al m o n ell a  t o bil e, a m aj or e n vir o n m e nt al c u e f or e nt eri c p at h o g e ns, h as b e e n p o orl y st u di e d. 

S. T y p hi m uri u m r es p o n ds t o bil e b y d o w nr e g ul ati n g m a n y vir ul e n c e -ass o ci at e d g e n es ( Pr o ut y et al. ,

2 0 0 4 b; Pr o ut y & G u n n, 2 0 0 0; J o h ns o n et al. , 2 0 1 8). I n c o ntr ast, J o h ns o n et al.  ( 2 0 1 7) r e c e ntl y s h o w e d 

t h at S.  T y p hi u pr e g ul at es t h es e g e n es, b e c o mi n g m or e i n v asi v e i nt o e pit h eli al c ells, a r es p o ns e t h at is 

a m plifi e d wit h a cli ni c al S . T y p hi str ai n ( H 5 8). H o w e v er, t h e m ol e c ul ar m e c h a nis m s of S.  P ar at y p hi A , 

t h e ot h er m aj or c a us ati v e a g e nt of t y p h oi d f e v er i n h u m a ns ( St a n a w a y et al. , 2 0 1 9), f or s ur vi v al a n d 

b e h a vi o ur i n bil e r e m ai n u n k n o w n. I n t h e pr es e nt st u d y, t h e s e q u e n c e d S.  P ar at y p hi A 9 1 5 0 str ai n w as 

us e d t o i n v esti g at e t h e r es p o ns e of S.  P ar at y p hi A t o bil e, al o n gsi d e a cli ni c al is ol at e S.  P ar at y p hi A 

E D 1 9 9 ( D ol e c e k et al. , 2 0 0 8). I n a n att e m pt t o el u ci d at e t h e u n d erl yi n g m e c h a nis m s  of  S . P ar at y p hi A 

b e h a vi o ur t o bil e , a tr a ns cri pt o mi c a n al y sis w as p erf or m e d c o m p ari n g c h a n g es i n e x pr essi o n of S.  T y p hi 

a n d S.  P ar at y p hi A i n r es p o ns e t o bil e. T h e tr a ns cri pt o m e of S.  T y p hi T y 2 i n bil e w as us e d as a c o ntr ol 

(J o h ns o n et al. , 2 0 1 8), as w ell as a w a y t o i n v esti g at e c o m m o n a n d dis p ar at e r es p o ns es wit hi n 

t y p h oi d al S al m o n ell a  s er o v ars.  

O v er all, all t hr e e str ai ns t est e d h er ei n r e g ul at e d m a n y g e n es li n k e d t o bil e t ol er a n c e a n d 

r esist a n c e ( e. g. o m p F, m ar A, gl p D ), as w ell as s e v er al str e ss r es p o ns es, i n a si mil ar m a n n er, f urt h er 

s u p p orti n g t h e c o ns er v e d r ol e of m o st of t h es e g e n es b et w e e n b a ct eri al s p e ci e s ( Sistr u n k et al. , 2 0 1 6; 

B e gl e y, G a h a n & Hill, 2 0 0 5; G u n n, 2 0 0 0) . F or e x a m pl e, t h e m ar R A B  o p er o n h as pr e vi o usl y b e e n s h o w n 

t o b e a cti v at e d b y bil e, a n d m or e s p e cifi c all y b y t h e bil e s alt d e o x y c h ol at e, a n d e n c o d es pr ot ei ns 

i m p ort a nt f or s ur vi v al as it m e di at es a nti bi oti c t ol er a n c e b y a cti v ati n g t h e tr a ns cri pti o n of effl u x p u m ps 

f a cilit ati n g effl u x of h ar mf ul bil e s u bst a n c es ( Pr o ut y et al. , 2 0 0 4 a). F urt h er m or e , O m p F is a m aj or p ori n 

d o w nr e g ul at e d i n r es p o ns e t o tr e at m e nt wit h a nti bi oti cs ( C h oi et al. , 2 0 1 8). A cti v ati o n of m ar R A B  

l e a ds t o d o w nr e g ul ati o n of o m p F , b ot h r es p o ns es o bs er v e d h er ei n, a n d d e cr e as e d pr o d u cti o n of 

O m p F r es ults i n r e d u c e d i nfl u x, i n li n e wit h a r ol e i n li miti n g i nfl u x of h ar mf ul s u bst a n c es ( Vill arr e al et 

al. , 2 0 1 4; Pr o ut y et al. , 2 0 0 4 a; H er n á n d e z et al. , 2 0 1 2). Li k e i n S . P ar at y p hi A, e x pr essi o n of o m p F  is 

als o si g nifi c a ntl y d o w nr e g ul at e d i n S.  T y p hi m uri u m i n bil e (J o h ns o n et al. , 2 0 1 8), s u g g esti n g t h at t his 

u nifi e d c h a n g e i n o m p F  e x pr essi o n is a s h ar e d r o b ust m e c h a nis m of bil e r e si st a n c e, c o m m o n a m o n g 

S al m o n ell a  s er o v ars.  Si mil arl y,  S.  T y p hi a n d S.  T y p hi m uri u m h a v e pr e vi o usl y b e e n s h o w n t o b e 

i n h er e ntl y r esist a nt t o bil e, t ol er ati n g c o n c e ntr ati o ns t h at e x c e e d t h o s e e n c o u nt er e d i n vi v o  ( v a n 

V el ki n b ur g h & G u n n, 1 9 9 9) . T his w as als o s h o w n f or S.  P ar at y p hi A, wit h cli ni c al is ol a t es e x hi biti n g a n 

e n h a n c e d a bilit y t o s ur vi v e i n hi g h bil e c o n c e ntr ati o ns. T his i n cr e as e d bil e t ol er a n c e m a y b e b e n efi ci al 
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f or S.  P ar at y p hi A cir c ul ati n g wit hi n t h e h u m a n p o p ul ati o n f or est a blis h m e nt of c hr o ni c c arri a g e i n t h e 

g all bl a d d er, a p h e n ot y p e fr e q u e ntl y s e e n wit h t his p at h o g e n i n e n d e mi c ar e as ( D o n g ol et al. , 2 0 1 2).  

Ot h er g e n es t h at w er e c o m m o nl y u pr e g ul at e d i n all t hr e e str ai ns t est e d h er ei n a n d h a v e  

u n k n o w n f u n cti o ns ( e. g. S P A 3 2 2 9 , S P A 2 6 5 4 , S P A 1 8 3 1 , a n d sls A ) w arr a nt f urt h er i n v esti g ati o n i n t his 

c o nt e xt.  F or e x a m pl e, sls A is e n c o d e d wit hi n t h e S PI-3 p at h o g e ni cit y isl a n d. S PI -3 c o nt ai ns pr ot ei ns 

s e e mi n gl y u nr el at e d f u n cti o n all y, as its g e n es ar e i n v ol v e d i n pr o c es s es fr o m i niti al att a c h m e nt t o 

s ur vi v al u p o n s y st e mi c diss e mi n ati o n ( F à br e g a & Vil a, 2 0 1 3). S u c h i n v esti g ati o ns m a y r e v e al  n o v el 

t y p h oi d al S al m o n ell a  f a ct ors i n v ol v e d i n c hr o ni c c arri a g e est a blis h m e nt a n d/ or bil e t ol er a n c e . 

S. T y p hi T y 2 a n d S.  P ar at y p hi A 9 1 5 0 s h o w e d si mil ariti es  i n t h e r e g ul ati o n of g e n e cl ass es s u c h

as S PI -1 -ass o ci at e d g e n es a n d m otilit y a n d c h e m ot a xis g e n e s. Si mil ar t o S . T y p hi (J o h ns o n et al. , 2 0 1 8) 

a n d i n c o ntr ast t o S . T y p hi m uri u m ( Pr o ut y & G u n n, 2 0 0 0; Pr o ut y et al. , 2 0 0 4 b; E a d e et al. , 2 0 1 6), t h e 

a bilit y of S. P ar at y p hi A 9 1 5 0 t o i n v a d e H e L a c ells i n cr e as e d f oll o wi n g e x p o s ur e t o bil e, w hi c h 

c orr el at e d wit h a n i n cr e as e i n S PI -1 e x pr essi o n b ot h at t h e tr a ns cri pti o n al  a n d at t h e tr a nsl ati o n al  l e v el. 

I n cr e as e i n vir ul e n c e f oll o wi n g e x p o s ur e t o bil e is o bs er v e d wit h ot h er p at h o g e ni c b a ct eri a t o e n h a n c e 

i nf e cti o n, s u c h as S . fl e x n eri ( P o p e, R e e d & P a y n e, 1 9 9 5; Ste nsr u d et al. , 2 0 0 8; Oli v e et al. , 2 0 0 7; 

F a h ert y et al. , 2 0 1 2) a n d V . c h ol er a e  ( G u pt a & C h o w d h ur y, 1 9 9 7; S c h u h m a c h er & Kl o s e, 1 9 9 9).  

A lt h o u g h bil e i n d u c e d hi g h er i n v asi v e n ess of  cli ni c al  S. P ar at y p hi A is ol at es i nt o H e L a c ells, S PI -

1 pr ot ei n e x pr essi o n w as s e e mi n gl y r e d u c e d w h e n gr o w n i n bil e. T h e a p p ar e nt d e cr e as e i n S PI -1 

pr ot ei n l e v els w as i n li n e wit h l o w er tr a ns cri pti o n of t h e r es p e cti v e g e n es i n S . P ar at y p hi A E D 1 9 9. T h e 

u n d erl yi n g m e c h a nis m f or t h e i n cr e as e i n i n v asi v e n ess is u n k n o w n b ut m a y b e vi a i n cr e as e d m otilit y, 

alt h o u g h i nf e cti o n w as s y n c hr o nis e d vi a c e ntrif u g ati o n u n d er t h e c o n diti o ns t e st e d, or vi a i n cr e as e d 

e x pr essi o n of ot h er m ol e c ul es m e di ati n g i n v asi v e n ess s u c h as a d h esi ns a n d fi m bri a e. H o w e v er, m o st 

a d h esi n pr ot ei ns as w ell as fl a g ell ar -ass o ci at e d g e n es, w hi c h pr o m ot e a p pr o a c h, a d h er e n c e a n d 

i n v asi o n i nt o h o st c ells ( H u m p hri es et al. , 2 0 0 1; F à br e g a & Vil a, 2 0 1 3; T o w ns e n d et al. , 2 0 0 1) w er e 

d o w nr e g ul at e d i n r es p o ns e t o bil e. It is p o ssi bl e t h at ot h er  u n c h ar a ct eris e d m ol e c ul es i n v ol v e d i n 

a d h esi o n  a n d att a c h m e nt  m a y b e i n v ol v e d. T h e r ol e of s e v er al a d h esi n pr ot ei ns is n ot f ull y 

c h ar a ct eris e d a n d t h eir d o w nr e g ul ati o n m a y i n f a ct all o w b a ct eri al pr o xi mit y t o t h e h o st c ell ( F or est 

et  al. , 2 0 0 7; D ufr es n e, S a ul ni er-B ell e m ar e & D ai gl e, 2 0 1 8; T o w ns e n d et al. , 2 0 0 1). H o w e v er, it s h o ul d 

b e c o nsi d er e d t h at t h e pl et h or a of ps e u d o g e nis e d fi m bri al o p er o ns i n t y p h oi d al S al m o n ell a  

( M c Cl ell a n d et al. , 2 0 04; H olt et al. , 2 0 0 9; P ar k hill et al. , 2 0 0 1; T o w ns e n d et al. , 2 0 0 1) i n di c at e t h at 

t h es e m a y b e dis p e ns a bl e f or i nt er a cti o n wit h h ost tiss u e ( N u c ci o & B ä u ml er, 2 0 1 4). I n t h e 

e x p eri m e nts p erf or m e d h er e, t h e pr ot ei n a n d R N A s a m pl es w er e  t a k e n at t h e p oi nt pri or t o c ell 

i nf e cti o n, u n d er S PI-1 i n d u ci n g c o n diti o ns. T h es e i n vitr o c o n diti o ns m a y n ot b e i d e al t o m e as ur e 
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a d h esi n e x pr essi o n, as a n i n vi v o m o d el is oft e n r e q uir e d t o e n a bl e t h eir tr a ns cri pti o n ( H u m p hri es et 

al. , 2 0 0 3),  w hi c h  is i n k e e pi n g  wit h  t h eir oft e n  u n d et e ct a bl e  e x pr essi o n  l e v els i n o ur  d at as ets. 

F urt h er m or e, bil e m a y s er v e as a c u e t o d o w nr e g ul at e S PI- 1 a n d fl a g ell ar g e n es i n cli ni c al S.  P ar at y p hi 

A t o es c a p e i m m u n e r e c o g niti o n b y t h e h o st c ells, w hil e t h e pr ot ei n l e v els of t h es e  g e n es i n S.  P ar at y p hi 

A 9 1 5 0 ar e alr e a d y l o w. 

I m p ort a ntl y, gi v e n t h e alr e a d y hi g h er i n v asi v e n ess of cli ni c al is ol at es c o m p ar e d t o S . P ar at y p hi 

A 9 1 5 0  e v e n  f oll o wi n g gr o wt h  i n L B  o nl y,  s u g g est  u n d erl yi n g  diff er e n c es  i n S PI- 1  e x pr e ssi o n  a n d/ or 

a cti vit y  i n t h e cli ni c al  is ol at e s c o m p ar e d  t o t h e l a b str ai n.  Cli ni c al  a n d  l a b str ai ns m a y  diff er  at  t h eir 

s e q u e n c e l e v el vi a a c c u m ul ati o n of m ut ati o ns u n d er gr o wt h i n l a b c o n diti o ns. A n alt er n ati v e s c e n ari o 

is t h at S N P s wit hi n r e g ul at or y or ot h er g e n es a c q uir e d d uri n g cir c ul ati o n wit hi n t h e h u m a n p o p ul ati o n 

m a y  b e  dri vi n g  s u c h diff er e n c es, as is t h e c as e  wit h,  f or e x a m pl e, S.  T y p hi  H 5 8  a n d  n o n- H 5 8  str ai ns 

( W o n g et al. , 2 0 1 5). Als o, tr a nsl ati o n a n d/ or pr ot ei n m o difi c ati o ns, as w ell as diff er e n c es i n st a bilit y or 

r e g ul at or y m e c h a nis m s m a y b e i nfl u e n ci n g t h e fi n al pr ot ei n l e v els a n d/ or t h e str ai n- s p e cifi c b e h a vi o ur 

d ur i n g i nt er a cti o ns wit h h ost c ells a n d u n d er str ess c o n diti o ns. F or e x a m pl e, t h e st a bilit y of Hil D, w hi c h 

o nl y  diff ers  at  t w o a mi n o  a ci ds  b et w e e n  S.  T y p hi m uri u m  a n d  S . T y p hi, gr e atl y  i n cr e as e s i n S . T y p hi 

f oll o wi n g e x p o s ur e  t o bil e,  u nli k e  S.  T y p hi m uri u m,  w hi c h  m a y  pr o vi d e  a n  e x pl a n ati o n  f or t h e 

diff er e n c es o bs er v e d i n S PI- 1 e x pr essi o n (J o h ns o n et al. , 2 0 1 8; E a d e et al. , 2 0 1 6). A d diti o n all y, S PI-1 

str u ct ur al a n d eff e ct or pr ot ei ns m a y h a v e l o n g er h alf-li v es or ass e m bl e m or e effi ci e ntl y wit hi n bil e i n 

S . P ar at y p hi A E D 1 9 9 c o m p ar e d t o 9 1 5 0 a n d t h us sl o w er tr a ns cri pti o n w o ul d b e r e q uir e d t o m ai nt ai n

S PI- 1 e x pr essi o n a n d pr ot ei n l e v els. A n a n al o g o us  e x a m pl e is s e e n  wit h S hi g ell a , w h er e bil e s alts tri g g er 

c o nf or m ati o n al c h a n g es i n t h e tr a nsl o c o n pr ot ei n f a cilit ati n g ass e m bl y a n d a n a cti v ati o n-r e a d y st at e 

of t h e T 3 S S ( St e nsr u d et al. , 2 0 0 8). S PI- 1 d e p e n d e nt s e cr eti o n/tr a nsl o c ati o n m a y b e o pti mis e d d uri n g 

e x p o s ur e  t o bil e  b y  S . P ar at y p hi  A cli ni c al  is ol at e s, i n or d er  t o mi ni mis e  e n er g y  s p e nt  o n  pr o d u ci n g 

pr ot ei ns a n d all o w t his s a v e d e n er g y t o b e e x pl oit e d i n ot h er pr o c es s es ( e. g. bil e t ol er a n c e str at e gi es). 

T o  a d dr ess  t h es e p oi nts  i n t h e f ut ur e, a  tr a nsl o c ati o n as s a y, ass essi n g  t h e l e v els of  S PI- 1  eff e ct ors 

tr a nsl o c at e d i n t h e h o st c ells,  a n d  d et er mi ni n g  t h e st a bilit y a n d/ or  c o nf or m ati o n al  c h a n g es  of  S PI- 1 

pr ot ei ns c o ul d pr o vi d e f urt h er el u ci d ati o n i nt o t his m att er.  Fi n all y, w hil e H e L a c ells s er v e as a t o ol t o 

st u d y S PI- 1 T 3 S S a cti vit y, i nt er a cti o ns wit h e pit h eli al c ells n e e d t o b e c o nfir m e d i n a n i nt e sti n al

e pit h eli al c ell m o d el. A d diti o n all y, i n or d er t o tr ul y u n d erst a n d t h e i nt er a cti o ns of S.  P ar at y p hi A 

a n d bil e, es p e ci all y t o c o nfir m w h et h er cli ni c al str ai ns b e h a v e diff er e ntl y t o r ef er e n c e str ai ns, 

m or e cli ni c al is ol at es fr o m di v ers e g e o gr a p hi c al r e gi o ns s h o ul d b e i n cl u d e d i n a n y f ut ur e a n al ys e s .  

T h e m ai n diff er e n c e b et w e e n S.  T y p h i T y 2 a n d b ot h S.  P ar at y p h i A str ai n s w er e t he bil e-

m e di at e d d o w nr e g ul ati o n o f s e v eral m et a b oli c p at h w a ys . S ur prisi n g l y, m a n y o f t he g e n es i n v ol ve d i n 
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t h es e p at h w a y s h a v e b e e n li n k e d t o bil e t ol er a n c e b y S.  T y p hi ( L a n gri d g e et al. , 2 0 0 9) or ai d i n n utri e nt 

utilis ati o n wit hi n bil e (s u c h as p h o s p h oli pi ds b y f a d g e n es)  b y S . T y p hi m uri u m (A nt u n es et al. , 2 0 1 1). 

D o w nr e g ul ati o n of m a n y of t h es e g e n es w as als o o bs er v e d i n a cli ni c al S.  T y p hi str ai n i n r es p o ns e t o 

bil e (J o h ns o n et al. , 2 0 1 8). It is c urr e ntl y u n cl e ar w h y t h es e str ai ns li mit r es p o ns es t h at m a y b e 

pr ot e cti v e t o w ar ds bil e, w hil e m ai nt ai ni n g t h eir a bilit y t o s u r vi v e i n hi g h bil e c o n c e ntr ati o ns. A lt h o u g h 

S al m o n ell a  s er o v ars s h ar e t h e m aj orit y of t h eir m et a b oli c tr aits, g astr oi nt esti n al a n d e xtr ai nt e sti n al 

s er o v ars c a n b e disti n g uis h e d b y t h eir c o nt e nt or d e gr a d ati o n of g e n es li n k e d t o a er o bi c m et a b olis m 

( N u c ci o & B ä u ml er, 2 0 1 4) a n d s er o v ars g e n er all y m a y b e  diff er e nti at e d i n t h eir c ell w all a n d 

m e m br a n e -ass o ci at e d m et a b olis m, as w ell as t h eir tr a ns p ort a n d c at a b olis m of s p e cifi c n utri e nts ( S eif 

et al. , 2 0 1 8). I n d e e d, m a n y of t h e g e n es t h at s h o w e d diff er e nti al r e g ul ati o n i n bil e b et w e e n t h e t w o 

s er o v ars ar e i n v ol v e d i n t h es e p at h w a ys  a n d, t h us, c o nsi d eri n g t h at m o difi c ati o ns aft er t h e 

tr a ns cri pti o n ste p m a y o c c ur, m et a b ol o mi cs st u di es o n t h es e str ai ns f oll o wi n g e x p o s ur e t o bil e ar e 

r e q uir e d t o el u ci d at e t h e m et a b oli c r e q uir e m e nts a n d r es p o ns e of t y p h oi d al S al m o n ell a  i n bil e. 

F urt h er m or e, s e v er al S . P ar at y p hi A g e n es f o u n d as ps e u d o g e n es i n S . T y p hi s h ow e d 

diff er e nti al r e g ul ati o n i n r es p o ns e t o bil e, s u g g esti n g t h at t h es e g e n es m a y b e p artl y r es p o nsi bl e f or 

disti n ct  r es p o ns es b et w e e n t h e t w o s er o v ars. I n d e e d, t h e m aj orit y of t h es e g e n es ar e ass o ci at e d wit h 

t h e m e m br a n e l e afl et a n d/ or ar e i n v ol v e d i n m et ab oli c p at h w a y s, w h os e bil e -i n d u c e d r e g ul ati o n 

o v er all  diff ers b et w e e n S . P ar at y p hi A a n d S.  T y p hi. F or e x a m pl e, S P A 2 3 5 7  w as d o w nr e g ul at e d i n b ot h 

S.  P ar at y p hi A str ai ns a n d e n c o d es f or t h e p eri pl as mi c pr ot ei n Y a h O, w h o s e f u n cti o n is u n k n o w n. It is 

a D U F 1 4 7 1 d o m ai n -c o nt ai ni n g pr ot ei n a n d, alt h o u g h t h e f u n cti o n of t his d o m ai n is u n e x pl or e d, 

m e m b ers of t his f a mil y ar e i n v ol v e d i n str e ss r es p o ns es ( El et s k y et al. , 2 0 1 4). I n d e e d i n S . T y p hi m uri u m, 

y a h O  is r e g ul at e d b y R p o S, a k n o w n r e g ul at or i n v ol v e d i n str e ss r es p o ns es (I b a n e z-R uiz et al. , 2 0 0 0), 

w hil e it is r e pr ess e d b y t h e s a m e p ori n r e g ul at or as o m p F  ( C or c or an et al. , 2 0 1 2), m a ki n g t his pr ot ei n 

a p o ssi bl e c a n di d at e f or t h e str e ss r es p o ns e t o bil e. Alt er n ati v el y, its r e pr essi o n m a y b e a r es ult of 

o m p F  d o w nr e g ul ati o n  o bs er v e d h er e . F urt h er m or e, S P A 1 3 2 6 , w hi c h w as gr e atl y u pr e g ul at e d i n 

r es p o ns e t o bil e i n S.  P ar at y p hi A 9 1 5 0, e n c o d es f or a p ut ati v e o ut er m e m br a n e pr ot ei n. T h e ort h ol o g 

of t his g e n e i n S.  T y p hi m uri u m e n c o d es f or p h o s p h o p ori n P h o E. P h o E is p art of a c o m pl e x i n t h e 

b a ct eri al m e m br a n e l e afl et i n d u c e d u p o n p h os p h at e li mit ati o n a n d all o wi n g p h o s p h at e  tr a ns p ort i nt o 

t h e c ell pr o m oti n g i ntr a-m a cr o p h a g e n o n -r e pli c ati n g S . T y p hi m uri u m ( C h oi et al. , 2 0 1 9). A n ot h er g e n e 

of t his gr o u p,  gl n H , w as gr e atl y u pr e g ul at e d i n b ot h S.  P ar at y p hi A str ai ns. I n S.  T y p hi m uri u m, Gl n H h as 

b e e n s h o w n t o b e i n v ol v e d i n s ur vi v al wit hi n m a cr o p h a g es ( B ai et al. , 2 0 1 4). I n d u cti o n of t h es e g e n e s 

m a y b e ess e nti al d uri n g diss e mi n ati o n a n d/ or c hr o ni c c arri a g e, d uri n g w hi c h S al m o n ell a  m ust b e a bl e 

t o s ur vi v e wit hi n m a cr o p h a g es . Fi n all y, t d c C, w hi c h s h o w e d a gr e at i n cr e as e i n e x pr essi o n i n b ot h 

str ai ns, is i n v ol v e d i n n utri e nt u pt a k e ( S u m a ntr a n, S c h w ei z er & D att a, 1 9 9 0), w hi c h m a y b e i m p ort a nt 
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i n t h e n utri e nt li miti n g e n vir o n m e nt of bil e. T h e a cti v at or of t h e t d c o p er o n, t d c A, w as als o si g nifi c a ntl y 

a n d gr e atl y u pr e g ul at e d i n b ot h S.  P ar at y p hi A str ai ns. T his o p er o n, t hr o u g h t h e a cti vit y of t d c A, h as 

b e e n s h o w n t o b e i m p ort a nt f or i ntr a c ell ul ar r e pli c ati o n a n d i n vi v o vir ul e n c e of S.  T y p hi m uri u m ( Li m 

et al. , 2 0 1 0), w hi c h m a y b e i m p ort a nt u p o n s e nsi n g bil e d uri n g s y st e mi c di ss e mi n ati o n. G i v e n t h at 

t h es e  ar e ps e u d o g e n es i n  S.  T y p hi, t h e ir r ol e i n S.  P ar at y p hi A t ol er a n c e t o bil e a n d i n d u c e d vir ul e n c e 

w arr a nt f urt h er i n v esti g ati o n.  Als o, g e n e pr o d u cts of u n k n o w n f u n cti o ns m a y pr o v e t o b e u ni q u e 

S . P ar at y p hi A vir ul e n c e f a ct ors, at l e ast d uri n g e x p o s ur e t o bil e, a n d m a y t h er ef or e off er pr o d u cti v e 

r es e ar c h a v e n u es i n t h e f ut ur e.  

T h e o nl y g e n e t h at w as si g nifi c a ntl y u pr e g ul at e d i n S.  T y p hi T y 2 a n d si g nifi c a ntl y 

d o w nr e g ul at e d i n b ot h S.  P ar at y p hi A str ai ns w as a c e B , a m al at e s y nt h a s e i n v ol v e d i n t h e gl y o x yl at e 

b y p ass of t h e T C A c y cl e . I nt er esti n gl y, bil e h as b e e n s h o w n t o i nfl u e n c e g e n es i n v ol v e d i n c e ntr al 

m et a b olis m i n S . T y p hi m uri u m, s u c h as r e pr essi n g t h e T C A c y cl e a n d s wit c hi n g t o alt er n ati v e 

r es pir at or y s y st e m s ( A nt u n es et al. , 2 0 1 2). Gi v e n t h at t h e gl y o x yl at e c y cl e h as  b e e n li n k e d t o 

p ersist e n c e a n d s ur vi v al d uri n g c hr o ni c i nf e cti o n ( F a n g et al. , 2 0 0 5; M c ki n n e y et al. , 2 0 0 0), it m a y b e 

s ur prisi n g t h at S.  P ar at y p hi A w o ul d d o w nr e g ul at e t h e as s o ci at e d g e n es u p o n e x p o s ur e t o bil e. I n a n 

att e m pt t o s e e w h et h er t his g e n e a n d/ or p at h w a y m a y b e i m p ort a nt f or bil e gr o wt h, a r e p ort er str ai n 

u n d er t h e c o ntr ol of t h e pr o m ot er of t h e a c e B A( K)  o p er o n w as c o nstr u ct e d a n d S.  P ar at y p hi A 9 1 5 0 

gr o wt h w as d et er mi n e d i n diff er e nt c o n diti o ns ( L B, bil e, a c et at e); h o w e v er, diff er e nti al a cti vit y of t h e 

r e p ort er strai n b et w e e n diff er e nt gr o wt h c o n diti o ns c o ul d n ot b e d et er mi n e d ( n ot s h o w n). Si mil arl y, 

S.  P ar at y p hi A gr o wt h i n a c et at e as t h e s ol e c ar b o n s o ur c e is alr e a d y v er y l o w , p ossi bl y d u e t o t h e l a c k 

of A c e K ( C o zz o n e, 1 9 9 8), a n d t h us diff er e n c e s b et w e e n t h e W T str ai n a n d t h e a c e B A  m ut a nts w er e 

n ot d et e ct a bl e wit hi n 8 h of gr o wt h ( n ot s h o w n). It is p o ssi bl e t h at S.  P ar at y p hi A e x pl oits r e d u n d a nt 

p at h w a y s; a c et at e assi mil ati o n m a y b e sl o w u n d er a er o bi c gr o wt h, as h as b e e n o bs er v e d f or 

S . T y p hi m uri u m c o m p ar e d t o E. c oli  ( S ar g o et al. , 2 0 1 5), a n d l o n g er ti m es w o ul d b e r e q uir e d t o o bs er v e 

diff er e n c es i n gr o wt h. Als o, l o w e x pr essi o n of t h e a c e  g e n es i n S . T y p hi m uri u m c o m p ar e d t o E. c oli  

( Wils o n & M al o y, 1 9 8 7) a n d t h e ps e u d o g e nis ati o n of a c e K  i n S . P ar at y p hi A ( M c Cl ell a n d et al. , 2 0 0 4) 

s u g g est s t h at r e g ul ati o n of t h e Kr e bs c y cl e m a y b e  diff er e nt  i n t his p at h o g e n.  

D uri n g p ersist e n c e, M y c o b a ct eri u m t u b er c ul osis  is s u g g est e d t o e x pl oit t h e gl y o x yl at e s h u nt 

t o m et a b olis e li pi ds i n t h e l u n g e n vir o n m e nt, w h er e c ar b o h y dr at es m a y n ot b e a v ail a bl e ( M c ki n n e y et 

al. , 2 0 0 0). D el eti o n of is o citr at e l y as e disr u pts M. t u b er c ul osis  p ersist e n c e, w hil e it d o es n ot aff e ct 

b a ct eri al gr o wt h d uri n g a c ut e i nf e cti o n ( M c ki n n e y et al. , 2 0 0 0). A s i nt er a cti o ns of S . P ar at y p hi A wit h 

h o st c ells is a t o pi c t h at c o n c er ns t h e n e xt c h a pt er as w ell, it w as als o i n v esti g at e d w h et h er  t h e g e n es 

i n v ol v e d i n t h e gl y o x yl at e p at h w a y i n S . P ar at y p hi A 9 1 5 0 w er e i n v ol v e d i n t h es e pr o c ess e s. H o w e v er, 

a c e B  a n d a c e A  d el eti o n m ut a nts b e h a v e d i n a si mil ar m a n n er as t h e W T c o u nt er p art d uri n g i nf e cti o n 



T H E S A L M O N E L L A P A R A T Y P HI A R E S P O N S E T O BI L E  

1 1 8  

of h o st c ells wit h S.  P ar at y p hi A. T h e r ol e of  t h e gl y o x yl at e c y cl e i n p ersist e nt i nf e cti o n a n d as a 

vir ul e n c e f a ct or r e m ai ns c o ntr o v ersi al. W hil e it h as b e e n s h o w n t o pr o m ot e p ersist e n c e i n 

S . T y p hi m uri u m i nf e cti o ns ( F a n g et al. , 2 0 0 5), a n a c e A  d el eti o n m ut a nt m ai nt ai n e d its vir ul e n c e i n mi c e

( Yi m g a et al. , 2 0 0 6) a n d n o r ol e f or a c e A  w as f o u n d i n H e L a c ell i n v asi o n a n d r e pli c ati o n ( B o w d e n et 

al. , 2 0 1 4), w hi c h is i n k e e pi n g wit h t h e r es ults pr es e nt e d h er e. Si mil arl y, a c e A  w as n ot i d e ntifi e d as a 

g e n e li n k e d t o p ersist e n c e i n a mi cr o arr a y s cr e e n ( L a wl e y et al. , 2 0 0 6). T h es e fi n di n gs s u g g est t h at 

t h er e ar e c o m pl e x i nt er a cti o ns b et w e e n m et a b oli c p at h w a y s a n d vir ul e n c e str at e gi es, a n d oft e n 

r e d u n d a nt p at hw a ys ar e i n pl a c e, w hi c h m a y e x pl ai n t h e l a c k of a n ess e nti al r ol e of gl y o x yl at e c y cl e 

e n z y m es d uri n g i n vitr o S.  P ar at y p hi A i nf e cti o n of h ost c ells. Als o , i n vitr o i nf e cti o n d o es n ot  al w a y s 

r e q uir e t h e s a m e c ell ul ar pr o c ess es t h at ar e i m p ort a nt f or i n viv o vir ul e n c e ( L or e n z & Fi n k, 2 0 0 2). T h e 

gl y o x yl at e c y cl e m a y b e i m p ort a nt f or vir ul e n c e b ut n ot a ct as a vir ul e n c e f a ct or its elf ( L or e n z & Fi n k, 

2 0 0 2) . F ut ur e st u di es m a y e x pl oit i n vi v o e nt eri c f e v er m o d els t o f urt h er i n v esti g at e t h e r ol e of t his 

p at h w a y d uri n g i nf e cti o n wit h S.  P ar at y p hi A  ( wit h r e g ar ds to s y st e mi c i nf e cti o n , c ell i nt er a cti o ns a n d 

i n r es p o ns e t o bil e). H o w e v er , as t h e f o c us of t his pr oj e ct s hift e d t o w ar ds t h e i nt er a cti o ns of 

S . P ar at y p hi A a n d i nfl a m m as o m es ( C h a pt er  4 ), t h e r ol e of t h e gl y o x yl at e c y cl e b e c a m e d e pri oritis e d

a n d f urt h er att e m pts t o u n d erst a n d it i n S.  P ar at y p hi A w er e n ot p erf or m e d. 

T his st u d y pr o vi d e d i nsi g hts i nt o p at h w a ys t h at m a y b e diff er e nti all y e x pr ess e d b et w e e n 

S . T y p hi a n d S. P ar at y p hi A i n r es p o ns e t o bil e. A  li mit ati o n of t h e G O a n al ysis is t h at o nl y O R Fs wit h

k n o w n g e n e n a m es w er e a n al ys e d, a n d t h e S.  T y p hi m uri u m g e n e n a mi n g w as us e d f or t his p ur p o s e as 

it is t h e o nl y o n e c urr e ntl y a v ail a bl e f or t his t y p e of a n al ysis, w hi c h m a y o c c asi o n all y diff er b et w e e n 

s e r o v ars. W hil e t h e e x pr essi o n of v ari o us g e n es k n o w n t o b e diff er e nti all y e x pr ess e d b y bil e ( eit h er 

i n v ol v e d i n bil e t ol er a n c e or i n vir ul e n c e) w er e i n d e p e n d e ntl y i n v esti g at e d, ot h er u ni d e ntifi e d  

p at h w a y s m a y als o b e r e g ul at e d diff er e ntl y i n bil e. Als o, d es pit e t h e f a ct t h at t h e bil e c o n c e ntr ati o n 

us e d i n t his st u d y m or e cl os el y r efl e ct s t h e c o n c e ntr ati o ns e n c o u nt er e d i n t h e s m all i nt e sti n e ( G u n n, 

2 0 0 0) , 3 % bil e w as c h o s e n f or t his st u d y as it d o es n ot aff e ct b a ct eri al gr o wt h i n vitr o m a ki n g r es ults 

r e pr o d u ci bl e, a n d t his c o n c e ntr ati o n w as us e d i n t h e r e c e nt st u d y b y o ur l a b (J o h ns o n et al. , 2 0 1 8) s o 

c o m p aris o ns c o ul d  b e m a d e m or e e asil y. I n cr e asi n g bil e c o n c e ntr ati o ns is c h all e n gi n g f or i n vitr o 

st u di es; t o cir c u m v e nt t his  a n d  t o tr ul y u n d erst a n d t h e b e h a vi o ur of t y p h oi d al S al m o n ell a  i n t h e 

e n vir o n m e nt of t h e g all bl a d d er, i n cl u di n g hi g h bil e c o n c e ntr ati o ns, li miti n g n utri e nt mili e u, a n d 

diff er e nt t y p e of e pit h eli al c ells, f ut ur e r es e ar c h s h o ul d f o c us o n i n v esti g ati n g t h e r e s p o ns e of cli ni c al 

str ai ns  is ol at e d fr o m c hr o ni c c arri ers. Pr e vi o us fi n di n gs s u g g est t h at is ol at e s fr o m c hr o ni c c arri ers m a y 

h a v e i n cr e as e d a bilit y t o f or m bi ofil m s, w hil e t h e y m a y b e g e n eti c all y disti n ct wit h m a n y g e n ot y p es 

cir c ul ati n g a m o n g c arri ers i n a gi v e n l o c ati o n ( K al ai C h el v a m, C h ai & T h o n g, 20 1 4; C h arl es et al. , 2 0 1 3; 

H att a et al. , 2 0 1 1). I n li n e wit h t his, t his st u d y us e d o x bil e, w hi c h is c o m m o nl y s el e ct e d f or t h e st u d y 
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of t h e r es p o ns e of b a ct eri al p at h o g e ns t o bil e ( B e gl e y, G a h a n & Hill, 2 0 0 5). O x bil e w as c h o s e n f or t his 

st u d y as it w as us e d i n t h e J o h ns o n et al.  ( 2 0 1 7) st u d y, s o c o m p aris o ns c o ul d b e f a cilit at e d. It is w ort h 

n oti n g t h at dis cr e p a n ci es  i n t h e m a g nit u d es of i n d u c e d c h a n g es i n e x pr essi o n o bs er v e d wit h t h at st u d y 

m a y b e t h e r es ult of o x bil e ori gi n ati n g fr o m diff er e nt m a n uf a ct ur ers. F urt h er m or e, diff er e n c es 

b et w e e n c o m m er ci al a n d p h y si ol o gi c al bil e pr e p ar ati o ns ar e g e n er al l y e x p e ct e d t o b e s e e n ( A nt u n es 

et al. , 2 0 1 2). N e v ert h el ess, as t y p h oi d al S al m o n ell a  s er o v ars ar e h u m a n -r estri ct e d, h u m a n bil e w o ul d 

b e r e q uir e d t o b ett er el u ci d at e t h eir b e h a vi o ur, as t h e y m a y r es p o n d diff er e ntl y t o b il e ori gi n ati n g 

fr o m a ni m als. I n f a ct, it w as r e c e ntl y s h o w n t h at g e n es e n c o di n g c urli fi m bri a e, i n v ol v e d i n bi ofil m 

f or m ati o n o n g allst o n es, w er e i n d u c e d w h e n S . T y p hi w as e x p o s e d t o h u m a n bil e, w hil e t h es e g e n es 

w er e r e pr ess e d w h e n gr o w n i n a ni m al bil e ( o x or m o us e) ( G o n z ál e z et al. , 2 0 1 9). Fi n all y, i n vitr o st u di es 

s h o ul d b e c o m bi n e d wit h i n vi v o/e x vi v o  a n al ys es as m u c h as it is f e asi bl e, gi v e n t h e l a c k of a p pr o pri at e 

e nt eri c f e v er m o d els , t o c orr o b or at e t h es e fi n di n gs. 

I n s u m m ar y, it is e vi d e nt t h at bil e aff e cts g e n e e x pr essi o n i n S. P ar at y p hi A, i n d u ci n g c h a n g es 

i n > 5 % of t h e g e n o m e, w hi c h i n t ur n l e a ds t o c h a n g es i n i nt er a cti o ns wit h h o st c ells  a n d m a y r efl e ct 

a d a pt ati o n t o t h e g all bl a d d er . Diff er e n c es o bs er v e d b et w e e n S.  T y p hi a n d S . P ar at y p hi A r e q uir e 

furt h er el u ci d ati o n ; u n d er st a n di n g t h es e r es p o ns es m a y f a cilit at e u n d erst a n di n g of c hr o ni c c arri a g e 

a n d t h e m ol e c ul ar m e c h a nis m s u n d erl yi n g its est a blis h m e nt d uri n g e nt eri c f e v er.  
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4  
I nfl a m m a s o m e a cti v ati o n  
d uri n g m a cr o p h a g e i nf e cti o n 
wit h t y p h oi d al S al m o n ell a   

4  I nfl a m m a s o m e a cti v ati o n d uri n g i nf e cti o n wit h t y p h oi d al S al m o n ell a  

M a cr o p h a g es ar e pr of e ssi o n al p h a g o c yt es r e q uir e d f or m o u nti n g a h o st i m m u n e r es p o ns e  b y s e nsi n g 

a n d r es p o n di n g t o i nf e cti o n . T h e y a c hi e v e t his b y e n g ulfi n g i n v a di n g p at h o g e ns a n d a cti v ati n g  

i nfl a m m at or y p at h w a y s, s u c h as i nfl a m m as o m es, u p o n r e c o g niti o n of i ntr a c ell ul ar b a ct eri a a n d 

c yt o s oli c P A M P s ( El dri d g e & S h e n o y, 2 0 1 5; Br o z & Di xit, 2 0 1 6). Mor e o v er, m a cr o p h a g e s pl a y a n  

i m p ort a nt r ol e d uri n g i nf e cti o n wit h t y p h oi d al S al m o n ell a , as S al m o n ell a  c a n s ur vi v e i ntr a c ell ul arl y a n d 

diss e mi n at e t o s y st e mi c sit es ( D o u g a n & B a k er, 2 0 1 4). M o st i nfl a m m as o m e st u di e s i n t h e c o nt e xt of 

S al m o n ell a  i nf e cti o n a n d p at h o g e n esis h a v e utilis e d S. T y p hi m uri u m a n d m o us e m a cr o p h a g es as 

m o d el  s y st e m s. T h us, v er y littl e is k n o w n a b o ut t h e r ol e of i nfl a m m as o m es i n t y p h oi d al S al m o n ell a  

i nf e cti o n. S. T y p hi l e a ds t o c as p as e -1 a cti v ati o n a n d p yr o pt o sis i n  h u m a n m a cr o p h a g es ( Wi nt er et a l., 
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2 0 1 5; K ort m a n n, Br u b a k er & M o n a c k, 2 0 1 5) , b ut t h e u n d erl yi n g m e c h a nis m s r e m ai n l ar g el y 

u n e x pl or e d. T h e f u n cti o n of i nfl a m m as o m es d uri n g S. P ar at y p hi A i nf e cti o n r e m ai ns u n k n o w n. T h e 

ai m of t his c h a pt er w as t o e x pl or e i nt er a cti o ns of S. P ar at y p hi A w it h m a cr o p h a g es a n d t o d et er mi n e 

if a n d h o w t his p at h o g e n l e a ds t o i nfl a m m as o m e a cti v ati o n. S. T y p hi w as i n cl u d e d  t o pr o vi d e a 

c o m p aris o n b et w e e n t h e t w o m ost pr e v al e nt c a us es of e nt eri c f e v er . S. T y p hi m uri u m w as us e d as a 

c o ntr ol , as it is a w ell -st u di e d p at h o g e n i n t er ms of i nfl a m m as o m e a cti v ati o n. H o w e v er, as 

i nfl a m m as o m e si g n alli n g r e m ai ns p o orl y st u di e d i n t h e c o nt e xt of S. T y p hi m uri u m i nf e cti o n of h u m a n 

m a cr o p h a g es , t his st u d y als o off ers n o v el i nsi g hts i n t his as p e ct. T h e s p e c ifi c o bj e cti v es of t his c h a pt er 

t h us w er e t o: 

• Est a blis h a n i nf e cti o n m o d el i n h u m a n m a cr o p h a g es wit h t y p h oi d al S al m o n ell a ;

• I n v esti g at e w h at h ost-dri v e n i nfl a m m as o m e si g n alli n g p at h w a y s ar e a cti v at e d i n r es p o ns e t o

i nf e cti o n wit h t y p h oi d al S al m o n ell a ;

• E x a mi n e t h e r ol e of S PI -1 T 3 S S i n i nfl a m m as o m e a cti v ati o n b y S. T y p hi a n d w h et h er Vi a nti g e n

c o ntri b ut es t o m o d ul ati o n of i nfl a m m as o m e a cti v ati o n;

• E x a mi n e t h e r ol e of S PI -1 T 3 S S i n i nfl a m m as o m e a cti v ati o n b y S . P ar at y p hi A a n d w h et h er t h e

F e p E -m e di at e d v er y l o n g O -a nti g e n c h ai ns c o ntri b ut e t o m o d ul ati o n of i nfl a m m as o m e

a cti v ati o n;

• V ali d at e o ur fi n di n gs i n h u m a n M D M s.

4. 1  T y p h oi d al  S al m o n ell a i n d u c e c ell d e at h i n T H P-1 c ell s 

I nt er a cti o ns of t y p h oi d al S al m o n ell a  wit h m a cr o p h a g es w er e st u di e d i n diff er e nti at e d  m a cr o p h a g e -

li k e T H P -1 c ells i nf e ct e d wit h S. P ar at y p hi A or S. T y p hi. As S. T y p hi T y 2 w as a n e st a blis h e d m o d el i n 

o ur l a b, I first ai m e d t o est a blis h t h e i nf e cti o n c o n diti o ns i n T H P-1 c ells  usi n g t his p at h o g e n. 

S. T y p hi m uri u m w as us e d as a c o ntr ol, as w ell as  t o pr o vi d e a c o m p aris o n of N T S i nf e cti o n a n d e ns ui n g

m a cr o p h a g e res p o ns e s t o t h o s e c a us e d b y t y p h oi d al s er o v ars. A h all m ar k of m a cr o p h a g e i nf e cti o n 

wit h b a ct eri al p at h o g e ns is  l yti c c ell d e at h. T his w as m e as ur e d b y u pt a k e of pr o pi di u m i o di d e ( PI) : a 

s e q u e n c e -i n d e p e n d e nt i nt er c al ati n g fl u or es c e nt a g e nt t h at c a n o nl y a c c ess n u cl ei c a ci ds u p o n 

m e m br a n e disr u pti o n, s u c h as d uri n g c ell d e at h b y p yr o pt o sis. PI is t h er ef or e us e d t o i d e ntif y t h e 

p er c e nt a g e of d e a d c ells  ( Cr o wl e y et al. , 2 0 1 6) t hr o u g h a si m pl e i n vitr o a ss a y.  

T H P -1 c ells w er e i nf e ct e d at i n cr e asi n g M OIs wit h S. T y p hi T y 2 or S. T y p hi m uri u m a n d c ell 

d e at h w as d et er mi n e d at 5 h p o st i nf e cti o n. B ot h str ai ns i n d u c e d M OI -d e p e n d e nt c ell d e at h. H o w e v er, 
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t h e diff er e n c es b et w e e n M OIs w er e s m all er wit h S. T y p hi T y 2 c o m p ar e d t o S. T y p hi m uri u m w hi c h 

i n d u c e d si g nifi c a ntl y hi g h er c ell d e at h wit h hi g h er M OIs (Fi g ur e 4. 1 A). Als o at all M OIs t e st e d, 

S. T y p hi m uri u m i n d u c e d si g ni fi c a ntl y m or e T H P-1 c ell d e at h i n c o m p aris o n t o S. T y p hi T y 2 ( Fi g ur e

4. 1 A). M OI 1 5 w as t h er ef or e c h os e n f or f urt h er a n al ysis. T H P -1 c ells w er e i nf e ct e d w it h S. T y p hi T y 2 

or S. T y p hi m uri u m a n d c ell d e at h w as m o nit or e d o v er ti m e f or 5 h. B ot h S. T y p hi a n d S. T y p hi m uri u m -

i n d u c e d c ell d e at h i n cr e as e d d uri n g t h e first 1 2 0– 1 5 0 mi n, wit h S. T y p hi m uri u m c a usi n g hi g h er c ell 

d e at h l e v els at a f ast er r at e, w hil e c ell  d e at h r e a c h e d a pl at e a u at l at er ti m e p oi nts ( Fi g ur e 4. 1 B). F or 

t his r e as o n, d o w nstr e a m a n al ys e s w er e p erf or m e d at 3 h p ost i nf e cti o n u nl ess ot h er wis e st at e d , 

s er vi n g as a n i n di c ati o n of c ell d e at h e arl y d uri n g i nf e cti o n.  

T H P -1 c ells w er e n e xt i nf e ct e d wit h S. P ar at y p hi A at a r a n g e of M OIs al o n gsi d e S. T y p hi T y 2. 

T h e r a n g e of M OI s t est e d w as l ar g er t h a n t h o s e t e st e d wit h S. T y p hi T y 2 a b o v e, as i niti al e x p eri m e nts 

s h o w e d t h at S. P ar at y p hi A 9 1 5 0 -i n d u c e d c yt ot o xi cit y w as u n d et e ct a bl e at M OI 1 5. Pr eli mi n ar y 

e x p eri m e nts s h o w e d t h at S. T y p hi a n d S. P ar at y p hi A i n d u c e d S PI -1 -d e p e n d e nt c ell d e at h (s e e als o 

S e cti o n s 4. 1 0  a n d 4. 1 5 ), si mil arl y t o S. T y p hi m uri u m ( M ari at h as a n et al. , 2 0 0 4; Mi a o et al. , 2 0 0 6; 

Bi ers c h e n k et al. , 2 0 1 9; C ass o n et al. , 2 0 1 5). T h er ef or e, S PI-1 m ut a nts ( Δ i n v A) of b ot h S. P ar at y p hi A 

9 1 5 0 a n d S. T y p hi T y 2 w er e us e d i n p ar all el. T his s er v e d as a w a y t o d et er mi n e t h e u p p er a n d l o w er 

li mits of S PI -1 -i n d u c e d e x p eri m e nt al c ell d e at h l e v els ; wh e n W T a n d Δ i n v A-i n d u c e d c ell d e at h b e c o m es 

si mil ar, t his m a y  b e d u e t o o v er w h el mi n g t h e c ells wit h a hi g h b a ct eri al l o a d.  

Fi g ur e 4 .1  S.  T y p hi i n d u c e s T H P-1 c ell d e at h i n a ti m e -d e p e n d e nt m a n n er . 

( A) T H P -1 c ells w er e i nf e ct e d at i n cr e asi n g M OIs wit h S. T y p hi T y 2 ( T y 2) or  S.  T y p hi m uri u m ( T m) a n d c ell d e at h

w as d et er mi n e d at 5 h p ost i nf e cti o n. ( B) T H P -1 c ells w er e i nf e ct e d as i n di c at e d at M OI 1 5 a n d c ell d e at h w as 

d et er mi n e d b y PI u pt a k e o v er ti m e. B ar s s h o w m e a n s ± S E M  fr o m t hr e e i n d e p e n d e nt r e p e at s. St atisti c al a n al y sis 

b y m at c h e d t w o -w a y A N O V A. *,  p  <  0. 0 5 ; * *,  p  < 0. 0 1 . n s, n ot si g nifi c a nt. 
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S. P ar at y p hi A 9 1 5 0 i n d u c e d l o w l e v els of c ell d e at h e v e n at hi g h M OIs ( Fi g ur e 4 .2 A). H o w e v er,

hi g h M OIs ( e. g. M OI 1 0 0) i n d u c e d S PI -1 -i n d e p e n d e nt c ell d e at h b y b ot h t y p h oi d al S al m o n ell a  s er o v ars, 

i n di c ati n g t h at t h e i nf e ct e d c ells b e c a m e o v er w h el m e d a n d di e d i n d e p e n d e ntl y of  a S al m o n ell a -

s p e cifi c p at h o g e ni cit y m e c h a nis m. S . P ar at y p hi A 9 1 5 0 M OI of 5 0 i n d u c e d si mil ar l e v els of c ell d e at h 

as t h at i n d u c e d b y S. T y p hi T y 2 at M OI of 1 5, w hil e c ell d e at h r e m ai n e d S PI -1 -d e p e n d e nt ( Fi g ur e 4 .2 A). 

T h us , M OI of 5 0 w as s el e ct e d f or f urt h er e x p eri m e nts wit h S. P ar at y p hi A. T his e x p eri m e nt als o 

i n di c at e d t h at b ot h S. P ar at y p hi A a n d S. T y p hi -i n d u c e d c ell d e at h i n T H P-1 c ells w as S PI -1 T 3 S S -

d e p e n d e nt, as t h e Δ i n v A m ut a nts i n d u c e d si g nifi c a ntl y l ess c ell d e at h t h a n W T at M OI 5 0  or M OI 1 5, 

r es p e cti v el y (p  <  0. 0 5, c o m p ar e d b y t w o -t ail e d St u d e nt’s t-t e st; s e e als o S e cti o n 4. 1 5 ) (Fi g ur e 4 .2 A). 

T H P -1 c ells w er e als o i nf e ct e d wit h W T S. P ar at y p hi A 9 1 5 0 at M OI 5 0 a n d c ell d e at h w as m o nit or e d 

o v er ti m e. Si mil ar t o S. T y p hi T y 2 a n d S. T y p hi m uri u m ( Fi g ur e 4 .1 ), S. P ar at y p hi -A -i n d u c e d c ell d e at h 

i n cr e as e d wit h ti m e a n d r e a c h e d a pl at e a u aft er 1 8 0 mi n p o st i nf e cti o n, s h o wi n g o nl y a mil d i n cr e as e 

aft er t his ti m e p oi nt ( Fi g ur e 4 .2 B).  

T h e a b o v e r es ults s h o w t h at S. P ar at y p hi A 9 1 5 0 r e q uir e d >  3 -f ol d hi g h er M OI t o c a us e si mil ar 

l e v els of m a cr o p h a g e c ell d e at h c o m p ar e d t o S. T y p hi T y 2. T o t e st w h et h er t his diff er e n c e b et w e e n 

c ell d e at h i n d u c e d b y S. P ar at y p hi A 9 1 5 0 at M OI 5 0 a n d M OI 1 5 is d u e t o hi g h er b a ct eri al 

Fi g ur e 4 .2  S . P ar at y p hi A 9 1 5 0 i n d u c es l o w er l e v el s of T H P-1 c ell d e at h t h a n S. T y p hi T y 2 . 

( A) T H P -1 c ells w er e i nf e ct e d wit h W T or Δ i n v A S.  T y p hi T y 2 ( T y 2) or S.  P ar at y p hi A 9 1 5 0 ( 9 1 5 0) at i n cr e asi n g

M OIs as i n di c at e d a n d c ell d e at h w as m e as ur e d b y PI u pt a k e. ( B) T H P -1 c ells w er e i nf e ct e d wit h W T S.  T y p hi T y 2 

( M OI 1 5) a n d S. P ar at y p hi A ( M OI 5 0) a n d c ell d e at h w as m o nit or e d o v er ti m e b y PI u pt a k e. B ars s h o w m e a n s ± 

S E M fr o m ( A) t w o or ( B)  t hr e e i n d e p e n d e nt r e p e at s. 
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i nt er n alis ati o n, Z -V A D -F M K -tr e at e d T H P-1 c ells w er e i nf e ct e d at t h e t w o diff er e nt M OIs a n d st ai n e d 

f or e xt er n al a n d i nt er n al b a ct eri a. Z -V A D -F M K  is a p a n -c as p as e  i n hi bit or t h at effi ci e ntl y bl o c k s c ell 

d e at h i n d u c e d b y S al m o n ell a  (s e e als o S e cti o n  4. 2 ) a n d w a s t h us e x pl oit e d i n t h es e s etti n gs t o mi ni mis e 

diff er e n c es i n c ell d e at h aff e cti n g q u a ntifi c ati o n of i ntr a c ell ul ar b a ct eri a. T h e h i g h er c ell d e at h l e v els  

i n d u c e d b y S. P ar at y p hi A 9 1 5 0 at M OI 5 0 di d n ot c orr el at e wit h si g nifi c a ntl y hi g h er p er c e nt a g e of 

i nt er n alis e d b a ct eri a (Fi g ur e 4 .3 ). Als o, W T a n d Δ i n v A S. P ar at y p hi A or S. T y p hi w er e i nt er n alis e d 

si mil arl y at t h es e M OIs , f urt h er s u p p orti n g t h at diff er e n c es i n c ell d e at h in d u cti o n w a s n ot m e di at e d 

b y diff er e nt l e v els of i ntr a c ell ul ar b a ct eri a.  

4. 2  T y p h oi d al S al m o n ell a  i n d u c es  c a s p a s e -d e p e n d e nt p yr o pt o si s 

S. T y p hi m uri u m -i n d u c e d c ell d e at h is l ar g el y m e di at e d b y c as p as es ( W e m yss & P e ars o n, 2 0 1 9). T o

ass ess w h et h er t y p h oi d al S al m o n ell a  si mil arl y i n d u c e d c as p as e -d e p e n d e nt c ell d e at h i n h u m a n 

m a cr o p h a g es, T H P -1 c ells w er e tr e at e d wit h t h e p a n-c as p as e i n hi bit or Z -V A D -F M K  pri or t o i nf e cti o n. 

T h e effi c a c y of Z -V A D -F M K  a cti vit y w as c o nfir m e d i n c ells pri m e d wit h E. c oli  O 1 1 1: B 4  L P S a n d tr e at e d 

wit h ni g eri ci n, w hi c h a cti v at e s t h e  c a n o ni c al  N L R P 3 i nfl a m m as o m e p at h w a y l e a di n g t o c as p as e-1 -

d e p e n d e nt p yr o pt oti c c ell d e at h ( M u ñ o z-Pl a nill o et al. , 2 0 1 3). As e x p e ct e d, Z -V A D -F M K  c o m pl et el y 

i n hi bit e d t h e a bilit y of ni g eri ci n t o i n d u c e c ell d e at h i n L P S-pri m e d T H P -1 c ells ( Fi g ur e 4. 4 A).  

Z -V A D -F M K -tr e at e d T H P-1 c ells w er e t h e n i n f e ct e d wit h S. P ar at y p hi A 9 1 5 0 or S. T y p hi T y 2

a n d c ell d e at h w as d et er mi n e d at 3 h p o st i nf e cti o n. S. T y p hi m uri u m w as us e d as a c o ntr ol. T h e p a n -

c as p as e Z -V A D -F M K  i n hi bit or w as a bl e t o e ntir el y i n hi bit S al m o n ell a -i n d u c e d c ell d e at h at 3 h p o st 

Fi g ur e 4 .3  S . P ar at y p hi A inf e cti o n r at e of T H P -1  c ell s  

i s si mil ar at M OI 5 0 a n d 1 5.   

T H P -1 c ells w er e tr e at e d wit h Z -V A D -F M K pri or t o i nf e cti o n 

wit h W T or Δ i n v A S . T y p hi T y 2 ( T y 2; M OI 1 5) or S . P ar at y p hi 

A 9 1 5 0 ( 9 1 5 0) at t h e i n di c at e d M OIs. At 3 0 mi n p o st 

i nf e cti o n, e xtr a c ell ul ar a n d t ot al b a ct eri a w er e st ai n e d; 

i nf e ct e d c ells w er e q u a ntifi e d b y fl u or es c e nt mi cr os c o p y. 

Err or b ar s s h o w m e a n s ± S E M  fr o m t w o i n d e p e n d e nt 

r e p e at s. M e a n s r e pr es e nt a v er a g e p er c e nt a g es f oll o wi n g 

q u a ntifi c ati o n of > 1 0 0 c ells fr o m r a n d o ml y s el e ct e d sli d e 

fi el d s p er r e p e at. St atisti c al a n al y sis b y r e p e at e d m e as ur es 

o n e -w a y A N O V A f oll o wi n g c orr e cti o n f or m ulti pl e 

c o m p aris o n s. n s, n ot si g nifi c a nt  
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i nf e cti o n (Fi g ur e 4 .4 B). T h es e r es ults s u g g est t h at b ot h t y p h oi d al S al m o n ell a  a n d N T S s er o v ars i n d u c e 

c as p as e -d e p e n d e nt c ell d e at h i n m a cr o p h a g es a n d t h us t his is a s er o v ar -i n d e p e n d e nt h o st r es p o ns e.  

M a cr o p h a g e i n f e cti o n wit h S. T y p hi m uri u m l e a ds t o p yr o pt oti c c ell d e at h ( W e m y ss & P e ars o n, 

2 0 1 9) . It is n o w w ell u n d erst o o d t h at t h e m aj or m e di at or of p yr o pt o sis is G S D M D ( Br o z, P el e grí n & 

S h a o,  2 0 1 9) . T h er ef or e, t o as c ert ai n  w h et h er c ell d e at h i n d u c e d b y t y p h oi d al S al m o n ell a  w as m e di at e d 

b y G S D M D -m e di at e d p or e f or m ati o n a n d w as t h us p yr o pt oti c, G S D M D  w as sil e n c e d i n T H P -1 c ells 

usi n g a mi R N A 3 0 E -b as e d pl as mi d  ( G S D M Dmi R ) ( G o d d ar d et al. , 2 0 1 9). As a c o ntr ol, C T R Lmi R  T H P -1 c ells 

e x pr essi n g a n o n -t ar g eti n g mi R N A (l a c Z) w er e us e d i n p ar all el. G S D M D  sil e n ci n g w as c o nfir m e d b y 

W e st er n bl ott i n g i n l ys at e s of u ni nf e ct e d c ells  (Fi g ur e 4. 5 A). T o p h e n ot y pi c all y v ali d at e t h es e c ell li n es, 

C T R L mi R  a n d G S D M D mi R  c ells w er e pri m e d wit h E. c oli  O 1 1 1: B 4  L P S f or 3 h, b ef or e tr e ati n g wit h ni g eri ci n 

f or 1 h a n d m e as uri n g c ell d e at h b y PI u pt a k e. As e x p e ct e d, G S D M D  sil e n ci n g pr e v e nt e d L P S + ni g eri ci n -

i n d u c e d c ell d e at h i n T H P-1 c ells ( Fi g ur e 4. 5 B).  

Fi g ur e 4 .4  S. P ar at y p hi A a n d S.  T y p hi i n d u c e  c a s p a s e -d e p e n d e nt  c ell d e at h.  

( A) T H P -1 c ells w er e pri m e d wit h E. c oli  O 1 1 1: B 4 L P S f or 3 h pri or t o tr e at m e nt wit h D M S O ( v e hi cl e) or Z -V A D -

F M K f or 1 h. Ni g eri ci n w as a d d e d f or 1 h a n d c ell d e at h w as a ss es s e d b y PI u pt a k e. ( B) T H P -1 c ells tr e at e d wit h 

D M S O or Z -V A D -F M K w er e i nf e ct e d wit h S . P ar at y p hi A 9 1 5 0 ( 9 1 5 0; M OI 5 0), S . T y p hi T y 2 ( T y 2; M OI 1 5) or 

S . T y p hi m uri u m ( T m; M OI 1 5) a n d c ell d e at h w as m e as ur e d at 3 h p o st i nf e cti o n vi a PI u pt a k e. B ars s h o w m e a n s

± S E M fr o m t hr e e i n d e p e n d e nt r e p e at s. St atisti c al a n al y sis b y ( A) p air e d St u d e nt’ s t-t est or ( B) m at c h e d t w o-

w a y A N O V A.  *,  p  <  0. 0 5 ; * * *,  p  <  0. 0 0 1 . 
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N e xt, C T R L mi R  a n d G S D M D mi R  T H P -1 c ells w er e i nf e ct e d wit h S. P ar at y p hi A 9 1 5 0, S. T y p hi T y 2, 

or S. T y p hi m uri u m a n d c ell d e at h w as m e as ur e d at 3 h p o st i nf e cti o n. G S D M D sil e n ci n g e ntir el y 

pr e v e nt e d S al m o n ell a -i n d u c e d c ell d e at h b y all t hr e e s er o v ars t est e d (Fi g ur e  4 .6 ). T hi s s u g g est e d t h at, 

si mil arl y t o S. T y p hi m uri u m, t y p h oi d al S al m o n ell a  i n d u c es G S D M D-m e di at e d p yr o pt o sis at 3 h p o st 

i nf e cti o n. A d diti o n all y, p yr o pt osis is a h all m ar k of i nfl a m m as o m e a cti v ati o n d uri n g i nf e cti o n a n d it w as 

t h us i m pli e d t h at i nfl a m m as o m e p at h w a y s w er e i n d e e d a cti v at e d d uri n g i nf e cti o n wit h S. P ar at y p hi A 

or S. T y p hi.  

Fi g ur e 4 .5  V ali d ati o n of G S D M D mi R T H P -1 c ell s.  

( A) G S D M D w as d et e ct e d i n u ni nf e ct e d ( UI) T H P -1 c ells st a bl y tr a ns d u c e d wit h mi R N A 3 0 E ( mi R) t ar g eti n g

G S D M D or a n o n -t ar g eti n g c o ntr ol ( C T R L). Bl ot pr o d u c e d b y J . S a n c h ez -G arri d o. ( B) C T R L mi R  a n d G S D M D mi R  T H P -

1 c ells w er e pri m e d wit h E. c oli  O 1 1 1: B 4 L P S f or 3  h b ef or e tr e ati n g wit h ni g eri ci n f or 1 h a n d m e as uri n g c ell 

d e at h b y PI u pt a k e. Err or b ar s s h o w m e a n s ± S E M fr o m f o ur i n d e p e n d e nt r e p e at s. St atisti c al a n al y sis b y p air e d 

St u d e nt’ s t-t est. * *,  p  < 0 .0 1 .

Fi g ur e 4 .6  T y p h oi d al S al m o n ell a  i n d u c e G S D M D-

d e p e n d e nt p yr o pt oti c c ell d e at h .  

C T R L mi R  a n d G S D M D mi R  T H P -1 c ells w er e i nf e ct e d wit h 

S . P ar at y p hi A 9 1 5 0 ( 9 1 5 0; M OI 5 0), S.  T y p hi T y 2 ( T y 2;

M OI 1 5), or S.  T y p hi m uri u m ( T m; M OI 1 5) a s a c o ntr ol. 

C ell d e at h w as d et er mi n e d at 3 h p ost i nf e cti o n b y PI 

u pt a k e. B ars s h o w m e a n s ± S E M fr o m f o ur 

i n d e p e n d e nt r e p e at s. St atisti c al a n al y sis b y m at c h e d 

t w o-w a y A N O V A ( C). *,  p  < 0. 0 5; * *, p  < 0. 0 1; * * *, p  <  

0. 0 0 1.  
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4. 3  C a s p a s e -4 a n d A S C c o ntri b ut e t o c ell d e at h tri g g er e d b y S. P ar at y p hi A 

A cti v ati o n of t h e c a n o ni c al a n d/ or n o n -c a n o ni c al i nfl a m m as o m e p at h w a y s tri g g er p yr o pt o sis t hr o u g h 

c as p as e -1 or c as p as e -4, r es p e cti v el y. As S. P ar at y p hi A a n d S. T y p hi i n d u c e c as p as e - (Fi g ur e 4. 4 ) a n d 

G S D M D -d e p e n d e nt p yr o pt o sis ( Fi g ur e 4. 6 ), t h e c o ntri b uti o n of c as p as e-1 a n d c as p as e -4 t o c ell d e at h 

d uri n g i nf e cti o n wit h t y p h oi d al S al m o n ell a  s er o v ars w as n e xt i n v esti g at e d. F or t his p ur p o s e, T H P -1 

c ells w er e tr e at e d wit h Z -Y V A D -F M K  pri or t o i nf e cti o n. Z -Y V A D -F M K  s el e cti v el y i n hi bits m ai nl y 

c as p as e -4, as w ell as c as p as e -1. T o t est t h e effi ci e n c y of Z -Y V A D -F M K  a cti vit y, T H P -1 c ells w er e tr e at e d 

wit h D M S O or Z -Y V A D -F M K  b ef or e tr a nsf e cti n g wit h E. c oli  O 1 1 1: B 4  L P S a n d m e as uri n g c ell d e at h at 3 

h p o st tr a nsf e cti o n. L P S tr a nsf e cti o n d eli v ers L P S i n t h e c yt o pl as m all o wi n g f or r e c o g niti o n of c yt o s oli c 

L P S b y c as p as e -4. Z -Y V A D -F M K  si g nifi c a ntl y r e d u c e d c ell d e at h i n d u c e d b y L P S tr a nsf e cti o n ( Fi g ur e 

4. 7 A), s u g g esti n g t h at t his i n hi bit or pr e v e nt e d a cti v ati o n of c as p as e -4.  

Z -Y V A D -F M K -tr e at e d T H P-1 c ells w er e t h e n i nf e ct e d wit h S. P ar at y p hi A 9 1 5 0 or S. T y p hi T y 2,

as w ell as S. T y p hi m uri u m. Z -Y V A D -F M K -m e di at e d i n hi biti o n of c a s p as e -1/ 4 si g nifi c a ntl y r e d u c e d 

S. T y p hi m uri u m -i n d u c e d c ell d e at h (Fi g ur e 4. 7 B), alt h o u g h it di d n ot c o m pl et el y i n hi bit it s u g g esti n g

t h e i n v ol v e m e nt of a d diti o n al c ell d e at h m e di at ors ( W em y ss & P e ars o n, 2 0 1 9) . I n hi biti o n of c as p as e-

1/ 4  b y Z -Y V A D -F M K  r es ult e d i n a s m all b ut si g nifi c a nt d e cr e as e i n S. P ar at y p hi A 9 1 5 0 -i n d u c e d c ell 

d e at h ( Fi g ur e 4. 7 B). I n c o ntr ast, S. T y p hi T y 2 -tri g g er e d m a cr o p h a g e c ell d e at h w as n ot aff e ct e d b y Z -

Fi g ur e 4 .7  Eff e ct of  irr e v er si bl e i n hi biti o n of c a s p a s e-4 o n  t y p h oi d al S al m o n ell a -i n d u c e d c ell d e at h. 

( A) T H P -1 c ells w er e tr e at e d wit h D M S O or Z -Y V A D -F M K f or 1 h pri or t o tr a n sf e cti n g wit h E. c oli  O 1 1 1: B 4 L P S f or

3 h a n d m e as uri n g c ell d e at h b y PI u pt a k e. ( B) D M S O or Z -Y V A D -F M K -tr e at e d T H P-1 c ells w er e i nf e ct e d wit h W T 

S. P ar at y p hi A 9 1 5 0 ( 9 1 5 0; M OI 5 0), S . T y p hi T y 2 ( T y 2; M OI 1 5) or S . T y p hi m uri u m (T m; M OI 1 5) a n d c ell d e at h

w as m e as ur e d b y PI u pt a k e at 3 h p o st i nf e cti o n. B ars s h o w m e a n s ± S E M  fr o m ( A) t hr e e or ( B) f o ur i n d e p e n d e nt 

e x p eri m e nts. St atisti c al a n al y sis b y ( A) p air e d St u d e nt’ s t-t est or ( B) m at c h e d t w o-w a y A N O V A. *, p  < 0. 0 5; * * * *, 

p  < 0. 0 0 0 1.  
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Y V A D -F M K  tr e at m e nt (Fi g ur e 4. 7 B), s u g g esti n g t h at S. P ar a t y p hi A a n d S. T y p hi m a y i n d u c e diff er e nt 

p at h w a y s of i nfl a m m as o m e si g n alli n g i n h u m a n m a cr o p h a g es.  

T o f urt h er e x a mi n e t h e r ol e of c as p as e -4, a T H P -1 c ell li n e wit h st a bl e sil e n ci n g of c as p as e -4 

w as e m pl o y e d ( G o d d ar d et al. , 2 0 1 9). I n a d diti o n, as A S C is r e a dil y r e cr uit e d t o i nfl a m m as o m e 

c o m pl e x es f or m e d d uri n g i nf e cti o n wit h S. T y p hi m uri u m ( M a n et al. , 2 0 1 4 b, 2 0 1 3; Q u et al. , 2 0 1 6; Br o z 

et al. , 2 0 1 0 b), w e ai m e d t o d et er mi n e t h e c o ntri b uti o n of A S C i n c ell d e at h i n d u cti o n b y t y p h oi d al 

S al m o n ell a , w hi c h w o ul d i n di c at e c as p as e-1 a cti v ati o n. C as p as e -4 sil e n ci n g w as c o nfir m e d b y 

i m m u n o bl otti n g f or c as p as e-4 i n C A S P 4 mi R  c ell l ys at e s (Fi g ur e 4. 8 A). Als o , C A S P 4mi R  T H P -1 c ells w er e 

u n a bl e t o u n d er g o p yr o pt osis w h e n tr a nsf e ct e d wit h E. c oli  O 1 1 1: B 4  L P S f or 3 h c o m p ar e d t o C T R L mi R  

(Fi g ur e 4 .8 B). F urt h er m or e , A S Cmi R  T H P -1 c ells ( G o d d ar d et al. , 2 0 1 9) w er e c o nfir m e d t o h a v e  a bl at e d 

A S C e x pr essi o n b y i m m u n o bl otti n g f or A S C i n c ell l ys at e s (Fi g ur e 4. 8 A)  a n d  A S C mi R  T H P -1 c ells w er e 

s h o w n t o u n d er g o si g nifi c a ntl y l ess c ell d e a t h i n r es p o ns e t o L P S pri mi n g a n d ni g eri ci n tr e at m e nt 

(Fi g ur e 4. 8 B).  

C T R L mi R  or  C A S P 4 mi R  T H P -1 c ells w er e  i nf e ct e d wit h S. P ar at y p hi A 9 1 5 0, S. T y p hi T y 2 or 

S. T y p hi m uri u m a n d c ell d e at h w as d et er mi n e d at 3 h p o st i nf e cti o n. Sil e n ci n g of c as p as e -4 m ar k e dl y

r e d u c e d S. P ar at y p hi A -i n d u c e d p yr o pt o si s b y a p pr o xi m at el y 2-f ol d, w hil e it di d n ot aff e ct T H P-1 c ell 

d e at h tri g g er e d b y S . T y p hi T y 2 or S. T y p hi m uri u m ( Fi g ur e 4 .9 A). I n d e e d, S. T y p hi m uri u m h as b e e n 

r e c e ntl y s h o w n t o i n d u c e c as p as e-4 -d e p e n d e nt i nfl a m m as o m e a cti v ati o n  o nl y  foll o wi n g tr e at m e nt of 

T H P -1 c ells wit h I F N γ  t o i n d u c e G B P e x pr essi o n ( Fis c h et al. , 2 0 1 9 a, 2 0 1 9 b). T h es e r es ults s u g g est t h at 

Fi g ur e 4 .8  C A S P 4 mi R  a n d A S C mi R  T H P -1 c ell v ali d ati o n . 

( A) St a bl e sil e n ci n g of c as p as e -4 a n d A S C i n C A S P 4 mi R  a n d A S C mi R  T H P -1 c ells, r es p e cti v el y, w as c o nfir m e d b y 

i m m u n o bl otti n g f or t h e r es p e cti v e pr ot ei ns i n l y s at es of u ni nf e ct e d ( UI) c ells. Bl ot r e pr es e nt ati v e of t hr e e 

i n d e p e n d e nt r e p e at s. ( B) C A S P 4 mi R  a n d A S C mi R  T H P -1 c ells w er e eit h er tr a n sf e ct e d wit h E. c oli  O 1 1 1: B 4 L P S f or 3 

h ( L P S tr a n sf e cti o n) or pri m e d wit h L P S f or 3 h b ef or e tr e ati n g wit h ni g eri ci n f or 1 h ( L P S/ Ni g) a n d c ell d e at h  w as  

m e as ur e d . Gr a p h s h o ws m e a n s ± S E M  fr o m t hr e e i n d e p e n d e nt r e p e at s. St atisti c al a n al y sis b y t w o-w a y A N O V A 

f oll o w e d b y c orr e cti o n f or m ulti pl e c o m p aris o n s. *, p  < 0. 0 5; * *, p  < 0. 0 1 ; n s, n ot si g nifi c a nt. 
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c as p as e- 4 pl a y s a n i m p ort a nt r ol e i n p yr o pt o sis d uri n g S.  P ar at y p hi A i nf e cti o n a n d f urt h er s u p p ort t h e 

d at a  o bt ai n e d  wit h Z- Y V A D- F M K- m e di at e d  i n hi biti o n of  c as p as e- 4, s h o wi n g  t h at S.  P ar at y p hi  A a n d 

S. T y p hi p os si bl y a cti v at e disti n ct p at h w a y s i n i nfl a m m a s o m e si g n alli n g.

A S C mi R  T H P- 1 c ells i nf e ct e d wit h S. P ar at y p hi A 9 1 5 0 u n d er w e nt p yr o pt osis at 

si g nifi c a ntl y l o w er l e v els c o m p ar e d t o C T R L mi R  ( Fi g ur e 4. 1 0). I n c o ntr ast, alt h o u g h p yr o pt osis w as 

l o w er i n A S Cmi R  c ells i nf e ct e d wit h S. T y p hi T y 2 or S. T y p hi m uri u m c o m p ar e d t o C T R L mi R , t his w as 

n ot st atisti c all y si g nifi c a nt ( Fi g ur e 4. 1 0). A S C a p p e ar e d t o b e dis p e ns a bl e f or S. T y p hi m uri u m-

i n d u c e d c ell d e at h i n t h es e s etti n gs, w hi c h is i n li n e wit h pr e vi o us r e p orts i n h u m a n m a cr o p h a g es 

( Bi ers c h e n k et al. , 2 0 1 9), a n d pr e vi o us w or k i n m o us e m a cr o p h a g es p oi nts t o w ar ds a r ol e f or 

N L R C 4 i nfl a m m as o m e i n p yr o pt oti c c ell d e at h i n t h e a bs e n c e of A S C ( Br o z et al. , 2 0 1 0 a).  

Gi v e n t h at S . P ar at y p hi A 9 1 5 0-i n d u c e d c ell d e at h w as d e p e n d e nt o n c as p as e- 4 a n d A S C, w e 

n e xt i n v esti g at e d t h e eff e ct of sil e n ci n g eit h er of t h es e pr ot ei ns o n  i nfl a m m as o m e a cti v ati o n d uri n g 

i nf e cti o n wit h S . P ar at y p hi  A b y  i m m u n o bl otti n g. C as p as e- 4  sil e n ci n g  di d  n ot  i nfl u e n c e c as p as e- 1 

Fi g ur e 4 .9  S . P ar at y p hi A i n d u c e s c a s p a s e-4 -d e p e n d e nt 

p yr o pt o si s .  

C T R L mi R  or C A S P 4 mi R  T H P -1 c ells w er e i nf e ct e d wit h S . 

P ar at y p hi A 9 1 5 0 ( 9 1 5 0; M OI 5 0), S . T y p hi T y 2 ( T y 2; M OI 1 5) 

or S . T y p hi m uri u m ( T m; M OI 1 5) a n d c ell d e at h w as 

d et e r mi n e d at 3 h p ost i nf e cti o n. Gr a p h s h o ws m e a n s ± S E M  

fr o m f o ur i n d e p e n d e nt r e p e at s. St atisti c al c o m p aris o n b y 

m at c h e d t w o -w a y A N O V A. *, p  < 0. 0 5;  n s, n ot si g nifi c a nt . 

Fi g ur e 4 .1 0  S . P ar at y p hi A i n d u c es A S C-

d e p e n d e nt c ell d e at h i n T H P -1 c ell s .  

C T R L mi R or A S C mi R  T H P -1 c ells w er e i nf e ct e d wit h 

S . P ar at y p hi A 9 1 5 0 ( 9 1 5 0; M O I 5 0), S . T y p hi T y 2 

( T y 2; M OI 1 5) or S . T y p hi m uri u m ( T m; M OI 1 5) 

a n d c ell d e at h w as d et er mi n e d at 3 h p ost 

i nf e cti o n. B ars s h o w m e a n s ± S E M fr o m f o ur 

i n d e p e n d e nt r e p e at s. St atisti c al a n al y sis b y t w o-

w a y A N O V A. *, p  < 0. 0 5;  n s, n ot si g nifi c a nt.  
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a cti v ati o n n or I L -1 8 cl e a v a g e, as t h e l e v els of t h eir cl e a v e d pr o d u cts i n s u p er n at a nts of i nf e ct e d c ells 

w er e c o m p ar a bl e b et w e e n C T R L mi R  a n d C A S P 4 mi R T H P -1 c ells  (Fi g ur e 4 .1 1 ). T h es e r es ults s u g g est e d t h at 

c as p as e -1 a cti v ati o n m a y o c c ur i n t h e a bs e n c e of c as p as e -4, a n d t h at c as p as e -4 di d n ot dir e ctl y cl e a v e 

I L-1 8, i n k e e pi n g wit h pr e vi o us p u bli c ati o ns ( K a y a g a ki et al. , 2 0 1 1, 2 0 1 5; S c h mi d-B ur g k et al. , 2 0 1 5). 

Als o, alt h o u g h a cti v ati o n of G S D M D w as n ot d et er mi n e d h er e , it w as s u g g est e d t h at c as p as e-4 dir e ctl y 

i n d u c e d p yr o pt o sis i n d e p e n d e ntl y of c as p as e-1 u p o n i nf e cti o n wit h S. P ar at y p hi A 9 1 5 0.  F urt h er m or e, 

c as p as e -1 w as cl e a v e d at m ar k e dl y l o w er l e v els i n A S C mi R  T H P -1 c ells c o m p ar e d t o C T R L mi R  d uri n g 

i nf e cti o n wit h S.  P ar at y p hi A 9 1 5 0. T his als o r es ult e d i n si g nifi c a ntl y l o w er I L -1 8 cl e a v a g e ( Fi g ur e 4 .1 1 ). 

A s m all r e d u cti o n i n c as p as e -4 a cti v ati o n w as als o o bs er v e d, w hi c h m a y h a v e b e e n d u e t o l o w er l e v els 

of c ell d e at h i n A S C mi R  T H P -1 c ells c o m p ar e d t o C T R L mi R , l e a di n g t o a l o w er l e v el of c as p as e -4 r el e as e 

i nt o t h e s u p er n at a nt. N e v ert h el ess, A S C w as r e q uir e d f or c as p as e-1 a cti v ati o n d uri n g T H P -1 c ell 

i nf e cti o n wit h S. P ar at y p hi A 9 1 5 0, as w ell as  f or i n d u cti o n of c ell d e at h.  

Fi g ur e 4 .1 1  S . P ar at y p hi A i n d u c e s A S C-

d e p e n d e nt , ca s p a s e -4 i n d e p e n d e nt  c a s p a s e -1 

a cti v ati o n .  

T H P -1 c ells w er e i nf e ct e d wit h S . P ar at y p hi A 9 1 5 0 

( 9 1 5 0; M OI 5 0) i nfl a m m a s o m e a cti v ati o n w as 

as s es s e d b y i m m u n o bl otti n g f or cl e a v e d pr o d u cts of 

c as p as e -1, c as p as e -4 a n d I L -1 8 (i n di c at e d wit h 

arr o ws) i n s u p er n at a nts of i nf e ct e d c ells. U ni nf e ct e d 

( UI) c ells w er e u s e d a s c o ntr ol. Bl ot r e pres e nt ati v e of 

t w o i n d e p e n d e nt r e p e at s.  
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4. 4  T h e r ol e of t h e N L R P 3 i nfl a m m a s o m e d uri n g i nf e cti o n wit h t y p h oi d al 
S al m o n ell a  

T o t est w h et h er N L R P 3 is i n v ol v e d d uri n g i nf e cti o n wit h t y p h oi d al S al m o n ell a , as is t h e c a s e wit h 

S. T y p hi m uri u m ( M a n et al. , 2 0 1 3, 2 0 1 4 b; Br o z et al. , 2 0 1 0 b; Bi er s c h e n k et al. , 2 0 1 9), T H P-1 c ells w er e

tr e at e d wit h M C C 9 5 0 pri or t o i nf e cti o n, w hi c h is a s m all N L R P 3 -s p e cifi c i n hi bit or ( C oll et al., 2 0 1 5, 

2 0 1 9; T a pi a -A b ell á n et al., 2 0 1 9) . T h e effi c a c y of t h e i n hi bit or w as t e st e d b y t h e a d diti o n of ni g eri ci n 

t o E. c oli  O 1 1 1: B 4  L P S -pri m e d T H P -1 c ell s pr e -tr e at e d wit h M C C 9 5 0. M C C 9 5 0-m e di at e d i n hi biti o n of 

N L R P 3 c o m pl et el y a b olis h e d p yr o pt o sis i n T H P -1 c ells tr e at e d wit h ni g eri ci n ( Fi g ur e 4. 1 2 A). Als o, 

M C C 9 5 0 pr e -tr e at m e nt of T H P-1 c ells e ntir el y bl o c k e d c as p as e -1 cl e a v a g e i n d u c e d b y L P S pri mi n g a n d 

ni g eri ci n tr e at m e nt ( Fi g ur e 4. 1 2 B). T h es e r es ults s u g g est e d t h at M C C 9 5 0 eff e cti v el y bl o c ks N L R P 3 i n 

T H P -1 c ells i n c o n diti o ns us e d h er e.  

T H P -1 c ells w er e t h e n tr e at e d wit h D M S O or M C C 9 5 0 pri or t o i nf e cti o n wit h S. P ar at y p hi A 

9 1 5 0, S. T y p hi T y 2, or S. T y p hi m uri u m a n d c ell d e at h w as d et er mi n e d at 3 h p o st i nf e cti o n. I n k e e pi n g 

wit h t h e i m p ort a n c e of A S C i n S. P ar at y p hi A 9 1 5 0 -i n d u c e d T H P-1 p yr o pt o sis ( Fi g ur e 4 .1 0 ), i n hi biti o n 

of N L R P 3 si g nifi c a ntl y r e d u c e d c ell d e at h tri g g er e d b y S. P ar at y p hi A 9 1 5 0 ( Fi g ur e 4 .1 3 A). H o w e v er, 

si mil arl y t o d at a s h o w n i n Fi g ur e 4 .1 0 , M C C 9 5 0-m e di at e d i n hi biti o n of N L R P 3 di d n ot pr e v e nt c ell 

d e at h tri g g er e d d uri n g i nf e cti o n wit h S. T y p hi ( Fi g ur e 4 .1 3 B) or S. T y p hi m uri u m ( Fi g ur e 4 .1 3 C). 

A d diti o n all y, c as p as e -1 a cti v ati o n w as r e d u c e d u p o n  M C C 9 5 0 tr e at m e nt of  T H P -1 c ells i nf e ct e d wit h 

S. P ar at y p hi A 9 1 5 0, w hil e c as p as e -4 a cti v ati o n r e m ai n e d u n c h a n g e d ( Fi g ur e 4 .1 3 D), s u g g esti n g t h at ,

as e x p e ct e d,  c as p as e -4 is n ot a cti v at e d d o w nstr e a m of N L R P 3. T o as c ert ai n w h et h er c as p as e -1 is 

Fi g ur e 4 .1 2  M C C 9 5 0 effi ci e ntl y bl o c k s N L R P 3 a cti v ati o n i n T H P -1 c ell s . 

D M S O or M C C 9 5 0 -tr e at e d T H P -1 c ells w er e pri m e d wit h E. c oli O 1 1 1: B 4 L P S a n d tr e at e d wit h ni g eri ci n f or 1 h 

pri or t o ( A) m e as uri n g c ell d e at h b y PI u pt a k e a n d ( B) d et er mi ni n g c as p as e -1 a cti v ati o n b y i m m u n o bl otti n g. 

Gr a p h s h o ws m e a n s ± S E M fr o m f o ur i n d e p e n d e nt r e p e at s, w hi c h w er e c o m p ar e d b y p air e d St u d e nt’ s t-t est. 

Bl ot is r e pr es e nt ati v e fr o m t hr e e i n d e p e n d e nt r e p e at s. * *, p  < 0. 0 1 . 
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a cti v at e d  i n d e p e n d e ntl y of  N L R P 3  d uri n g  i nf e cti o n wit h  S.  T y p hi  T y 2  or  S.  T y p hi m uri u m,  c as p as e- 1 

a cti v ati o n w as als o e x a mi n e d d uri n g i nf e cti o n wit h t h es e p at h o g e ns. H o w e v er, c as p as e- 1 a n d c as p as e-

4  a cti v ati o n  di d  n ot  c h a n g e  i n r es p o ns e t o N L R P 3  i n hi biti o n d uri n g  i nf e cti o n wit h  S.  T y p hi  ( Fi g ur e 

4. 1 3 D),  f urt h er s u p p orti n g  t h e disti n ct i nfl a m m as o m e p at h w a y s  a cti v at e d  d uri n g  i nf e cti o n wit h 

S. T y p hi a n d S. P ar at y p hi A. D uri n g S. T y p hi m uri u m i nf e cti o n, c as p as e- 1 cl e a v a g e w as d e cr e as e d u p o n  

M C C 9 5 0 tr e at m e nt of T H P- 1 c ells ( Fi g ur e 4. 1 3 D). It is t h us p ossi bl e t h at ot h er c as p as es a cti v at e d 

d uri n g S. T y p hi m uri u m i nf e cti o n m a y h a v e c o m p e ns at e d f or t h e i n hi biti o n of N L R P 3 ( s u c h as c as p as e-

8, s e e S e cti o n 4. 6) a n d t h us t h e si mil ar l e v els of c ell d e at h b et w e e n D M S O a n d M C C 9 5 0-tr e at e d T H P-

Fi g ur e 4 .1 3  Eff e ct of M C C 9 5 0 -m e di at e d N L R P 3 i n hi biti o n o n S al m o n ell a -i n d u c e d c ell d e at h.  

T H P -1 c ells w er e tr e at e d wit h D M S O or M C C 9 5 0 pri or t o i nf e cti o n wit h ( A) S . P ar at y p hi A 9 1 5 0 ( 9 1 5 0; M OI 5 0), 

( B) S . T y p hi T y 2 ( T y 2; M OI 1 5), or ( C) S . T y p hi m uri u m ( T m; M OI 1 5) a n d c ell d e at h w as d et er mi n e d at 3 h p o st 

i nf e cti o n. ( D) D M S O or M C C 9 5 0 -tr e at e d T H P -1 c ells w er e i nf e ct e d as i n di c at e d a n d i nfl a m m as o m e a cti v ati o n 

w as as s es s e d b y i m m u n o bl ots of cl e a v e d c as p as e -1 a n d c as p as e -4 pr o d u cts (i n di c at e d wit h arr o ws) i n 

s u p er n at a nts of i nf e ct e d c ells. Bl ots r e pr es e nt ati v e fr o m t hr e e i n d e p e n d e nt r e p e at s. B ar s s h o w m e a n s ± S E M 

fr o m ( A-B) si x  or ( C) f o ur i n d e p e n d e nt r e p e at s. St atisti c al a n al y sis b y p air e d St u d e nt’ s t-t est. *, p  < 0. 0 5 ; n s, n ot 

si g nifi c a nt  
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1 c ells ( Fi g ur e 4 .1 3 C). It s h o ul d b e n ot e d t h at t h e hi g h er c as p as e-4 cl e a v a g e i n M C C 9 5 0 -tr e at e d T H P-1 

c ells i nf e ct e d wit h S. T y p hi m uri u m is p ossi bl y a r e s ult of hi g h er pr o -c as p as e -4 pr es e nt i n t h e c ells.  

F urt h er m or e, it h as r e c e ntl y b e e n r e p ort e d t h at T H P -1 c ells p ri m e d wit h I F Nγ pri or t o 

S. T y p hi m uri u m i nf e cti o n u n d er g o i n cr e as e d c ell d e at h, as I F N γ a cti v at e s G B P e x pr essi o n. G B P s e n a bl e

disr u pti o n of t h e S C V a n d t h us c yt o s oli c b a ct eri a ar e m or e r e a dil y r e c o g nis e d b y i nfl a m m as o m es i n a 

c as p as e -4 -d e p e n d e nt m a n n er ( Fis c h et al. , 2 0 1 9 a, 2 0 1 9 b). T o t est w h et h er t his w as t h e c as e wit h 

t y p h oi d al S al m o n ell a , T H P-1 c ells w er e tr e at e d wit h I F N γ f or 1 6 h pri or t o i nf e cti o n wit h W T 

S. P ar at y p hi A 9 1 5 0, S. T y p hi T y 2 or S. T y p hi m uri u m. I F N γ pr e -tr e at m e nt pr o m ot e d i n cr e as e d c ell d e at h

tri g g er e d b y b ot h t y p h oi d al S al m o n ell a  s er o v ars ( Fi g ur e 4 .1 4 ). I nt er esti n gl y, t his i n cr e as e i n c ell d e at h 

w as m e di at e d b y  N L R P 3, as M C C 9 5 0 tr e at m e nt r est or e d t h e l e v els of c ell d e at h t o t h o s e o bs er v e d wit h 

c ells n ot r e c ei vi n g a n y tr e at m e nt ( Fi g ur e 4 .1 4 ).  

Fi g ur e 4 .1 4  I F N γ pri mi n g of T H P -1 c ell s i n d u c e s N L R P 3 -d e p e n d e nt i n cr e a s e i n c ell d e at h b y t y p h oi d al 

S al m o n ell a .  

T H P -1 c ells w er e pri m e d wit h I F N γ  f or 1 6 h wit h or wit h o ut M C C 9 5 0 f or 1 h pri or t o i nf e cti o n wit h S . P ar at y p hi 

A 9 1 5 0 ( 9 1 5 0; M OI 5 0), S . T y p hi T y 2 ( T y 2; M OI 1 5) or S . T y p hi m uri u m ( T m; M OI 1 5). C ell d e at h w as d et er mi n e d 

at 3 h p o st i nf e cti o n. B ars s h o w m e a n s ± S E M fr o m t hr e e i n d e p e n d e nt r e p e at s. St atisti c al a n al y sis b y t w o -w a y 

A N O V A f oll o w e d b y c orr e cti o n  f or m ulti pl e c o m p aris o n s. *, p < 0. 0 5 . N T, n o tr e at m e nt  
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4. 5  T h e r ol e of N L R C 4 d uri n g t y p h oi d al S al m o n ell a -i n d u c e d p yr o pt o si s 

It h as b e e n r e p ort e d t h at S. T y p hi m uri u m l e a ds t o a cti v ati o n of N L R C 4 t hr o u g h N AI P -d e p e n d e nt 

r e c o g niti o n of P A M P s i n m uri n e m a cr o p h a g es. N L R C 4 -d e p e n d e nt s e nsi n g of S. T y p hi m uri u m d uri n g 

m uri n e m a cr o p h a g e i nf e cti o n, as w ell as tr a nsf e cti o n of t h e S PI -1 T 3 S S n e e dl e a n d r o d pr ot ei ns a n d 

fl a g elli n m o n o m ers i n h u m a n m a cr o p h a g es, tri g g ers p yr o pt o sis a n d c yt o ki n e pr o c es si n g ( Y a n g et al. , 

2 0 1 3; R e y es R uiz et al. , 2 0 1 7; K ort m a n n, Br u b a k er & M o n a c k, 2 0 1 5; Mi a o et al. , 2 0 1 0 b; Z h a o et al. , 

2 0 1 1; Fr a n c hi et a l., 2 0 0 6; R a y a m aj hi et al. , 2 0 1 3). Als o, N L R P 3 is r e cr uit e d t o t h e s a m e 

m a cr o m ol e c ul ar c o m pl e x wit h N L R C 4 d uri n g S. T y p hi m uri u m i nf e cti o n ( Br o z et al. , 2 0 1 0 b; M a n et al. , 

2 0 1 3, 2 0 1 4 b) . P h ar m a c ol o gi c al i n hi biti o n of N L R P 3 di d n ot c o m pl et el y i n hi bit c ell d e at h a n d c as p as e-

1 a cti v ati o n  (Fi g ur e 4 .1 3 ). T o as c ert ai n w h et h er N L R C 4 a cti v ati o n c o ntri b ut e s t o p yr o pt o sis a n d 

c as p as e -1 a cti v ati o n d uri n g i nf e cti o n wit h t y p h oi d al S al m o n ell a , N AI P  w as st a bl y sil e n c e d i n T H P -1 c ells 

( N AI Pmi R ). T H P-1 c ells e x pr essi n g a n o n -t ar g eti n g mi R N A w as us e d as a c o ntr ol ( C T R L mi R ). N AI P sil e n ci n g 

w as c o nfir m e d i n N AI P mi R  T H P -1 c ell l ys at e s, w hi c h e x pr ess e d N AI P at m ar k e dl y l o w er a b u n d a n c e t h a n 

C T R L mi R  c ells ( Fi g ur e 4 .1 6 ).  

Fi g u r e 4. 1 5  T h e rol e o f N AI P sil e n ci n g i n ty p h oi d al S al m o n ell a -i n d u c e d c ell d e at h.  

( A) C T R L mi R  a n d  N AI P mi R  T H P- 1  c ells  w er e  pri m e d  wit h  E.  c oli  O 1 1 1: B 4  L P S b ef or e  a d di n g  ni g eri ci n  i n c ells

pr etr e at e d wit h D M S O or M C C 9 5 0. C ell d e at h w as d et er mi n e d at 1 h p ost ni g eri ci n a d diti o n b y PI u pt a k e.  ( B) 

C T R L mi R  or  N AI P mi R  T H P- 1  c ell s  wit h  or  wit h o ut  M C C 9 5 0  pr e-tr e at m e nt,  w er e  i nf e ct e d wit h  W T  S . P ar at y p hi  A 

9 1 5 0 ( 9 1 5 0; M OI 5 0) or S . T y p hi T y 2 ( T y 2; M OI 1 5) a n d c ell d e at h w as d et er mi n e d at 3 h p o st i nf e cti o n. Gr a p h s 

s h o w m e a n s ± S E M fr o m t hr e e i n d e p e n d e nt r e p e at s. St atisti c al a n al y sis b y t w o- w a y A N O V A aft er c orr e cti o n f or 

m ulti pl e c o m p aris o n s (f or B). * *, p < 0. 0 1; * * * *, p < 0. 0 0 0 1; n s, n ot si g nifi c a nt 
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T h e eff e ct of N AI P sil e n ci n g o n S. P ar at y p hi A or S. T y p hi -i n d u c e d p yr o pt o sis a n d c as p as e-1 

pr o c es si n g w as t e st e d i n c o nj u n cti o n wit h M C C 9 5 0 -m e di at e d N L R P 3 i n hi biti o n t o c o n c o mit a ntl y t est 

t h e r ol e of b ot h N L R P 3 a n d N L R C 4 s e ns ors i n t y p h oi d al S al m o n ell a  m a cr o p h a g e i nf e cti o n. As c ells w er e 

tr e at e d wit h D M S O or M C C 9 5 0, t h e effi c a c y of N L R P 3 i n hi biti o n b y M C C 9 5 0 w as t e st e d i n c ells pri m e d 

wit h E.  c oli  O 1 1 1: B 4  L P S a n d tr e at e d wit h ni g eri ci n. Ni g eri c i n-i n d u c e d p yr o pt o sis (Fi g ur e 4 .1 5 A) as w ell 

as c as p as e -1 cl e a v a g e w as c o m pl et el y a b olis h e d f oll o wi n g M C C 9 5 0 tr e at m e nt, i n d e p e n d e ntl y of N AI P 

sil e n ci n g ( Fi g ur e 4 .1 6 ). 

C T R L mi R  a n d N AI P mi R  T H P -1 c ells w er e t h e n i nf e ct e d wit h S. P ar at y p hi A 9 1 5 0 or S. T y p hi T y 2 

a n d t y p h oi d al S al m o n ell a -i n d u c e d p yr o pt o sis was d et er mi n e d i n C T R L mi R  a n d N AI P mi R  T H P -1 c ells wit h 

or wit h o ut M C C 9 5 0 -m e di at e d N L R P 3 i n hi biti o n. N AI P sil e n ci n g di d n ot aff e ct p yr o pt osis i n d u cti o n b y 

S. P ar at y p hi A 9 1 5 0 or S. T y p hi T y 2, w hil e N L R P 3 i n hi biti o n si g nifi c a ntl y r e d u c e d p yr o pt o sis l e v els o nl y

i n S. P ar at y p hi A 9 1 5 0 -i nf e ct e d T H P-1 c ells ( Fi g ur e 4 .1 5 B), i n li n e wit h t h e o bs er v ati o ns pr es e nt e d i n 

t h e pr e vi o us s e cti o n. As pr e vi o usl y, S. T y p hi T y 2 tri g g er e d si mil ar l e v els of p yr o pt o sis i n b ot h D M S O 

a n d M C C 9 5 0 -tr e at e d T H P-1 c ells ( Fi g ur e 4 .1 5 B). T o d et er mi n e w h et h er d es pit e t h e l a c k of a 

c o ntri b uti o n of N L R C 4 d uri n g i nf e cti o n wit h t y p h oi d al S al m o n ell a , N AI P-N L R C 4 m e di at e d c as p as e -1 

a cti v ati o n , c as p as e-1 a n d I L -1 8 cl e a v a g e w er e ass ess e d i n s u p er n at a nts of i nf e ct e d C T R L mi R  a n d N AI P mi R  

Fi g ur e 4 .1 6  T h e r ol e of N AI P sil e n ci n g i n  i nfl a m m a s o m e a cti v ati o n d uri n g T H P-1 i nf e cti o n wit h  

t y p h oi d al S al m o n ell a .  

N AI P e x pr es si o n w as as s es s e d i n C T R L mi R  a n d N AI P mi R  c ell l y s at es, w hil e c as p as e -1 a n d I L -1 8 pr o c es si n g i n 

s u p er n at a nts fr o m c ells i nf e ct e d wit h S. P ar at y p hi A 9 1 5 0 ( 9 1 5 0; M OI 5 0) or S. T y p hi T y 2 ( T y 2; M OI 1 5). As a 

c o ntr ol f or m M C C 9 5 0 i n hi biti o n, T H P -1 c ells w er e pri m e d wit h E. c oli O 1 1 1: B 4 L P S f or 3 h a n d  tr e at e d wit h 

ni g eri ci n f or 1 h. Arr o ws i n di c at e cl e a v e d pr o d u cts. Bl ot r e pr es e nt ati v e fr o m t hr e e i n d e p e n d e nt r e p e at s.  



I N F L A M M A S O M E A C TI V A TI O N D U RI N G I N F E C TI O N WI T H T Y P H OI D A L S A L M O N E L L A 

1 3 7  

T H P -1 c ells. A cti v ati o n of c as p as e -1 w as si mil ar i n C T R L mi R  a n d N AI P mi R  T H P -1 c ells i nf e ct e d wit h 

S. P ar at y p hi A 9 1 5 0 or S. T y p hi T y 2, w hi c h als o l e d t o e q ui v al e nt  I L-1 8 pr o c essi n g as i n di c at e d b y t h e

l e v els of t h eir cl e a v e d pr o d u cts (Fi g ur e 4 .1 6 ). C oll e cti v el y, t h es e r es ults s u g g est e d t h at N L R C 4 

i nfl a m m as o m e di d n ot pl a y a m aj or r ol e i n i nfl a m m as o m e a cti v ati o n a n d p yr o pt osis tri g g er e d b y 

i nf e cti o n wit h S. P ar at y p hi A 9 1 5 0 or S. T y p hi T y 2.  

As dis c uss e d e arli er, t h e S PI -1 T 3 S S r o d Pr gJ a n d n e e dl e Pr gI, as w ell as t h e fl a g elli n m o n o m er 

Fli C h a v e b e e n d e m o nstr at e d t o  a cti v at e i nfl a m m as o m es d uri n g i nf e cti o n of h u m a n m a cr o p h a g es wit h 

S. T y p hi m uri u m ( R e y es R uiz et al. , 2 0 1 7; Y a n g et al. , 2 0 1 3; K ort m a n n, Br u b a k er & M o n a c k, 2 0 1 5). I n

or d er t o t e st w h et h er diff er e n c es at t h e s e q u e n c e l e v el of t h es e pr ot ei ns i n S. P ar at y p hi A 9 1 5 0 a n d 

S. T y p hi T y 2 w er e r es p o nsi bl e f or t h e a p p ar e nt l a c k of N C L R 4 i n v ol v e m e nt d uri n g m a cr o p h a g e

i nf e cti o n, t h e a mi n o a ci d s e q u e n c e of t h es e pr ot ei ns w er e co m p ar e d t o t h os e of S. T y p hi m uri u m. As 

S. T y p hi m uri u m S L 1 3 4 4 h as b e e n fr e q u e ntl y us e d i n p u blis h e d st u di es, its s e q u e n c es w er e als o

i n cl u d e d. C-t er mi n us d o m ai ns k n o w n t o a cti v at e i nfl a m m as o m es i n S. T y p hi m uri u m d o n ot diff er at 

t h e s e q u e n c e l e v el i n S. T y p hi T y 2 or S. P ar at y p hi A 9 1 5 0 ( Fi g ur e 4 .1 7 ). M or e s p e cifi c all y, V 9 5, L 9 8, L 9 9 

i n Pr gJ, I 7 1, A 7 4, I 7 5 i n Pr gI a n d L 5 0 2, L 5 0 4, L 5 0 5 i n Fli C ( Z h a o & S h a o, 2 0 1 5), s u g g est e d t o b e i n v ol v e d 

i n r e c o g niti o n b y N ai p m ol e c ul es, ar e c o ns er v ed i n all t hr e e s er o v ars, i n di c ati n g t h at a n y diff er e n c es 

i n t h e l e v els of i nfl a m m as o m e a cti v ati o n d uri n g S al m o n ell a  i nf e cti o n is n ot m e di at e d b y l a c k of 

r e c e pt or r e c o g niti o n. 
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Fi g ur e 4 .1 7  S e q u e n c e ali g n m e nt of Pr gJ, Pr gI, a n d Fli C of S.  P ar at y p hi A , S . T y p hi, a n d 

S . T y p hi m uri u m .

T h e a mi n o a ci d s e q u e n c es of S PI -1 T 3 S S r o d Pr gJ, n e e dl e Pr gI, a n d fl a g g eli n Fli C pr ot ei ns of S.  T y p hi m uri u m  ( T m) 

S L 1 2 3 3 a n d 1 4 0 2 8 w er e ali g n e d t o t h e r es p e cti v e s e q u e n c es of S.  P ar at y p hi A 9 1 5 0  ( 9 1 5 0) a n d S . T y p hi T y 2 ( T y 2) 

r ef er e n c e str ai n s u si n g t h e C L U S T A L W t o ol.   
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4. 6 T h e r ol e of c a s p a s e- 8 d uri n g T H P- 1 c ell i nf e cti o n wit h S. P ar at y p hi A 

Gi v e n t h at c as p as e- 4 st a bl e sil e n ci n g ( Fi g ur e 4. 9) or N L R P 3 i n hi biti o n ( Fi g ur e 4. 1 3 ) di d n ot c o m pl et el y 

i n hi bit c ell d e at h b y S. P ar at y p hi A 9 1 5 0, a n d n eit h er f ail e d t o r e d u c e S. T y p hi T y 2-i n d u c e d c ell d e at h, 

it w as h y p ot h esis e d t h at a d diti o n al p at h w a ys ar e i n v ol v e d i n p yr o pt osis d uri n g i nf e cti o n wit h 

t y p h oi d al S al m o n ell a . T h e r ol e of c as p as e- 8 i n r e g ul ati n g a n d pr o m oti n g i nfl a m m as o m e a cti v ati o n 

h as b e c o m e i n cr e asi n gl y a p p ar e nt; m or e o v er, c as p as e- 8 h as als o b e e n s h o w n t o b e a bl e t o cl e a v e 

G S D M D ( M a n et al. , 2 0 1 4 b, 2 0 1 3; G ur u n g et al. , 2 0 1 4; G ur u n g & K a n n e g a nti, 2 0 1 5; Or ni n g et al. , 

2 0 1 8; V a n O p d e n b os c h et al. , 2 0 1 7; S ar h a n et al. , 2 0 1 8). T h er ef or e, t h e r ol e of c as p as e- 8 d uri n g 

i nf e cti o n wit h t y p h oi d al S al m o n ell a  w as i n v esti g at e d i n T H P- 1 c ells b y pr e-tr e ati n g t h e m wit h Z-

I E T D- F M K. Z-I E T D- F M K is a n arr o w-s p e ctr u m c as p as e i n hi bit or s p e cifi c all y bl o c ki n g c as p as e- 8 

a cti vit y. T h e effi ci e n c y of Z-I E T D- F M K i n i n hi biti n g c as p as e- 8 w as t est e d b y tr e ati n g T H P- 1 c ells wit h 

D M S O or Z-I E T D- F M K b ef or e a d di n g st a ur os p ori n e f or 5 h. Z-I E T D- F M K-tr e at e d c ells s h o w e d a 

si g nifi c a nt r e d u cti o n i n c ell d e at h i n r es p o ns e t o st a ur os p ori n e i n c o m p aris o n t o D M S O-tr e at e d c ells 

( Fi g ur e 4. 18 A).  

N e xt, T H P- 1 c ells w er e tr e at e d wit h Z-I E T D- F M K, or D M S O as a c o ntr ol, a n d i nf e ct e d wit h 

S. P ar at y p hi A 9 1 5 0, S. T y p hi T y 2, or S. T y p hi m uri u m. C o nsist e nt wit h t h e k n o w n r ol e of c as p as e- 8 i n  

S.  T y p hi m uri u m-i n d u c e d p yr o pt osis ( M a n et al. , 2 0 1 3), i n hi biti o n of c as p as e- 8 wit h Z-I E T D- F M K 

si g nifi c a ntl y li mit e d c ell d e at h i n d u c e d b y S. T y p hi m uri u m ( Fi g ur e 4. 1 8 B). I nt er esti n gl y, w hil e Z-I E T D-

F M K- m e di at e d i n hi biti o n of c as p as e- 8 di d n ot aff e ct S. T y p hi T y 2-i n d u c e d p yr o pt osis, S. P ar at y p hi A 

9 1 5 0 tri g g er e d ~ 2 5 % l ess p yr o pt osis i n T H P- 1 c ells pr e-tr e at e d wit h Z-I E T D- F M K c o m p ar e d t o D M S O-

tr e at e d c ells ( Fi g ur e 4. 18 B) , i n di c ati n g t h e c o ntri b uti o n of c as p as e- 8 t o S.  P ar at y p hi A-i n d u c e d 

Fi g ur e 4 .1 8  T h e r ol e of c a s p a s e -8 d uri n g i nf e cti o n wit h t y p h oi d al S al m o n ell a . 

( A) St a ur o s p ori n e w as a d d e d t o D M S O ( v e hi cl e) or Z -I E T D-F M K -tr e at e d T H P-1 c ells f or 5 h a n d c ell d e at h w as

m e as ur e d b y PI u pt a k e. ( B) D M S O or Z -I E T D-F M K -tr e at e d T H P-1 c ells w er e i nf e ct e d wit h W T S. P ar at y p hi A ( 9 1 5 0; 

M OI 5 0), S. T y p h T y 2 ( T y 2; M OI 1 5) or S. T y p hi m uri u m ( T m; M OI 1 5) a n d c ell d e at h w as d et er mi n e d at 3 h p o st 

i nf e cti o n. B ars s h o w m e a n s ± S E M  fr o m t hr e e i n d e p e n d e nt r e p e at s. St atisti c al a n al y sis b y ( A) p air e d St u d e nt’ s 

t-t est or ( B) m at c h e d t w o-w a y A N O V A. *, p  <  0. 0 5; * * *, p  <  0. 0 0 1 .
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m a cr o p h a g e c ell d e at h . Als o, s i mil ar t o o bs er v ati o ns wit h c as p as e-4, t h e eff e ct of c a s p as e -8 bl o c ki n g 

is diff er e nt b et w e e n i nf e cti o n wit h S. P ar at y p hi A a n d S. T y p hi, f urt h er s u g g esti n g t h at t h e t w o 

p at h o g e ns a cti v at e diff er e nt i m m u n e p at h w a y s i n T H P -1 c ell s.  

4. 7  C a s p a s e -4 i s a cti v at e d  u p str e a m of N L R P 3 a n d c a s p a s e -8 d uri n g i nf e cti o n 
wit h S. P ar at y p hi A 

S o f ar, c as p as e -4, c as p as e -8 a n d N L R P 3 h a v e b e e n s h o w n t o b e i n v ol v e d i n p yr o pt oti c c ell d e at h 

tri g g er e d d uri n g i nf e cti o n wit h S. P ar at y p hi A 9 1 5 0, w hil e N AI P -N L R C 4 a p p e ar e d t o b e dis p e n s a bl e i n 

t his pr o c es s. T o d eli n e at e w h et h er o nl y a n d i n w h at or d er c a s p as e -4, c as p as e -8 a n d N L R P 3 w er e 

r e q uir e d f or p yr o pt osis i n S. P ar at y p hi A 9 1 5 0 i nf e cti o n, t h es e p at h w a y s w er e bl o c k e d i n v ari o us 

c o m bi n ati o ns. T o t his e n d, C T R L mi R  or C A S P 4 mi R T H P -1 c ells w er e tr e at e d wit h Z -I E T D-F M K  a n d/ or 

M C C 9 5 0 pri or t o i nf e c ti o n wit h S. P ar at y p hi A 9 1 5 0 a n d c ell d e at h w as m e as ur e d  at 3 h p ost i nf e cti o n. 

I n li n e wit h pr e vi o us o bs er v ati o ns (Fi g ur e 4 .1 3  a n d Fi g ur e 4 .1 8 ), p h ar m a c ol o gi c al i n hi biti o n of c as p as e-

8 or N L R P 3 si g nifi c a ntl y li mit e d  S. P ar at y p hi A 9 1 5 0 -i n d u c e d c ell d e at h i n C T R Lmi R  T H P -1 c ells. 

F urt h er m or e, i n hi biti o n of c as p as e -8 t o g et h er wit h N L R P 3 r e d u c e d p yr o pt o sis b y ~ 3 5 % ( Fi g ur e 4 .1 9 ). 

Z -I E T D-F M K  a n d M C C 9 5 0 tr e at m e nt c o m bi n e d wit h t h e sil e n ci n g of c as p as e -4 r e d u c e d c ell d e at h b y

~ 7 5 % ( Fi g ur e 4 .1 9 ). H o w e v er, i n hi biti o n of c as p as e -8 or N L R P 3 i n C A S P 4 mi R  c ells di d n ot f urt h er r e d u c e 

c ell d e at h t h a n st a bl e sil e n ci n g of c as p as e -4 di d ( Fi g ur e 4 .1 9 ). T h es e r es ults s u g g est t h at c as p as e -4 is 

a cti v at e d  u pstr e a m of c as p as e -8 a n d N L R P 3. T h er ef or e, t o g et h er wit h t h e i m p ort a n c e of A S C i n 

S. P ar at y p hi A 9 1 5 0 -tri g g er e d p yr o pt o sis (Fi g ur e 4 .1 0 ), it is c o n cl u d e d t h at c as p as e-4 c o ntri b ut e d t o

Fi g ur e 4 .1 9  C a s p a s e -4 i s a cti v at e d  u p str e a m of 

N L R P 3 a n d c as p a s e -8 d uri n g S . P ar at y p hi A 

i nf e cti o n.  

C T R L mi R or C A S P 4 mi R T H P -1 c ells w er e i nf e ct e d wit h S. 

P ar at y p hi A 9 1 5 0 ( M OI 5 0) f oll o wi n g tr e at m e nt wit h Z -

I E T D-F M K  a n d/ or M C C 9 5 0. C ell d e at h w a s d et er mi n e d at 

3 h p o st i nf e cti o n b y PI u pt a k e. Gr a p h s h o ws m e a n s ± 

S E M  fr o m f o ur i n d e p e n d e nt r e p e at s. St atisti c al a n al ysis 

w as p erf or m e d b y t w o -w a y A N O V A f oll o wi n g c orr e cti o n 

f or m ulti pl e c o m p aris o n s. *, p  < 0. 0 5 ; n s, n ot si gnifi c a nt.  
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p yr o pt o sis dir e ctl y , as w ell as t hr o u g h n o n-c a n o ni c al a cti v ati o n of N L R P 3 -A S C -c as p as e -1 / c as p as e -8 , 

w hil e a d diti o n al p at h w a y s ar e p o ssi bl e als o i n v ol v e d .  

4. 8  Cli ni c al S. P ar at y p hi A i s ol at e s  i n d u c e effi ci e nt  m a cr o p h a g e c ell d e at h a n d 
i nfl a m m a s o m e a cti v ati o n 

It is e vi d e nt t h at S. P ar at y p hi A m a y b e a cti v ati n g i nfl a m m as o m es diff er e ntl y t h a n S. T y p hi ( Fi g ur e 4. 9 , 

Fi g ur e  4. 1 0 , Fi g ur e  4. 1 3 ). T o  as c ert ai n  w h et h er  t h e m a cr o p h a g e r es p o ns es s h o w n a b o v e  ar e  s h ar e d 

wit h ot h er  S.  P ar at y p hi  A  str ai ns,  cli ni c al  S.  P ar at y p hi  A is ol at e s  w er e  n e xt  t e st e d f or t h eir a bilit y  t o 

i n d u c e m a cr o p h a g e  c ell d e at h.  Fi v e  cli ni c al  b a ct eri al  str ai ns  is ol at e d i n N e p al  ( D ol e c e k et al. , 2 0 0 8; 

Arj y al et al. , 2 0 1 6) w er e us e d as a c o m p aris o n t o t h e pr ot ot y p e S. P ar at y p hi A 9 1 5 0 str ai n. 

As m e nti o n e d e arli er, o n e of t h es e s tr ai ns, E D 1 9 9, is c urr e ntl y us e d i n h u m a n c h all e n g e st u di es wit h 

t h e ai m of v a c ci n e d e v el o p m e nt ( M c C ull a g h et al. , 2 0 1 5; D o bi ns o n et al. , 2 0 1 7).  

Fi g ur e 4 .2 0  C li ni c al S . P ar at y p hi A i s ol at e s tri g g er m or e c ell d e at h t h a n 9 1 5 0. 

( A) T H P -1 c ells w er e i nf e ct e d wit h S.  P ar at y p hi A str ai n s  as i n di c at e d ( M OI 5 0) a n d c ell d e at h w as d et er mi n e d at

3 h p o st i nf e cti o n b y PI u pt a k e. ( B) Z -V A D -F M K -tr e at e d T H P-1 c ells w er e i nf e ct e d wit h S.  P ar at y p hi A a n d b a ct eri al 

i nt er n alis ati o n w as as s ess e d b y g e nt a mi ci n pr ot e cti o n ass a y s  at 1. 5 h p ost i nf e cti o n. ( C) S.  P ar at y p hi A str ai n s 

w er e gr o w n t o l at e e x p o n e nti al p h as e a n d S PI -1 e x pr es si o n w as d et er mi n e d b y W est er n bl otti n g f or Si p D a n d 

D n a K as a l o a di n g c o ntr ol i n b a ct eri al l y s at es. Bl ot r e pr es e nt ati v e of t hr e e i n d e p e n d e nt r e p e at s (s a m pl es u s e d 

ar e t h e s a m e as t h o s e u s e d i n Fi g ur e 3. 4 ). B ars s h o w m e a n s ± S E M fr o m ( A) fi v e or ( B) t w o i n d e p e n d e nt r e p e at s. 

St atisti c al a n al y sis c o m p ar e d t o S.  P ar at y p hi A 9 1 5 0 b y r e p eat e d m e as ur es o n e -w a y A N O V A f oll o w e d b y 

c orr e cti o n f or m ulti pl e c o m p aris o n s. * *, p  < 0. 0 1 ; n s, n ot si g nifi c a nt. 
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T H P -1 c ells w er e i nf e ct e d wit h S. P ar at y p hi A a n d c ell d e at h w as d et er mi n e d at 3 h p ost 

i nf e cti o n. S ur prisi n gl y, all fi v e cli ni c al is ol at es i n d u c e d si g nifi c a ntl y hi g h er c ell d e at h t h a n 9 1 5 0 b y 

a p pr o xi m at el y 3 -f ol d (Fi g ur e 4 .2 0 A), w hi c h is i n li n e wit h hi g h er i n v asi v e n ess e x hi bit e d b y t h es e str ai ns 

i n H e L a c ells (s e e Fi g ur e 3 .4 ). Diff er e n c es i n b a ct eri al i nt er n alis ati o n b y T H P-1 c ells w er e  n ot si g nifi c a nt  

b et w e e n S. P ar at y p hi  A cli ni c al is ol at e str ai ns a n d t h e r ef er e n c e str ai n  (Fi g ur e 4 .2 0 B), i n di c ati n g t h at 

i n d u cti o n of hi g h er c ell d e at h w as n ot m e di at e d b y hi g h er b a ct eri al u pt a k e of cli ni c al is ol at es b y T H P-

1 c ells. As di s c uss e d i n C h a pt er  3 , t h e a b u n d a n c e of S PI-1 pr ot ei ns i n t h es e S. P ar at y p hi A cli ni c al 

is ol at es w as hi g h er t h a n i n S. P ar at y p hi A 9 1 5 0 ( Fi g ur e 4 .2 0 C), s u g g esti n g t h at S PI -1 a cti vit y m a y b e  

i m p ort a nt f or i nfl a m m as o m e a cti v ati o n d uri n g i nf e cti o n wit h S. P ar at y p hi A.  

T o i n v esti g at e w h et h er i n cr e as e d h o st c ell d e at h c a us e d b y S. P ar at y p hi A cli ni c al is ol at es w as 

ass o ci at e d wit h i n cr e as e d a cti v ati o n of i nfl a m m as o m e-ass o ci at e d pr ot ei ns, T H P -1 c ells w er e i nf e ct e d 

wit h S. P ar at y p hi A a n d a cti v ati o n  of c as p as e -1, c as p as e -4 a n d I L -1 8 w as d et er mi n e d i n s u p er n at a nts 

of i nf e ct e d c ells. C o nsist e nt wit h el e v at e d h o st c ell d e at h, cli ni c al S.  P ar at y p hi A is ol at e s i n d u c e d 

i n cr e as e d a cti v ati o n of c as p as e-1, c as p as e -4 a n d I L -1 8 c o m p ar e d t o t h e r ef er e n c e S. P ar at y p hi A 9 1 5 0 

Fi g ur e 4 .2 1  Cli ni c al S. P ar at y p hi A i s ol at e s i n d u c e hi g h er l e v el s of i nfl a m m a s o m e a cti v ati o n .  

T H P -1 c ells w er e i nf e ct e d wit h S. P ar at y p hi A as i n di c at e d a n d i nfl a m m as o m e pr ot ei n cl e a v a g e w as d et er mi n e d 

b y i m m u n o bl otti n g f or t h e cl e a v e d pr o d u cts i n c ell s u p er n at a nts at 3 h p ost i nf e cti o n. Bl ot r e pr es e nt ati v e of t w o 

i n d e p e n d e nt r e p e at s. 
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str ai n ( Fi g ur e 4 .2 1 ), f urt h er s u p p orti n g t h e i n cr e as e d i m m u n o g e ni cit y of t h es e str ai ns i n c o m p aris o n 

t o S. P ar at y p hi A 9 1 5 0.  

As a n a d diti o n al ass ess m e nt of i nfl a m m as o m e a cti v ati o n d uri n g i nf e cti o n wit h S. P ar at y p hi A, 

pr o d u cti o n of t h e i nfl a m m as o m e -a cti v at e d c yt o ki n e I L -1 β d ur i n g m a cr o p h a g e i nf e cti o n wit h cli ni c al 

S. P ar at y p hi A is ol at e s w as ass ess e d o v er ti m e. All S. P ar at y p hi A str ai ns i n d u c e d m ar k e dl y hi g h er l e v els

of I L -1 β  c o m p ar e d t o UI c ells, w hi c h i n cr e as e d wit h ti m e ( Fi g ur e 4 .2 2 A). I m p ort a ntl y, cli ni c al 

S. P ar at y p hi A is ol at es i n d u c e d  e vi d e ntl y  m or e I L -1 β  pr o d u cti o n c o m p ar e d t o S. P ar at y p hi A 9 1 5 0 ,

w hi c h r e a c h e d st atisti c al si g nifi c a n c e at 3 h p o st i nf e cti o n  (Fi g ur e 4 .2 2 A). 

T o d et er mi n e w h et h er t h e hi g h er i n d u cti o n of m a cr o p h a g e c ell d e at h a n d i nfl a m m as o m e 

a cti v ati o n tri g g er e d b y cli ni c al is ol at e s of S. P ar at y p hi A c o m p ar e d t o S. P ar at y p hi A 9 1 5 0 w as d u e t o 

i n cr e as e d h o st c ell pri mi n g, s e cr eti o n of t h e i nfl a m m as o m e-i n d e p e n d e nt c yt o ki n e T N F w as 

d et er mi n e d o v er ti m e. As T N F is pr o d u c e d d uri n g i nf e cti o n f oll o wi n g r e c o g niti o n of P A M P s, T N F w as 

u n d et e ct a bl e or d et e ct a bl e at v er y l o w l e v els at 1 h p ost i nf e cti o n. H o w e v er, its pr o d u cti o n i n cr e as e d  

as i nf e cti o n pr o gr ess e d, a n d S. P ar at y p hi A 9 1 5 0 i n d u c e d t h e hi g h er pr o d u cti o n of T N F c o m p ar e d t o 

cli ni c al is ol at es ( Fi g ur e 4 .2 2 B). T his w as pr o b a bl y d u e t o t h e hi g h er c ell d e at h tri g g er e d b y t h es e str ai ns 

e arli er  d uri n g i nf e cti o n c o m p ar e d t o  S. P ar at y p hi A 9 1 5 0 , w hi c h di d n ot all o w s uffi ci e nt ti m e f or h o st 

c ell pri mi n g a n d pr o d u cti o n of T N F . S. T y p hi m uri u m w as i n cl u d e d as a c o ntr ol gi v e n t h at t his s er o v ar 

i n d u c es r a pi d c ell d e at h e arl y d uri n g i nf e cti o n. I n d e e d, i nf e cti o n wit h S. T y p hi m uri u m r es ult e d i n 

s e e mi n gl y l o w er l e v els of T N F t h a n S. P ar at y p hi A d es pit e s h o wi n g hi g h er p yr o pt oti c c ell d e at h (Fi g ur e 

4 .2 2 B) , s u p p orti n g t h e h y p ot h esis t h at t h e c ells n e e d t o b e ali v e t o pr o d u c e T N F. T h er ef or e, it w as 

Fi g ur e 4 .2 2  Cli ni c al S . P ar at y p hi A i s ol at e s i n d u c e hi g h er pr o d u cti o n of I L-1 β  c o m p ar e d t o 9 1 5 0 .  

T H P -1 c ells w er e i nf e ct e d wit h S . P ar at y p hi A as i n di c at e d, as w ell as S . T y p hi m uri u m ( T m) as a c o ntr ol a n d ( A) 

I L-1 β  a n d ( B) T N F s e cr eti o n w er e m o nit or e d o v er ti m e. B ars s h o w m e a n s ± S E M  fr o m t hr e e i n d e p e n d e nt r e p e at s. 

St atisti c al a n al y sis b y r e p e at e d m e as ur es o n e -w a y A N O V A at e a c h ti m e p oi nt f oll o w e d b y c orr e cti o n s f or 

m ulti pl e c o m p aris o n s; c o m p aris o n s m a d e t o 9 1 5 0.  
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c o n cl u d e d t h at i n cr e as e d h o st c ell pri mi n g b y cli ni c al S. P ar at y p hi A is ol at es w as n ot dri vi n g i n cr e as e d 

c ell d e at h  a n d i nfl a m m as o m e a cti v ati o n  tri g g er e d b y t h es e c o m p ar e d t o S. P ar at y p hi A 9 1 5 0.  

4. 9  C li ni c al S. P ar at y p hi A i s ol at e s i n d u c e c a s p a s e -1/ 4 -, c a s p a s e-8 - a n d 
N L R P 3 -m e di at e d p yr o pt o si s  

Gi v e n t h at cli ni c al S. P ar at y p hi A is ol at e s i n d u c e d i n cr e as e d p yr o pt o sis i n T H P -1 c ells, it w as n e xt 

i n v esti g at e d w h et h er t h e u n d erl yi n g m e c h a nis m is s h ar e d wit h t h at of S. P ar at y p hi A 9 1 5 0. I n d e e d, 

Z -V A D -F M K pr e -tr e at m e nt of T H P -1 c ells pri or t o i nf e cti o n e ntir el y a b olis h e d T H P -1 c ell d e at h i n d u c e d

b y all cli ni c al S. P ar at y p hi A is ol at es t e st e d ( Fi g ur e 4 .2 3 A). F urt h er m or e, st a bl e sil e n ci n g of G S D M D 

bl o c k e d c ell d e at h i n T H P -1 c ells i nf e ct e d wit h cli ni c al S. P ar at y p hi A is ol at es ( Fi g ur e 4 .2 3 B). T h es e 

r es ults s u g g est e d t h at i nf e cti o n wit h S. P ar at y p hi A cli ni c al is ol at es r es ult e d i n t h e s a m e t y p e of c ell 

d e at h i n d u c e d b y S. P ar at y p hi A 9 1 5 0. As t h e cli ni c al v ari a nts  tri g g er e d el e v at e d p yr o pt o sis, t h e eff e ct 

of c as p as e bl o c ki n g ( Z -V A D -F M K ) or G S D M D sil e n ci n g o n i n hi biti n g c ell d e at h i n m a cr o p h a g es w as 

m or e m ar k e d c o m p ar e d t o S. P ar at y p hi A.  

Fi g ur e 4 .2 3  Cli ni c al S.  P ar at y p hi A i s ol at e s i n d u c e c a s p a s e -d e p e n d e nt p yr o pt o si s . 

( A) D M S O or Z -V A D -F M K -tr e at e d T H P-1 c ells w er e i nf e ct e d wit h S. P ar at y p hi A ( M OI 5 0) as i n di c at e d a n d c ell

d e at h w as d et er mi n e d at 3 h p o st i nf e cti o n b y PI u pt a k e. ( B) C T R L mi R  or G S D M D mi R  T H P -1 c ells w er e i nf e ct e d wit h 

S.  P ar at y p hi A str ai n s a n d c ell d e at h w as d et er mi n e d at 3 h p o st i nf e cti o n. Gr a p h s h o ws m e a n s ± S E M fr o m t hr e e

i n d e p e n d e nt r e p e at s. St atisti c al a n al y sis w as p erf or m e d b y m at c h e d t w o-w a y A N O V A f oll o w e d b y c orr e cti o n f or 

m ulti pl e c o m p aris o n s. *,  p < 0. 0 5; * *,  p < 0. 0 1; * * *,  p < 0. 0 0 1; * * * *,  p < 0. 0 0 0 1.  
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P h ar m a c ol o gi c al i n hi biti o n of c as p as e -4 or c as p as e -8 , b y Z -Y V A D -F M K  a n d Z -I E T D-F M K  

r es p e cti v el y w as n e xt e x pl oit e d t o d et er mi n e t h e c o ntri b uti o n of t h es e t w o c as p as es i n p yr o pt o sis 

d uri n g T H P -1 i nf e cti o n wit h cli ni c al S. P ar at y p hi A is ol at es. Si mil ar t o t h e ~ 2 1 % r e d u cti o n i n S. P ar at y p hi 

A 9 1 5 0 -i n d u c e d p yr o pt o sis u p o n Z -Y V A D -F M K  tr e at m e nt, Z -Y V A D -F M K -m e di at e d i n hi biti o n of 

c as p as e -1/ 4 si g nifi c a ntl y r e d u c e d p y ro pt o sis i n d u c e d b y all S. P ar at y p hi A str ai ns t e st e d b y 1 8 -3 0 % 

(Fi g ur e 4 .2 4 A). C as p as e -8 i n hi biti o n vi a Z -I E T D-F M K  tr e at m e nt of T H P-1 c ells si g nifi c a ntl y r e d u c e d 

i n d u cti o n of p yr o pt o sis d uri n g i nf e cti o n wit h all cli ni c al S. P ar at y p hi A str ai ns b y 3 4 -4 7 %, si mil arl y t o 

~ 3 5. 3 % r e d u cti o n i n S. P ar at y p hi A -tri g ger e d p yr o pt osis ( Fi g ur e 4 .2 4 B). T h es e r es ults f urt h er s u g g est e d 

t h at, si mil arl y t o i nfl a m m as o m e a cti v ati o n d uri n g i nf e cti o n wit h S. P ar at y p hi A 9 1 5 0, c a s p as e -4 a n d 

c as p as e -8 ar e  b ot h i n v ol v e d i n p yr o pt o sis d uri n g i nf e cti o n wit h ot h er S. P ar at y p hi A str ai ns.  

Fi n all y, t o i n v esti g at e w h et h er a cti v ati o n of N L R P 3 d uri n g m a cr o p h a g e i nf e cti o n wit h 

S. P ar at y p hi A w as s h ar e d wit hi n t his s er o v ar, M C C 9 5 0 -tr e at e d T H P-1 c ells w er e i nf e ct e d wit h

S. P ar at y p hi A cli ni c al is ol at e s. I n d e e d, N L R P 3 i n hi biti o n si g nifi c a ntl y r e d u c e d p yr o pt o sis i n d u c e d b y all

S. P ar at y p hi A cli ni c al v ari a nts  t e st e d b y 2 3-2 8 % c o m p ar e d t o ~ 3 4. 5 % r e d u cti o n i n S. P ar at y p hi A 9 1 5 0 -

i n d u c e d p yr ot pt o sis (Fi g ur e 4 .2 5 ). T h es e r es ults c oll e cti v el y s u g g est e d t h at t h e m ec h a nis m s tri g g eri n g 

p yr o pt o sis i n T H P -1 c ells ar e  s h ar e d b et w e e n S. P ar at y p hi A str ai ns, w h er e c as p as e -4, c as p as e -8 a n d 

N L R P 3 c o ntri b ut e d t o S. P ar at y p hi A -i n d u c e d p yr o pt o sis. 

Fi g ur e 4 .2 4  A cti v ati o n  of c a s p a s e -4 a n d c a s p a s e -8 i s s h ar e d a m o n g  S . P ar at y p hi A str ai ns.  

T H P -1 c ells pr e -tr e at e d wit h D M S O or ( A) Z -Y V A D -F M K or ( B) Z -I E T D-F M K w er e i nf e ct e d wit h S . P ar at y p hi A as 

i n di c at e d a n d c ell d e at h w as d et er mi n e d at 3 h p o st i nf e cti o n b y PI u pt a k e. B ars s h o w m e a n s ± S E M fr o m t hr e e 

i n d e p e n d e nt r e p e at s. St atisti c al a n al y sis b y m at c h e d t w o-w a y A N O V A f oll o w e d b y c orr e cti o n f or m ulti pl e 

c o m p aris o n s. *,  p  < 0. 0 5; * * *,  p  < 0. 0 0 1; * * * *,  p  < 0. 0 0 0 1 . 
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4. 1 0  S. T y p hi i n d u c e s S PI -1 -d e p e n d e nt, Vi -i n d e p e n d e nt m a cr o p h a g e c ell d e at h 

S o f ar, h o st -dri v e n  m e c h a nis m s u n d erl yi n g i nfl a m m as o m e a cti v ati o n w er e d et er mi n e d ; t h er ef or e, 

i n v esti g ati o n i nt o h ow S. T y p hi a n d S. P ar at y p hi A m o d ul at e c ell d e at h i n h u m a n m a cr o p h a g es  w as 

n e xt e x pl or e d .  

As pr e vi o usl y m e nti o n e d, S. T y p hi T y 2 -i n d u c e d p yr o pt o sis r e q uir e d a n a cti v e S PI-1 T 3 S S. O n 

t h e ot h er h a n d, t h e S. T y p hi Vi c a ps ul e h as b e e n s u g g e st e d t o b e i n v ol v e d i n i m m u n e e v asi o n 

m e c h a nis m s i n diff er e nt w a y s. O n e of t h e m is vi a t h e  r e g ul at or y pr ot ei n T vi A, w hi c h h as b e e n 

i m pli c at e d i n li miti n g i nfl a m m as o m e-m e di at e d p yr o pt o sis d uri n g S. T y p hi i nf e cti o n ( Wi nt er et al., 

2 0 1 5) . T h e m e c h a nis m u n d erl yi n g t his r e d u cti o n i n p yr o pt osis h as b e e n s u g g est e d t o b e  T vi A -m e di at e d  

fl a g elli n d o w nr e g ul ati o n; t h e a ct u al c a ps ul e a p p e ar s t o h a v e li mit e d r ol e i n i nt erf eri n g wit h 

i nfl a m m as o m e a cti v ati o n i n h u m a n m a cr o p h a g es ( Wi nt er et al., 2 0 1 5). Th e n e c e ssit y of S PI -1 i n 

i n d u ci n g p yr o pt o sis a n d t h e r e q uir e m e nt of t h e pr es e n c e of t h e c a ps ul e i n li miti n g i n d ucti o n of c ell 

Fi g ur e 4 .2 5  S . P ar at y p hi A cli ni c al 

i s ol at e s i n d u c e N L R P 3-d e p e n d e nt c ell 

d e at h .  

D M S O or M C C 9 5 0 -tr e at e d T H P-1 c ells w er e 

i nf e ct e d wit h S. P ar at y p hi A as i n di c at e d a n d 

c ell d e at h w as m e a s ur e d at 3 h p o st 

i nf e cti o n. Gr a p h s h o ws m e a ns ± S E M fr o m 

t hr e e i n d e p e n d e nt r e p e at s a nd w er e 

st atisti c all y a n al y s e d b y t w o -w a y A N O V A 

f oll o w e d b y c orr e cti o n f or m ulti pl e 

c o m p aris o n. * * *, p  < 0. 0 0 1; * * * *,  p  < 

0. 0 0 0 1 . 

Fi g ur e 4 .2 6  T h e Vi c a p s ul e of S . T y p hi li mit s e pit h eli al 

c ell i n v a si o n.  

H e L a c ells w er e i nf e ct e d at M OI 1 0 0 wit h S. T y p hi W T, Δ i n v A 

or Δ t vi B a n d i n v asi o n w as ass es s e d at 2 h p ost i nf e cti o n vi a 

g e nt a mi ci n pr ot e cti o n as s a y a n d C F U e n u m er ati o n. B ars s h o w 

m e a n s ± S E M fr o m t hr e e i n d e p e n d e nt r e p e at s . St atisti c al 

a n al y sis b y r e p e at e d m e as ur e s o n e -w a y A N O V A. *, p  < 0. 0 5;  

* *, p  < 0. 0 1.  
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d e at h d uri n g m a cr o p h a g e i nf e cti o n wit h S. T y p hi w er e n e xt i n v esti g at e d. T o t his e n d, c ells w er e 

i nf e ct e d wit h S. T y p hi Δ i n v A, w hi c h is u n a bl e t o s e cr et e i n a T 3 S S-d e p e n d e nt m a n n er, or a Vi m ut a nt 

S. T y p hi Δ t vi B w hi c h l a c ks  t h e Vi c a ps ul e str uct ur al t vi B g e n e  a n d  is t h us u n a bl e t o ass e m bl e t h e c a ps ul e 

o n t h e b a ct eri al s urf a c e ( Virl o g e u x et al., 1 9 9 5; Z h a n g et al., 2 0 0 6) . T h e r ol e of t h e Vi w as als o t est e d, 

as t h e r e p ort b y Wi nt er et al.  ( 2 0 1 5) us e d c o n diti o ns t h at w er e n ot S PI -1 -i n d u ci n g a n d e x a mi n e d 

i nfl a m m as o m e a cti v ati o n at l at er ti m e p oi nts t h a n t h os e t est e d h er e. 

I niti all y, t o m o d el w h et h er t h e Vi c a ps ul e i nt erf er es wit h i nt er a cti o ns wit h h o st c ells, as h as 

b e e n pr e vi o usl y r e p ort e d ( R aff at ell u et al. , 2 0 0 5a) , t h e i n v asi v e n ess of Δt vi B w as ass ess e d i n H e L a c ells 

b y g e nt a mi ci n pr ot e cti o n ass a y s. C o nsist e nt wit h pr e vi o us fi n di n gs  (J o h ns o n et al. , 2 0 1 7) , S. T y p hi T y 2 

i n v a d e d H e L a c ells i n a S PI-1 T 3 S S -d e p e n d e nt m a n n er, as S. T y p hi T y 2 Δ i n v A w as u n a bl e t o i n v a d e h ost 

e pit h eli al c ells ( Fi g ur e 4 .2 6 ). I n c o ntr ast, S. T y p hi T y 2 Δ t vi B i n v a d e d H e L a c ells si g nifi c a ntl y m or e t h a n 

its W T c o u nt er p art (Fi g ur e 4 .2 6 ), s u g g esti n g t h at t h e c a ps ul e h a d a n i m p a c t o n  t h e i nt er a cti o ns 

b et w e e n S. T y p hi a n d h o st c ells, i n k e e pi n g wit h pr e vi o us r e p orts  ( Bi s h o p et al. , 2 0 0 8). T h e a bs e n c e of 

t h e c a ps ul e p ossibl y all o ws t h e S PI -1 T 3 S S t o m or e effi ci e ntl y r e a c h t h e h o st c ells a n d m e di at e i n v asi o n.  

T H P -1 c ells w er e t h e n i nf e ct e d wit h S. T y p hi W T, Δ i n v A or Δ t vi B. D el eti o n of i n v A i n S. T y p hi 

T y 2 pr e v e nt e d i n d u cti o n of c ell d e at h i n T H P -1 c ells ( Fi g ur e 4 .2 7 A). B a ct eri al i nt er n alis ati o n i nt o T H P -

1 c ells w as n ot st ati sti c all y diff er e nt b et w e e n W T S. T y p hi T y 2 a n d Δ i n v A (Fi g ur e 4 .2 7 B). T h es e r es ults 

Fi g ur e 4 .2 7  S. T y p hi i n d u c es S PI -1 -d e p e n d e nt,  Vi c a p s ul e -i n d e p e n d e nt m a cr o p h a g e c ell d e at h.  

( A) T H P -1 c ells w er e i nf e ct e d wit h S . T y p hi T y 2 ( T y 2; M OI 1 5) as i n di c at e d. C ell d e at h w a s m e as ur e d at 3 h p o st 

i nf e cti o n vi a PI u pt a k e. ( B) B a ct eri al i nt er n alis ati o n i n T H P -1 c ells w as d et er mi n e d vi a g e nt a mi ci n pr ot e cti o n 

as s a y s  at 1. 5 h p o st i nf e cti o n i n Z -V A D -F M K -tr e at e d c ells. B ars s h o w m e a n s ± S E M fr o m ( A) f o ur or ( B) fi v e 

i n d e p e n d e nt r e p e at s. St atisti c al a n al y sis b y r e p e at e d m e as ur es o n e-w a y A N O V A f or t h e i n di c at e d c o m p aris o n s, 

aft er c orr e cti o n f or m ulti pl e c o m p ari s o n s.  * *, p  < 0. 0 1 ; n s, n ot si g nifi c a nt . 
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s u g g est e d S PI -1 w as r e q uir e d f or p yr o pt osis i n d u cti o n d uri n g T H P -1 i nf e cti o n wit h S. T y p hi T y 2, b ut 

S. T y p hi T y 2 di d n ot a cti v el y i n v a d e m a cr o p h a g es. F urt h er m or e, l a c k of a f u n cti o n al S PI -1 T 3 S S

r e n d er e d S.  T y p hi T y 2 u n a bl e t o i n d u c e i nfl a m m as o m e a cti v ati o n i n T H P -1 c ells (Fi g ur e 4 .2 8 ). O n t h e 

ot h er h a n d, i nf e cti o n wit h S. T y p hi T y 2 Δ t vi B r es ult e d i n c ell d e at h (Fi g ur e 4 .2 7 A) a n d i nt er n alis ati o n 

l e v els (Fi g ur e 4 .2 7 B) si mil ar t o t h o s e i n d u c e d b y its W T c o u nt er p art, s u g g esti n g t h at t h e Vi c a ps ul e di d 

n ot pl a y a r ol e i n m o d ul ati n g c ell d e at h i n t h es e s etti n gs. I n s u p p ort of t his, S. T y p hi T y 2 Δ t vi B tri g g er e d 

si mil ar l e v els of i nfl a m m as o m e a cti v ati o n i n c o m p aris o n t o W T  (Fi g ur e 4 .2 8 ). Alt h o u g h c as p as e-4 

cl e a v a g e w as m o d er at el y l o w er d uri n g i nf e cti o n wit h S. T y p hi T y 2 Δ t vi B, p yr o pt o sis w as n ot i nfl u e n c e d 

i n C A S P 4mi R  c o m p ar e d t o C T R L mi R  T H P -1 c ells ( n ot s h o w n).  

M a n y i m m u n e m e di at ors a n d i m m u n e s e ns ors ar e pr es e nt i n t h e c yt o s ol, i n cl u di n g t h o s e 

i n v ol v e d i n i nfl a m m as o m e a cti v ati o n. T h er ef or e, b a ct eri al es c a p e fr o m t h e v a c u ol e t o t h e c yt o s ol w as 

als o  d et er mi n e d. T his w as t e st e d b y a g e nt a mi ci n a n d c hl or o q ui n e -b as e d ass a y; g e nt a mi ci n t ar g ets 

b a ct eri a t h at ar e n ot e n cl os e d wit hi n a m e m br a n e (i. e. e xtr a c ell ul ar b a ct eri a), w hil e c hl or o q ui n e kills 

v a c u ol ar b a ct eri a. I n t his w a y t h e ass a y all o ws q u a ntifi c ati o n of c yt o s oli c  b a ct eri a  w hi c h , i n 

c o m bi n ati o n wit h g e nt a mi ci n -r esist a nt b a ct eri a, all o ws t h e fr a cti o ns of i ntr a c ell ul ar b a ct eri al 

p o p ul ati o ns c a n t o c al c ul at e d ( K n o dl er, N air & St e el e-M orti m er, 2 0 1 4; G o d d ar d et al. , 2 0 1 9). T hi s ass a y 

w as p erf or m e d i n G S D M D mi R  T H P -1 c ells t o eli mi n at e v ari ati o n i n r e c o v er e d C F Us d u e t o diff er e n c es i n 

c ell d e at h i n d u cti o n b y diff er e nt str ai ns. T h e n u m b ers of c yt os oli c S. T y p hi Δ i n v A di d n ot diff er fr o m 

t h o s e of W T at eit h er 1. 5 h or 3 h p o st i nf e cti o n (Fi g ur e 4 .2 9 A -B ). F urt h er m or e, i n li n e wit h t h e l a c k of 

a r ol e i n i nt erf eri n g wit h p yr o pt o sis, S. T y p hi T y 2 Δ t vi B es c a p e d t o t h e c yt o s ol at si mil ar r at es t o t h at 

of W T S. T y p hi T y 2 ( Fi g ur e 4 .2 9 A -B ).  

Fi g ur e 4 .2 8  T h e r ol e of t h e Vi a nti g e n d uri n g 

i nf e cti o n of T H P-1 c ell s wit h S . T y p hi.  

T H P -1 c ells w er e i nf e ct e d wit h S. T y p hi T y 2 ( T y 2; M OI 

1 5) as i n di c at e d a n d a cti v ati o n of c as p as e -1, c as p as e -

4 a n d I L -1 8 w as d et er mi n e d vi a i m m u n o bl otti n g. 

U ni nf e ct e d c ells c o ntr ol is t h e s a m e as in Fi g ur e 4 .4 0 . 

Arr o ws s h o w cl e a v e d pr o d u cts of c as p as e -1, c as p as e -

4 a n d I L -1 8. I m m u n o bl ot r e pr es e nt ati v e of t hr e e 

i n d e p e n d e nt r e p e at s.  
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T h e l o w i n d u cti o n of c ell d e at h b y S. T y p hi T y 2 r ais e d t h e p ossi bilit y t h at m a cr o p h a g es ar e n ot 

pri m e d at s uffi ci e nt l e v els b y t h es e b a ct eri a t o i n d u c e e x pr essi o n of i nfl a m m as o m e c o m p o n e nts 

r es p o nsi bl e f or tri g g eri n g p yr o pt o sis. L o w h o st c ell pri mi n g m a y b e e x pl oit e d b y S. T y p hi as a n i m m u n e 

e v asi o n str at e g y. T o t est t his h y p ot h esis, T H P -1 c ells w er e pri m e d wit h E. c oli  O 1 1 1: B 4  L P S pri or t o 

i nf e cti o n wit h W T S. T y p hi T y 2 or S. T y p hi T y 2 Δ t vi B. Δt vi B w as us e d t o e x a mi n e w h et h er b a ct eri al 

c o m p o n e nts b e c o m e m or e r e a dil y a v ail a bl e f or r e c o g niti o n o n c e t h e pr ot e cti v e c a ps ul e is r e m o v e d 

a n d h o st c ells e x pr ess i m m u n e s e ns ors at hi g h l e v els f oll o wi n g L P S -m e di at e d pri mi n g. H o w e v er, L P S 

pri mi n g of T H P -1 c ells pri or t o i nf e cti o n wit h S. T y p hi T y 2 di d n ot r es ult i n i n cr e a s e d h o st c ell d e at h 

d uri n g i nf e cti o n wit h n eit h er W T n or Δ t vi B (Fi g ur e 4 .3 0 A) , i n di c ati n g t hat i n hi biti o n of pr o -

i nfl a m m at or y p at h w a ys m a y n ot b e t h e m e c h a nis m f oll o w e d b y S . T y p hi T y 2.  

T o i n d e p e n d e ntl y i n v esti g at e w h et h er S . T y p hi -m e di at e d h o st c ell pri mi n g diff ers b et w e e n t h e 

str ai ns t e st e d, T H P -1 c ells w er e i nf e ct e d wit h S. T y p hi T y 2 a n d s e cr eti o n of t h e i nfl a m m as o m e -

i n d e p e n d e nt c yt o ki n e T N F w as d et er mi n e d at 3 h p o st i nf e cti o n. T N F s e cr eti o n w as si mil ar b et w e e n 

S.  T y p hi T y 2 W T, Δ i n v A a n d Δ t vi B (Fi g ur e 4 .3 0 B), f urt h er s u p p orti n g t h at S PI -1 -d e p e d e nt c ell d e at h w as 

m e di at e d b y t h e a cti vit y of S PI -1 T 3 S S a n d n ot b y diff er e n c es i n h o st c ell pri mi n g.  

Fi g ur e 4 .2 9  S . T y p hi e s c a p e s t o t h e c yt o s ol i n d e p e n d e ntl y of S PI-1 T 3 S S a n d t h e Vi c a p s ul e .  

G S D M D mi R  T H P -1 c ells w er e i nf e ct e d wit h S. T y p hi T y 2 ( T y 2; M OI 1 5) as i n di c at e d. B a ct eri al i nt er n alis ati o n (l eft -

a xis) a n d t h e fr a cti o n of c yt o s oli c es c a p e as m e as ur e d b y c hl or o q ui n e -r esist a n c e as s a y (ri g ht-a xis) at ( A) 1. 5 h 

a n d ( B) 3 h p o st i nf e cti o n. Gr a p h s s h o w m e a n s ± S E M fr o m ( A) si x  or ( B) t hr e e i n d e p e n d e nt r e p e at s. St atisti c al 

a n al y sis b y r e p e at e d m e as ur e s o n e -w a y A N O V A o n t h e diff er e nt d at a s u b s ets . *,  p  < 0. 0 5; * *,  p  < 0. 0 1; * * *,  p  < 

0. 0 0 1 ; ns, n ot si g nifi c a nt . 
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Gi v e n t h e S PI -1 T 3 S S -d e p e n d e nt i n d u cti o n of c ell d e at h b y S. T y p hi T y 2, it w as n e xt ass ess e d 

w h et h er  i nfl a m m as o m e ass e m bl y is als o i n d u c e d i n t his m a n n er. A S C-d e p e n d e nt i nfl a m m as o m e 

ass e m bl y  c a n b e vis u alis e d as A S C -s p e c ks b y mi cr o s c o p y of fl u or es c e ntl y t a g g e d A S C ( A S C m R F P  T H P -1 

c ells). A S C s p e c ks w er e o bs er v e d i n si g nifi c a ntl y hi g h er n u m b er s i n c ells i nf e ct e d wit h S. T y p hi 

c o m p ar e d t o u ni nf e ct e d c ells  (Fi g ur e 4 .3 1 A -B) , c o nfir mi n g t h at S. T y p hi w as a bl e t o i n d u c e f or m ati o n 

of A S C s p e c ks i n i nf e ct e d c ells.  I m p ort a ntl y, inf e cti o n wit h S. T y p hi T y 2 tri g g er e d S PI -1 T 3 S S -d e p e n d e nt 

f or m ati o n of A S C s p e c ks i n TH P -1 c ells ( Fi g ur e 4 .3 1 B). Alt h o u g h t h e p er c e nt a g e of i nf e ct e d c ells w as 

n ot q u a ntifi e d, A S C s p e c ks w er e n ot f or m e d i n all i nf e ct e d c ells (s e e als o Fi g ur e 4 .3 ), b ut t h e 

p er c e nt a g e of c ells wit h A S C s p e c ks c orr el at e d wit h t h e p er c e nt a g e of c ell d e at h d et er mi n e d b y PI 

u pt a k e. T o i n v esti g at e w h et h er t h e A S C  s p e c k s f or m e d h er e w er e m e di at e d b y t h e N L R P 3, A S C m R F P  c ells 

w er e tr e at e d wit h M C C 9 5 0 pri or t o i nf e cti o n wit h S. T y p hi. H o w e v er, M C C 9 5 0 -m e di at e d i n hi biti o n of 

N L R P 3 di d n ot r es ult i n l o w er n u m b ers of A S C s p e c k s b ei n g f or m e d ( Fi g ur e 4 .3 1 C ), i n li n e wit h t h e l a c k 

of a m aj or r ol e of N L R P 3 d uri n g S. T y p hi i nf e cti o n ( Fi g ur e 4 .1 3 ), a n d i n di c ati n g at a n ot h er a cti v at e d 

i nfl a m m as o m e p at h w a y.  

Fi g ur e 4 .3 0  H o st c ell pri mi n g d o e s n ot aff e ct S.  T y p hi -i n d u c e d c ell d e at h. 

( A) T H P -1 c ells eit h er r e c ei v e d n o tr e at m e nt ( N T) or pri m e d wit h E. c oli  O 1 1 1: B 4 L P S b ef or e i nf e cti o n wit h S.

T y p hi T y 2 ( T y 2; M OI 1 5) W T or Δ t vi B. C ell d e at h w as d et er mi n e d at 3 h p o st i nf e cti o n b y PI u pt a k e. ( B) T H P -1 

c ells w er e i nf e ct e d wit h as i n di c at e d a n d T N F pr o d u cti o n w as q u a ntifi e d b y E LI S A at 3 h p ost i nf e cti o n. U ni nf e ct e d 

( UI) c ells w er e u s e d as a c o ntr ol. B ars s h o w m e a n s ± S E M fr o m ( A) fo ur  or ( B) t hr e e i n d e p e n d e nt r e p e at s. 

St atisti c al a n al y sis b y ( A) m at c h e d t w o -w a y A N O V A or ( B) r e p e at e d m e as ur es o n e -w a y A N O V A f oll o wi n g 

c orr e cti o n f or m ulti pl e c o m p aris o n s. *, p  < 0. 0 5; * *,  p  < 0. 0 1;  n s, n ot si g nifi c a nt.  
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C oll e cti v el y, t h es e r es ults s u g g est t h at S. T y p hi T y 2 is i nt er n alis e d b y h ost c ells a n d t h e n 

es c a p es t o t h e c yt o s ol i n a S PI -1 -i n d e p e n d e nt m a n n er. H o w e v er, c ell d e at h a n d A S C s p e c k f or m ati o n 

r e q uir e a f u n cti o n al S PI-1 T 3 S S.  

 

4. 1 1  T h e r ol e of S. T y p hi -s p e cifi c T 3 S S eff e ct or pr ot ei n St o D i n e arl y h o st c ell 
d e at h  

As t h e Vi a nti g e n w as n ot r es p o nsi bl e f or t h e m o d er at e c ell d e at h l e v els i n d u c e d b y S. T y p hi T y 2 i n 

t h es e s etti n gs, t h e r ol e of a n ot h er S. T y p hi -s p e cifi c vir ul e n c e f a ct or i n h o st c ell d e at h w as n e xt t est e d. 

R e c e ntl y i d e ntifi e d b y o ur l a b or at or y, St o D is pr es e nt i n S. T y p hi a n d a bs e nt fr o m S. T y p hi m uri u m a n d 

S. P ar at y p hi A (J o h ns o n, M yl o n a & Fr a n k el, 2 0 1 8). St o D is a h o m ol o g u e of t h e T 3 S S-d e p e n d e nt Nl e G 

pr ot ei ns i n E P E C a n d E H E C, w hi c h h ar b o ur a C -t er mi n al r e gi o n r es e m bli n g t h e C-t er mi n al U-b o x of 

e u k ar y oti c E 3 u bi q uiti n li g as e a n d a N -t er mi n al d o m ai n h y p ot h esis e d t o m e di at e s u bstr at e r e c o g niti o n 

a n d i nt er a cti o n ( M c D o w ell et al. , 2 0 1 9; W u et al. , 2 0 1 0; V all e a u et al. , 2 0 1 8). H o w e v er, t h e f u n cti o n of 

t h es e pr ot ei ns r e m ai ns l ar g el y u n k n o w n.  

It w as c o nfir m e d t h at t his eff e ct or is T 3 S S-d e p e n d e nt b y p erf or mi n g a tr a nsl o c ati o n a n d a 

s e cr eti o n ass a y i n S. T y p hi m uri u m. S. T y p hi m uri u m is a g o o d m o d el f or t his p ur p o s e c o m p ar e d t o 

S.  T y p hi d u e t o t h e hi g h er effi ci e n c y i n s e cr eti o n a n d tr a nsl o c ati o n; t h e l att er c o ul d n ot b e p erf or m e d 

Fi g ur e 4 .3 1  S . T y p hi i n d u c es S PI-1 T 3 S S -d e p e n d e nt A S C s p e c k f or m ati o n .  

( A) A S C m R F P  T H P -1 c ells w er e i nf e ct e d wit h S.  T y p hi T y 2 ( T y 2; M OI 1 5) as i n di c at e d. ( B) D M S O or M C C 9 5 0 -tr e at e d 

A S C m R F P  T H P -1 c ells w er e i nf e ct e d wit h S . T y p hi T y 2. C ells wit h A S C s p e c ks w er e e n u m er at e d b y fl u or es c e nt 

mi cr os c o p y b y c o u nti n g >  1 2 0 c ells fr o m r a n d o ml y s el e ct e d sli d e fi el d s p er r e p e at. Gr a p h s s h o w m e a n s ± S E M 

fr o m ( A) f o ur or ( C) t hr e e i n d e p e n d e nt r e p e at s. St atisti c al a n al y si s b y ( A) r e p e at e d m e as ur es o n e-w a y A N O V A 

or ( B ) m at c h e d t w o-w a y A N O V A. ( A) w as c o n d u ct e d t o g et h er wit h Fi g ur e 4 .4 7  a n d ( B) w as p erf or m e d i n 

c o nj u n cti o n wit h Fi g ur e 4 .4 8 ; UI c o ntr ols ar e s h ar e d b et w e e n p a n els a n d st atisti c al a n al ysis w as p erf or m e d o n 

all e x p eri m e nt al c o n diti o n s i n e a c h c a s e. *, p  < 0. 0 5 ; n s, n ot si g nifi c a nt.  
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s u c c essf ull y wit h S. T y p hi usi n g t h e s a m e c o n diti o ns p o ssi bl y d u e t o t h e alr e a d y l o w l e v els of S PI -1 

e x pr essi o n i n S. T y p hi. Usi n g a W T a n d a Δ pr g H  S. T y p hi m uri u m str ai n e x pr essi n g C -t er mi n all y t a g g e d 

S. T y p hi T y 2 St o D, it w as s h o w n t h at St o D w as s e cr et e d i n a S PI -1 T 3 S S -d e p e n d e nt m a n n er, as it w as

s e cr et e d b y t h e W T w hil e it w as a bs e nt fr o m t h e s u p er n at a nt of S. T y p hi m uri u m Δ pr g H  (Fi g ur e 4 .3 2 A). 

T h e n o n -s e cr et e d D n a K c h a p er o n e w as us e d as a l o a di n g c o ntr ol, w hil e t h e S PI -1 T 3 S S pr ot ei n Si p D 

w as us e d as a p o siti v e c o ntr ol.  

T o c orr o b or at e  w h et h er St o D is effi ci e ntl y tr a nsl o c at e d t o h o st c ells, a C -t er mi n al f usi o n of 

St o D t o T E M -1 e x pr ess e d fr o m a p W S K 2 9 d eri v ati v e pl as mi d w as i ntr o d u c e d i nt o S. T y p hi m uri u m W T 

a n d Δ pr g H Δ ss a V, a d o u bl e S PI-1/ S PI -2 T 3 S S m ut a nt. As T E M -1 is a n e n z y m e c at a b olis i n g β -l a ct a m-li k e 

Fi g ur e 4 .3 2  St o D i s a T 3 S S -d e p e n d e nt eff e ct or  n ot i n v ol v e d i n S.  T y p hi -i n d u c e d e arl y h o st c ell d e at h. 

( A) H e L a c ells w er e i nf e ct e d at M OI 1 0 0 wit h S.  T y p hi m uri u m W T or Δ pr g H Δ s s a V  e x pr es si n g T y 2 St o D or, S o p D 

as a c o ntr ol, f us e d t o T E M 1 a n d pr ot ei n tr a n sl o c ati o n w as m e as ur e d at 3 h p o st i nf e cti o n. ( B) S.  T y p hi m uri u m 

W T or Δ pr g H  e x pr es si n g St o D -4 H A w as gr o w n t o S PI -1 -i n d u ci n g c o n diti o n s a n d pr ot ei n s e cr eti o n vi a t h e S PI-1 

T 3 S S w as a s s es s e d b y W est er n bl otti n g. I m a g e r e pr es e nt ati v e of t w o i n d e p e n d e nt r e p e at s. ( C) T H P -1 c ells w er e 

i nf e ct e d wit h S.  T y p hi T y 2 W T or Δ st o D  ( M OI 1 5) a n d c ell d e at h w as m e as ur e d vi a PI u pt a k e at 3 h p o st i nf e cti o n. 

B ars s h o w m e a n s ± S E M fr o m t hr e e i n d e p e n d e nt r e p e at s. St atisti c al a n al y sis b y ( A) m at c h e d t w o -w a y A N O V A or 

( C) p air e d St u d e nt’ s t-t est. * * *, p  < 0. 0 0 1; * * * *, p  < 0. 0 0 0 1;  n s, n ot si g nifi c a nt.
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a m pi cilli n, t h e d eri v ati v e pl as mi d c arri e d a s p e cti n o m y ci n r esist a n c e g e n e (J o h ns o n et al. , 2 0 1 7) 

i nst e a d of a n a m pi cilli n r esist a n ce g e n e w hi c h w as pr e vi o usl y us e d t o t e st tr a nsl o c ati o n of t his eff e ct or 

( B yr n e, 2 0 1 7). T h e r e as o n f or t his w as t o eli mi n at e a n y β -l a ct a m as e, t h e pr o d u ct of t h e a m pi cilli n-

r esist a n c e g e n e o n t h e pl as mi d, cl e a vi n g t h e s u bstr at e a d mi nist er e d t o c ells d uri n g t h e ass a y. E m pt y 

v e ct or ( E V) c arr yi n g o nl y t h e T E M -1 e n z y m e w as us e d as a n e g ati v e c o ntr ol, w hil e S. T y p hi m uri u m 

e x pr essi n g t h e S o p D -T E M -1 f usi o n w as us e d as a p o siti v e c o ntr ol, as S o p D is e x p e ct e d t o b e 

tr a nsl o c at e d i n a T 3 S S-d e p e n d e nt m a n n er. Tr a nsl o c ati o n of St o D i nt o H e L a c ells w as c o m pl et el y 

a br o g at e d b y t h e Δ pr g H Δ ss a V  m ut a nt c o m p ar e d t o its W T c o u nt er p art, c o nfir mi n g St o D w as 

tr a nsl o c at e d t o H e L a c ells d uri n g i nf e cti o n wit h S. T y p hi m uri u m i n a T 3 S S -d e p e n d e nt m a n n er ( Fi g ur e 

4 .3 2 B).  

T h e r ol e of St o D d uri n g i nf e cti o n r e m ai ns u n k n o w n ( M c D o w ell et al. , 2 0 1 9). It w as t e st e d 

h er ei n w h et h er it w as i n v ol v e d i n m o d er ati n g S. T y p hi -i n d u c e d h o st c ell d e at h. H o w e v er, l o ss of St o D 

di d n ot l e a d t o a n y si g nifi c a nt diff er e n c e i n T H P -1 c ell d e at h tri g g er e d b y S. T y p hi T y 2 c o m p ar e d t o its 

W T c o u nt er p art, at l e ast wit hi n  t his i nf e cti o n ti m e fr a m e (Fi g ur e 4 .3 2 C). N e v ert h el ess, t h e s m all, 

alt h o u g h n ot si g nifi c a nt, r e d u cti o n i n c ell d e at h m a y i n di c at e a r ol e i n li miti n g c ell d e at h at l at er ti m e 

p oi nts t h at w er e n ot wit hi n t h e s c o p e of t his pr oj e ct a n d m a y w arr a nt f urt h er i n v esti g ati o n i n t h e 

f ut ur e. 

 

4. 1 2  S. T y p hi H 5 8 t ri g g er s si mil ar l e v el s of p yr o pt o si s c o m p ar e d t o n o n -H 5 8 
str ai n s  

S. T y p hi H 5 8 cli ni c al is ol at es h a v e b e e n s h o w n t o e x hi bit a m plifi e d vir ul e n c e c o m p ar e d t o S. T y p hi T y 2 

(J o h ns o n et al. , 2 0 1 8). T w o cli ni c al is ol at e str ai ns b el o n gi n g t o g e n ot y p e H 5 8 ( E R L 1 2 1 4 8 a n d 1 2 9-0 2 3 8) 

a v ail a bl e i n o ur l a b or at or y w er e us e d t o t est f or diff er e n c es i n i n d u cti o n of m a cr o p h a g e c ell d e at h 

b et w e e n S. T y p hi T y 2 a n d cli ni c al i s ol at es. I nt er esti n gl y, w hil e b a ct eri al i nt er n alis ati o n b y T H P 1 c ells 

w as si mil ar b et w e e n S. T y p hi str ai ns ( Fi g ur e 4 .3 3 A), S. T y p hi E R L 1 2 1 4 8 c a us e d si mil ar l e v els of c ell 

d e at h c o m p ar e d t o T y 2, w hil e 1 2 9 -0 2 3 8 w as u n a bl e t o c a us e p yr o pt osis t o si mil ar l e v els t o t h o s e 

i n d u c e d b y S. T y p hi T y 2 a n d w as m or e si mil ar t o S. T y p hi Δ i n v A (Fi g ur e 4 .3 3 B). H o w e v er, ass ess m e nt 

of  t h e l e v els of Si p D i n b a ct eri al l ys at es gr o w n t o l at e e x p o n e nti al p h as e  r e v e al e d t h at t h e i n a bilit y of 

S. T y p hi 1 2 9 -0 2 3 8 w as p o s si bl y  m e di at e d b y v er y l o w l e v els of S PI -1 pr ot ei n e x pr essi o n  (Fi g ur e 4 .3 3 C). 

T h es e r es ults f urt h er s u p p ort t h e s er o v ar -wi d e i m p ort a n c e of S PI -1 i n S al m o n ell a -i n d u c e d c ell d e at h 

i n h o st m a cr o p h a g es.  
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T h e S. T y p hi str ai ns b el o n gi n g t o H 5 8 t e st e d s o f ar di d n ot i n di c at e a n e n h a n c e d vir ul e n c e i n 

t er ms of i nfl a m m as o m e a cti v ati o n c o m p ar e d t o S. T y p hi T y 2. T o t est w h et h er S. T y p hi H 5 8 ( g e n ot y p e 

4. 3. 1) w as m or e vir ul e nt t h a n a n ot h er  cir c ul ati n g  S. T y p hi g e n ot y p e ( g e n ot y p e 3. 3) t h at cir c ul at e s  i n 

e n d e mi c r e gi o ns, s e v er al cli ni c al is ol at e s w er e o bt ai n e d fr o m o ur c oll a b or at or St e p h e n B a k er. D uri n g 

a visit i n t h e O xf or d U ni v ersit y Cli ni c al R es e ar c h U nit ( OU C R U ) i n Vi et n a m, s e v e nt e e n S. T y p hi cli ni c al 

is ol at es b el o n gi n g to H 5 8 a n d f o ur cli ni c al is ol at es b el o n gi n g t o g e n ot y p e 3. 3 ( P h a m, 2 0 1 8) w er e us e d 

t o i nf e ct T H P-1 c ells  (T a bl e 2 .2 ). T h e m e di a n p er c e nt a g e v al u e of c ell d e at h tri g g er e d b y str ai ns 

b el o n gi n g t o g e n ot y p e 3. 3 w as l o w er t h a n t h at of H 5 8 cli ni c al is ol at e s ; h o w e v er t his diff er e n c e w as 

n ot st atisti c all y si g nifi c a nt ( Fi g ur e 4 .3 4 A). Si mil arl y, t h e m e di a n v al u e of b a ct er i al i nt er n alis ati o n b y 

T H P -1 c ells w as st atisti c all y i n disti n g uis h a bl e b et w e e n S. T y p hi H 5 8 a n d g e n ot y p e 3. 3 str ai ns ( Fi g ur e 

4 .3 4 B). A hi g h er b a ct eri al i nt er n alis ati o n di d n ot n e c e ss aril y c orr el at e wit h a hi g h er c ell d e at h 

( c o m p ar e s y m b ol c ol o urs i n Fi g ur e 4 .3 4 A a n d B). Als o, S PI -1  e x pr essi o n w as c o m p ar a bl e b et w e e n all 

str ai ns  (Fi g ur e A p p e n di x. 2 ). T h e i n di vi d u al v al u es of PI u pt a k e a n d b a ct eri al i nt er n alis ati o n b y e a c h 

str ai n ar e s h o w n i n Fi g ur e A p p e n di x. 2 . Dir e ct c o m p aris o ns of t h es e str ai ns t o S. T y p hi T y 2 c o ul d n ot b e 

m a d e, as t his str ai n w as n ot a v ail a bl e i n O U C R U. N e v ert h el es s, alt h o u g h m or e str ai ns ar e r e q uir e d t o 

dr a w c o n cl usi o ns ( p arti c ul arl y m or e of g e n ot y p e 3. 3 or ot h er  n o n -H 5 8 ) t h e c o m p ar a bl e vir ul e n c e of 

H 5 8 str ai ns t o t h at of t h o s e b el o n gi n g t o ot h er g e n ot y p es m a y f urt h er e x e m plif y t h e r e q uir e m e nt f or 

Fi g ur e 4 .3 3  S.  T y p hi H 5 8 cli ni c al i s ol at e s c a u s e si mil ar c ell d e at h i n c o m p ari s o n t o S.  T y p hi T y 2, 

d e p e n di n g o n t h e l e v el s of S PI -1 e x pr es si o n .  

( A) Z -V A D -F M K -tr e at e d T H P-1 c ells w er e i nf e ct e d wit h S.  T y p hi str ai n s as i n di c at e d a n d b a ct eri al i nt er n alis ati o n

w as d et er mi n e d at 1. 5 h p o st i nf e cti o n. ( B) T H P -1 c ells w er e i nf e ct e d wit h S.  T y p hi a n d c ell d e at h w as d et er mi n e d 

at 3 h p ost i nf e cti o n b y PI u pt a k e. ( C) S.  T y p hi w as gr o w n t o l at e e x p o n e nti al p h as e  a n d S PI -1 e x pr es si o n w as 

as s es s e d b y w est er n bl otti n g a g ai n st Si p D. Bl ot r e pr es e nt ati v e of t hr e e i n d e p e n d e nt r e p e at s. B ars i n di c at e 

m e a n s ± S E M fr o m ( A) t hr e e or ( B) si x  i n d e p e n d e nt r e p e ats. St atisti c al a n al y sis b y r e p e at e d m e a s ur es o n e-w a y 

A N O V A. *, p  < 0. 0 5; * *, p  < 0. 0 1;  n s, n ot si g nifi c a nt.  



I N F L A M M A S O M E A C TI V A TI O N D U RI N G I N F E C TI O N WI T H T Y P H OI D A L S A L M O N E L L A 
 

1 5 5  
 

i m m u n e e v asi o n b y S. T y p hi , w hi c h als o s h o w t h at t h e s u c c ess of S.  T y p hi H 5 8 d o es n ot r el y o n m or e 

effi ci e nt i m m u n e e v asi o n str at e gi es c o m p ar e d t o n o n -H 5 8 S.  T y p hi.  

 

4. 1 3  S PI -1 T 3 S S o v er e x pr e s si o n l e a d s t o i n cr e a s e d c ell d e at h d uri n g 
S.  P ar at y p hi A i nf e cti o n  

T h e n e xt ai m w as t o i n v esti g at e h o w S . P ar at y p hi A m o d ul at es p yr o pt osis d uri n g i nf e cti o n of h u m a n 

m a cr o p h a g es. C o m p aris o n of S PI -1 T 3 S S pr ot ei n e x pr essi o n b et w e e n S al m o n ell a  s er o v ars T y p hi, 

P ar at y p hi A a n d T y p hi m uri u m s h o w n i n  Fi g ur e 3 .3 , i ndi c at es t h at S. P ar at y p hi A 9 1 5 0 e x pr e ss e s S PI -1 

T 3 S S m ar k e dl y l o w er t h a n t h e ot h er t w o s er o v ars. Als o, S. P ar at y p hi A 9 1 5 0 W T i n v a d e d H e L a c ells at 

v er y l o w l e v els ( Fi g ur e 3 .3 ). T h er ef or e, it w as h y p ot h esis e d t h at r e d u c e d e x pr essi o n of S PI-1 pr ot ei ns 

i n S. P ar at y p hi A 9 1 5 0 m a y b e r es p o nsi bl e f or t h e l o w er c yt ot o xi cit y a n d a bilit y t o i n d u c e 

i nfl a m m as o m e a cti v ati o n, w hi c h is als o s u p p ort e d b y t h e d at a o bt ai n e d wit h cli ni c al is ol at es of 

S . P ar at y p hi A ( Fi g ur e 4 .2 0 ). T o t e st t his, t h e hil A  g e n e , e n c o di n g f or t h e p o si ti v e r e g ul at or of S PI-1 T 3 S S 

Hil A , w as i ntr o d u c e d o n a pl as mi d u n d er t h e c o ntr ol of a c o nstit uti v e pr o m ot er i nt o S. P ar at y p hi A W T 

a n d Δ i n v A as a c o ntr ol. Hil A -m e di at e d u pr e g ul ati o n of S PI -1 T 3 S S -d e p e n d e nt pr ot ei ns w as c o nfir m e d 

Fi g ur e 4 .3 4  S.  T y p hi H 5 8 cli ni c al i s ol at e s c a u s e si mil ar l e v el s of c ell d e at h c o m p ar e d t o S.  T y p hi 

g e n ot y p e 3. 3 .  

T H P -1 c ells w er e i nf e ct e d wit h S.  T y p hi str ai n s b el o n gi n g t o H 5 8 or g e n ot y p e 3. 3 gr o w n u n d er mi cr o a er o bi c 

c o n diti o n s t o st ati o n ar y p h as e, ( A) c ell d e at h w as d et er mi n e d at 3 h p o st i nf e cti o n b y PI u pt a k e a n d ( B) b a ct eri al 

i nt er n alis ati o n at 1. 5 h p o st i nf e cti o n. E a c h s y m b ol r e pr es e nts t h e a v er a g e m e a n fr o m t hr e e bi ol o gi c al r e p e at s 

of c ell d e at h c a u s e d b y e a c h str ai n. E x p eri m e nts w er e p erf or m e d i n t w o b at c h es, w h er e t h e s a m e f o ur g e n ot y p e 

3. 3 str ai n s w er e t est e d as a c o m p aris o n a n d t h er ef or e e a c h str ai n is r e pr es e nt e d b y t w o s q u ar es. Li n es s h o w t h e 

m e di a n v al u e of e a c h g e n ot y p e a n d s y m b ol c ol o ur m at c h t h e str ai n s b et w e e n t h e t w o p a n els. St atisti c al a n al y sis 

b y u n p air e d St u d e nt’s t-t est. T h es e e x p eri m e nts w er e p erf or m e d i n O U C R U, Vi et n a m. n s, n ot si g nifi c a nt.  
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b y bl otti n g a g ai nst S PI -1 pr ot ei ns i n p ell ets of b a ct eri a gr o w n u n d er S PI -1 -i n d u ci n g c o n diti o ns. T h e 

a b u n d a n c e of Si p D, Si p A a n d Si p C w as m ar k e dl y i n cr e as e d w h e n Hil A w as i ntr o d u c e d i n W T a n d Δi n v A 

S. P ar at y p hi A 9 1 5 0 str ai ns ( Fi g ur e 4 .3 5 A). As a pr o of of c o n c e pt, t h e i n v asi v e n ess of t h es e str ai ns i nt o

H e L a c ells w as t est e d. As e x p e ct e d, a n d i n c orr el ati o n wit h t h e S PI -1 pr ot ei n e x pr essi o n, w h e n Hil A 

w as i ntr o d u c e d i nt o S. P ar at y p hi A 9 1 5 0 W T, t his b e c a m e si g nifi c a ntl y m or e i n v asi v e c o m p ar e d t o t h e 

c o u nt er p art str ai n c arr yi n g a p W S K 2 9 e m pt y v e ct or ( E V ) (Fi g ur e 4 .3 5 B). T his i n cr e as e i n i n v asi v e n ess 

w as n ot o bs er v e d i n t h e Δ i n v A m ut a nt, c o nfir mi n g t h at t his i n cr e as e is m e di at e d b y Hil A i n a S PI -1 

T 3 S S -d e p e n d e nt m a n n er ( Fi g ur e 4 .3 5 B). T h es e o bs er v ati o ns als o c o nfir m t h at Hil A h as si mil ar 

r e g ul at or y r ol es i n S. P ar at y p hi A t o t h es e r e p ort e d f or S. T y p hi m uri u m, n a m el y t h at Hil A a cts as a 

p o siti v e S PI -1 r e g ul at or, i n li n e wit h pr e vi o us r e p orts ( El h a d a d et al. , 2 0 1 6).  

N e xt, t h e eff e ct of S PI -1 o v er e x pr essi o n i n S. P ar at y p hi A 9 1 5 0 o n T H P -1 m a cr o p h a g e c ell d e at h 

w as d et er mi n e d. C o nsist e nt wit h t h e h y p ot h esis a n d t h e H e L a c ell i n v asi o n r es ults (Fi g ur e 4 .3 5 B), 

S. P ar at y p hi A 9 1 5 0 W T e x pr essi n g  Hil A o n a pl as mi d i n d u c e d si g nifi c a ntl y hi g h er c ell d e at h l e v els i n

T H P -1 c o m p ar e d t o W T c arr yi n g t h e E V ( Fi g ur e 4 .3 6 A). As a c o ntr ol, T H P -1 c ells w er e als o i nf e ct e d wit h 

S. P ar at y p hi A 9 1 5 0 Δ i n v A c arr yi n g E V or t h e Hil A -e x pr essi n g pl as mi d. Hil A o v er e x pr essi o n di d n ot

i n cr e as e c ell d e at h l e v els i n d u c e d b y Δi n v A, f urt h er c orr o b or ati n g  t h at t his p h e n ot y p e is m e di at e d b y 

Hil A -m e di at e d S PI -1 o v er e x pr essi o n. T his i n cr e as e i n c ell d e at h i n d u cti o n b y S. P ar at y p hi A 9 1 5 0 w h e n 

Hil A w as o v er e x pr ess e d w as l ar g el y m e di at e d b y hi g h er l e v els of b a ct eri al i nt er n alis ati o n b y T H P -1 

c ells ( Fi g ur e 4 .3 6 B). T his i n di c at es t h at hi g h er c ell d e at h is t h e r es ult of i n cr e as e d b a ct eri al n u m b ers 

Fi g ur e 4 .3 5  O v er e x pr es si o n of S PI -1 T 3 S S e x pr e ssi o n i n d u c e s hi g h er e pit h eli al c ell  i n v a si o n b y S.  

P ar at y p hi A 9 1 5 0 .  

( A) S.  P ar at y p hi A 9 1 5 0 W T or Δ i n v A c arr yi n g a n e m pt y v e ct or ( E V) or a pl as mi d e x pr es si n g hil A  w er e gr o w n t o

l at e e x p o n e nti al p h as e a n d a b u n d a n c e of S PI-1 pr ot ei ns w as d et er mi n e d vi a W est er n bl otti n g i n b a ct eri al p ell ets. 

D n a K w as u s e d as a l o a di n g c o ntr ol. I m m u n o bl ot r e pr es e nt ati v e of t w o i n d e p e n d e nt e x p eri m e nts. ( B) H e L a c ells 

w er e i nf e ct e d at M OI 1 0 0 wit h S.  P ar at y p hi A 9 1 5 0 W T or Δ i n v A as i n di c at e d a n d C F Us w er e e n u m er at e d at 2 h 

p o st i nf e cti o n vi a g e nt a mi ci n pr ot e cti o n as s a y s. B ars s h o w m e a n ± S E M fr o m f o ur i n d e p e n d e nt r e p e at s. 

St atisti c al a n al y sis b y m at c h e d t w o -w a y A N O V A.  * *,  p  < 0. 0 1; n s, n ot si g nifi c a nt.  
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t h at ar e i nt er n alis e d, as S. P ar at y p hi A 9 1 5 0 e x pr essi n g S PI -1 T 3 S S pr ot ei ns at hi g h er l e v els is ar g u a bl y 

b ett er e q ui p p e d t o a cti v el y i n v a d e m a cr o p h a g es r at h er t h a n b ei n g p h a g o c yt o s e d b y h ost -m e di at e d 

a n d/ or S PI -1 -i n d e p e n d e nt m e c h a nis m s. T his w as als o s u g g est e d b y t h e r es ults o bt ai n e d  wit h  

S.  T y p hi m uri u m w hi c h b ot h e x pr ess es hi g h er S PI -1 a n d i n d u c e d c ell d e at h at i n cr e as e d l e v els ( S e cti o ns 

3. 3  a n d 4. 1 ). T h es e r es ults i n di c at e t h at, w hil e S. P ar at y p hi A 9 1 5 0 is a bl e t o p ot e nti all y e x pr ess S PI -1 

pr ot ei ns at hi g h l e v els a n d S PI -1 T 3 S S is i m pli c at e d i n tri g g eri n g p yr o pt o sis, S. P ar at y p hi A 9 1 5 0 li mits 

e x pr essi o n o f S PI-1 p o ssi bl y as a n i m m u n e e v asi o n m e c h a nis m.  

 

4. 1 4  S. P ar at y p hi A i n d u c e s  S PI -1 T 3 S S -d e p e n d e nt c ell d e at h a n d 
i nfl a m m a s o m e a cti v ati o n, w hi c h i s r e st ri ct e d b y v er y l o n g L P S O-a nti g e n 
c h ai n s  

S PI -1 T 3 S S is n e c es s ar y f or i nfl a m m as o m e a cti v ati o n d uri n g S. P ar a t y p hi A 9 1 5 0 i nf e cti o n a n d t h e l o w 

l e v els of m a cr o p h a g e c ell d e at h i n d u c e d b y S. P ar at y p hi A 9 1 5 0 w er e  n e v ert h el ess S PI -1 d e p e n d e nt 

(Fi g ur e 4 .2 A). T h e n e xt ai m w as t h us t o u n d erst a n d h o w S. P ar at y p hi A 9 1 5 0 li mits t h e i n d u cti o n of 

h o st c ell d e at h. S. P ar at y p hi A d o es n ot c arr y S PI -7 w hi c h e n c o d es f or t h e Vi a nti g e n  li k e S . T y p hi ( B u e n o 

et al. , 2 0 0 4). I nst e a d, it pr o d u c e s v er y l o n g O-a nti g e n c h ai ns, w hi c h h a v e b e e n s u g g e st e d t o b e 

i n v ol v e d i n e v a di n g t h e r es pir at or y b urst tri g g er e d b y n e utr o p hils d uri n g i nf e cti o n wit h S. P ar at y p hi A 

( Hi y o s hi et al. , 2 0 1 8 b). T h e u n d erl yi n g m e c h a nis m h as b e e n s u g g est e d t o b e i nt erf er e n c e wit h 

a n ti b o d y-m e di at e d r e c o g niti o n of t h e O -a nti g e n a n d s urf a c e m ol e c ul es ( Hi y os hi et al. , 2 0 1 8 b). It w as 

Fi g ur e 4 .3 6  O v er e x pr e ssi o n of S PI -1 T 3 S S r es ults i n el e v at e d  T H P -1 c ell d e at h a n d b a ct eri al 

i nt er n ali s ati o n d uri n g i nf e cti o n wit h S.  P ar at y p hi A 9 1 5 0.  

( A) T H P 1 c ells w er e i nf e ct e d wit h  S . P ar at y p hi A ( M OI 5 0) wit h W T or Δ i n v A c arr yi n g a n e m pt y v e ct or ( E V) or 

e x pr es si n g hil A  o n a pl as mi d. C ell d e at h w as m e a s ur e d b y PI u pt a k e at 3 h p o st i nf e cti o n. ( B) B a ct eri al 

i nt er n alis ati o n w as d et er mi n e d i n Z-V A D -F M K -tr e at e d T H P-1 c ells at 1. 5 h p ost i nf e cti o n vi a a g e nt a mi ci n 

pr ot e cti o n as s a y. B ars s h o w m e a n s ± S E M fr o m t hr e e i n d e p e n d e nt r e p e at s. St atisti c al a n al y sis b y m at c h e d t w o -

w a y A N O V A. *, p  <  0. 0 5; * *, p  < 0. 0 1;  n s, n ot si g nifi c a nt  
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t h us h y p ot h esis e d t h at v er y l o n g O-a nti g e n c h ai ns m a y i m p a ct o n i nt er a cti o ns of S. P ar at y p hi A wit h 

h o st c ells a n d i n d u cti o n of m a cr o p h a g e c ell d e at h. T o t his e n d, a n O -a nti g e n c h ai n l e n gt h r e g ul at or, 

t h e p ol y s a c c h ari d e c o-p ol y m er as e F e p E, w as d el et e d i n S. P ar at y p hi A 9 1 5 0. D el eti o n of f e p E di d n ot 

aff e ct gr o wt h of b a ct eri a i n st a n d ar d L B m e di a ( Fi g ur e 4 .3 7 A). R e d u c e d pr o d u cti o n  of v er y l o n g O -

a nti g e n p ol ys a c c h ari d e p ol y m ers a n d alt er e d L P S pr ofil e i n S. P ar at y p hi A 9 1 5 0 Δ f e p E c o m p ar e d  t o W T 

w as c o nfir m e d b y sil v er st ai ni n g of t ot al L P S ( Fi g ur e 4 .3 7 B).  

T h e eff e ct of f e p E d el eti o n o n i nt er a cti o ns of S. P ar at y p hi A 9 1 5 0 wit h e pit h eli al c ells w as 

t e st e d b y ass essi n g H e L a c ell i n v asi o n. As s h o w n e arli er i n C h a pt er 3 , a n d as h as b e e n r e p ort e d b y 

El h a d a d et al.  ( 2 0 1 6) f oll o wi n g mi cr o a er o bi c gr o wt h, S. P ar at y p hi A 9 1 5 0 i n v a d e d H e L a c ells i n a S PI -1 

T 3 S S -d e p e n d e nt m a n n er as i n di c at e d b y t h e f a ct t h at Δ i nv A  w as u n a bl e t o i n v a d e H e L a c ells t o t h e 

s a m e l e v els as its W T c o u nt er p art ( Fi g ur e 4 .3 9 ). S. P ar at y p hi A Δ f e p E i n v asi o n i nt o H e L a c ell s w as ~ 6-

f ol d hi g her t h a n t h e p ar e nt al W T ( Fi g ur e 4 .3 9 ). T his s u g g est s t h at, si mil ar t o l oss of t h e Vi a nti g e n, 

w h e n v er y l o n g O -a nti g e n c h ai ns c a n n ot b e f or m e d, S. P ar at y p hi A c a n i n v a d e h o st c ells m or e 

effi ci e ntl y. T his m a y b e d u e t o b ett er pr o xi mit y of t h e S PI -1 T 3 S S t o t h e h o st c ell s urf a c e, a s h as b e e n 

s u g g est e d f or t h e S hi g ell a s o n n ei  T 3 S S w h e n its c a ps ul e is a bs e nt ( W ats o n et al. , 2 0 1 9).  

Fi g ur e 4 .3 7  D el eti o n of  f e p E d o e s n ot i m p a ct b a ct eri al gr o wt h. 

( A) S.  P ar at y p hi A 9 1 5 0 W T a n d Δ f e p E w er e gr o w n i n st a n d ar d L B m e di a a n d o pti c al d e n sit y at 6 0 0 n m ( O D 6 0 0 ) 

w as m o nit or e d o v er ti m e. B ar s s h o w m e a n s ± S E M fr o m t w o i n d e p e n d e nt r e p e at s. ( B) L P S w as e xtr a ct e d fr o m 

S. P ar at y p hi A W T a n d Δ f e p E, s e p ar at e d b y S D S-P A G E a n d sil v er st ai n e d. St ai n e d a c r yl a mi d e g el s h o wi n g 

el e ctr o p h or eti c L P S m o bilit y r e pr es e nt ati v e of t hr e e i n d e p e n d e nt r e p e at s.  
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T h e r ol e of v er y l o n g O -a nti g e n c h ai ns o n S. P ar at y p hi -A -i n d u c e d m a cr o p h a g e c ell d e at h w as 

i n v esti g at e d b y i nf e cti n g T H P-1 c ells a n d m e as uri n g c ell d e at h at 3 h p o st i nf e cti o n. As a c o nt rol, 

S.  P ar at y p hi A 9 1 5 0 Δ i n v A tri g g er e d si g nifi c a ntl y l o w er a m o u nts of c ell d e at h c o m p ar e d t o W T, 

s u g g esti n g t h at c ell d e at h w as S PI -1 T 3 S S -d e p e n d e nt d uri n g t his i nf e cti o n ti m e ( Fi g ur e 4 .3 8 A). 

I nf e cti o n wit h S. P ar at y p hi A Δ f e p E r es ult e d i n si g nifi c a ntl y hi g h er c ell d e at h i n c o m p aris o n t o W T 

(Fi g ur e 4 .3 8 A), c o nsist e nt wit h hi g h er i n v asi v e n es s of t his m ut a nt i nt o H e L a c ells ( Fi g ur e 4 .3 9 ). 

H o w e v er, T H P -1 -m e di at e d p h a g o c yt o sis s u g g est e d  t h at diff er e n c es i n h o st c ell d e at h b et w e e n 

S.  P ar at y p hi A 9 1 5 0 W T a n d Δ f e p E w er e n ot m e di at e d b y diff er e nti al b a ct eri al u pt a k e of t h es e str ai ns 

(Fi g ur e 4 .3 8 B).  

Fi g ur e 4 .3 9  L o s s of v er y l o n g O -a nti g e n  c h ai n s 

r e s ults i n i n cr e a s e d e pit h eli al c ell i n v a si o n d uri n g 

i nf e cti o n wit h S.  P ar at y p hi A.  

H e L a c ells w er e i nf e ct e d at M OI 1 0 0 wit h S.  P ar at y p hi 

A 9 1 5 0 as i n di c at e d a n d i n v asi o n w as as s ess e d at 2 h 

p o st i nf e cti o n vi a e n u m er ati o n of g e nt a mi ci n -r esist a nt 

C F Us. B ars s h o w m e a n s ± S E M fr o m f o ur i n d e p e n d e nt 

r e p e at s. C o m p aris o n b y r e p e at e d m e as ur es o n e -w a y 

A N O V A. *,  p  < 0. 0 5; * *, p  < 0. 0 1 . 

Fi g ur e 4 .3 8  V er y l o n g L P S O -a nti g e n c h ai n s s u p pr e s s m a cr o p h a g e c ell d e at h i n d e p e n d e ntl y of 

b a ct eri al i nt er n ali s ati o n d uri n g i nf e cti o n wit h S.  P ar at y p hi A.  

( A) T H P -1 c ells w er e i nf e ct e d wit h S.  P ar at y p hi A 9 1 5 0  ( 9 1 5 0; M OI 5 0) as i n di c at e d a n d c ell d e at h w as m e as ur e d 

at 3 h p ost i nf e cti o n vi a PI u pt a k e. ( B) B a ct eri al i nt er n alis ati o n w as d et er mi n e d vi a g e nt a mi ci n pr ot e cti o n as s a ys 

at 1. 5 h p o st i nf e cti o n i n Z -V A D -F M K -tr e at e d c ells. B ars s h o w m e a n s ± S E M fr o m fi v e i n d e p e n d e nt r e p e at s. 

St atisti c al a n al y sis b y r e p e at e d m e as ur es o n e -w a y A N O V A. *, p  < 0. 0 5; * *, p  < 0. 0 1;  n s, n ot si g nifi c a nt.  
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Gi v e n t h at v er y l o n g O -a nti g e n c h ai ns i n S. P ar at y p hi A 9 1 5 0 li mit e d p yr o pt o sis, its r ol e i n 

i nfl a m m as o m e a cti v ati o n w as n e xt d et er mi n e d. T H P-1 c ell s w er e i nf e ct e d wit h S. P ar at y p hi A 9 1 5 0 

W T, Δ i n v A a n d Δ f e p E a n d a cti v ati o n of c as p as e -1  a n d  c as p as e -4 a n d  e ns ui n g  I L-1 8 cl e a v a g e, w as 

d et er mi n e d b y i m m u n o bl otti n g. S. P ar at y p hi A 9 1 5 0 i n d u c e d S PI -1 T 3 S S -d e p e n d e nt a cti v ati o n of 

c as p as e -1 a n d c as p as e -4 ( Fi g ur e 4 .4 0 ), c o nsist e nt wit h t h e r e q uir e m e nt of S PI-1 T 3 S S t o i n d u c e c ell 

d e at h ( Fi g ur e 4 .3 8 ). Tr e at m e nt wit h L P S f oll o w e d b y ni g eri ci n w as us e d as a p o siti v e c o ntr ol f or 

i nfl a m m as o m e a cti v ati o n. L o ss of  v er y l o n g L P S O -a nti g e n c h ai ns i n S. P ar at y p hi A r es ult e d i n a 

m o d er at e i n cr e as e i n c as p as e -1 a n d c as p as e -4 a cti v ati o n, w hi c h als o r es ult e d i n i n cr e as e d pr o -I L-1 8 

cl e a v a g e ( Fi g ur e 4 .4 0 ). T h e e n h a n c e d i nfl a m m as o m e a cti v ati o n d uri n g i nf e cti o n wit h S. P ar at y p hi A 

9 1 5 0 Δ f e p E i n c o m p aris o n t o its W T c o u nt er p art c orr el at e d wit h i n cr e as e d T H P-1 p yr o pt oti c c ell d e at h 

(Fi g ur e 4 .3 8 ).  

As p yr o pt oti c c ell d e at h r e q uir es c yt o s oli c b a ct eri al r e c o g niti o n b y i m m u n e s e ns ors, it w as als o 

t e st e d w h et h er S. P ar at y p hi A 9 1 5 0 l a c ki n g v er y l o n g O -a nti g e n c h ai ns w as a bl e t o es c a p e t h e v a c u ol e 

a n d e nt er t h e h o st c ell c yt os ol at hi g h er r at es c o m p ar e d t o W T. T his w o ul d s u g g est a si mil ar 

m e c h a nis m t o t h at u n d erl yi n g hi g h er H e L a c ell i n v asi o n b y S. P ar at y p hi A 9 1 5 0 Δ f e p E (Fi g ur e 4 .3 9 ). 

Es c a p e t o t h e c yt o s ol w as ass ess e d as pr e vi o usl y b y a c hl or o q ui n e -b as e d ass a y. Aft er p h a g o c yt o sis, 

t h e m aj orit y of S. P ar at y p hi A r e m ai n e d  l o c alis e d i n v a c u ol es (Fi g ur e 4 .4 1 A). At 3 h p ost i nf e cti o n, 

S. P ar at y p hi A 9 1 5 0 es c a p e d t o t h e c yt o s ol i n a S PI -1 T 3 S S -d e p e n d e nt m a n n er ( Fi g ur e 4 .4 1 B),

s u g g esti n g t h at hi g h er n u m b ers of c yt o s oli c W T S. P ar at y p hi A w er e r es p o n si bl e f or hi g h er p yr o pt o sis 

a n d i nfl a m m as o m e a cti v ati o n c o m p ar e d t o Δ i n v A. I n c o ntr ast, t h e n u m b ers of b a ct eri a e nt eri n g t h e 

Fi g ur e 4 .4 0  L o s s of v er y l o n g  O -a nti g e n 

c h ai n s i n S.  P ar at y p hi A tri g g er s i n cr e a s e d 

i nfl a m m as o m e a cti v ati o n i n T H P-1 c ell s.  

T H P -1 c ells w er e i nf e ct e d wit h S.  P ar at y p hi A 

9 1 5 0 ( 9 1 5 0; M OI 5 0) as i n di c at e d a n d 

a cti v ati o n of c as p as e -1, c as p as e -4 a n d I L -1 8 

w as  d et er mi n e d  vi a  i m m u n o bl otti n g. 

U ni nf e ct e d ( UI) c ells w er e u s e d as n e g ati v e 

c o ntr ol, w hil e c ells tr e at e d wit h L P S + ni g eri ci n 

w er e u s e d as p o siti v e c o ntr ol. Arr o ws s h o w 

cl e a v e d pr o d u cts of c as p as e -1, c as p as e -4 a n d 

I L-1 8. I m m u n o bl ot r e pr es e nt ati v e of t hr e e 

i n d e p e n d e nt r e p e at s.  
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c yt o s ol w er e n ot aff e ct e d b y l oss of v er y l o n g O -a nti g e n c h ai ns ( Fi g ur e 4 .4 1 B), d es pit e t h e i n cr e as e i n 

c ell d e at h a n d i nfl a m m as o m e si g n alli n g.  

T h es e r es ults c oll e cti v el y s u g g est t h at t h e r e d u c e d c ell d e at h i n d u c e d b y S. P ar at y p hi A 9 1 5 0 

Δ i n v A w as p artl y m e di at e d b y sl o w er es c a p e t o t h e c yt o s ol, alt h o u g h it di d n ot aff e ct t h e i niti al 

b a ct eri al u pt a k e b y T H P -1 c ells. I m p ort a ntl y, S. P ar at y p hi A 9 1 5 0 li mits c ell d e at h vi a pr o d u cti o n of 

v er y l o n g O -a nti g e n c h ai ns b y a m e c h a nis m t h at d o es n ot aff e c t p h a g o c yt osis or es c a p e i nt o t h e 

c yt o s ol.  

 

4. 1 5  F e p E -d e p e n d e nt r e d u cti o n i n S. P ar at y p hi A -i n d u c e d c ell d e at h i s n ot 
m e di at e d b y i nt erf er e n c e wit h i m m u n e si g n alli n g pri mi n g  

V er y l o n g O -a nti g e n c h ai ns m a y m as k s urf a c e m ol e c ul es ( Hi y o s hi et al. , 2 0 1 8 b). Als o, L P S s er v es as a 

si g n al 1 d uri n g i nfl a m m as o m e a cti v ati o n, i n d u ci n g N F -κ B si g n alli n g a n d pri mi n g of i nfl a m m as o m e 

c o m p o n e nts (s u c h as N L R P 3). T o t est w h et h er S. P ar at y p hi A 9 1 5 0 W T i n d u c e d l ess c ell d e at h t h a n 

Δ f e p E d u e t o i nt erf er e n c e of v er y l o n g O -a nti g e n c h ai ns wit h h ost c ell pri mi n g or d u e t o a n alt er e d L P S 

pr ofil e of t his m ut a nt, T H P -1 c ells w er e pri m e d wit h L P S pri or t o i nf e cti o n wit h S. P ar at y p hi A 9 1 5 0 W T 

a n d  Δ f e p E. Pr e-tr e at m e nt of T H P-1 wit h  E. c oli  O 1 1 1: B 4  L P S e ns ur es si mil ar l e v els of si g n al -1 -i n d u c e d 

Fi g ur e 4 .4 1  S.  P ar at y p hi  A c yt os oli c es c a p e r eli e s o n S PI -1 T 3 S S b ut i s n ot aff e ct e d b y v er y l o n g O -

a nti g e n c h ai ns.   

G S D M D mi R  T H P -1 c ells w er e i nf e ct e d wit h S.  P ar at y p hi A 9 1 5 0 a s i n di c at e d ( M OI 5 0). B a ct eri al i nt er n alis ati o n 

(l eft-a xis) a n d fr a cti o n of c yt o s oli c a n d v a c u ol ar b a c t eri a (ri g ht-a xis) ar e s h o w n at 1. 5 h ( A) a n d 3 h  ( B) p o st 

i nf e cti o n. B ars s h o w m e a n s ± S E M fr o m ( A) fi v e or  ( B) t hr e e i n d e p e n d e nt r e p e at s. St atisti c al a n al y sis b y r e p e at e d 

m e as ur es o n e -w a y A N O V A. * * *, p  < 0. 0 0 1;  n s, n ot si g nifi c a nt  
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si g n alli n g. M a cr o p h a g e c ell d e at h tri g g er e d b y S. P ar at y p hi A 9 1 5 0 W T or Δ f e p E w as n ot aff e ct e d b y 

L P S pri mi n g pri or t o i nf e cti o n (Fi g ur e 4 .4 2 A).  

T o f urt h er v ali d at e t h at l oss of v er y l o n g O -a nti g e n c h a i ns di d n ot i nt erf er e wit h h o st c ell 

pri mi n g, t h e l e v els of t h e i nfl a m m as o m e -i n d e p e n d e nt T N F c yt o ki n e w er e q u a ntifi e d. S e cr eti o n of T N F 

f oll o wi n g i nf e cti o n wit h S. P ar at y p hi A 9 1 5 0 W T a n d Δ f e p E w as si mil ar, li k e Δ i n v A w hi c h w as us e d as a 

c o ntr ol ( Fi g ur e 4 .4 2 B). All str ai ns i n d u c e d si g nifi c a ntl y hi g h er T N F s e cr eti o n c o m p ar e d t o u ni nf e ct e d 

c ells ( Fi g ur e 4 .4 2 B). T h es e fi n di n gs s h o w t h at v er y l o n g O -a nti g e n c h ai ns of L P S i n S. P ar at y p hi A 

m o d ul at e c ell d e at h i n d e p e n d e ntl y of i nt erf er e n c e wit h h ost c ell  pri mi n g a n d i n d u cti o n of pr o -

i nfl a m m at or y si g n alli n g. 

4. 1 6  C o m pl e m e nt ati o n of Δ f e p E r e st or e s t h e W T p h e n ot y p e 

T o v erif y t h at v er y l o n g O -a nti g e n c h ai ns w er e r es p o nsi bl e f or t h e o bs er v e d i n cr e as e i n e pit h eli al c ell 

i n v asi o n, m a cr o p h a g e c ell d e at h  a n d i nfl a m m as o m e a cti v ati o n , t h e f e p E d el eti o n m ut a nt w as 

c o m pl e m e nt e d  i n S. P ar at y p hi A 9 1 5 0 wit h pl as mi d -e n c o d e d  f e pE, w h er e  f e p E e x pr essi o n w as u n d er 

t h e c o ntr ol of a c o nstit uti v e pr o m ot er. S. P ar at y p hi A 9 1 5 0 Δ f e p E c arr yi n g a n e m pt y v e ct or ( E V) v e ct or 

w as us e d as a c o ntr ol. I n d e e d, c o m pl e m e nt ati o n of f e p E r est or e d t h e L P S el e ctr o p h or eti c m o bilit y t o 

a si mil ar t o t h e W T c o u nt er p art ( Fi g ur e 4 .4 3 A). T h e b a n di n g w as m or e e xtr e m e t o t h e u p p er a n d l o w er 

Fi g ur e 4 .4 2  L o s s of v er y l o n g L P S O -a nti g e n c h ai n s i n S . P ar at y p hi A d o e s n ot i nt erf er e wit h T H P -1 

c ell pri mi n g .  

( A) T H P -1 c ells w er e i nf e ct e d wit h S.  P ar at y p hi A 9 1 5 0  ( 9 1 5 0; M OI 5 0) W T a n d Δ f e p E f oll o wi n g n o-tr e at m e nt

( N T) or E. c oli  O 1 1 1: B 4 L P S pri mi n g f or 3 h. C ell d e at h w as m e as ur e d at 3 h p o st i nf e cti o n b y PI u pt a k e. ( B) T N F 

q u a ntifi c ati o n b y E LI S A i n c ult ur e s u p er n at a nts of u n pri m e d T H P -1 c ells i nf e ct e d wit h S.  P ar at y p hi A a s i n di c at e d 

f or 3 h. B ars s h o w m e a n s ± S E M fr o m ( A) f o ur or ( B)  t hr e e i n d e p e n d e nt r e p e at s. St atisti c al a n al y sis b y ( A) 

m at c h e d T w o -w a y A N O V A or ( B) r e p e at e d m e as ur es o n e -w a y A N O V A f oll o wi n g c orr e cti o n f or m ulti pl e 
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r a n g e i n t h e c o m pl e m e nt e d str ai n c o m p ar e d t o W T, p o ssi bl y d u e t o hi g h er l e v els of f e p E e x pr e ssi o n 

u n d er t h e c o ntr ol of t h e c o nstit uti v e pr o m ot er  ( M urr a y, Attri d g e & M or o n a, 2 0 0 5) . I n v asi o n i n H e L a 

c ells r e v e al e d t h at, w hil e Δ f e p E a n d Δ f e p E c arr yi n g t h e E V i n v a d e d H e L a c ells si g nifi c a ntl y m or e t h a n 

W T, c o m pl e m e nt ati o n of f e p E r est or e d i n v asi o n i nt o H e L a c ells t o W T l e v els ( Fi g ur e 4 .4 3 B). T h es e 

r es ults s u g g est t h at i n d e e d l o ss of v er y l o n g L P S O -a nti g e n c h ai ns w as  r es p o nsi bl e f or li miti n g 

S. P ar at y p hi A 9 1 5 0 i n v asi o n i nt o h o st c ells.

T h e eff e ct of f e p E c o m pl e m e nt ati o n o n m a cr o p h a g e p yr o pt o sis a n d i nfl a m m as o m e a cti v ati o n 

w as n e xt t e st e d. U p o n f e p E c o m pl e m e nt ati o n, c ell d e at h l e v els w er e r est or e d t o t h o s e i n d u c e d b y W T 

(Fi g ur e 4 .4 4 A). S p e cifi c all y, w hil e S. P ar at y p hi A 9 1 5 0 Δ f e p E wit h or wit h o ut E V i n d u c e d si g nifi c a ntl y 

hi g h er c ell d e at h i n T H P -1 c ells c o m p ar e d t o W T, c o m pl e m e nt e d Δ f e p E tri g g er e d c o m p ar a bl e c ell d e at h 

t o t h at of W T (Fi g ur e 4 .4 4 A). T h e e x a g g er at e d p h e n ot y p e o bs er v e d wit h t h e c o m pl e m e nt e d  str ai n w as 

p o ssi bl y d u e t o e x c es si v e F e p E pr o d u cti o n. T his p h e n ot y p e w as n ot m e di at e d b y diff er e n c es i n 

b a ct eri al u pt a k e b y T H P -1 c ells, as diff er e n c es i n p h a g o c yt o sis b et w e e n t h e str ai ns w er e n ot si g nifi c a nt 

c o m p ar e d t o W T ( Fi g ur e 4 .4 4 B). T h es e r es ults s u g g est t h at F e p E -m e di at e d f or m ati o n of v er y l o n g O -

a nti g e n c h ai ns a n d/ or a d diti o n al u ni d e ntifi e d r ol es t h at t his g e n e m a y h a v e w er e r es p o nsi bl e f or 

Fi g ur e 4 .4 3  C o m pl e m e nt ati o n of Δ f e p E i n S.  P ar at y p hi A r e c o v er s e pit h eli al c ell i n v a si o n.  

( A) Sil v er st ai n e d a cr yl a mi d e g el s h o wi n g el e ctr o p h or eti c L P S m o bilit y of t h e i n di c at e d str ai n s.  V er y l o n g O -

c h ai n s i n di c at e d b y arr o w.  I m a g e r e pr es e nt ati v e of t w o i n d e p e n d e nt r e p e at s. ( B) H e L a c ells w er e i nf e ct e d wit h 

S. P ar at y p hi A 9 1 5 0 ( 9 1 5 0; M OI 1 0 0) as i n di c at e d a n d i n v asi o n w as d et er mi n e d at 2 h p ost i nf e cti o n b y 

g e nt a mi ci n pr ot e cti o n as s a ys. B ar s s h o w m e a n s ± S E M fr o m t hr e e i n d e p e n d e nt r e p e at s. St ati sti c al a n al y sis b y 

r e p e at e d m e as ur es o n e-w a y A N O V A c orr e ct e d f or m ulti pl e c o m p aris o n s. *, p  < 0. 0 5;  n s, n ot si g nifi c a nt  
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li miti n g S. P ar at y p hi A 9 1 5 0 -i n d u c e d c ell d e at h i n h o st c ells. T H P-1 c ells w er e i nf e ct e d wit h S. P ar at y p hi 

A W T, Δ f e p E, a n d t h e c o m pl e m e nt e d str ai n a n d i nfl a m m as o m e a cti v ati o n w as d et er mi n e d i n t h e 

s u p er n at a nt of i nf e ct e d c ells. As o bs er v e d a b o v e, l o ss of v er y l o n g L P S O -a nti g e n c h ai ns l e d t o hi g h er 

l e v els of c as p as e-1 a n d c as p as e -4 a cti v ati o n i n c o m p aris o n t o W T ( Fi g ur e 4 .4 4 C) , a n d I L -1 8 cl e a v a g e  

r efl e ct e d t h e l e v els of c as p as e-1 a cti v ati o n (Fi g ur e 4 .4 4 C). H o w e v er, a cti v ati o n  of t h es e 

i nfl a m m as o m e-as s o ci at e d pr ot ei ns w a s m ar k e dl y r e d u c e d u p o n c o m pl e m e nt ati o n of Δ f e p E (Fi g ur e 

4 .4 4 C). T h e c o m pl e m e nt e d str ai n i n d u c e d sli g htl y l o w er cl e a v a g e of c as p as e -4 t h a n t h at i n d u c e d b y 

W T, p o ssi bl y d u e t o o v er e x pr essi o n of f e p E. T h es e r es ults i m pli c at e a n i nfl a m m as o m e a cti v ati o n 

i nt erf eri n g m e c h a nis m b y t h e pr es e n c e of v er y l o n g O-a nti g e n c h ai ns.  

Fi g ur e 4 .4 4  C o m pl e m e nt ati o n of l o s s of v er y l o n g O-a nti g e n  L P S  c h ai n s  i n S.  P ar at y p hi A r e c o v er s c ell 

d e at h l e v el i n T H P -1 c ell s.  

( A) T H P -1 c ells w er e i nf e ct e d at M OI 5 0 wit h S.  P ar at y p hi A 9 1 5 0 as i n di c at e d a n d c ell d e at h w as as s ess e d b y PI 

u pt a k e at 3 h p o st i nf e cti o n. ( B) B a ct eri al i nt er n alis ati o n w as d et er mi n e d at 1. 5 h p o st i nf e cti o n i n Z -V A D -F M K 

tr e at e d T H P-1 c ells. ( C) T H P -1 c ell s w er e i nf e ct e d at M OI 5 0 a n d i nfl a m m as o m e a cti v ati o n w as d et er mi n e d b y 

i m m u n o bl otti n g of i n di c at e d pr ot ei ns at 3 h p o st i nf e cti o n. Arr o ws i n di c at e cl e a v e d pr o d u cts. I m a g e 

r e pr es e nt ati v e of t w o i n d e p e n d e nt r e p e at s. B ars s h o w m e a n s ± S E M fr o m t hr e e i n d e p e n d e nt r e p e at s. St atisti c al 

a n al y sis b y r e p e at e d m e as ur e s o n e -w a y A N O V A. *, p  < 0. 0 5; * * *,  p  < 0. 0 0 1 ; n s, n ot si g nifi c a nt   
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F urt h er m or e, S. P ar at y p hi A 9 1 5 0 Δ f e p E i n d u c e d mil dl y hi g h er I L-1 β  s e cr eti o n t h a n W T 

t hr o u g h o ut t h e i nf e cti o n. I n c o ntr ast, t h e c o m pl e m e nt e d str ai n tri g g er e d m ar k e dl y l o w er l e v els of I L -

1 β  t h a n W T a n d Δ f e p E (Fi g ur e 4 .4 5 A). T h e diff er e n c es i n i nfl a m m as o m e a cti v ati o n b et w e e n 

S.  P ar at y p hi A 9 1 5 0 W T a n d Δ f e p E w er e n ot m e di at e d b y diff er e n c es i n i m m u n e  c ell pri mi n g at a n y 

p oi nt d uri n g i nf e cti o n, as ass ess e d b y T N F s e cr eti o n fr o m i nf e ct e d c ells ( Fi g ur e 4 .4 5 B). I n f a ct, t h e 

c o m pl e m e nt e d str ai n, w hi c h o v e r e x pr ess e d f e p E, tri g g er e d hi g h er pr o d u cti o n of T N F at 2 a n d 3 h p o st 

i nf e cti o n (Fi g ur e 4 .4 5 B ) p ossi bl y d u e t o l o w er r at e of c ell d e at h i n d u c e d b y t his str ai n. T h es e r es ults 

s u p p ort t h at F e p E -m e di at e d v er y l o n g L P S O -a nti g e n c h ai ns w er e r es p o nsi bl e f or li miti n g c ell d e at h 

a n d i nfl a m m a s o m e a cti v ati o n i n d u c e d b y S. P ar at y p hi A 9 1 5 0 i n m a cr o p h a g es.  

 

4. 1 7  V er y l o n g O -a nti g e n c h ai n s  t ri g g er A S C-d e p e n d e nt c ell d e at h d uri n g 
i nf e cti o n wit h S. P ar at y p hi A  

L o ss of v er y l o n g O -a nti g e n c h ai ns r es ult e d i n hi g h er i nfl a m m as o m e a cti v ati o n a n d p yr o pt osis. It h as  

alr e a d y  b e e n  s h o w n i n t his r e p ort t h at N L R P 3, A S C, c as p as e-4 a n d c as p as e -8 si g nifi c a ntl y c o ntri b ut e d 

t o i nfl a m m as o m e a cti v ati o n a n d p yr o pt o sis b y S. P ar at y p hi A. R es ults s h o w n i n s e cti o ns 4. 3 , 4. 4 , 4. 6 , 

a n d 4. 7 , s u g g est t h at S. P ar at y p hi A i n d u c es i nfl a m m as o m e a cti v ati o n dir e ctl y vi a c as p as e -4 or t hr o u g h 

N L R P 3 -A S C a n d c as p as e -8 vi a N L R P 3 -A S C or dir e ctl y. I n or d er t o e x a mi n e h o w S. P ar at y p hi A 9 1 5 0 

Fi g ur e 4 .4 5  L o ss of v er y l o n g O -a nti g e n c h ai n s m e di at e s i n cr e a s e d I L -1 β  s e cr eti o n i n d e p e n d e ntl y of 

h o st c ell pri mi n g  d uri n g i nf e cti o n wit h S.  P ar at y p hi A .  

T H P -1 c ells w er e i nf e ct e d wit h S.  P ar at y p hi A 9 1 5 0 ( 9 1 5 0; M OI 5 0) as i n di c at e d a n d ( A) I L-1 β  a n d ( B) T N F 

s e cr eti o n w er e d et er mi n e d i n s u p er n at a nts of i nf e ct e d c ells. Gr a p h s s h o w ± S E M fr o m t hr e e i n d e p e n d e nt 

r e p e at s. 
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Δ f e p E tri g g ers t h e e n h a n c e d i nfl a m m as o m e r es p o ns e, t h e c o ntri b uti o n of t h es e p at h w a y s w as n e xt 

t e st e d. Sil e n ci n g of A S C r e v e al e d t h at p yr o pt o sis d uri n g i nf e cti o n wit h S. P ar at y p hi A 9 1 5 0 Δ f e p E w as 

dri v e n b y A S C b y ~ 6 0 %, si mil arl y t o S. P ar at y p hi A 9 1 5 0 W T , w h er e A S C c o ntri b ut e d b y ~ 5 8 % ( Fi g ur e 

4 .4 6 A). A d diti o n all y, p h ar m a c ol o gi c al i n hi biti o n of N L R P 3 vi a M C C 9 5 0 r es ult e d i n si g nifi c a nt r e d u cti o n 

of p yr o pt o sis d uri n g i nf e cti o n wit h S. P ar at y p hi A Δ f e p E b y ~ 4 0 %, c o m p ar a bl e t o t h e r e d u cti o n s e e n 

d uri n g  i nf e cti o n wit h W T (Fi g ur e 4 .4 6 B).  

I n or d er t o i n v esti g at e w h et h er t h e e n h a n c e d i nfl a m m as o m e r es p o ns e t o S. P ar at y p hi A 9 1 5 0 

Δ f e p E w as als o r efl e ct e d i n A S C s p e c k f or m ati o n, A S C m R F P  T H P -1 c ells w er e i nf e ct e d wit h S. P ar at y p hi A 

9 1 5 0 W T, Δ i n v A a n d Δ f e p E. I nf e cti o n wit h all t hr e e str ai ns i n d u c e d si g nifi c a ntl y hi g h er n u m b ers of c ells 

wit h A S C s p e c ks t h a n b as al l e v els ( UI c ells) ( Fi g ur e 4. 4 7 A -B). R e pr es e nt ati v e i m a g es of i nf e ct e d c ells 

a n d A S C s p e c k s ar e s h o w n i n Fi g ur e 4 .4 7 A. I nf e cti o n wit h S. P ar at y p hi A 9 1 5 0 W T r es ult e d i n el e v at e d 

n u m b ers of A S C s p e c ks c o m p ar e d t o Δ i n v A, alt h o u g h t his w as n ot  si g nifi c a nt l y diff er e nt (Fi g ur e  4. 4 7 B). 

N e v ert h el ess, it w as e vi d e nt t h at S PI -1 T 3 S S w as r e q uir e d f or ass e m bl y of A S C s p e c k s i n t h e m aj orit y 

of c ells. W hil e S. P ar at y p hi A 9 1 5 0 Δ f e p E i n d u c e d hi g h er l e v els of p yr o pt osis (Fi g ur e 4. 4 2 ) a n d 

i nfl a m m as o m e a cti v ati o n (Fi g ur e 4. 4 3 ) c o m p ar e d t o t h e p ar e nt al W T, t h e n u m b er of A S C s p e c ks 

f or m e d wit hi n m a cr o p h a g es w as o nl y sli g htl y hi g h er t h at t h at  f or m e d d uri n g i nf e cti o n wit h W T 

S. P ar at y p hi A 9 1 5 0 ( Fi g ur e 4. 4 7 B). T h es e r es ults s u g g est t h at t h e i n cr e as e d i nfl a m m a s o m e a cti v ati o n

Fi g ur e 4 .4 6  S.  P ar at y p hi A Δ f e p E-i n d u c e d c ell d e at h i s m e di at e d b y A S C. 

( A) C T R L mi R  or A S C mi R  T H P -1 c ells w er e i nf e ct e d wit h S.  P ar at y p hi A 9 1 5 0 ( 9 1 5 0; M OI 5 0) W T or  Δ f e p E a n d c ell 

d e at h w as d et er mi n e d at 3 h p o st i nf e cti o n. ( B) D M S O or M C C 9 5 0 -tr e at e d T H P-1 c ells w er e i nf e ct e d as i n di c at e d 

a n d c ell d e at h w as d et er mi n e d at 3 h p ost i nf e cti o n. B ars s h o w m e a n s ± S E M fr o m t hr e e i n d e p e n d e nt r e p e at s. 

St atisti c al a n al y sis w as p erf or m e d b y t w o -w a y A N O V A. *, p  < 0. 0 5; * *,  p  < 0. 0 1 . 
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tri g g er e d b y l o ss of v er y l o n g O-a nti g e n c h ai ns w as n ot m ai nl y m e di at e d b y a n A S C -d e p e n d e nt 

m e c h a nis m.  

Fi g ur e 4 .4 7  A S C s p e c k f or m ati o n  o c c ur s i n d e p e n d e ntl y of S PI -1 T 3 S S or v er y l o n g O -a nti g e n c h ai n s 

d uri n g i nf e cti o n wit h S.  P ar at y p hi A.  

Z -V A D -F M K -tr e at e d A S Cm R F P  T H P -1 c ells w er e i nf e ct e d wit h S.  P ar at y p hi A 9 1 5 0 ( 9 1 5 0; M OI 5 0) a s i n di c at e d. ( A) 

R e pr es e nt ati v e i m a g es a n d ( B) q u a ntifi c ati o n of c ells wit h A S C -s p e c ks fr o m f o ur i n d e p e n d e nt r e p e at s. T h es e 

w er e c o n d u ct e d al o n g Fi g ur e 4. 3 2  a n d UI c o ntr ols ar e s h ar e d b et w e e n p a n els, w hil e st atisti c al a n al ysis w as 

p erf or m e d o n all e x p eri m e nt al c o n diti o n s.  S c al e b ar 5 0 µ m.  B ars s h o w m e a n s ± S E M fr o m f o ur i n d e p e n d e nt 

r e p e at s. St atisti c al a n al y sis b y r e p e at e d  m e as ur es  o n e -w a y A N O V A. *, p  < 0. 0 5.  
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Gi v e n t h e c o ntri b uti o n of N L R P 3 t o p yr o pt o sis ( Fi g ur e 4 .1 3 A) a n d i nfl a m m as o m e a cti v ati o n 

(Fi g ur e 4 .1 3 D) d uri n g i nf e cti o n wit h S. P ar at y p hi A  9 1 5 0, A S C m R F P  T H P -1 c ells w er e t h e n tr e at e d wit h 

M C C 9 5 0 pri or t o i nf e cti o n, i n or d er t o as c ert ai n w h et h er A S C s p e c k f or m ati o n w as m e di at e d b y N L R P 3 

a cti v ati o n. I n hi biti o n of N L R P 3 vi a M C C 9 5 0 r es ult e d i n a v er y m o d er at e, al b eit n ot st atisti c all y 

si g nifi c a nt, d e cr e as e i n t h e n u m b er of c ells wit h A S C s p e c k s d uri n g i nf e cti o n wit h S. P ar at y p hi A 9 1 5 0 

W T, Δ i n v A or Δ f e p E (Fi g ur e 4 .4 8 ). T h es e r es ults s u g g est e d t h at ot h er i nfl a m m as o m e p at h w a y s i n d u c e 

t h e f or m ati o n of A S C s p e c ks wit hi n T H P-1 c ells, i n d e p e n d e ntl y of N L R P 3, d uri n g i nf e cti o n wit h 

S. P ar at y p hi A 9 1 5 0.

T o v erif y w h et h er c as p as e -4 h as a  d o mi n a nt r ol e in d et e cti n g c yt o s oli c Δ f e p E b a ct eri a, C T R L mi R  

a n d C A S P 4 mi R  T H P -1 c ells w er e i nf e ct e d wit h S. P ar at y p hi A 9 1 5 0 W T a n d Δ f e p E. C ell d e at h w as 

si g nifi c a ntl y r e d u c e d d uri n g i nf e cti o n wit h b ot h W T a n d Δ f e p E, w hil e t h e l e v els p yr o p tosis t h at 

C A S P 4 mi R  c ells u n d er w e nt w as si mil ar d uri n g i nf e cti o n wit h W T or Δ f e p E (Fi g ur e 4 .4 9 A). A d diti o n all y , 

p h ar m a c ol o gi c al i n hi biti o n of N L R P 3 a n d c as p as e -8  i n C A S P 4mi R  c ells di d n ot f urt h er r e d u c e c ell d e at h 

i n d u c e d b y S. P ar at y p hi A 9 1 5 0 Δ f e p E (Fi g ur e 4 .4 9 B). M or e o v er , w hil e S. P ar at y p hi A 9 1 5 0 Δ f e p E 

i n d u c e d A S C-d e p e n d e nt  c ell d e at h ( Fi g ur e 4 .4 6 ), t his r e d u cti o n w as c o m p ar a bl e t o t h e r e d u cti o n 

o bs er v e d wit h W T S. P ar at y p hi A 9 1 5 0 ( Fi g u r e 4 .1 0 ). T h es e r es ults, i n c o m bi n ati o n wit h t h e si mil ar 

Fi g ur e 4 .4 8  A S C s p e c k f or m ati o n i s n ot N L R P 3 -d e p e n d e nt d uri n g i nf e cti o n wit h S . P ar at y p hi A. 

Z -V A D -F M K -tr e at e d A S Cm R F P  T H P -1 c ells w er e tr e at e d wit h D M S O or M C C 9 5 0 pri or t o i nf e cti o n wit h S.  P ar at y p hi 

A 9 1 5 0 ( 9 1 5 0; M OI 5 0) as i n di c at e d. C ells wit h A S C s p e c k s w er e e n u m er at e d b y fl u or es c e nt mi cr os c o p y b y 

c o u nti n g > 1 2 0 c ells fr o m r a n d o ml y s el e ct e d sli d e fi el d s p er r e p e at. Gr a p h s h o ws m e a n s ± S E M fr o m t hr e e 

i n d e p e n d e nt r e p e at s. St atisti c al a n al y sis b y t w o-w a y A N O V A f oll o w e d b y c orr e cti o n f or m ulti pl e c o m p aris o n s. 

T h es e w er e c o n d u ct e d al o n g Fi g ur e 4. 3 2  a n d UI c o ntr ols ar e s h ar e d b et w e e n p a n els, w hil e st atisti c al a n al y sis 

w as p erf or m e d o n all e x p eri m e nt al c o n diti o n s.  
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n u m b ers of c ells wit h A S C s p e c ks d uri n g i nf e cti o n wit h S. P ar at y p hi A W T a n d Δ f e p E (Fi g ur e 4 .4 9 ), 

s u g g est t h at  t h e hi g h er p yr o pt oti c c ell d e at h i n d u c e d b y S. P ar at y p hi A Δ f e p E is a r es ult of i n cr e as e d 

c as p as e -4 a cti v ati o n , as o p p o s e d t o r e q uiri n g d o w ns tr e a m a cti v ati o n of t h e N L R P 3 -A S C -c as p as e -1 

i nfl a m m as o m e.  

4. 1 8  T h e r ol e of v er y l o n g O -a nti g e n c h ai n s i n i nfl a m m a s o m e a cti v ati o n b y 
S. T y p hi m uri u m i nf e cti o n

F e p E  is als o pr es e nt i n S.  T y p hi m uri u m a n d is hi g hl y si mil ar b et w e e n S. P ar at y p hi A a n d S. T y p hi m uri u m, 

diff eri n g i n o nl y o n e a mi n o a ci d at t h e pr ot ei n s e q u e n c e l e v el, w hil e S. T y p hi c arri es a ps e u d o g e nis e d 

f e p E all el e. T h e r ol e of v er y l o n g O -a nti g e n c h ai ns d uri n g i nf e cti o n of S. T y p hi m uri u m h as pr e vi o usl y 

b e e n st u di e d i n t h e  c o nt e xt of c o m pl e m e nt r esist a n c e ( M urr a y, Attri d g e & M or o n a, 2 0 0 5; H öl z er et 

al. , 2 0 0 9) a n d vir ul e n c e i n m o us e m o d els ( M urr a y, Attri d g e & M or o n a, 2 00 3, 2 0 0 6) . T h er ef or e, it w as 

n e xt i n v esti g at e d w h et h er v er y l o n g O -a nti g e n c h ai ns i n S. T y p hi m uri u m h a v e t h e s a m e r ol e i n 

d a m p e ni n g i nfl a m m as o m e a cti v ati o n a n d c ell d e at h i n m a cr o p h a g es as t h e y d o d uri n g i nf e cti o n wit h 

S. P ar at y p hi A 9 1 5 0. It w as h y p ot h esis e d t h at i ntr o d u cti o n of pl as mi d -b or n e f e p E i nt o S. T y p hi m uri u m

W T w o ul d i nt erf er e wit h i n v asi o n of H e L a c ells b y S. T y p hi m uri u m. I n d e e d, o v er e x pr essi o n of f e p E 

m ar k e dl y r e d u c e d t h e a bilit y of S. T y p hi m uri u m W T t o i n v a d e H e L a c ells ( Fi g ur e 4 .5 0 A). I n c o ntr ast, 

a n d i n k e e pi n g wit h d at a o bt ai n e d wit h S. P ar at y p hi A 9 1 5 0, d el eti o n of f e p E i n S. T y p hi m uri u m 

si g nifi c a ntl y pr o m ot e d i n v asi o n i nt o H e L a c ells b y >  2 -f ol d (Fi g ur e 4 .5 0 B). C o m pl e m e nt ati o n of 

Fi g ur e 4 .4 9  C as p a s e -4 m e di at e s t h e i n cr e as e d c ell d e at h i n d u c e d b y S.  P ar at y p hi A 9 1 5 0 Δ f e p E. 

( A) C T R L mi R  or C A S P 4 mi R  T H P -1 c ells w er e i nf e ct e d wit h S.  P ar at y p hi A 9 1 5 0 W T or  Δ f e p E a n d c ell d e at h w as 

d et er mi n e d at 3 h p o st i nf e cti o n. ( B) D M S O or Z -I E T D-F M K a n d M C C 9 5 0 -tr e at e d C T R Lmi R  or C A S P 4 mi R  T H P -1 c ells

w er e i nf e ct e d wit h S.  P ar at y p hi A 9 1 5 0 Δ f e p E a n d c ell d e at h w as d et er mi n e d at 3 h p ost i nf e cti o n. Gr a p h s s h o w 

m e a n s ± S E M fr o m ( A) si x  or ( B) f o ur i n d e p e n d e nt r e p e at s. St atisti c al a n al y sis w as p erf or m e d b y t w o-w a y

A N O V A. *,  p  < 0. 0 5; * *,  p  < 0. 0 1; * * *,  p  < 0. 0 0 1 ; n s, n ot si g nifi c a nt.
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Fi g u r e 4. 5 0  F e p E- m e di at e d v er y l o n g O- a nti g e n c h ai n s li mi t S.  T y p hi m uri u m i n v a si o n i nt o H e L a c ell s.  

( A) H e L a  c ells  w er e  i nf e ct e d wit h  S.  T y p hi m uri u m  W T  c arr yi n g  a n  e m pt y  v e ct or  ( E V) or  o v er e x pr es si n g  f e p E 

( pf e p E) a n d  i n v asi o n w as  ass es s e d  at  2  h  p o st  i nf e cti o n b y  g e nt a mi ci n  pr ot e cti o n  ass a y s.  ( B) H e L a  c ells  w er e 

i nf e ct e d wit h S.  T y p hi m uri u m W T a n d Δ f e p E, a s w ell a s t h e c o m pl e m e nt e d str ai n a n d i n v asi o n w as d et er mi n e d 

at 2 h p ost i nf e cti o n. B ars s h o w n m e a n s ± S E M fr o m ( A) f o ur or ( B) t hr e e i n d e p e n d e nt r e p e at s. St atisti c al a n al y sis 

b y  ( A) p air e d  st u d e nt’ s  t-t est or  ( B) r e p e at e d m e as ur es  o n e- w a y  A N O V A  f oll o w e d b y  c orr e cti o n  f or m ulti pl e 

c o m p aris o n s. *,  p < 0. 0 5; * *, p < 0. 0 1.  

S. T y p hi m uri u m Δ f e p E r es ult e d  i n  i n v asi o n  l e v els  c o m p ar a bl e  t o  t h os e  d e m o nstr at e d  b y  its  W T 

c o u nt er p art ( Fi g ur e 4. 5 0 B), f urt h er s u p p orti n g t h e r ol e of F e p E i n i nt erf eri n g wit h i n v asi o n. 

T h e eff e ct  of  f e p E- m e di at e d v er y  l o n g O- a nti g e n  c h ai ns  o n  p yr o pt o sis  a n d  i nfl a m m as o m e 

a cti v ati o n  d uri n g  S . T y p hi m uri u m  i nf e cti o n of  T H P- 1  c ells w as n e xt  i n v e sti g at e d. Pr eli mi n ar y 

e x p eri m e nts s u g g est e d t h at o v er e x pr essi o n of f e p E i n W T S. T y p hi m uri u m i n d e e d pr e v e nt e d i n d u cti o n 

of  p yr o pt o sis  i n T H P- 1  c ells,  as w ell  as a cti v ati o n  of  c as p as e- 1  a n d  I L- 1 8, as  w ell  as c as p as e- 4  ( n ot 

s h o w n),  f urt h er s u p p orti n g  t h e h y p ot h esis t h at v er y  l o n g O- a nti g e n  c h ai ns  i nt erf er e wit h 

i nfl a m m as o m e a cti v ati o n  i n m a cr o p h a g es.  T o  f urt h er v ali d at e  t h e fi n di n gs wit h  S.  P ar at y p hi  A,  t h e 

eff e ct  of  t h e l o ss of  v er y  l o n g O- a nti g e n  c h ai ns  o n  i nfl a m m as o m e a cti v ati o n  w as n e xt  i n v esti g at e d. 

Si mil arl y t o t h e r ol e of v er y l o n g O- a nti g e n c h ai ns d uri n g i nf e cti o n wit h S. P ar at y p hi A, d el eti o n o f f e p E 

r es ult e d i n a s m all,  b ut  st atisti c all y  si g nifi c a nt,  i n cr e as e i n c ell d e at h  tri g g er e d b y  S.  T y p hi m uri u m, 

w hi c h w as r e st or e d t o W T l e v els u p o n c o m pl e m e nt ati o n wit h pl as mi d- b or n e f e p E ( Fi g ur e 4.5 1 A).  

B a ct eri al i nt er n alis ati o n of S. T y p hi m uri u m W T a n d Δ f e p E b y T H P- 1 c ells w as i n disti n g uis h a bl e, 

s u g g esti n g  t h at l o ss of  v er y  l o n g O- a nti g e n  c h ai ns  di d  n ot  pr o m ot e  p h a g o c yt o sis  ( Fi g ur e 4. 5 1 B). 

P h a g o c yt o sis  b y  T H P- 1  c ells  r e v e al e d t h at t h e c o m pl e m e nt e d  str ai n w as i nt er n alis e d  at  l o w er r at es 
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c o m p ar e d t o W T S. T y p hi m uri u m, alt h o u g h t his diff er e n c e w as n ot f o u n d t o b e st atisti c all y si g nifi c a nt 

(Fi g ur e 4 .5 1 B). T his r es p o ns e w as pr o b a bl y d u e t o e x c es si v e pr o d u cti o n of F e p E. T h es e r es ults s u g g est 

t h at i nt erf eri n g wit h i nfl a m m as o m e a cti v ati o n a n d p yr o pt o sis i n a m a n n er d e p e n d e nt o n  F e p E -

m e di at e d pr o d u cti o n of v er y l o n g O -a nti g e n L P S c h ai ns is s h ar e d b y t y p h oi d al a n d N T S s er o v ars.  

4. 1 9  S. P ar at y p hi A -i n d u c e d i nfl a m m a s o m e a cti v ati o n i n h u m a n m o n o c yt e-
d eri v e d m a cr o p h a g e s ( M D M s)  

T h e i nt er a cti o ns of S. P ar at y p hi A wit h M D Ms  r e m ai n p o orl y i n v esti g at e d. T h er ef or e, it w as n e xt ai m e d 

t o e x a mi n e w h et h er o bs er v ati o ns i n T H P-1 c ells ar e r e pli c at e d i n pri m ar y M D M s. Pr eli mi n ar y d at a wit h 

S. T y p hi s h o w e d t h at M D M s a r e n ot r es p o nsi v e t o i nf e cti o n wit h t y p h oi d al S al m o n ell a  t o t h e s a m e

l e v els as T H P-1 c ells; M OI of 1 5 tri g g er e d u n d et e ct a bl e l e v els of c ell d e at h c o m p ar e d t o u ni nf e ct e d 

c ells, i n c o ntr ast t o i nf e cti o n wit h S. T y p hi m uri u m w hi c h l e a ds t o >  3 0 % c ell d e at h i n M D M s at M OI 1 5 

( n ot s h o w n). M OI of 3 0 tri g g er e d ~ 2 1 % c ell d e at h i n M D M i nf e ct e d wit h S. T y p hi T y 2 ( o n e r e p e at, n ot 

s h o w n). T h er ef or e, t o as c ert ai n w h at M OI w o ul d b e o pti m al f or i n v e sti g ati o n of p yr o pt oti c c ell d e at h 

d uri n g S . P ar at y p hi A 9 1 5 0 i nf e cti o n i n t h es e c ells, M D M s w er e i nf e ct e d wit h S. P ar a t y p hi A 9 1 5 0 W T 

a n d Δ i n v A at v ari o us M OIs . T h es e e x p eri m e nts r e v e al e d t h at S. P ar at y p hi A 9 1 5 0 tri g g er e d l o w c ell 

Fi g ur e 4 .5 1  V er y l o n g O -a nti g e n c h ai n s li mit S.  T y p hi m uri u m -i n d u c e d p yr o pt o si s. 

( A) T H P -1 c ells w er e i nf e ct e d wit h S . T y p hi m uir u m ( T m; M OI 1 5) a s i n di c at e d a n d p yr o pt osis w as d et er mi n e d at

3 h p o st i nf e cti o n b y PI u pt a k e.  ( B) Z -V A D -F M K -tr e at e d T H P-1 c ells w er e i nf e ct e d wit h as i n di c at e d a n d b a ct eri al 

i nt er n alis ati o n w as a s s es s e d b y g e nt a mi ci n pr ot e cti o n a s s a y s at 1. 5 h p o st i nf e cti o n. Gr a p h s s h o w m e a n s ± S E M 

fr o m t hr e e i n d e p e n d e nt r e p e at s. St atisti c al a n al y sis b y r e p e at e d m e as ur es o n e-w a y A N O V A f oll o w e d b y 

c orr e cti o n f or m ulti pl e c o m p aris o n s. *, p  < 0. 0 5; n s, n ot si g nifi c a nt. T h es e e x p eri m e nts w er e c o n d u ct e d b y J . 

S a n c h ez -G arri d o.  
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d e at h e v e n at hi g h M OIs ( M OI 1 0 0) ; h o w e v er, t h e eff e ct of M OI i n cr e as e o n c ell d e at h r e a c h e d a 

pl at e a u as M OIs i n cr e as e d , a n d i nf e cti o n s  at M OI 1 0 0 a n d M OI 7 5 i n d u c e d si mil ar l e v els of c ell d e at h  

(Fi g ur e 4 .5 2 ). F urt h er , S. P ar at y p hi A 9 1 5 0 i n d u c e d S PI -1 T 3 S S -d e p e n d e nt c ell d e at h e v e n at l o w M OIs 

(Fi g ur e 4 .5 2 ). T h er ef or e, M OI 7 5 w as s el e ct e d f or f urt h er e x p eri m e nts i n M D M s, w hi c h is hi g h er t h a n 

M OI 5 0 w hi c h w as pr e vi o usl y us e d i n T H P -1 c ells.  

M D M s w er e n e xt i nf e ct e d wit h S. P ar at y p hi A 9 1 5 0 or S. P ar at y p hi A E D 1 9 9 t o c o m p ar e t h e 

a bilit y of t h e t w o str ai ns t o i n d u c e c ell d e at h i n M D M s. S. P ar at y p hi A E D 1 9 9 i n d u c e d si g nifi c a ntl y m or e 

Fi g ur e 4 .5 2  S.  P ar at y p hi A i n d u c e s S PI -1 -

d e p e n d e nt c ell d e at h i n M D M s .  

M D Ms w er e i nf e ct e d wit h S.  P ar at y p hi A W T or 

Δ i n v A at s eri al M OIs a n d c ell d e at h w as 

d et er mi n e d b y PI u pt a k e at 3 h p ost i nf e cti o n. 

S y m b ol c ol o urs m at c h d o n ors. Li n es s h o w 

m e a n s fr o m t w o r e p e at s. St atisti c al a n al y sis b y 

m at c h e d  t w o -w a y  A N O V A  f oll o w e d  b y 

c o rr e cti o n f or m ulti pl e c o m p aris o n s. *,  p  < 0. 0 5; 

* *, p  < 0. 0 1; * * *,  p  < 0. 0 0 1.  

Fi g ur e 4 .5 3  S.  P ar at y p hi A E D 1 9 9 tri g g er s hi g h er l e v el s of c ell d e at h i n M D M s c o m p ar e d t o S . 

P ar at y p hi A 9 1 5 0.  

( A) M D Ms w er e i nf e ct e d wit h S . P ar at y p hi A 9 1 5 0 ( 9 1 5 0; M OI 7 5) or E D 1 9 9 ( E D 1 9 9; M OI 7 5) or S . T y p hi m uri u m

( T m; M OI 1 5) a n d c ell d e at h w as d et er mi n e d at 3 h p ost i nf e cti o n.  ( B) Z -V A D -F M K -tr e at e d M D Ms w er e i nf e ct e d 

as i n di c at e d a n d b a ct eri al i nt er n alis ati o n w as as s es s e d b y g e nt a mi ci n pr ot e cti o n as s a y s at 1. 5 h p o st i nf e cti o n. 

S y m b ol c ol o urs m at c h d o n or s a cr o s s b ot h p a n els. B ars s h o w m e a n s ± S E M. St atisti c al a n al y sis b y r e p e at e d 

m e as ur es o n e -w a y A N O V A. *, p  < 0. 0 5;  n s, n ot si g nifi c a nt.  
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c ell d e at h i n M D Ms c o m p ar e d t o S. P ar at y p hi A ( Fi g ur e 4 .5 3 A), w hi c h w as n ot m e di at e d b y i n cr e as e d 

b a ct eri al i nt er n alis ati o n b y M D M s ( Fi g ur e 4 .5 3 B ). As a c o m p aris o n, M DM s w er e i nf e ct e d wit h 

S. T y p hi m uri u m at a l o w er M OI ( M OI 1 5) a n d, alt h o u g h it w as p h a g o c yt o s e d m or e t h a n S. P ar at y p hi A

E D 1 9 9 ( Fi g ur e 4 .5 3 B), it c a us e d sli g htl y l o w er c ell d e at h ( Fi g ur e 4 .5 3 A ). 

Si mil arl y, S. P ar at y p hi A E D 1 9 9 l e d t o hi g h er s e cr eti o n of I L-1 β i n c o m p aris o n t o S. P ar at y p hi A 

9 1 5 0  (Fi g ur e 4 .5 4 A) , alt h o u g h S. P ar at y p hi A 9 1 5 0 a n d E D 1 9 9 i n d u c e d si mil ar l e v els of T N F s e cr eti o n 

(Fi g ur e 4 .5 4 B). I nf e cti o n of M D M s wit h S. T y p hi m uri u m l e d t o r o b ust I L -1 β  s e cr eti o n ( Fi g ur e 4 .5 4 A), 

w hil e T N F s e cr eti o n w as m or e v ari e d b et w e e n d o n ors ( Fi g ur e 4 .5 4 B) a n d w as si mil ar t o t h e l o w T N F 

s e cr eti o n s e e n wit h T H P -1 c ells d uri n g S. T y p hi m uri u m i nf e cti o n.  T h es e r es ults s u g g est e d t h at 

S. P ar at y p hi A E D 1 9 9 ( as w ell as S. T y p hi m uri u m) tri g g er e d hi g h er i nfl a m m as o m e a cti v ati o n i n

c o m p aris o n t o S. P ar at y p hi A 9 1 5 0, i n k e e pi n g wit h t h e r es ult s o bt ai n e d wit h T H P -1 c ells a n d f urt h er 

s u p p orti n g t h at cli ni c al S. P ar at y p hi A is ol at es ar e m or e i m m u n o g e ni c i n h u m a n m a cr o p h a g es t h a n 

S. P ar at y p hi A 9 1 5 0, w hi c h is a hi g hl y att e n u at e d str ai n.

Fi g ur e 4 .5 4  S.  P ar at y p hi A E D 1 9 9 tri g g er s hi g h er l e v el s of I L-1 β  i n M D M s c o m p ar e d t o S.  P ar at y p hi A 

9 1 5 0 , i n d e p e n d e ntl y of c ell pri mi n g.  

M D Ms w er e i nf e ct e d wit h S.  P ar at y p hi A 9 1 5 0 or E D 1 9 9 ( M OI 7 5) or S.  T y p hi m uri u m ( T m; M OI 1 5) a n d ( A) I L-1 β  

a n d ( B) T N F pr o d u cti o n w as d et er mi n e d at 3 h p ost i nf e cti o n. S y m b ol c ol o urs m at c h d o n ors a cr oss b ot h p a n els. 

B ars s h o w m e a n s ± S E M fr o m si x  d o n ors. St atisti c al a n al y sis b y r e p e at e d m e as ur es o n e -w a y A N O V A, f oll o w e d 

b y c orr e cti o n f or m u lti pl e c o m p aris o n s. * *,  p  < 0. 0 1 . 
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It w as n e xt i n v esti g at e d w h et h er M D M s r es p o n d t o i nf e cti o n wit h S. P ar at y p hi A t hr o u g h a 

si mil ar m e c h a nis m as T H P -1 c ells. T o c o nfir m t h at M D M s u n d er g o c as p as e -d e p e n d e nt p yr o pt o sis, 

M D M s w er e tr e at e d wit h Z -V A D -F M K . I niti al e x p eri m e nts i n di c at e d t h at c ell d e at h at 3 h p o st i nf e cti o n 

di d n ot r es ult i n a si g nifi c a nt  diff er e n c e i n c ell d e at h b et w e e n D M S O a n d Z -V A D -F M K -tr e at e d M D Ms, 

a n d t h er ef or e c ell d e at h w as m o nit or e d o v er ti m e.  As Z -V A D -F M K  is a n irr e v ersi bl e c as p as e i n hi bit or, 

hi g h e x pr essi o n of c as p as es i n M D M s m a y h a v e r es ult e d i n Z -V A D -F M K  n ot b ei n g a bl e t o effi ci e ntl y 

i n hi bit c as p as es at l at er ti m e p oi nts at  t h e a d mi nist er e d c o n c e ntr ati o n. I n d e e d, bl o c ki n g of c ell d e at h 

w as d et e ct a bl e at e arli er ti m e p oi nts d uri n g  i nf e cti o n wit h S. P ar at y p hi A ( Fi g ur e 4 .5 5 A ). A n e arli er 

ti m e p oi nt w as t h us c h o s e n f or c o m p aris o n; Z-V A D -F M K -tr e at m e nt of M D M s si g nifi c a ntl y r e d u c e d c ell 

d e at h i n d u c e d b y S. P ar at y p hi A 9 1 5 0 or S. P ar at y p hi A E D 1 9 9 at 9 0 mi n p o st i nf e cti o n ( Fi g ur e 4 .5 5 B ), 

s u g g esti n g t h at c ell d e at h w as c as p as e -d e p e n d e n t si mil arl y t o T H P-1 c ell d e at h tri g g er e d b y 

S. P ar at y p hi A.

A d diti o n all y, sil e n ci n g of G S D M D  b y s m all i nt erf eri n g R N A (si R N A) i n M D M s w as al s o 

att e m pt e d i n or d er t o v erif y its c o ntri b uti o n t o p yr o pt osis d uri n g i nf e cti o n wit h S. P ar at y p hi A. 

H o w e v er, effi ci e nt sil e n ci n g c o ul d n ot b e att ai n e d, as ass ess e d b y i m m u n o bl otti n g a g ai nst G S D M D i n 

M D M l ys a t e s, a n d t h us c o n cl usi o ns c o ul d n ot b e dr a w n ( n ot s h o w n). P arti al sil e n ci n g i n M D M s 

o bt ai n e d fr o m o n e d o n or s u g g est e d a r e d u cti o n i n c ell d e at h, i n di c ati n g t h at S. P ar at y p hi A -tri g g er e d 

c ell d e at h i n M D M s is p yr o pt oti c. T o v ali d at e t h es e fi n di n gs, t e sti n g i n c ells fr o m m ulti pl e d o n ors a n d 

f oll o wi n g o pti mi z ati o n of G S D MD -t ar g eti n g si R N A c o n c e ntr ati o n s h o ul d b e c arri e d o ut i n t h e f ut ur e. 

Fi g ur e 4 .5 5  S.  P ar at y p hi A tri g g er s c a s p a s e -d e p e n d e nt c ell d e at h i n M D Ms . 

( A) D M S O or Z -V A D -F M K -tr e at e d M D Ms w er e i nf e ct e d wit h S . P ar at y p hi A 9 1 5 0 or E D 1 9 9 ( M OI 7 5) a n d c ell

d e at h w as m o nit or e d o v er ti m e.  ( B) C ell d e at h at 9 0 mi n p o st i nf e cti o n is s h o w n. S y m b ol c ol o urs m at c h d o n ors. 

St atisti c al c o m p aris o n b y t w o -w a y A N O V A. B ars s h o w m e a n s ± S E M fr o m f o ur i n d e p e n d e nt r e p e at s. *, p  < 0. 0 5.  
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D es pit e t h e k n o w n r o b ust a cti v ati o n of N ai p -N L R C 4 i n m uri n e m a cr o p h a g es d uri n g i nf e cti o n 

wit h S. T y p hi m uri u m  ( Y a n g et al. , 2 0 1 3; M a n et al. , 2 0 1 3, 2 0 1 4 b; Br o z et al. , 2 0 1 0 b; Re y es R uiz et al. , 

2 0 1 7) , a si mil ar  r ol e f or t h e h u m a n N AI P-N L R C 4 i nfl a m m as o m e c o ul d n ot b e o bs er v e d wit h T H P -1 c ells 

d uri n g i nf e cti o n wit h S. P ar at y p hi A or S. T y p hi. It w as h y p ot h esi z e d t h at t h e l o w er e x pr e ssi o n of N AI P 

i n T H P-1 c ells c o m p ar e d t o pri m a r y M D M s ( K ort m a n n, Br u b a k er & M o n a c k, 2 0 1 5), w as r es p o nsi bl e f or 

t h e l a c k of a r ol e of N AI P-N L R C 4 d uri n g i nf e cti o n of T H P -1 c ells wit h t y p h oi d al S al m o n ell a . I n d e e d, 

M D M s e x hi bit e d a m ar k e dl y hi g h er e x pr essi o n of N AI P c o m p ar e d t o T H P -1 c ells ( Fi g ur e 4 .5 6 ).  

T h er ef or e, t o n e xt as c ert ai n w h et h er N AI P -N L R C 4 w as a cti v at e d d uri n g i nf e cti o n of M D Ms 

wit h S. P ar at y p hi A, N AI P w as sil e n c e d i n M D M s b y si R N A pri or t o i nf e cti o n. M D M s w er e als o tr e at e d 

wit h D M S O or M C C 9 5 0, i n or d er t o i n v esti g at e t h e eff e ct o f sil e n ci n g b ot h N L R P 3 a n d N L R C 4. T h e 

effi ci e n c y of N AI P sil e n ci n g w as v ari a bl e b et w e e n d o n ors ( Fi g ur e 4 .5 7 A), w hi c h m a y h a v e b e e n a r es ult 

of diff er e nti al N AI P e x pr essi o n i n diff er e nt d o n ors. I nf e cti o n of M D M s wit h S. P ar at y p hi A 9 1 5 0 

r es ult e d i n v er y l o w l e v els of c ell d e at h, w hi c h w as eit h er d e p e n d e nt o n t h e d o n ors or t h e l e v el of S PI -

1 i n d u cti o n i n t his e x p eri m e nt ( as w ell as t h at pr es e nt e d i n Fi g ur e 4 .5 9  i n w hi c h M D M s ori gi n at e d fr o m 

t h e s a m e t hr e e d o n ors). N ev ert h el ess, M D M i nf e cti o n wit h S. P ar at y p hi A E D 1 9 9 or S. T y p hi m uri u m 

r es ult e d i n r o b ust c ell d e at h p er mitti n g c o m p aris o ns b et w e e n tr e at m e nts. Sil e n ci n g of N AI P a n d/ or 

p h ar m a c ol o gi c al i n hi biti o n of N L R P 3 di d n ot aff e ct p yr o pt osis tri g g er e d b y eit h er S. P ar at y p hi A E D 1 9 9 

or S. T y p hi m uri u m ( Fi g ur e 4 .5 7 B). F urt h er m or e, I L -1 β  s e cr eti o n w as si mil ar b et w e e n M D M s tr e at e d 

wit h N AI P -t ar g eti n g si R N A or n o n-t ar g eti n g C T R L si R N A (Fi g ur e 4 .5 7 C), s u g g esti n g t h at N AI P -N L R C 4 di d 

n ot c o ntri b ut e t o c ell d e at h of M D M s u p o n i nf e cti o n wit h S. P ar at y p hi A E D 1 9 9 or S. T y p hi m uri u m, i n 

li n e wit h o bs er v ati o ns wit h T H P-1 c ells pr es e nt e d h er e.  

Fi g ur e 4 .5 6  N AI P e x pr e ssi o n i n M D Ms i s si g nifi c a ntl y 

hi g h er t h a n i n T H P -1 c ell s.   

E x pr es si o n of N AI P i n M D M a n d T H P -1 c ells w as d et er mi n e d 

b y i m m u n o bl otti n g of N AI P i n c ell l y s at es of u ni nf e ct e d c ells. 

T his bl ot w as pr o d u c e d b y J . S a n c h ez -G arri d o.  
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T o f urt h er i n v esti g at e t h e r ol e of N L R P 3, as w ell as c as p as e -8, i n c ell d e at h i n d u cti o n i n M D Ms 

b y S. P ar at y p hi A, M D M s w er e tr e at e d wit h M C C 9 5 0 a n d/ or Z -I E T D-F M K  pri or t o i nf e cti o n. M C C 9 5 0 -

m e di at e d i n hi biti o n r es ult e d i n a si g nifi c a nt r e d u cti o n i n p yr o pt o sis tri g g er e d b y S. P ar at y p hi A 9 1 5 0 

i n M D M s, w hil e it di d n ot h a v e a si mil ar eff e ct o n S. P ar at y p hi A E D 1 9 9 -i n d u c e d c ell d e at h (Fi g ur e 

4 .5 8 A). C as p as e -8 i n hi biti o n r es ult e d o nl y i n a m o d er at e r e d u cti o n of c ell d e at h d uri n g M D M i nf e cti o n 

wit h S. P ar at y p hi A 9 1 5 0 ( Fi g ur e 4 .5 8 A). I L -1 β  s e cr eti o n d uri n g M D M i nf e cti o n wit h S. P ar at y p hi A 9 1 5 0 

or S. P ar at y p hi A E D 1 9 9 w as a p p e ar e d t o b e u n aff e ct e d b y tr e at m e nt wit h M C C 9 5 0 or Z -I E T D-F M K , 

li k el y d u e t o t h e hi g h v ari ati o n b et w e e n d o n ors (Fi g ur e 4 .5 8 B ). Alt h o u g h it di d n ot r e a c h st atisti c al 

si g nifi c a n c e, Z -I E T D-F M K  tr e at m e nt l e d t o a m o d er at e r e d u cti o n of I L-1 β  s e cr eti o n b y M D M s d uri n g 

i nf e cti o n, s u g g esti n g t h at c as p as e-8 m a y n ot dir e ctl y aff e ct p yr o pt o sis b ut it m a y i nfl u e n c e c yt o ki n e 

m at ur ati o n a n d s e cr eti o n d uri n g M D M i nf e cti o n wit h S. P ar at y p hi A.  

Fi g ur e 4 .5 7  Eff e ct of N AI P sil e n ci n g o n M D M i nf e cti o n wit h S . P ar at y p hi A. 

(Α ) si R N A -m e di at e d sil e n ci n g of N AI P i n M D Ms w as as s es s e d b y i m m u n o bl otti n g of N AI P i n c ell l y s at es. S a m pl e 

pr e p ar ati o n a n d bl ot b y J . S a n c h ez -G arri d o. ( B) M D Ms pr e -tr e at e d wit h C T R L or N AI P-t ar g eti n g si R N A w er e 

tr e at e d wit h D M S O or M C C 9 5 0 pri or t o i nf e cti o n wit h S . P ar at y p hi A 9 1 5 0 ( 9 1 5 0; M OI 7 5), S . P ar at y p hi A E D 1 9 9 

( E D 1 9 9; M OI 7 5) or S . T y p hi m uri u m ( T m; M OI 1 5) a n d c ell d e at h w as d et er mi n e d at 3 h p o st i nf e cti o n. ( C) M D Ms 

tr e at e d wit h C T R L or N AI P-t ar g eti n g si R N A w er e i nf e ct e d as i n B a n d I L-1 β s e cr eti o n w as d et er mi n e d at 3 h p o st 

i nf e cti o n. Gr a p h s s h o w m e a n s ± S E M fr o m t hr e e i n d e p e n d e nt r e p e at s. St atisti c al a n al ysis b y t w o-w a y A N O V A. 

S y m b ol c ol o urs i n di c at e d o n ors a n d ar e m at c h e d a cr os s all p a n els.  
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D at a o bt ai n e d wit h T H P -1 c ells s u g g est e d t h at c as p as e -4 pl a y e d a n i m p ort a nt r ol e d uri n g 

i nf e cti o n wit h S. P ar at y p hi A. T h er ef or e, t h e r ol e of c as p as e -4 i n M D M i nf e cti o n w as n e xt t est e d. 

C as p as e -4 w as sil e n c e d vi a si R N A i n M D Ms; effi ci e nt sil e n ci n g w as s h o w n  b y i m m u n o bl otti n g a g ai nst 

c as p as e -4 i n M D M c ell l ys at e ( Fi g ur e 4 .5 9 A). A d diti o n all y, M D M c ells tr a nsf e ct e d wit h E. c oli  O 1 1 1: B 4  

L P S f or 3 h s h o w e d a m ar k e d r e d u cti o n of >  2 -f ol d i n c ells wit h si R N A-m e di at e d c as p as e -4 sil e n ci n g 

(Fi g ur e 4 .5 9 B), i n di c ati n g f u n cti o n al sil e n ci n g o f c as p as e -4. M D M c ells pr e -tr e at e d wit h n o n-t ar g eti n g 

si R N A or si R N A a g ai nst c as p as e -4 wit h or wit h o ut t h e a d diti o n of M C C 9 5 0 w er e i nf e c t e d wit h 

S. P ar at y p hi A 9 1 5 0, S. P ar at y p hi A E D 1 9 9 or S. T y p hi m uri u m. H o w e v er, sil e n ci n g of c as p as e -4 a n d/ or

p h ar m a c ol o gi c al i n hi biti o n of N L R P 3 di d n ot aff e ct c ell d e at h i n d u c e d b y a n y of t h e b a ct eri al str ai ns 

t e st e d (Fi g ur e 4 .5 9 C). Si mil arl y, si R N A -m e di at e d c as p as e -4 sil e n ci n g di d n ot i m p a ct o n I L -1 β  s e cr eti o n 

tri g g er e d b y S. P ar at y p hi A str ai ns or S. T y p hi m uri u m ( Fi g ur e 4 .5 9 D). S. T y p hi m uri u m h as pr e vi o usl y 

b e e n s h o w n t o r el y o n I F N γ  tr e at m e nt of M D M s i n or d er t o i n d u c e c as p as e-4 -d e p e n d e nt p yr o pt o sis 

( Fis c h et al. , 2 0 1 9 a, 2 0 1 9 b), w hi c h is i n li n e wit h fi n di n gs pr es e nt e d h er e. T h er ef or e, it is p o ssi bl e t h at 

a si mil ar pri mi n g w o ul d h a v e b e e n r e q uir e d pri or t o S. P ar at y p hi A i nf e cti o n of M D M s i n or d er t o tri g g er 

c as p as e -4 -d e p e n d e nt p yr o pt o sis. It is w ort h n oti n g t h at, d es pit e i n cr e asi n g t h e a d mi nist er e d M C C 9 5 0 

c o n c e ntr ati o n t o 5 μ M c o m p ar e d t o 2 μ M gi v e n t o T H P -1 c ells, M C C 9 5 0 h a d a v ari a bl e eff e ct o n M D Ms 

fr o m diff er e nt d o n ors ( c o m p ar e Fi g ur e 4 .5 7 , Fi g ur e 4 .5 8 , a n d Fi g ur e 4 .5 9 ). T h e r e as o n f or t his mi g ht 

h a v e b e e n diff er e n c es i n N L R P 3 e x pr essi o n b et w e e n d o n ors.  

Fi g ur e 4 .5 8  Eff e ct of N L R P 3 a n d c a s p a s e -8 i n hi biti o n i n M D M i nf e cti o n wit h S.  P ar at y p hi A.  

M C C 9 5 0 a n d/ or Z -I E T D-F M K -tr e at e d M D M s w er e i nf e ct e d wit h S . P ar at y p hi A 9 1 5 0 or E D 1 9 9 ( M OI 7 5). ( A) C ell 

d e at h a n d ( B) I L-1 β  s e cr eti o n w er e d et er mi n e d at 3 h p o st i nf e cti o n. B ars s h o w m e a n s ± S E M. S y m b ol c ol o urs 

i n di c at e d o n ors ( m at c hi n g a cr o s s p a n els). St atisti c al a n al y sis b y m at c h e d t w o-w a y A N O V A f oll o w e d b y c orr e cti o n 

f or m ulti pl e c o m p aris o n s. *,  p  < 0. 0 5.  
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Fi g ur e 4 .5 9  Eff e ct of si R N A -m e di at e d c a s p a s e -4 sil e n ci n g o n M D M i nf e cti o n wit h S.  P ar at y p hi A . 

 (Α ) si R N A -m e di at e d sil e n ci n g of N AI P i n M D Ms w as as s es s e d b y i m m u n o bl otti n g of c as p as e -4 i n c ell l y s at es fr o m 

all d o n ors. Bl ot w as pr o d u c e d b y J . S a n c h ez -G arri d o. ( B) M D Ms pr e -tr e at e d wit h C T R L or C A S P 4-t ar g eti n g si R N A 

w er e tr a n sf e ct e d wit h E. c oli  O 1 1 1: B 4 L P S f or 3 h a n d c ell d e at h w as d et er mi n e d. ( C) M D Ms pr e -tr e at e d wit h 

C T R L or C A S P 4 -t ar g eti n g si R N A w er e tr e at e d wit h D M S O or M D D 9 5 0 pri or t o i nf e cti o n wit h S . P ar at y p hi A 9 1 5 0 

( 9 1 5 0; M OI 7 5), S.  P ar at y p hi A E D 1 9 9 ( E D 1 9 9; M OI 7 5) or S.  T y p hi m uri u m ( T m; M OI 1 5 ) a n d c ell d e at h w a s 

d et er mi n e d at 3 h p o st i nf e cti o n. ( D) M D Ms tr e at e d wit h C T R L or C A S P 4 -t ar g eti n g si R N A w er e i nf e ct e d as i n (C ) 

a n d I L -1 β s e cr eti o n w as d et er mi n e d at 3 h p o st i nf e cti o n. Err or b ar s s h o w m e a n s ± S E M fr o m t hr e e i n d e p e n d e nt 

r e p e at s. St atisti c al a n al y sis b y t w o-w a y A N O V A. S y m b ol c ol o urs i n di c at e d o n ors a n d ar e m at c h e d a cr o s s all 

p a n els.  
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4. 2 0  T h e r ol e of v er y l o n g O -a nti g e n c h ai n s d uri n g i nf e cti o n of M D M s wit h 
S al m o n ell a  

T h e r ol e of v er y l o n g O -a nti g e n c h ai ns d uri n g i nf e cti o n of M D M s wit h S. P ar at y p hi A 9 1 5 0 w as n e xt 

s o u g ht. L o ss of v er y l o n g O -a nti g e n c h ai ns r es ult e d i n o nl y a m o d er at e i n cr e as e i n S. P ar at y p hi A 9 1 5 0 -

i n d u c e d c ell d e at h i n M D M c ells (Fi g ur e 4 .6 0 A).  H o w e v er, c o m pl e m e nt ati o n of t h e m ut a nt str ai n 

tri g g er e d si g nifi c a ntl y l o w er c ell d e at h i n M D M s c o m p ar e d t o t h e W T c o u nt er p art ( Fi g ur e 4 .6 0 Α ), 

w hi c h w as  pr o b a bl y a r es ult of e x c es si v e pr o d u cti o n of F e p E i n t his str ai n m e di at i n g i nt erf er e n c e wit h 

i n d u cti o n of h o st c ell d e at h. All S. P ar at y p hi A 9 1 5 0 f e p E str ai ns w er e si mil arl y p h a g o c yt o s e d b y M D M s 

(Fi g ur e 4 .6 0 B) ; t h us v er y l o n g O -a nti g e n c h ai ns  pl a y n o r ol e  i n i nt erf eri n g wit h b a ct eri al u pt a k e b y h ost 

M D M s . Si mil arl y, i nf e cti o n of M D M s wit h S. P ar at y p hi A 9 1 5 0 Δ f e p E a n d t h e c o m pl e m e nt e d str ai n 

r es ult e d i n si mil ar l e v els of I L -1 β  pr o d u cti o n ( Fi g ur e 4 .6 1 A), as w ell as T N F pr o d u cti o n ( Fi g ur e 4 .6 1 B), 

s u g g esti n g t h at i n cr e as es i n L P S O -a nti g e n c h ai n l e n gt h di d n ot aff e ct h ost c ell pri mi n g. All str ai ns 

i n d u c e d si g nifi c a ntl y hi g h er pr o d u cti o n of I L-1 β  a n d T N F c o m p ar e d t o UI c ell s ( Fi g ur e 4 .6 1 A -B), s h o wi n g 

t h at c ells ar e s uffi ci e ntl y r e c o g nis e d b y M D M s.  

Fi g ur e 4 .6 0  T h e r ol e of v er y l o n g O -a nti g e n c h ai n s d uri n g M D M s i nf e cti o n wit h S.  P ar at y p hi A 9 1 5 0 .  

( A) M D Ms w er e i nf e ct e d wit h S.  P ar at y p hi A 9 1 5 0 ( 9 1 5 0; M OI 7 5) as i n di c at e d a n d c ell d e at h w as d et er mi n e d

b y PI u pt a k e at 3 h p o st i nf e cti o n. ( B) Z -V A D -F M K -tr e at e d M D Ms w er e i nf e ct e d as i n di c at e d a n d p h a g o c yt o sis 

w as d et er mi n e d at 1. 5 h p o st i nf e cti o n. S y m b ol c ol o urs r e pr es e nt d o n ors m at c h e d a cr o ss b ot h p a n els. Gr a p h s 

s h o w m e a n s ± S E M a n d st atisti c al a n al y sis w as p erf or m e d b y r e p e at e d m e as ur es o n e -w a y A N O V A. * *,  p  < 0. 0 1;  

n s, n ot si g nifi c a nt.  
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Gi v e n t h at o v er e x pr essi o n of f e p E a p p e ar e d t o b e i nt erf eri n g wit h tri g g eri n g of p yr o pt o sis i n 

M D M s d uri n g i nf e cti o n wit h S. P ar at y p hi A 9 1 5 0, it w as n e xt h y p ot h esis e d t h at o v er e x pr essi o n of f e p E 

i n S. P ar at y p hi A E D 1 9 9 m a y li mit e n h a n c e d p yr o pt o sis i n M D M s. T o t his e n d, pl as mi d -e n c o d e d  f e p E 

w as i ntr o d u c e d i nt o S. P ar at y p hi A E D 1 9 9 a n d M D M s w er e i nf e ct e d. H o w e v er, M D M s i nf e ct e d wit h 

S. P ar at y p hi A E D 1 9 9 o v er e x pr essi n g f e p E u n d er w e nt si mil ar l e v els of p yr o pt o sis a s M D M s i nf e ct e d

wit h S. P ar at y p hi A e x pr essi n g o nl y e n d o g e n o us f e p E (Fi g ur e 4 .6 3 A).  M D M s p h a g o c yt o s e d S. P ar at y p hi 

A E D 1 9 9 o v er e x pr essi n g f e p E at l o w er , b ut n ot si g nifi c a nt, l e v el s (Fi g ur e 4 .6 3 B).  

A d diti o n all y, t h e l e v els of I L -1 β  pr o d u c e d b y M D M s d uri n g i nf e cti o n wit h S. P ar at y p hi A E D 1 9 9 

wit h or wit h o ut o v er e x pr essi n g f e p E w er e si mil ar ( Fi g ur e 4 .6 2 A), as w er e t h e l e v els of T N F pr o d u cti o n 

(Fi g ur e 4 .6 2 B), s u g g esti n g t h at o v er e x pr essi o n of F e p E di d n ot l e a d t o diff er e nt h o st c ell pri mi n g. 

I n d e e d, o v er e x pr essi o n of f e p E i n S. P ar at y p hi A E D 1 9 9 o nl y  sli g htl y aff e ct e d t h e el e ctr o p h or eti c 

m o bilit y of L P S i n t his str ai n ( Fi g ur e 4 .6 2 C), s u g g esti n g t h at eit h er t his str ai n h as a d diti o n al r e g ul at or y 

m e c h a n is m s f or L P S O-a nti g e n l e n gt h or e x o g e n o us f e p E c o ul d n ot b e assi mil at e d i n t h e e n d o g e n o us 

r e g ul at or y n et w or k.  

Fi g ur e 4 .6 1  T h e r ol e of v er y l o n g O -a nti g e n c h ai ns i n c yt o ki n e s e cr eti o n b y M D M s d uri n g i nf e cti o n 

wit h S.  P ar at y p hi A 9 1 5 0 .  

M D Ms w er e i nf e ct e d wit h S.  P ar at y p hi A 9 1 5 0 ( 9 1 5 0; M OI 7 5) as i n di c at e d a n d ( A) I L-1 β s e cr eti o n a n d ( B) T N F 

s e cr eti o n w er e d et er mi n e d at 3 h p o st i nf e cti o n. S y m b ol c ol o urs r e pr es e nt d o n ors m at c h e d a cr os s b ot h p a n els. 

Err or b ar s s h o w m e a n s ± S E M a n d st atisti c al a n al ysis w as p erf or m e d b y r e p e at e d m e a s ur es o n e -w a y A N O V A 

f oll o w e d b y c orr e cti o n f or m ulti pl e c o m paris o n s.  *,  p  < 0. 0 5; * *, p  < 0. 0 1.  
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Fi g ur e 4 .6 3  T h e eff e ct of f e p E o v er e x pr e s si o n o n S.  P ar at y p hi A E D 1 9 9 -i n d u c e d M D M s c ell d e at h.  

( A) M D Ms w er e i nf e ct e d wit h S.  P ar at y p hi A E D 1 9 9 ( E D 1 9 9; M OI 7 5) as i n di c at e d a n d c ell d e at h w as d et er mi n e d 

at 3 h p o st i nf e cti o n. ( B) Z -V A D -F M K -tr e at e d M D Ms w er e i nf e ct e d wit h S . P ar at y p hi A E D 1 9 9 a n d b a ct eri al 

i nt er n alis ati o n w as as s es s e d b y g e nt a mi ci n-r esist a nt as s a ys at 1. 5 h p o st i nf e cti o n. Err or b ar s s h o w m e a n s ± 

S E M. S y m b ol c ol o urs i n di c at e d o n ors, w hi c h m at c h a cr os s b ot h p a n els. St atisti c al a n al ysis b y r e p e at e d m e as ur es 

o n e -w a y A N O V A.  n s, n ot si g nifi c a nt.  

Fi g ur e 4 .6 2  Eff e ct of f e p E o v er e x pr e s si o n o n S.  P ar at y p hi A E D 1 9 9 -i n d u c e d c yt o ki n e pr o d u cti o n b y 
M D M s.  

M D Ms w er e i nf e ct e d wit h S.  P ar at y p hi A E D 1 9 9 ( E D 1 9 9; M OI 7 5) as i n di c at e d a n d ( A) I L-1 β  a n d ( B) T N F s e cr eti o n 

w er e d et er mi n e d at 3 h p o st i nf e cti o n. ( C) El e ctr o p h or eti c m o bilit y of t ot al L P S of i n di c at e d S. P ar at y p hi A E D 1 9 9 

str ai n s as s es s e d b y S D S -P A G E a n d sil v er st ai ni n g. Err or b ars s h o w m e a n s ± S E M. S y m b ol c ol o urs i n di c at e d o n ors, 

w hi c h m at c h a cr os s b ot h p a n els. St atisti c al a n al y sis b y p air e d St u d e nt’ s t-t est. n s, n ot si g nifi c a nt.  
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Fi n all y, t h e r ol e of v er y l o n g O -a nti g e n i n p yr o pt o sis i n d u cti o n w as i n v esti g at e d d uri n g M D M 

i nf e cti o n wit h S. T y p hi m uri u m. Si mil ar t o o bs er v ati o ns wit h T H P -1 c ells, l o ss of v er y l o n g O -a nti g e n 

c h ai ns all o w e d i n d u cti o n of m o d er at el y hi g h er p yr o pt o sis i n M D M s, w hil e i nf e cti o n wit h t h e 

c o m pl e m e nt e d str ai n r es ult e d i n si g nifi c a ntl y l o w er c ell d e at h c o m p ar e d t o W T ( Fi g ur e 4 .6 4 A). T h e 

diff er e n c es o bs er v e d i n c ell d e at h l e v els b et w e e n S. T y p hi m uri u m  W T, Δ f e p E a n d t h e c o m pl e m e nt e d 

str ai n w er e n ot m e di at e d b y diff er e n c es i n p h a g o c yt o sis b y M D M s ( Fi g ur e 4 .6 4 B). I t is w ort h n oti n g 

t h at t h e c o m pl em e n t e d str ai n w as i nt er n alis e d m o d er at el y l ess t h a n W T S. T y p hi m uri u m a n d Δ f e p E, 

alt h o u g h t his r e d u cti o n di d n ot r e a c h st atisti c al si g nifi c a n c e. T h es e r es ults s u g g est t h at v er y l o n g O -

a nti g e n c h ai ns ar e c a p a bl e of li miti n g p yr o pt o sis d uri n g i nf e cti o n wit h S. T y p hi m uri u m i n a si mil ar 

m a n n er t o S. P ar at y p hi A.  

Fi g ur e 4 .6 4  T h e r ol e of v er y l o n g O -a nti g e n c h ai n s d uri n g i nf e cti o n of M D M s wit h S.  T y p hi m uri u m . 

( A) M D Ms w er e i nf e ct e d wit h S.  T y p hi m uri u m ( T m; M OI 1 5) as i n di c at e d a n d c ell d e at h w as d et er mi n e d b y PI 

u pt a k e at 3 h p o st i nf e cti o n. ( B) Z -V A D -F M K -tr e at e d M D M s w er e i nf e ct e d as i n di c at e d a n d p h a g o c yt o sis w as 

d et er mi n e d at 1. 5 h p o st i nf e cti o n. S y m b ol c ol o urs r e pr es e nt d o n ors m at c h e d a cr o s s b ot h p a n els. Err or b ar s 

s h o w m e a n s ± S E M a n d st atisti c al a n al y sis w as p erf or m e d b y r e p e at e d m e as ur es o n e -w a y A N O V A. *, p < 0. 0 5 ; 

n s, n ot si g nifi c a nt.  
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4. 2 1  f e p E e x pr e s si o n i n v er s el y c orr el at e s wit h p yr o pt o si s d uri n g i nf e cti o n wit h 
S al m o n ell a  

E x p eri m e nts pr es e nt e d a b o v e s u g g est e d t h at b ot h S. P ar at y p hi A E D 1 9 9 a n d S. T y p hi m uri u m i n d u c e d 

hi g h er i nfl a m m as o m e a cti v ati o n a n d c ell d e at h c o m p ar e d t o S. P ar at y p hi A 9 1 5 0 , w hil e o v er e x pr essi o n 

of f e p E i n t h e c o m pl e m e nt e d Δ f e p E str ai ns r es ult e d i n e x a g g er at e d p h e n ot y p es, p arti c ul arl y i n 

S . T y p hi m uri u m . T o s e e w h et h er t h e diff er e n c e i n c ell d e at h i n d u c e d b y S . P ar at y p hi A 9 1 5 0, E D 1 9 9 

a n d S.  T y p hi m uri u m w as tr u e at t h e diff er e nt M OIs us e d i n pr e vi o us e x p eri m e nts,  T H P -1 c ells w er e 

i nf e ct e d at M OI 5 0, w hi c h h as b e e n us e d f or S. P ar at y p hi A, M OI 1 5, w hi c h h a s b e e n us e d f or 

S.  T y p hi m uri u m, a n d M OI 2 5 as a n i nt er m e di at e i nf e cti o n c o n diti o n, a n d c ell d e at h a n d I L -1 β  

pr o d u cti o n w as d et er mi n e d at 3 h p o st i nf e cti o n. S. P ar at y p hi A 9 1 5 0 tri g g er e d l o w er c ell d e at h ( Fi g ur e 

4 .6 5 A) a n d I L -1 β  (Fi g ur e 4 .6 5 B) s e cr eti o n at all M OIs t e st e d c o m p ar e d t o S. P ar at y p hi A E D 1 9 9 a n d 

S.  T y p hi m uri u m. T h er ef or e, g i v e n t h at f e p E-m e di at e d pr o d u cti o n of v er y l o n g O -a nti g e n c h ai ns 

pr e v e nt e d p yr o pt o sis, it w as h y p ot h esis e d t h at S. P ar at y p hi A 9 1 5 0 m a y b e eli citi n g a l o w 

i nfl a m m as o m e si g n alli n g r es p o ns e d u e t o hi g h e x pr essi o n of f e p E. T o t est t his, f e p E e x pr essi o n w as 

Fi g ur e 4 .6 5  f e p E e x pr e ssi o n i n v er s el y c orr el at es wit h S al m o n ell a -i n d u c e d T H P-1 p yr ot p o si s.   

T H P -1 c ells w er e i nf e ct e d wit h S . P ar at y p hi A 9 1 5 0 ( 9 1 0 5), S . P ar at y p hi A E D 1 9 9 ( E D 1 9 9) a n d S . T y p hi m uri u m 

( T m) at i n cr e asi n g M OIs. ( A) C ell d e at h a n d ( B) I L-1 β s e cr eti o n w er e d et er mi n e d at 3 h p o st i nf e cti o n. ( C) f e p E 

e x pr es si o n w as d et er mi n e d b y R T -q P C R o n b a ct eri a gr o w n t o l at e e x p o n e nti al p h as e. T h e l o g v al u e of t h e f ol d 

c h a n g e is e x pr es s e d as c h a n g e of S. P ar at y p hi A 9 1 5 0 or E D 1 9 9 c o m p ar e d t o S . T y p hi m uri u m f e p E e x pr es si o n. 

B ars s h o w m e a n s ± S E M fr o m ( A -B) t w o or ( C) f o ur i n d e p e n d e nt r e p e at s. St atisti c al a n al y sis b y ( A -B) t w o -w a y 

A N O V A or ( C) r e p e at e d m e as ur es o n e -w a y A N O V A. *, p  < 0. 0 5 . 
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d e t er mi n e d i n S. P ar at y p hi A 9 1 5 0 a n d S. P ar at y p hi A E D 1 9 9 c o m p ar e d t o S. T y p hi m uri u m. I n d e e d, S. 

P ar at y p hi A 9 1 5 0 e x pr ess e d f e p E at si g nifi c a ntl y hi g h er l e v els t h a n S. T y p hi m uri u m ( Fi g ur e 4 .6 5 C). S. 

P ar at y p hi E D 1 9 9, w hi c h tri g g er e d hi g h er c ell d e at h t h a n S. P ar at y p hi A 9 1 5 0 b ut l o w er t h a n S. 

T y p hi m uri u m, e x pr ess e d f e p E at i nt er m e di at e l e v els b et w e e n t h e t w o str ai ns ( Fi g ur e 4 .6 5 C). T h es e 

r es ults t h us s u g g est t h at f e p E e x pr essi o n i n v ers el y c orr el at e s wit h i nfl a m m as o m e a cti v ati o n a n d 

p yr o pt o sis i n d u c e d b y S al m o n ell a  (i n d e p e n d e ntl y of t h e s er o v ar); hi g h er e x pr essi o n of f e p E r es ults  i n 

l o w er l e v els of p yr o pt oti c c ell d e at h.  

4. 2 2  Di s c u s si o n 

T h e m e c h a nis m s of t y p h oi d al S al m o n ell a , a n d p arti c ul arl y S. P ar at y p hi A , p at h o g e n esis ar e p o orl y 

u n d erst o o d. T h e r e s ults i n t his c h a pt er d e m o nstr at e t h at b ot h S. P ar at y p hi A a n d S. T y p hi tri g g er 

p yr o pt oti c c ell d e at h i n h u m a n m a cr o p h a g es. H o w e v er, c ell d e at h is c o nsi d er a bl y l o w er t h a n t h at 

i n d u c e d b y t h e N T S S. T y p hi m uri u m, i n  li n e wit h pr e vi o us r e p orts f or S . T yp hi ( K ort m a n n, Br u b a k er & 

M o n a c k, 2 0 1 5; Wi nt er et al. , 2 0 1 5) a n d i n  k e e pi n g wit h t h e a bilit y of t y p h oi d al S al m o n ell a  t o e v a d e 

i n n at e i m m u nit y ( Hi y o s hi et al. , 2 0 1 8 a; J o h ns o n, M yl o n a & Fr a n k el, 2 0 1 8). Li miti n g of p yr o pt o sis b y 

S . P ar at y p hi A a n d S . T y p hi is s p e c ul at e d t o b e b e n efi ci al f or t h e p at h o g e n t o eit h er es c a p e killi n g b y

e xtr a c ell ul ar m e c h a nis m s f oll o wi n g c ell d e at h a n d r el e as e of t h e b a ct eri a [s u c h as p or e -i n d u c e d 

i ntr a c ell ul ar tr a ps, PI Ts (J or g e n s e n et al. , 2 0 1 6)] a n d/ or, m or e li k el y, t o pr o m ot e s ur vi v al of t h e h o st 

c ell a n d t h us i n cr e as e diss e mi n ati o n of t h e p at h o g e n wit hi n m a cr o p h a g es t o s y st e mi c sit es.  

I nt er esti n gl y, it w as  f o u n d t h at m a cr o p h a g e p yr o pt o sis is m o d ul at e d i n a dis p ar at e m a n n er b ot h b y 

t h e h o st a n d b y eit h er  S . P ar at y p hi A or S . T y p hi. F urt h er m or e, t his st u d y, as w ell as ot h er r e p orts 

( Bi ers c h e n k et al. , 2 0 1 9; K ort m a n n, Br u b a k er & M o n a c k, 2 0 1 5; Y a n g et al. , 2 0 1 3), s u g g est t h at m uri n e 

a n d h u m a n m a cr o p h a g es m a y e x pl oit i nfl a m m as o m e si g n alli n g i n diff er e nt w a y s i n r es p o ns e t o 

b a ct eri al p at h o g e n.  

S. T y p hi i n d u c e d c as p as e -d e p e n d e nt p yr o pt o sis; h o w e v er, a d o mi n a nt r ol e f or a s p e cifi c

i nfl a m m as o m e p at h w a y c o ul d n ot b e i d e ntifi e d, s u g g esti n g t h at r e d u n d a nt p at h w a y s ar e at pl a y. 

Si m ult a n e o us i n hi biti o n of b ot h N L R P 3 a n d N AI P -N L R C 4 a cti v ati o n s e e m t o  r es ult i n sli g htl y l o w er 

a cti v ati o n of c as p as e -1, w hi c h h o w e v er d o es  r efl e ct o n c ell d e at h or I L-1 8 m at ur ati o n . U p o n I F N γ 

pri mi n g , w hi c h r es ults i n G B P -m e di at e d v a c u ol e disr u pti o n  ( S h e n o y et al. , 2 0 1 2; Fis c h et al. , 2 0 1 9 a; 

S a nt o s et al. , 2 0 1 8), S. T y p hi T y 2 w as r e c o g ni z e d b y N L R P 3. T his m a y h a v e b e e n t h e r es ult of c as p as e -

4 -m e di at e d r e c o g niti o n of t h e p at h o g e n  u pstr e a m of N L R P 3 , si mil ar t o o bs er v ati o ns pr e vi o usl y m a d e
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wit h S. T y p hi m uri u m ( Fi s c h et al., 2 0 1 9 a). T esti n g t h e eff e ct of I F N γ pri mi n g o n C A S P 4mi R  c ells will ai d 

i n d et er mi ni n g w h et h er t his is t h e c as e.  

T h e vir ul e n c e of S . T y p hi cli ni c al is ol at es c o ul d n ot b e dir e ctl y c o m p ar e d t o t h e r ef er e n c e str ai n 

( T y 2). H o w e v er, it w as o bs er v e d t h at, alt h o u g h S. T y p hi H 5 8 cli ni c al is ol at e h a v e b e e n s u g g est e d t o b e 

m or e vir ul e nt t h a n n o n -H 5 8 str ai ns (J o h ns o n et al. , 2 0 1 8), t his w as n ot t h e c as e h er e i n t er m s of 

i n d u cti o n of p yr o pt o sis i n c o m p aris o n wit h a n ot h er cir c ul ati n g S. T y p h i g e n ot y p e, s u g g esti n g t h at t h e 

s u c c ess of t his cl a d e m a y li e o n ot h er str at e gi es s u c h as a nti bi oti c r esist a n c e ( H olt et al. , 2 0 1 1, 2 0 0 7), 

a n d/ or e n h a n c e d s ur vi v al a n d vir ul e n c e i n bil e a n d t h us u p o n t h e d e v el o p m e nt of t h e c arri er st at e 

(J o h ns o n et al. , 2 0 1 8).  

S. P ar at y p hi A i n d u c e d c as p as e -d e p e n d e nt p yr o pt o sis i n h u m a n m a cr o p h a g es . M or e 

s p e cifi c all y, t h e a cti viti es of c as p as e -1, c as p as e -4 a n d c as p as e -8, m ai nl y vi a N L R P 3 , r es ult e d i n 

a cti v ati o n of i nfl a m m as o m es a n d G S D M D -m e di at e d c ell d e at h d uri n g i nf e cti o n wit h S. P ar at y p hi A 

9 1 5 0 ( Fi g ur e 4 .6 6 ). T h es e pr ot ei ns h a v e als o b e e n i m pli c at e d i n p yr o pt o sis b y S. T y p hi m uri u m ( Br o z et 

al. , 2 0 1 0 b; M a n et al. , 2 0 1 4 b; R e y es R uiz et al. , 2 0 1 7; M a n et al. , 2 0 1 3; K a y a g a ki et al. , 2 0 1 5; S hi et al. , 

2 0 1 5; Fis c h et al. , 2 0 1 9 a; C ass o n et al. , 2 0 1 5; Fis c h et al. , 2 0 1 9 b; Br o z et al. , 2 0 1 0 a, 2 0 1 2; G ur u n g et 

al. , 2 0 1 2). P h ar m a c ol o gi c al a n d g e n eti c sil e n ci n g s u p p ort t h e r ol es of c as p as e -4 i n d et e cti n g b a ct eri a 

a n d a cti v ati n g t h e N L R P 3 -A S C -c as p as e -1/ 8 i nfl a m m as o m e. I n t his st u d y, A S C w a s s h o w n t o h a v e a n 

i m p ort a nt r ol e d uri n g i nfl a m m as o m e a cti v ati o n b y S. P ar at y p hi A ; w hil e A S C m a y b e dis p e ns a bl e f or 

p yr o pt o sis tri g g er e d b y S. T y p hi m uri u m i n h u m a n m a cr o p h a g es, as it w as f o u n d h er e a n d r e p ort e d b y 

Bi ers c h e n k et al.  (2 0 1 9) , it is r e q uir e d f or p yr o pt o sis i n d u c e d b y S. P ar at y p hi A. C as p as e -4 w as s h o w n 

t o b e u pstr e a m of c as p as e-8 a n d/ or N L R P 3, b ut it w as n ot i n v esti g at e d at w h at l e v el A S C is s p e cifi c all y 

i n v ol v e d. It is e x p e ct e d t o b e r e cr uit e d b y N L R P 3, b ut it m a y als o b e r e cr uit e d b y a n u ni d e ntifi e d s e ns or 

or at diff er e nt l e v els of t h e si g n alli n g p at h w a y. A S C h as b e e n s h o w n t o b e r e cr uit e d i n a l ar g e 

i nfl a m m as o m e c o m pl e x d uri n g i nf e cti o n wit h S. T y p hi m uri u m, t o g et h er wit h N L R P 3, N L R C 4 , c as p as e-

1  a n d c as p as e -8 ( M a n et al. , 2 0 1 4 b, 2 0 1 3). H o w e v er, a d o mi n a nt r ol e of t h e N AI P-N L R C 4 

i nfl a m m as o m e c o ul d n ot b e i d e ntifi e d d uri n g i nf e cti o n wit h S . P ar at y p hi A, d es pit e its i n v ol v e m e nt i n 

S. T y p hi m uri u m i nf e cti o n ( Y a n g et al. , 2 0 1 3; Br o z et al. , 2 0 1 0 b; M a n et al. , 2 0 1 4 b; K ort m a n n, Br u b a k er 

& M o n a c k, 2 0 1 5; R e y es R ui z et al. , 2 0 1 7; Z h a o et al. , 2 0 1 1). I n hi biti o n of b ot h N L R P 3 a n d N L R C 4 di d 

n ot c o m p l et el y a b olis h c as p as e-1 a cti v ati o n or p yr o pt osis d uri n g i nf e cti o n wit h S. P ar at y p hi A , 

s u g g esti n g t h e a cti v ati o n of a n alt er n ati v e p yr o pt oti c c ell d e at h p at h w a y . E x p eri m e nts wit h a c as p as e -

8 i n hi bit or r e v e al e d t h at c as p as e -8 als o c o ntri b ut e d t o c ell d e at h  b y S. P ar at y p hi A.  T his m a y b e 

e x pl ai n e d b y t h e k n o w n a bilit y of c as p as e -8 t o i n d u c e G S D M D cl e a v a g e ( Or ni n g et al., 2 0 1 8; S ar h a n et 

al., 2 0 1 8) ; a lt er n ati v el y, c as p as e-8 m a y c o ntri b ut e t o pri mi n g a n d/ or p o sttr a nsl ati o n al m o dif i c ati o n of 
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N L R P 3 ( G ur u n g et al., 2 0 1 4; V a n O p d e n b o s c h et al., 2 0 1 7). As si m ult a n e o us i n hi biti o n of c as p as e -4, 

c as p as e -8, a n d N L R P 3 di d n ot c o m pl et el y pr e v e nt p yr o pt osis d uri n g S. P ar at y p hi A i nf e cti o n, ot h er 

p at h w a y s, p o ssi bl y  t hr o u g h A S C, m a y b e i n v ol v e d i n d et e cti n g S. P ar at y p hi A i nf e cti o n ( Fi g ur e 4. 6 9 ), 

w hi c h w arr a nt f urt h er i n v esti g ati o n .  

O n t h e p at h o g e n si d e, t h e S PI -1 T 3 S S i n b ot h S. P ar at y p hi A a n d S. T y p hi is r e q uir e d f or 

i nfl a m m as o m e a cti v ati o n a n d i n d u cti o n of p yr o pt osis , si mil ar t o w h at h as b e e n r e p ort e d f or 

S.  T y p hi m uri u m ( M ari at h a s a n et al. , 2 0 0 4; Mi a o et al. , 2 0 0 6; Bi ers c h e n k et al. , 2 0 1 9; C ass o n et al. , 

2 0 1 5) . T h e i m p ort a n c e of S PI-1  T 3 S S  i n i m m u n e r e c o g niti o n is s h ar e d wit h cli ni c al is ol at e s b el o n gi n g 

t o eit h er  t y p h oi d al S al m o n ell a  s er o v ar, a n d t h us cli ni c al v ari a nts  wit h hi g h er e x pr essi o n of S PI -1 r es ult 

i n hi g h er l e v els of c ell d e at h d uri n g i nf e cti o n of  h u m a n m a cr o p h a g es. Alt h o u g h S PI -1 T 3 S S di d n ot 

m e di at e i niti al b a ct eri al u pt a k e of S. P ar at y p hi A or S. T y p hi b y m a cr o p h a g es, it f a cilit at e d S. P ar at y p hi 

A es c a p e t o t h e c yt os ol, w hil e S. T y p hi es c a p e d t o t h e c yt o s ol i n d e p e n d e ntl y of S PI -1 , p o ssi bl y 

s u g g esti n g a p at h o g e n -i n d e p e n d e nt m e c h a nis m f or p h a g o s o m e disr u pti o n. N e v ert h el ess, t h e l o w 

t y p h oi d al S al m o n ell a  es c a p e t o t h e c yt o s ol  c orr el at e s wit h l o w er a cti v ati o n of i nfl a m m as o m es, w hi c h 

m a y i n di c at e a m e c h a nis m of e v a di n g p at h o g e n r e c o g niti o n b y i ntr a c ell ul ar h o st c ell s e ns ors. Alt h o u g h 

i n h er e nt diff er e n c es b et w e e n s er o v ars i n t h e S PI-1 str u ct ur al pr ot ei ns m a y p artl y m e di at e t his, as is 

t h e c as e of t h e hi g hl y si mil ar Si p C of S.  T y pi h m uri u m a n d t h e h o m ol o g I p a C i n S hi g ell a  ( D u et al. , 2 0 1 6), 

it is m or e li k el y t h at hi g h er S PI-1 e x pr essi o n a n d/ or T 3 S S a cti vit y ar e r e s p o nsi bl e. I n k e e pi n g wit h t his, 

t h e hig h er l e v el of S PI -1 e x pr essi o n i n S. P ar at y p hi A cli ni c al is ol at e s w as c o nsist e nt wit h t h eir a bilit y 

t o c a us e m or e p yr o pt osis. F urt h er m or e, alt h o u g h es c a p e t o t h e c yt o s ol b y cli ni c al v ari a nt s or b y 

o v er e x pr essi n g t h e S PI -1 i n S . P ar at y p hi A 9 1 5 0 r e m ai ns t o b e d et er mi n e d,  S. P ar at y p hi A 9 1 5 0 

Fi g ur e 4 .6 6  Pr o p o s e d m o d el f or S . P ar at y p hi A 

i nfl a m m as o m e a cti v ati o n i n T H P-1 c ell s.   

S.  P ar at y p hi A tri g g ers c as p as e -4 d e p e n d e nt 

i nfl a m m as o m e a cti v ati o n w hi c h r es ults i n p yr o pt oti c 

c ell d e at h, as w ell as a cti v ati o n of N L R P 3 a n d/ or 

c as p as e -8. A S C is r e q uir e d f or p yr o pt o sis b y S.  P ar at y p hi 

A vi a N L R P 3 a n d p os si bl y vi a a n ot h er as of y et 

u ni d e nt ifi e d m e c h a nis m. C as p as e-8 m a y c o ntri b ut e t o 

i nfl a m m as o m e a cti v ati o n vi a N L R P 3 pri mi n g a n d/ or 

dir e ct G S D M D cl e a v a g e.  A c as p as e -4 -i n d e p e n d e nt, A S C 

a n d/ or c as p as e 1/ 8 -d e p e n d e nt p at h w a y is als o 

s u g g est e d t o b e a cti v at e d.  L os s of v er y l o n g O -a nti g e n 

c h ai n s r e g u l at e d vi a F e p E r es ults i n e n h a n c e d 

i nfl a m m as o m e a cti v ati o n d uri n g i nf e cti o n of h u m a n 

m a cr o p h a g es wit h S . P ar at y p hi A 9 1 5 0. 
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i nt er n aliz ati o n b y m a cr o p h a g es w as e n h a n c e d o n c e S PI-1 w as o v er e x pr ess e d b y Hil A, w hi c h i n t ur n 

r es ult e d i n m or e c ell d e at h. T h es e r e s ults c oll e cti v el y s u g g est t h at S. P ar at y p hi A 9 1 5 0 m a y li mit S PI -1 

e x pr essi o n as a n i m m u n e e v a si o n m e c h a nis m , w hi c h m a y al s o e x pl ai n t h e l a c k of a si g nifi c a nt r ol e f or 

N AI P -N L R C 4 i n i nfl a m m as o m e a cti v ati o n a n d c ell d e at h .  

A m aj or diff er e n c e b et w e e n S. P ar at y p hi A a n d S. T y p hi is t h e pr es e n c e of t h e Vi a nti g e n i n t h e 

l att er, w hil e S. P ar at y p hi A pr o d u c es v er y l o n g O -a nti g e n c h ai ns r e g ul at e d b y F e p E. Alt h o u g h  t h e Vi 

a nti g e n of S. T y p hi i nt erf er e d wit h i n v asi o n i n H e L a c ells  ( Bis h o p et  al. , 2 0 0 8), a r ol e i n li miti n g 

i nfl a m m as o m e a cti v ati o n w as n ot i d e ntifi e d i n t h e s etti n gs t e st e d h er ei n. T his s u g g est s t h at t h e 

pr es e n c e of t h e Vi a nti g e n d o es n ot pr e v e nt i ntr a c ell ul ar r e c o g niti o n of S. T y p hi b y i nfl a m m as o m es , i n 

li n e wit h a pr e vi o us r e p ort ( Wi nt er et al. , 2 0 1 5), e v e n u p o n i n d u ci n g effi ci e nt S PI-1 e x pr essi o n . T h us, 

w hil e  t h e T vi A r e g ul at or m a y h a v e a n i m p ort a nt r ol e i n li miti n g i n d u cti o n of p yr o pt osis b y S. T y p hi 

i n dir e ctl y ( Wi nt er et al., 2 0 1 5), t h e p h y si c al pr es e n c e of t h e Vi a n d/ or i ntr a c ell ul ar e x pr essi o n a n d 

pr o d u cti o n of t h e c a ps ul e is n ot dir e ctl y i n v ol v e d i n i ntr a c ell ul ar s hi el di n g of t h e p at h o g e n. S. T y p hi 

m a y t h er ef or e h a v e a d diti o n al i m m u n e e v asi o n str at e gi es a g ai nst i nfl a m m as o m e a cti v ati o n. T o t his 

e n d, t h e r ol e of t h e S. T y p hi -s p e cifi c  T 3 S S eff e ct or St o D w as i n v esti g at e d; h o w e v er, a r ol e of t his 

eff e ct or i n p yr o pt osis i n d u cti o n or pr e v e nti o n w as n ot i d e ntifi e d. T h e r ol e of ot h er vir ul e n c e f a ct ors, 

a n d p o ssi bl y p ut ati v e T 3 S S eff e ct ors ( Fr a n k el a n d P u p k o gr o u ps, u n p u blis h e d d at a), i n m o d ul ati n g 

i nfl a m m as o m e a cti v ati o n w arr a nt f urt h er i n v esti g ati o n. 

O n t h e ot h er h a n d, v er y l o n g O -a nti g e n c h ai ns pr o d u c e d b y S. P ar at y p hi A w er e s h o w n t o 

i nt erf er e wit h h o st c ell-p at h o g e n i nt er a cti o ns. V er y l o n g L P S O -a nti g e n c h ai ns ar e pr o d u c e d b y t h e 

p ol ys a c c h ari d e c o p ol y m er as e F e p E. It w as s h o w n h er e t h at S. P ar at y p hi A v er y l o n g O -a nti g e n c h ai ns 

i nt erf er e d wit h h o st e pit h eli al c ell i n v asi o n. O v er e x pr essi o n of f e p E i nt erf er es wit h h o st c ell i n v asi o n 

i n a simil ar m a n n er t o S. s o n n ei  o v er e x pr e ssi n g its O a nti g e n c a ps ul e ( C a b o ni et al. , 2 0 1 5). I m p ort a ntl y, 

t h e v er y l o n g L P S O-a nti g e n c h ai ns s u p pr ess e d S. P ar at y p hi A -i n d u c e d i nfl a m m as o m e a cti v ati o n a n d 

p yr o pt o sis wit h o ut pr o m oti n g es c a p e fr o m t h e v a c u ol e t o t h e c yt o s ol. T h e O -a nti g e n c h ai n s h a v e  b e e n 

s h o w n t o li mit t h e a c c essi bilit y of t h e S. T y p hi m uri u m ( H öl z er et al., 2 0 0 9), S . fl e x n eri ( W est et al., 

2 0 0 5)  a n d S . s o n n ei  ( C a b o ni et al. , 2 0 1 5) T 3 S S t o t h e h o st li pi d bil a y er a n d is t h us s p e c ul at e d t h at v er y 

l o n g O-a nti g e n c h ai ns i n S. P ar at y p hi A m a y h a v e a si mil ar r ol e. It s h o ul d, h o w e v er, b e n ot e d t h at it is 

u n cl e ar w h y t his w o ul d i m p a ct o nl y n o n -p h a g o c yti c c ell i n v asi o n a n d n ot u pt a k e b y m a cr o p h a g es or 

i ntr a c ell ul ar e s c a p e fr o m t h e v a c u ol e, s u g g esti n g di sti n ct m e c h a nis m s of i nt er n alis ati o n i nt o 

m a cr o p h a g es a n d tri g g eri n g e pit h eli al c ell i n v asi o n. E x pr essi o n of f e p E w h e n S. P ar at y p hi A is 

i ntr a c ell ul ar is u n k n o w n. V er y l o n g O-a nti g e n c h ai ns m a y b e r e q uir e d f or s ur vi v al of S. T y p hi m uri u m i n 

S C V s  as m o d ell e d b y gr o wt h i n mi ni m al m e di a i n vitr o  ( Sil v a et al. , 2 0 1 8). T h er ef or e, gi v e n its r ol e i n 
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i m m u n e e v asi o n, it w o ul d b e e x p e ct e d t h at S. P ar at y p hi A e x pr ess e s f e p E i ntr a c ell ul arl y. I n f a ct, it i s 

p o ssi bl e t h at t h e diff er e n c es i n c as p as e -4 c o ntri b uti o n d uri n g i nf e cti o n wit h S. P ar at y p hi A a n d S. T y p hi 

m a y h a v e t o d o wit h i ntr a c ell ul ar e x pr essi o n of f e p E a n d Vi g e n es. T o d et er mi n e t h e eff e ct of v er y l o n g 

O -a nti g e n c h ai ns o n  t h e ass e m bl y a n d a cti vit y o f S PI-1 T 3 S S, tr a nsl o c ati o n of T 3 S S eff e ct or pr ot ei ns

i nt o h o st c ells u p o n d el eti o n of f e p E s h o ul d b e t est e d i n t h e f ut ur e, as w ell as t h e i ntr a c ell ul ar f e p E 

e x pr essi o n. Alt er n ati v el y, d uri n g e pit h eli al c ell i nf e cti o n, v er y l o n g O -a nti g e n c h ai ns m a y i m p a ct  o n t h e 

pr o xi mit y of ot h er att a c h m e nt a n d i n v asi o n vir ul e n c e f a ct ors t o t h e h o st c ell m e m br a n e.  

C o nsist e nt wit h a r ol e i n e v a di n g i nfl a m m as o m e a cti v ati o n, v er y l o n g O -a nti g e n c h ai ns i n 

S. P ar at y p hi A h a v e b e e n s h o w n t o r e d u c e a nti b o d y -m e di at e d r e c o g niti o n b y t h e h o st a n d r es pir at or y

b urst i n n e utr o p hils ( Hi y o s hi et al. , 2 0 1 8 b). A d diti o n all y, s y nt h esis  of v er y l o n g O -a nti g e n c h ai ns h a s 

b e e n s h o w n t o b e i m p ort a nt f or S. T y p hi m uri u m vir ul e n c e , as t h e y c o ntri b ut e t o c o m pl e m e nt 

r esist a n c e, bil e a ci d t ol er a n c e a n d i nt er a cti o ns wit h h ost c ells  d uri n g S. T y p hi m uri u m i nf e cti o n ( H öl z er 

et al. , 2 0 0 9; M urr a y, Attri d g e & M or o n a, 2 0 0 3, 2 0 0 6, 2 0 0 5; Cr a wf or d et al. , 2 0 1 2). I m p ort a ntl y, it w as 

f o u n d t h at f e p E e x pr essi o n is i n v ers el y c orr el at e d wit h p yr o pt o sis i n d u c e d b y S al m o n ell a  str ai ns. T h e 

e x a g g er at e d p h e n ot y p e  s e e n d uri n g i nf e cti o n wit h S. T y p hi m uri u m f e p E-c o m pl e m e nt e d str ai n, 

c o m p ar e d t o t h at s e e n i n S. P ar at y p hi A 9 1 5 0, w h er e p yr o pt o sis l e v els w er e m u c h l o w er t h a n t h e W T 

l e v els, is p o ssi bl y a r es ult of t h e l o w er b as al l e v els of f e p E e x pr e ssi o n i n S. T y p hi m uri u m i n c o m p aris o n 

t o S. P ar at y p hi A 9 1 5 0. T h er ef or e, o v er e x pr essi o n of f e p E i n t his str ai n e x c e e d e d t h e e n d o g e n o us l e v els 

of f e p E i n S. T y p hi m uri u m a n d h e n c e t h e e n h a n c e d i m m u n e e v asi o n a bilit y of t h e c o m pl e m e nt e d 

str ai n.  

Alt o g et h er, l o ss of v er y l o n g O -a nti g e n c h ai ns r es ult e d i n e n h a n c e d i nfl a m m as o m e a cti v at i o n, 

w hi c h w as i n d e p e n d e nt of m a cr o p h a g e pri mi n g, b a ct eri al u pt a k e or v a c u ol ar es c a p e. Alt h o u g h t h e 

a cti v ati n g si g n als of N L R P 3 a n d c as p as e -8 r e m ai n t o b e el u ci d at e d, t h es e si g n al li n g p at h w a y s w er e 

a m plifi e d i n t h e a bs e n c e of v er y l o n g O -a nti g e n c h ai ns i n S. P ar at y p hi A. As c as p as e -4 w as s h o w n t o 

b e a cti v e u pstr e a m of t h es e m ol e c ul es, it is li k el y t h at f e p E-m e di at e d e v asi o n of i nfl a m m a s o m e 

a cti v ati o n is a c hi e v e d at t h e c as p as e -4 l e v el. H u m a n m a cr o p h a g es h a v e pr e vi o usl y b e e n s h o w n t o 

d et e ct L P S t hr o u g h c as p a s e -4 d uri n g i nf e cti o n wit h S . T y p hi m uri u m ( Fis c h et al. , 2 0 1 9 b, 2 0 1 9 a; B a k er 

et al. , 2 0 1 5; C ass o n et al. , 2 0 1 5), E P E C ( G o d d ar d et al. , 2 0 1 9), Y er si ni a  ( C ass o n et al. , 2 0 1 5), a n d 

Fr a n cis ell a  ( L a gr a n g e et al. , 2 0 1 8). D uri n g S . P ar at y p hi A i nf e cti o n, t h e l e n gt h of L P S s u g ar c h ai ns mi g ht 

st eri c all y hi n d er c as p as e -4 -m e d i at e d r e c o g niti o n of li pi d-A i n t h e c yt o s ol ( S hi et al., 2 0 1 4). Th us t h e 

m o difi c ati o n of L P S O -a nti g e n p ol ys a c c h ari d e l e n gt h, w hi c h is dis p e ns a bl e f or c as p as e -4 b i n di n g 

( K a y a g a ki et al., 2 0 1 3; H a g ar et al., 2 0 1 3), c a n i n dir e ctl y r e d u c e c as p as e -4  L P S r e c o g niti o n a n d 

a cti v ati o n a n d h el p b a ct eri a e v a d e d et e cti o n i n h u m a n c ells. B a ct eri al m o difi c ati o ns of L P S a c yl ati o n, 
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f or e x a m pl e b y H eli c o b a ct er , Fr a n cis ell a  a n d Y er si ni a , h as pr e vi o usl y b e e n r e p ort e d t o s u p pr ess 

c as p as e -4/ 1 1 a cti v ati o n i n h u m a n a n d m o us e m a cr o p h a g es ( H a g ar et al., 2 0 1 3; L a gr a n g e et al., 2 0 1 8; 

S hi et al., 2 0 1 4; K a y a g a ki et al., 2 0 1 3) . H o w e v er, u nli k e m o us e c as p as e-1 1, h u m a n c as p as e -4 c a n d et e ct 

h y p o -a c yl at e d L P S fr o m Fr a n cis ell a , w hi c h i n di c at e s p e ci e s-s p e cifi c diff er e n c es t h at n e e d t o b e t a k e n 

i nt o a c c o u nt ( L a gr a n g e et al., 2 0 1 8). Ot h er m e c h a nis m s of s u b v erti n g c as p as e-4 i n e pit h eli al c ells 

i n cl u d e T 3 S S eff e ct ors t h at i n hi bit it, s u c h as Os p C 3 fr o m S hi g ell a  a n d Nl e F fr o m E P E C a n d E H E C  

( K o b a y as hi et al., 2 0 1 3; P all ett et al., 2 0 1 6), b ut n o s u c h eff e ct ors h a v e b e e n d es cri b e d i n S al m o n ell a  

t o d at e ( S a n c he z -G arri d o et al. , 2 0 2 0). O-a nti g e n -m e di at e d i n hi biti o n of c as p as e -4 a cti v ati o n m a y als o 

b e us e d b y S . s o n n ei  ( W ats o n et al. , 2 0 1 9); wh et h er ot h er b a ct eri a t h at r e g ul at e v er y l o n g O a nti g e n 

c h ai ns, s u c h as S. D u bli n a n d S. E nt eriti dis ( M urr a y, Attri d g e & M or o n a, 2 0 0 3), P s e u d o m o n as 

a er u gi n os a  ( Ki nt z et al., 2 0 0 8) a n d S . fl e x n eri ( M or o n a, D a ni els & V a n D e n B os c h, 2 0 0 3; H o n g & P a y n e, 

1 9 9 7) , m a y als o e v a d e c as p as e -4 d et e cti o n  s h o ul d b e i n v esti g at e d i n t h e f ut ur e. A k e y e x p eri m e nt 

w o ul d b e t o d et er mi n e c as p a s e -4 r e cr uit m e nt ( T h urst o n et al. , 2 0 1 6; Fis c h et al. , 2 0 1 9 a) t o i ntr a c ell ul ar 

W T S. P ar at y p hi A a n d c o m p ar e it t o t h at of S.  P ar at y p hi A Δ f e p E. F urt h er m or e, a p arti all y r e d u c e d L P S 

O -a nti g e n c h ai n l e n gt h ( e. g. vi a d el eti o n of t h e r e g ul at or w z z B ) (H öl z er et al. , 2 0 0 9) s h o ul d als o b e 

st u di e d f or its eff e ct o n i nfl a m m as o m e a cti v ati o n, w hi c h w o ul d f urt h er e n h a n c e t h e fi n di n gs pr es e nt e d 

h er e.  A d diti o n all y, alt h o u g h c as p as e -5 is s u g g est e d t o pl a y a mi ni m al r ol e i n S . T y p hi m uri u m-i n d u c e d 

i nfl a m m as o m e acti v ati o n i n h u m a n m a cr o p h a g es ( Fis c h et al. , 2 0 1 9 b; B a k er et al. , 2 0 1 5), gi v e n t h e 

dis p ar at e h o st c ell r es p o ns es t o t h es e p at h o g e ns its r ol e s h o ul d b e d et er mi n e d i n t h e c o nt e xt of 

S . P ar at y p hi A i nf e cti o n  i n t h e f ut ur e.  

T h e r ol e of v er y l o n g O -a nti g e n c h ai ns i n i nt erf eri n g wit h p yr o pt osis w as als o d e m o nstr at e d 

d uri n g M D M i nf e cti o n wit h eit h er S. P ar at y p hi A or S. T y p hi m uri u m, f urt h er s u p p orti n g t h eir 

c o ntri b uti o n i n i m m u n e e v asi o n irr es p e cti v e of ot h er vir ul e n c e f a ct ors pr o m oti n g or pr e v e nti n g 

i nfl a m m ati o n w hi c h ar e n ot s h ar e d b et w e e n t h e t w o s er o v ars. I m p ort a ntl y, M D M s r e q uir e a l ar g er 

b a ct eri al i n o c ul u m t o r es p o n d t o i nf e cti o n wit h S. P ar at y p hi A ( a n d S. T y p hi) vi a p yr o pt oti c c ell d e at h, 

w hi c h m a y r efl e ct t h e a bilit y of t y p h oi d al S al m o n ell a  t o es c a p e i nfl a m m at or y si g n alli n g. It w o ul d b e 

i nt er esti n g t o t e st s ur vi v al of t h es e s er o v ars wit hi n M D M s i n t h e f ut ur e. H o w e v er, ex p eri m e nts i n 

M D M s s u g g est e d t h at i nf l a m m as o m e si g n alli n g m a y diff er b et w e e n T H P-1 c ells a n d M D M s i n r es p o ns e 

t o S. P ar at y p hi A i nf e cti o n. W e w er e u n a bl e t o v erif y t h e c o ntri b uti o n of c as p as e -4 i n i nfl a m m as o m e 

a cti v ati o n a n d p yr o pt osis b y S. P ar at y p hi A, a n d t h e c as p as e -4 -i n d e p e n d e nt p at h w a y alr e a d y 

s u g g est e d i n T H P -1 c ells m a y h a v e a m or e pr o mi n e nt r ol e i n M D M s. Gi v e n t h e hi g h er e x pr essi o n of all 

i nfl a m m as o m e pr ot ei ns ( e. g. c as p as es, N AI P) i n M D M s c o m p ar e d t o T H P-1 c ells, it is p o ssi bl e t h at 

ot h er p at h w a y s c o m p e ns at e f or t h e l a c k of o n e ar m o f t h e si g n alli n g p at h w a y. T h er ef or e, criti c al 
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e x p eri m e nts t o b e p erf or m e d i n t h e f ut ur e w o ul d b e sil e n ci n g a n d/ or p h ar m a c ol o gi c all y i n hi biti n g 

m or e t h a n o n e s e ns or at a ti m e i n M D M s a n d t esti n g t h eir r ol e i n S. P ar at y p hi A i nf e cti o n.  

Si mil ar t o o bs er v ati o n s i n C h a pt er 3 , it is als o r e p ort e d i n t his C h a pt er t h at cli ni c al S. P ar at y p hi 

A is ol at es ar e  m or e vir ul e nt t h a n t h e pr ot ot y p e S. P ar at y p hi A 9 1 5 0 str ai n i n t er m s of  m a cr o p h a g e 

c yt ot o xi cit y, li k el y dri v e n b y e n h a n c e d S PI -1 a cti vit y , pr o m pti n g t h e r e-e v al u ati o n of t h e s uit a bilit y of 

t h e r ef er e n c e str ai n. P o ssi bl e S N P s i n S. P ar at y p hi A cli ni c al is ol at es m a y b e wit hi n g e n es r es p o nsi bl e 

f or i m m u n e a cti v ati o n. U nf ort u n at el y, cli ni c al is ol at es ar e oft e n u ns uit a bl e f or g e n eti c m a ni p ul ati o n, 

d u e t o t h e hi g h r at e of s e c o n d ar y m ut ati o ns. N e v ert h el ess, t h e d at a pr es e nt e d h er ei n s h o w e d t h at 

S. P ar at y p hi A E D 1 9 9, w hi c h h as b e e n us e d i n cli ni c al h u m a n c h all e n g e st u di es ( M c C ull a g h et al., 20 1 5;

D o bi ns o n et al., 2 0 1 7) , l ar g el y c orr es p o n ds wit h t h e p at h o g e ni cit y of ot h er cli ni c al v ari a nts i n t er ms of 

m a cr o p h a g e i n v asi o n a n d i nfl a m m as o m e a cti v ati o n. St u di es pr es e nt e d h er e s h o ul d b e t h us 

c orr o b or at e d wit h t his cli ni c al is ol at e, as w ell as cli ni c al v ari a nts is ol at e d i n diff er e nt g e o gr a p hi c al 

r e gi o ns t o r efl e ct p ossi bl e a d a pt ati o n. 

D es pit e t h e i m p ort a n c e of t h e r es ults pr es e nt e d h er e, t his st u d y h a d li mit ati o ns t h at s h o ul d 

b e a d dr ess e d i n f ut ur e st u di es. Alt h o u g h i m pli c ati o ns a b o ut t h e i nt er a cti o ns of S. P ar at y p hi A wit h 

e pit h eli al c ells ar e m a d e wit h t h e us e of H e L a c ells, it is u n d erst o o d t h at t his is n ot t h e o pti m al m o d el 

f or s u c h i n v esti g ati o ns. H e L a c ells ar e n ot a g o o d r e pr es e nt ati o n of i nt esti n al e pit h eli al c ells, as t h e y 

d o n ot ori gi n at e fr o m t his tiss u e a n d t h e y ar e n ot p ol aris e d; h o w e v er, t h e y s er v e as a g o o d m o d el t o 

i n v esti g at e t h e a cti vit y of S PI-1. T o f urt h er u n d erst a n d i nt er a cti o ns of S. P ar at y p hi A wit h e pit h eli al 

c ells, ot h er c ell li n es s h o ul d b e us e d a n d t e st w h et h er t h e p h e n ot y p es o bs er v e d h er e ar e 

p h y si ol o gi c all y r el e v a nt. F urt h er m or e, w hil e S. P ar at y p hi A 9 1 5 0 h as m or e fr e q u e ntl y b e e n us e d i n 

p u blis h e d st u di es a n d h e n c e it w as c h o s e n f or e x p eri m e nts pr es e nt e d h er ei n, gi v e n its hi g hl y 

att e n u at e d pr ofil e, a l o w -p ass a g e cli ni c al i s ol at e or a n ot h er m or e vir ul e nt r ef er e n c e str ai n s h o ul d b e 

us e d, s u c h as S. P ar at y p hi A A K U 1 2 6 0 1. As t h e g e n o m es of m or e is ol at e s b e c o m e a v ail a bl e t h es e c a n 

als o b e e x pl oit e d. M ut a nts m a d e wit h cli ni c al is ol at es s h o ul d b e s e q u e n c e d t o v erif y t h e l a c k of 

s e c o n d ar y m ut ati o ns  pri or t o e x p eri m e nts .  

I n s u m m ar y, t his c h a pt er h as s h o w n t h at S. P ar at y p hi A i n d u c es i nfl a m m as o m e -d e p e n d e nt c ell 

d e at h d uri n g i nf e cti o n of h u m a n m a cr o p h a g es  a n d s er v es as a n o v el c h ar a ct eris ati o n of p yr o pt osis 

i n d u cti o n d uri n g i nf e cti o n wit h S. P ar at y p hi A . T his pr o c ess is d e p e n d e nt o n t h e S PI-1 T 3 S S a n d is 

li mit e d b y pr o d u cti o n of v er y l o n g O-a nti g e n c h ai ns  i n b ot h T H P-1 c ells a n d M D M s . V er y l o n g O -a nti g e n 

c h ai ns c a n als o m o d ul at e p yr o pt o sis d uri n g i nf e cti o n of T H P -1 c ells a n d M D M s b y S.  T y p hi m uri u m a n d, 

criti c all y, a hi g h er e x pr essi o n of f e p E is c orr el at e d wit h a l o w er i n d u cti o n of p yr o pt osis. T h e m o d el 

pr o p o s e d b y t h e d at a o bt ai n e d h er e i n v ol v es S. P ar at y p hi A l e a di n g t o c as p as e-4 -d e p e n d e nt p yr o pt o sis 
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a n d N L R P 3 -A S C -c a ps a s e -1 a cti v ati o n  d uri n g w hi c h c as p as e -8 als o c o ntri b ut e s, li k el y vi a  N L R P 3 pri mi n g , 

G S D M D cl e a v a g e  a n d/ or i n a n u ni d e ntifi e d i nfl a m m as o m e p at h w a y. A d diti o n al c as p as e -i n d e p e n d e nt 

a n d/ or A S C -d e p e n d e nt p at h w a y s m a y als o b e i n v ol v e d. T h us, S. P ar at y p hi A i nt er a cts wit h h u m a n 

i m m u n e c ells t hr o u g h m e c h a nis m s disti n ct t o ot h er S al m o n ell a  s er o v ars. I n t h e f ut ur e, e a c h p at h w a y 

s h o w n i n Fi g ur e 4 .6 9  s h o ul d b e t ar g et e d i n a m or e s ys t e m ati c w a y b y eff e cti v e g e n eti c m a ni p ul ati o n 

( e. g. si R N A) i n M D M s t o v erif y its c o ntri b uti o n t o i nfl a m m as o m e a cti v ati o n b y S. P ar at y p hi A. 

N e v ert h el ess, o bs er v ati o ns s u c h as t h o s e o utli n e d h er e ar e criti c al f or u n d erst a n di n g h o w S. P ar at y p hi 

A (a n d ot h er i n v asi v e S al m o n ell a ) sti m ul at e i nf e cti o n a n d e v a d e i m m u n e r e c o g niti o n a n d t h us pr o vi d e 

i m p ort a nt i nsi g hts as t o h o w w e c a n cir c u m v e nt t h es e p at h w a y s. T h e i n cr e asi n g pr e v al e n c e of 

S.  P ar at y p hi A a n d t h e eff orts f or a u ni v ers al v a c ci n e d e v el o p m e nt a g ai nst e n t eri c f e v er, s u p p ort t h e 

n e e d f or f ut ur e st u di es t o f o c us o n b ett er u n d erst a n di n g of t h e vir ul e n c e m e c h a nis m s of S. P ar at y p hi 

A a n d its i nt er a cti o ns wit h h o st i m m u n e c ells.  
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5  
Fi n al c o n cl u si o n s  
a n d f ut ur e p er s p e cti v e s  

5  Fi n al c o n cl u si o n s a n d f ut ur e p er s p e cti v e s  

E nt eri c f e v er r e m ai ns a m aj or p u bli c h e alt h pr o bl e m i n mi d dl e a n d l o w -i n c o m e c o u ntri es ( W o o ds et 

al. , 2 0 0 6; St a n a w a y et al. , 2 0 1 9; S a h astr a b u d d h e et al. , 2 0 1 3; Z ell w e g er et al. , 2 0 1 7). Alt h o u g h 

i m pr o v e m e nts i n s a nit ati o n ar e  of p arti c ul ar i m p ort a n c e a n d oft e n t h e m o st eff e cti v e r o ut e t o li mit 

tr a ns missi o n of e nt eri c f e v er ( B a k er et al. , 2 0 1 1; St a n a w a y et al. , 2 0 1 9; M ar c h ell o, H o n g & Cr u m p, 

2 0 1 9) , t his oft e n e nt ails l ar g e s c al e r e or g a nis ati o n. T h er ef or e, it is cr u ci al t o d e v el o p str at e gi es t o 

t ar g et t h e c a usi n g a g e nts. C o m pr e h e n di n g t h e m e c h a nis m s b y w hi c h S.  P ar at y p hi  A a n d S.  T y p hi 

i nt er a ct wit h t h e h o st, l e a d t o dis e as e, a n d e v a d e h o st i m m u nit y ar e ess e nti al f or f a cilit ati n g t h e 

u n d ert a ki n g  of s u c h str at e gi es. H o w e v er, m u c h of t h e u n d erst a n di n g of t y p h oi d al S al m o n ell a  

p at h o g e n esis a n d vir ul e n c e c o m es fr o m st u di es i n m uri n e m o d els i nf e ct e d wit h N T S s er o v ars s u c h as 
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S. T y p hi m uri u m, d es pit e t h e m ultit u d e of diff er e n c es b et w e e n t h e t w o cl ass es o f s er o v ars ( S a b b a g h et

al. , 2 0 1 0; J o h ns o n, M yl o n a & Fr a n k el, 2 0 1 8; G al-M or, 2 0 1 9; G al -M or, B o yl e & Gr assl, 2 0 1 4) . 

F urt h er m or e, as S.  T y p hi is t h e m ai n c a us e of e nt eri c f e v er i n e n d e mi c c o u ntri es, t h e m ol e c ul ar 

p at h o g e n esis of S.  P ar at y p hi A h as attr a ct e d littl e i nt er est. M a n y e pi d e mi ol o gi c al st u di es n o w i n di c at e 

t h e s ur g e i n t h e i n ci d e n c e of S.  P ar at y p hi A ( Z ell w e g er et al. , 2 0 1 7; Z h o u et al. , 2 0 1 4; S a h astr a b u d d h e 

et al. , 2 0 1 3; K ar k e y et al. , 2 0 1 3), as w ell as i n M D R fr e q u e n c y ( S a h a str a b u d d h e et al. , 2 0 1 3; D o n g ol et 

al. , 2 0 1 2; Z ell w e g er et al. , 2 0 1 7), t h us r aisi n g t h e p o ssi bilit y of it b e c o mi n g t h e n e xt m ai n c a us e of 

e nt eri c f e v er wit hi n t h e n e xt f e w y e ars ( B a k er, K ar k e y & P arr y, 2 0 1 4).  

M o st st u di es s o f ar h a v e f o c us e d o n t h e e pi d e mi ol o g y of S.  P ar at y p hi A ( K ar k e y et al. , 2 0 1 3; 

Z ell w e g er et al. , 2 0 1 7; Z h o u et al. , 2 0 1 4); h e n c e, s y st e m ati c c h ar a ct eris ati o n of S.  P ar at y p hi A i n t er ms 

of its m ol e c ul ar vir ul e n c e a n d p at h o g e n esis is l a c ki n g ( Hi y o s hi et al. , 2 0 1 8 b; El h a d a d et al. , 2 0 1 6, 

2 0 1 5 b, 2 0 1 5 a; G al -M or et al. , 2 0 1 2). T h e m ai n ai ms of t his st u d y w er e t h us t o i n v esti g at e t h e 

p at h o g e ni c m e c h a nis m s us e d b y S.  P ar at y p hi A d uri n g e x p o s ur e t o bil e a n d d uri n g i nt er a cti o ns wit h 

h o st c ells , f o c ussi n g o n m a cr o p h a g es, t w o as p e cts t h at m a y pr o v e t o b e us ef ul f or u n d erst a n di n g t h e 

s y st e mi c p h as e of e nt eri c f e v er.  T hr o u g h o ut t his pr oj e ct, S.  P ar at y p hi A w as c o m p ar e d t o S.  T y p hi.  T his 

is d u e t o t h e f a ct t h at, w hil e S.  T y p hi a n d S.  P ar at y p hi A h a v e u n d er g o n e e xt e nsi v e c o n v er g e nt 

e v ol uti o n t o i n d e p e n d e ntl y a c q uir e c h ar a ct eristi cs l e a di n g t o t h e s a m e cli ni c al s y n dr o m e a n d t o t h eir 

c o m m o n e xtr ai nt e sti n al lif est yl e, t h e t w o  s er o v ars ar e p h e n ot y pi c all y a n d g e n eti c all y disti n ct ( Di d el ot 

et al. , 2 0 07; H olt et al. , 2 0 0 9; M c Cl ell a n d et al. , 2 0 0 4). T h er ef or e,  i d e ntif yi n g diff er e n c es a n d 

c o m m o n aliti es b et w e e n  t h e t w o will d e e p e n o ur u n d erst a n di n g of e nt eri c f e v er i n or d er t o d e v el o p 

a p pr o pri at e str at e gi es t o t ar g et t h es e p at h o g e ns . 

C hr o ni c c arri a g e d uri n g e nt eri c f e v er is m or e fr e q u e ntl y ass o ci at e d wit h c ol o nis ati o n of t h e 

g all bl a d d er r at h er t h a n ot h er s y st e mi c sit es b y S.  T y p hi a n d S.  P ar at y p hi A ( D o n g ol et al. , 2 0 1 2; G al-

M or, 2 0 1 9) , alt h o u g h t his m a y p arti all y b e  c a us e d b y t h e i n cr e as e d f r e q u e n c y of d et e cti o n  d u e t o 

m e di c al pr o c e d u r es s u c h as c h ol e c y st e ct o m y. N o n et h el ess, m ol e c ul ar m e c h a nis m s t h at pr o m ot e 

s ur vi v al a n d vir ul e n c e i n t his e n vir o n m e nt ar e r e q uir e d t o b e el u ci d at e d t o b e gi n t o u n d erst a n d h o w 

t y p h oi d al S al m o n ell a  est a blis h c arri a g e. R e c e ntl y o ur l a b s h o w e d t h at, i n  t h e pres e n c e of  bil e, S.  T y p hi 

b e h a v e s v er y diff er e ntl y t o S.  T y p hi m uri u m, t h e l o n g -st a n di n g m o d el of S al m o n ell a  b e h a vi o ur i n 

r es p o ns e t o bil e, e x e m plif yi n g t h at t h e t y p h oi d al a n d N T S e x pl oit bil e i n a di s p ar at e m a n n er t o a dj ust 

t h eir vir ul e n c e a n d e vi d e ntl y e x p l oit diff er e nt i nf e cti o n str at e gi es (J o h ns o n et al. , 2 0 1 8). T h e pr es e nt 

st u d y s o u g ht t o i n v esti g at e w h et h er S.  P ar at y p hi A a n d S.  T y p hi b e h a v e i n a si mil ar m a n n er i n t h e 

pr es e n c e of bil e, as it m a y r e pr es e nt c o m m o n str at e gi es u p o n s y st e mi c i nf e cti o n. It w as d e m o nstr at e d 

t h at bil e aff e cts g e n e e x pr es si o n i n S.  P ar at y p hi A, r es ulti n g i n >  5 % of t h e g e n o m e t o b e diff er e nti all y 
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e x pr ess e d i n t h e pr es e n c e of bil e. W hil e S.  T y p hi a n d S.  P ar at y p hi A r e g ul at e d m a n y g e n es i n a s h ar e d 

m a n n er, it w as i nt er esti n g t o o bs er v e diff er e n c es i n r e g ul ati o n of m et a b oli c g e n es a n d g e n es t h at ar e 

t h o u g ht t o b e us ef ul f or bil e t ol er a n c e, s u g g esti n g t h at t h e t w o p at h o g e ns a d a pt t o bil e b y diff er e nt 

m e c h a n is m s. I n d e e d, m a n y g e n es t h at diff er b et w e e n t h e t w o s er o v ars ( e. g. ps e u d o g e n es, u ni q u e 

g e n es, et c.) ar e i n v ol v e d i n m et a b olis m, i n li n e wit h t h e i d e a t h at t h e m ai n diff er e n c es b et w e e n 

s er o v ars m a y li e i n t h eir m et a b oli c tr aits ( S eif et al. , 2 0 1 8). I n k e e pi n g wit h t his i d e a, s e v er al S. T y p hi 

ps e u d o g e n es t h at ar e i nt a ct i n S. P ar at y p hi A m a y b e i n v ol v e d i n m et a b oli c pr o c ess e s a n d t h e 

e x pr essi o n of m a n y of t h e m w as r e g ul at e d b y bil e. F ut ur e st u di es i n v esti g ati n g r e g ul ati o n of 

m et a b olis m i n r es p o ns e t o bil e m a y el u ci d at e us ef ul i nf e cti o n str at e gi es e x pl oit e d b y t y p h oi d al 

S al m o n ell a  s er o v ars . 

T h e i n n at e i m m u n e p at h w a y h as n u m er o us P R Rs t o s e ns e b a ct eri a, i n or d er t o eli cit a pr ot e cti v e 

i m m u n e r es p o ns e ( M e d z hit o v, 2 0 0 7). W hil e b ot h t y p h oi d al s er o v ars e x a mi n e d i n t his pr oj e ct ar e 

s kill e d at e v a di n g i m m u nit y ( R aff at ell u et al. , 2 0 0 8; Hi y o s hi et al. , 2 0 1 8 a), th e y d o s o usi n g diff er e nt 

str at e gi es. F or e x a m pl e, w hil e it w as r e c e ntl y pr o p o s e d t h at t h e Vi a nti g e n i n S.  T y p hi a n d t h e v er y 

l o n g O-a nti g e n c h ai ns i n S.  P ar at y p hi A m a y f ulfil a n al o g o us r ol es d uri n g e v a di n g t h e p h a g o c yti c 

r es pir at or y b urst ( Hi y o s hi et al. , 2 0 1 8 b), s u c h a n a n al o g y c o ul d n ot b e d et er mi n e d i n t er m s of 

d a m p e ni n g i nfl a m m as o m e a cti v ati o n b y t h e t w o p at h o g e ns. T h e f a ct t h at t h e m aj orit y of ps e u d o g e n es 

a n d vir ul e n c e str at e gi es w er e a c q uir e d b y c o n v er g e nt e v ol uti o n b et w e e n S.  T y p hi a n d S.  P ar at y p hi A 

i m pli es t h at t h e u n d erl yi n g m e c h a nis m s m a y diff er ( Hi y o s hi et al. , 2 0 1 8 a). T h e s e n e e d t o b e 

u n d erst o o d a n d d eli n e at e d b y dir e ct c o m p aris o ns b et w e e n t h e t w o p at h o g e ns i n or d er t o u n d erst a n d 

e nt eri c f e v er a n d d e v el o p str at e gi es  t o t ar g et it. It w as f urt h er s h o w n h er e t h at, w hil e S . T y p hi m a y b e 

i n d u ci n g l ess p yr o pt o sis t h a n S . T y p hi m uri u m b y li miti n g f l a g elli n a n d/ or S PI -1 e x pr e ssi o n i n a T vi A -

d e p e n d e nt m a n n er ( Wi nt er et al. , 2 0 1 5; K ort m a n n, Br u b a k er & M o n a c k, 2 0 1 5) , t h e m ai n str at e gi es t o 

li mit i nfl a m m as o m e a cti v ati o n i n h u m a n m a cr o p h a g es b y S . P ar at y p hi A ar e  pr o b a bl y m e di at e d b y 

s y nt h esisi n g v er y l o n g O -a nti g e n c h ai ns i ntr a c ell ul arl y a n d b y ti g htl y r e g ul ati n g its S PI -1 e x pr essi o n  vi a 

a n u n k n o w n m e c h a nis m .  

T h e O -a nti g e n is r e c o g nis e d b y t h e i m m u n e s yst e m a n d r es ults i n a nti b o d y pr o d u cti o n ( M arti n et 

al. , 2 0 1 6). T h us it w o ul d n ot b e s ur prisi n g ( S eif et al. , 2 0 1 9) if, d es pit e t h e d efi ni n g f e at ur e of c arr yi n g 

t h e u n c o m m o n  O 2 a nti g e n i n S . P arat y p hi A ( K ot h ari et al. , 2 0 1 4; Hi y o s hi et al. , 2 0 1 8 b), t h e O-a nti g e n 

is u n d er s el e cti o n, a n d v ari ati o ns i n t h e g e n e cl ust ers r es p o nsi bl e f or its s y nt h esis m a y b e o bs er v e d 

b et w e e n cli ni c al is ol at es. F e p E  e x pr essi o n i n S . P ar at y p hi A E D 1 9 9 w as l o w er t h a n t h at i n 9 1 5 0 w hi c h 

l e d t o t h e h y p ot h esis t h at o v er e x pr essi n g  f e p E i nt o E D 1 9 9 w o ul d r es ult i n e x c essi v e pr o d u cti o n of v er y 

l o n g O c h ai ns  a n d r e d u c e  p yr o pt o si s. As t his w a s n ot s e e n , it is s p e c ul at e d t h at diff er e n c es i n O-a nti g e n 
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bi o s y nt h esis a n d r e g ul ati o n p at h w a y s ar e at pl a y. F ut ur e a n al ys es o n u n d erst a n di n g O -a nti g e n 

v ari ati o n i n S . P ar at y p hi A w o ul d b e pi v ot al f or d et er mi ni n g its eff e ct( s) o n vir ul e n c e a n d i m m u nit y , 

a n d ulti m at el y h el p i n a n i nf or m e d v a c ci n e d esi g n ( S a h astr a b u d d h e et al. , 2 0 1 3; M arti n et al. , 2 0 1 6). 

S . P ar at y p hi A 9 1 5 0 c urr e ntl y r e m ai ns t h e m o st fr e q u e ntl y us e d str ai n i n i n vitr o st u di es of

i nt er a cti o ns b et w e e n h o st c ells a n d S . P ar at y p hi A a n d t his , c o m bi n e d wit h t h e p ossi bilit y of g e n eti c all y 

m a ni p ul ati n g it,  is w h y it w as c h o s e n f or t his st u d y. Stri ki n gl y, tr a ns cri pt o mi c a n al y sis of S.  P ar at y p hi A 

9 1 5 0 a n d t h e r e c e ntl y is ol at e d  S.  P ar at y p hi A E D 1 9 9, as w ell as i n v esti g ati o ns o n h o st c ell i n v asi o n a n d 

i nfl a m m as o m e si g n alli n g, r e v e al e d t h at cli ni c al v ari a nts m a y b e b e h a vi n g diff er e ntl y t o t h e r ef er e n c e 

str ai n . T h e cli ni c al is ol at es us e d i n t his st u d y e x hi bit e n h a n c e d vir ul e n c e i n t er m s of i n v asi v e n ess, 

m otilit y a n d i nfl a m m as o m e a cti v ati o n c o m p ar e d t o S.  P ar at y p hi A 9 1 5 0. S.  P ar at y p hi A 9 1 5 0 a p p e ars  

t o b e hi g hl y att e n u at e d, as s u g g est e d b y t h e l o w e pit h eli al c ell i n v asi o n, m otilit y a n d i n d u cti o n of c ell 

d e at h; its l o w i n vitr o vir ul e n c e will m a k e cli ni c al is ol at es s e e m m or e vir ul e nt c o m p ar e d t o t h e 

r ef er e n c e str ai n. T h es e r es ults ar e c o nsi st e nt wit h d at a g e n er at e d wit h  a n o ut br e a k  S.  P ar at y p hi A 

is ol ate i n Isr a el , w hi c h w as m or e i n v asi v e a n d m otil e t h a n S.  P ar at y p hi A 9 1 5 0 ( G al-M or et al., 2 0 1 2) . 

It is li k el y t h at i n vitr o a d a pt ati o n o v er ti m e h as att e n u at e d S. P ar at y p hi A 9 1 5 0, i n a m a n n er 

c o m p ar a bl e t o S. T y p hi (J o h ns o n et al. , 2 0 1 8). Alt er n ati v el y, t h e p h e n ot y p e s dis pl a y e d b y t h e cli ni c al 

is ol at es m a y b e a r es ult of a d a pt ati o n b y S N P  a c q uisiti o n wit hi n t h e g e o gr a p hi c al r e gi o n t h e y w er e 

is ol at e d, si mil arl y t o o bs er v ati o ns wit h diff eri n g S . T y p hi g e n ot y p es ( W o n g et al. , 2 0 1 5; Fr a n k el et al. , 

1 9 8 9) . C o m p ar ati v e st u di es b et w e e n S . P ar at y p hi A 9 1 5 0 a n d A K U 1 2 6 0 1, a n ot h er a v ail a bl e s e q u e n c e d 

r ef er e n c e str ai n, m a y f a cilit at e s el e cti o n of t h e m or e a p pr o pri at e str ai n t o us e i n i n vitr o ass a y s. 

Alt er n ati v el y, as m or e g e n o m es b e c o m e a v ail a bl e, a m or e r el e v a nt cli ni c al is ol at e m a y r e pl a c e t h e 

c urr e ntl y a v ail a bl e r ef er e n c e str ai ns, s u c h as S . P ar at y p hi A E D 1 9 9. H o w e v er, it s h o ul d b e t a k e n i nt o 

a c c o u nt t h at i n vitr o st u di es d o n ot n e c ess aril y i m pl y a n i n cr e as e d vir ul e n c e i n vi v o. W h er e p o ssi bl e, 

a d diti o n al st u di es wit h pri m ar y h u m a n c ells a n d/ or i n vi v o m o d els will b e r e q uir e d t o c o nfir m t h e 

p h e n ot y p es o bs er v e d i n t his pr oj e ct. F urt h er m or e, t h e cli ni c al v ari a nts us e d i n t his st u d y ar e all fr o m 

o n e g e o gr a p hi c al r e gi o n a n d t h e y m a y n ot b e tr ul y r e pr es e nt ati v e of t h e cir c ul ati n g S.  P ar at y p hi A; 

i n cr e asi n g th e n u m b er of is ol at es c o mi n g fr o m diff er e nt e n d e mi c r e gi o ns is pi v ot al f or d et er mi ni n g 

h o w r e pr es e nt ati v e t h e r es p o ns es o bs er v e d h er e ar e  of S.  P ar at y p hi A i nf e cti o n.  

T his st u d y als o pr o vi d e d i nsi g hts i nt o t h e diff er e n c es i n h o st c ell i n v asi o n a n d e v asi o n  of t h e 

i m m u n e s y st e m b et w e e n t y p h oi d al a n d N T S. S.  P ar at y p hi A m a y h a v e u ni q u e vir ul e n c e m e c h a nis m s 

c o m p ar e d t o S.  T y p hi, as w ell as t o S.  T y p hi m uri u m, a n d t h er ef or e t h eir i nf e cti o n str at e gi es s h o ul d n ot 

b e ass u m e d t o b e i d e nti c al. T his w as e x e m plifi e d i n  t er m s of S PI-1 r e g ul ati o n, i nfl a m m as o m e a cti v ati o n 

a n d F e p E -m e di at e d i m m u n e e v asi o n. T his f urt h er s u p p orts t h at S.  T y p hi m uri u m i nf e cti o n of h u m a n 
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c ells/tiss u es is e vi d e ntl y n ot t h e s uit a bl e m o d el f or t y p h oi d al S al m o n ell a  ( b ot h S.  P ar at y p hi A a n d 

S.  T y p hi)  (J o h ns o n, M yl o n a & Fr a n k el, 2 0 1 8), a n d, w hil e it is of i m m e di at e i nt er est d u e t o t h e 

i m p ort a n c e of N T S -i n d u c e d g astr o e nt eritis i n p u bli c h e alt h, e nt eri c f e v er is a m u c h m or e d a n g er o us 

dis e as e t h at a ct u all y r e q uir es tr e at m e nt t o r es ol v e. It w as s ur prisi n g t h at , w hil e S.  P ar at y p hi A a n d S.  

T y p hi m uri u m m a y p ot e nti all y s h ar e a n i m m u n e e v asi o n str at e g y, t h e v er y l o n g O -a nti g e n c h ai ns 

( M urr a y, Attri d g e & M or o n a, 2 0 0 3, 2 0 0 6, 2 0 0 5; H öl z er et al. , 2 0 0 9), S.  P ar at y p hi A e x pl oit s  t his i n a 

disti n ct m a n n er t o S.  T y p hi m uri u m b y e x pr essi n g t h e g e n e at  hi g h er l e v els s o b y h a vi n g m or e v er y l o n g 

O -a nti g e n  c h ai ns (t h a n l o n g c h ai ns) all o w  t o m o d er at e i ntr a c ell ul ar i nfl a m m a s o m e a cti v ati o n, as w ell 

as t h e r es pir at or y b urst ( Hi y o s hi et al. , 2 0 1 8 b). T his, c o m bi n e d wit h t h e u n c o m m o n  O 2 a nti g e n, 

d e m o nstr at e s  t h at S.  P ar at y p hi A e v a d es i m m u n e m e c h a nis m s b y e x pl oiti n g u ni q u e str at e gi es 

c o m p a r e d t o ot h er h u m a n-i nf e cti n g S al m o n ell a  s er o v ars. F or e x a m pl e, t h e i n cr e as e d f e p E e x pr essi o n 

i n S . P ar at y p hi A m a y b e a r es ult of t h e diff er e nt i nf e cti o n str at e g y c o m p ar e d t o S . T y p hi m uri u m, 

pr o m oti n g i m m u n e e v asi o n a n d mi gr ati o n fr o m t h e i nt e sti n al tiss u e  b y S . P ar at y p hi A. O p e n q u esti o ns 

t o b e a d dr ess e d i n t h e f ut ur e i n cl u d e t h e e x pr essi o n pr ofil e of f e p E as w ell as ot h er O -c h ai n l e n gt h 

r e g ul at ors, t h eir r e g ul ati o n i n S.  P ar at y p hi A, a n d w h et h er t h es e diff er fr o m S.  T y p hi m uri u m, w hi c h 

m a y s h e d li g ht o n t h e i nf e cti o n st a g e s t h at t his i m m u n e e v asi o n m et h o d  is us e d. 

W hil e t h e t w o t y p h oi d al s er o v ars s h ar e s e v er al g e n es, u nli k e ot h er S al m o n ell a  g e n o m es, t h er e 

ar e g e n er all y n o o b vi o us c a n di d at e s t h at c a n b e li n k e d t o t h eir c o m m o n lif est yl e ( M c Cl ell a n d et al. , 

2 0 0 4; H olt et al. , 2 0 0 9). B ot h  S . P ar at y p hi A a n d S . T y p hi h a v e l o ss -of -f u n cti o n m ut ati o ns i n g e n es 

li n k e d t o s ur vi v al i n t h e i nt esti n e, s u c h as t h e o p er o n r es p o nsi bl e f or b ut yr at e m et a b olis m ( Br o n n er et 

al. , 2 0 1 8), or  g e n es p ot e nti all y ass o ci at e d wit h t h eir h u m a n r e stri cti o n ( S p a n ò & G al á n, 2 0 1 2; S ol a n o-

C oll a d o, R of e & S p a n ò, 2 0 1 8) . H o w e v er, s h ari n g m a n y of t h e str at e gi es s h o w n  t o f a cilit at e, f or 

i nst a n c e, t h e s u p pr essi o n of i nt esti n al i nfl a m m ati o n, s u c h as d o w nr e g ul ati o n of S PI-1 a n d f l a g elli n 

e x pr essi o n ( T a bl e 1 .2 ), or a v ersi o n of c o m pl e m e nt a cti v ati o n a n d t h e r es pir at or y b urst ( H art et al. , 

2 0 1 6; Hi y o s hi et al. , 2 0 1 8 b; W a n g di et al. , 2 0 1 4; Wils o n et al. , 2 0 1 1), d o es n ot n e c ess aril y m e a n s h ari n g 

t h e u n d erl yi n g m e c h a nis ms, as is b e c o mi n g cl e ar i n m a ny i nst a n c es ( Vi v ers us F e p E ; T vi A v ers us 

u n k n o w n m e c h a nis m t o d o w nr e g ul at e S PI -1 a n d fl a g ell ar e x pr essi o n, et c.). T h er ef or e, a s w e m o v e i nt o 

a n er a of m ass S.  T y p hi v a c ci n ati o n, a n d gi v e n t h e i n cr e asi n g r at es of S . P ar at y p hi A i nf e cti o ns, w e n e e d 

t o q ui c kly i d e ntif y a n d c o m pr e h e n d t h e c o m m o n a n d disti n ct m e c h a nis m s of vir ul e n c e e x hi bit e d b y 

t h es e t w o s er o v ars, w hi c h will off er a v e n u es f or f ut ur e r es e ar c h a n d will c o ntri b ut e t o d e v el o pi n g 

n o v el v a c ci n ati o n str at e gi es t ar g eti n g b ot h p at h o g e ns.  
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h o m ol o g o us r e c o m bi n ati o n ? G e n o m e R es e ar c h . 1 7 ( 1), 6 1– 6 8.  

Di e b ol d er, C. A., H alff, E. F., K o st er, A.J., H ui zi n g a, E. G., et al. ( 2 0 1 5) Cr y o el e ctr o n T o m o gr a p h y of t h e 
N AI P 5/ N L R C 4 I nfl a m m as o m e: I m pli c ati o ns f or N L R A cti v ati o n. Str u ct ur e . 2 3 ( 1 2), 2 3 4 9– 2 3 5 7.  

Di e p ol d, A. & Ar mit a g e, J. P. ( 2 0 1 5) T y p e III s e cr eti o n s yst e m s: t h e b a ct eri al fl a g ell u m a n d t h e 
i nj e ctis o m e. P hil os o p hi c al Tr a ns a cti o ns of t h e R o y al S o ci et y B . 3 7 0 ( 1 6 7 9), 2 0 1 5 0 0 2 0. 

Di n ar ell o, C. A.,  N o vi c k, D., Ki m, S. & K a pl a ns ki, G. ( 2 0 1 3) I nt erl e u ki n -1 8 a n d I L -1 8 bi n di n g pr ot ei n. 
Fr o nti ers i n I m m u n ol o g y . 4 ( O C T), 1– 1 0.  

Di n g, J., W a n g, K., Li u, W., S h e, Y., et al. ( 2 0 1 6) P or e -f or mi n g a cti vit y a n d str u ct ur al a ut oi n hi biti o n of 
t h e g as d er mi n f a mil y. N at ur e . 5 3 5 ( 7 6 1 0), 1 1 1– 1 1 6.  

D o bi ns o n, H. C., Gi b a ni, M. M., J o n es, C., T h o m ai d es -Br e ars, H. B., et al. ( 2 0 1 7) E v al u ati o n of t h e Cli ni c al 
a n d Mi cr o bi ol o gi c al R es p o ns e t o S al m o n ell a  P ar at y p hi A I nf e cti o n i n t h e First P ar at y p h oi d H u m a n 
C h all e n g e M o d el. Cli ni c al I nf e cti o us Dis e as es. 6 4 ( 8), 1 0 6 6– 1 0 7 3.  

D ol e c e k, C., L a, T. T. P., R a n g, N. N., P h u o n g, L. T., et al. ( 2 0 0 8) A m ulti -c e nt er r a n d o mis e d c o ntr oll e d tri al 
of g atifl o x a ci n v ers us a zit hr o m y ci n f or t h e tr e at m e nt of u n c o m pli c at e d t y p h oi d f e v er i n c hil dr e n 
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a n d a d ults i n Vi et n a m. P L o S O N E . 3 ( 5). 
D o n g ol, S., T h o m ps o n, C. N., Cl ar e, S., N g a, T. V. T., et al. ( 2 0 1 2) T h e Mi cr o bi ol o gi c al a n d Cli ni c al 

C h ar a ct eristi cs of I n v asi v e S al m o n ell a  i n G all bl a d d ers fr o m C h ol e c y st e ct o m y P ati e nts i n 
K at h m a n d u, N e p al. P L o S O N E . 7 ( 1 0). 

D o u g a n, G. & B a k er, S. ( 2 0 1 4) S al m o n ell a  e nt eri c a s er o v ar t y p hi a n d t h e p at h o g e n esi s of t y p h oi d f e v er. 
A n n u al R e vi e w of Mi cr o bi ol o g y . 6 8, 3 1 7– 3 3 6.  

Dr e c ktr a h, D., K n o dl er, L. A., Ir el a n d, R. & St e el e -M orti m er, O. ( 2 0 0 6) T h e m e c h a nis m of S al m o n ell a  
e ntr y d et er mi n es t h e v a c u ol ar e n vir o n m e nt a n d i ntr a c ell ul ar g e n e e x pr essi o n. Tr affi c . 7 ( 1), 3 9–
5 1.  

D u, J., R e e v es, A. Z., Kl ei n, J. A., T w e dt, D.J., et al. ( 2 0 1 6) T h e t y p e III s e cr eti o n s y st e m a p p ar at us 
d et er mi n es t h e i ntr a c ell ul ar ni c h e of b a ct eri al p at h o g e ns. Pr o c e e di n gs of t h e N ati o n al A c a d e m y 
of S ci e n c es . 1 1 3 ( 1 7), 4 7 9 4– 4 7 9 9.  

D ufr es n e, K., S a ul ni er -B ell e m ar e, J. & D ai gl e, F. ( 2 0 1 8) F u n cti o n al A n al y si s of t h e C h a p er o n e -Us h er 
Fi m bri al G e n e Cl ust ers of S al m o n ell a  e nt eri c a s er o v ar T y p hi. Fr o nti er s i n C ell ul ar a n d I nf e cti o n 
Mi cr o bi ol o g y . 8 ( 8). 

D u n c a n, J. A. & C a n n a, S. W. ( 2 0 1 8) T h e N L R C 4 I nfl a m m as o m e. I m m u n ol o gi c al r e vi e ws. 2 8 1 ( 1) p p. 1 1 5–
1 2 3.  

E a d e, C. R., H u n g, C. -C., B ull ar d, B., G o n z al e z -Es c o b e d o, G., et al. ( 2 0 1 6) Bil e A ci ds F u n cti o n 
S y n er gisti c all y T o R e pr ess I n v asi o n G e n e E x pr essi o n i n S al m o n ell a  b y D est a bili zi n g t h e I n v asi o n 
R e g ul at or Hil D. I nf e cti o n a n d I m m u nit y. 8 4 ( 8), 2 1 9 8– 2 2 0 8.  

E d er, C. ( 2 0 0 9) M e c h a nis ms  of i nt erl e u ki n -1 b et a r el e as e. I m m u n o bi ol o g y. 2 1 4 ( 7), 5 4 3– 5 5 3.  
E hr b ar, K., Fri e b el, A., Mill er, S.I. & H ar dt, W. -D. ( 2 0 0 3) R ol e of t h e S al m o n ell a  P at h o g e ni cit y Isl a n d 1 

( S PI-1) Pr ot ei n I n v B i n T y p e III S e cr eti o n of S o p E a n d S o p E 2, T w o S al m o n ell a  Eff e ct or Pr ot ei ns 
E n c o d e d O utsi d e of S PI -1. J O U R N A L O F B A C T E RI O L O G Y. 1 8 5 ( 2 3), 6 9 5 0– 6 9 6 7.  

El dri d g e, M.J. G., S a n c h e z -G arri d o, J., H o b e n, G. F., G o d d ar d, P.J. , et al. ( 2 0 1 7) T h e At y pi c al U bi q uiti n E 2 
C o nj u g as e U B E 2 L 3 Is a n I n dir e ct C as p as e -1 T ar g et a n d C o ntr ols I L -1 β S e cr eti o n b y 
I nfl a m m as o m es. C ell R e p orts . 1 8 ( 5), 1 2 8 5– 1 2 9 7.  

El dri d g e, M.J. G. & S h e n o y, A. R. ( 2 0 1 5) A nti mi cr o bi al i nfl a m m as o m es: U nifi e d si g n alli n g a g ai nst di v ers e 
b a ct eri al p at h o g e ns. C urr e nt O pi ni o n i n Mi cr o bi ol o g y . 2 3 p p. 3 2 ? 4 1-4 1.  

El et s k y, A., Mi c h als k a, K., H o ulist o n, S., Z h a n g, Q., et al. ( 2 0 1 4) Str u ct ur al a n d F u n cti o n al 
C h ar a ct eri z ati o n of D U F 1 4 7 1 D o m ai ns of S al m o n ell a  Pr ot ei ns Srf N, Y d g H/ Sss B,  a n d Y a h O P a ul C. 
Dris c oll ( e d.). P L o S O N E . 9 ( 7), e 1 0 1 7 8 7. 

El h a d a d, D., D es ai, P., Gr assl, G. A., M c Cl ell a n d, M., et al. ( 2 0 1 6) Diff er e n c es i n h ost c ell i n v asi o n a n d 
S al m o n ell a  p at h o g e ni cit y isl a n d 1 e x pr essi o n b et w e e n S al m o n ell a  e nt eri c a s er o v ar P ar at y p hi  A 
a n d n o nt y p h oi d al S. T y p hi m uri u m. I nf e cti o n a n d I m m u nit y. 8 4 ( 4), 1 1 5 0– 1 1 6 5.  

El h a d a d, D., D es ai, P., R a h a v, G., M c Cl ell a n d, M., et al. ( 2 0 1 5 a) Fl a g elli n is r e q uir e d f or h o st c ell i n v asi o n 
a n d n or m al S al m o n ell a  p at h o g e ni cit y isl a n d 1 e x pr essi o n b y S al m o n e ll a e nt eri c a s er o v ar 
P ar at y p hi A. I nf e cti o n a n d I m m u nit y. 8 3 ( 9), 3 3 5 5– 3 3 6 8.  

El h a d a d, D., M c Cl ell a n d, M., R a h a v, G. & G al -M or, O. ( 2 0 1 5 b) F e v erli k e t e m p er at ur e is a vir ul e n c e 
r e g ul at or y c u e c o ntr olli n g t h e m otilit y a n d h o st c ell e ntr y of t y p h oi d al S al m o n el l a. J o ur n al of 
I nf e cti o us Dis e as es. 2 1 2 ( 1), 1 4 7– 1 5 6.  

Ell er m ei er, C. D. & Sl a u c h, J. M. ( 2 0 0 3) Rts A a n d Rts B c o or di n at el y r e g ul at e e x pr essi o n of t h e i n v asi o n 
a n d fl a g ell ar g e n es i n S al m o n ell a  e nt eri c a s er o v ar t y p hi m uri u m. J o ur n al of B a ct eri ol o g y. 1 8 5 ( 1 7), 
5 0 9 6 – 5 1 0 8.  

Es w ar a p p a, S. M., J a ni c e, J., N a g ar aj a n, A. G., B al as u n d ar a m, S. V, et al. ( 2 0 0 8) Diff er e nti all y E v ol v e d 
G e n es of S al m o n ell a  P at h o g e ni cit y Isl a n ds: I nsi g hts i nt o t h e M e c h a nis m of H ost S p e cifi cit y i n 
S al m o n ell a . P L o S O N E . 3 ( 1 2). 

E v a v ol d, C. L., R u a n , J., T a n, Y., Xi a, S., et al. ( 2 0 1 8) T h e P or e-F or mi n g Pr ot ei n G as d er mi n D R e g ul at es 
I nt erl e u ki n-1 S e cr eti o n fr o m Li vi n g M a cr o p h a g es. I m m u nit y. 4 8 ( 1), 3 5-4 4. e 6.  

F à br e g a, A. & Vil a, J. ( 2 0 1 3) S al m o n ell a  e nt eri c a s er o v ar T y p hi m uri u m s kills t o s u c c e e d i n t h e  h o st: 
Vir ul e n c e a n d r e g ul ati o n. Cli ni c al Mi cr o bi ol o g y R e vi e ws . 2 6 ( 2), 3 0 8– 3 4 1.  
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F a h ert y, C. S., R e d m a n, J. C., R as k o, D. A., B arr y, E. M., et al. ( 2 0 1 2) S hi g ell a fl e x n eri eff e ct ors O s p E 1 a n d 
Os p E 2 m e di at e i n d u c e d a d h er e n c e t o t h e c ol o ni c e pit h eli u m f oll o wi n g bil e s alt s e x p o s ur e. 
M ol e c ul ar Mi cr o bi ol o g y . 8 5 ( 1), 1 0 7– 1 2 1.  

F a n g, F. C., Li b b y, S.J., C ast or, M. E. & F u n g, A. M. ( 2 0 0 5) Is o citr at e l y as e ( A c e A) is r e q uir e d f or S al m o n ell a  
p ersist e n c e b ut n ot f or a c ut e l et h al i nf e cti o n i n mi c e. I nf e cti o n a n d i m m u nit y. 7 3 ( 4), 2 5 4 7– 2 5 4 9.  

F ass, E. & Gr ois m a n, E. A. ( 2 0 0 9) C o ntr ol of S al m o n ell a  p at h o g e ni cit y isl a n d -2 g e n e e x pr essi o n. C urr e nt 
O pi ni o n i n Mi cr o bi ol o g y . 1 2 ( 2) p p. 1 9 9– 2 0 4.  

F a u c h er, S. P., F or est, C., B él a n d, M. & D ai gl e, F. ( 2 0 0 9) A n o v el P h o P -r e g ul at e d l o c us e n c o di n g t h e 
c yt ol ysi n Cl y A a n d t h e s e cr et e d i n v asi n T ai A of S al m o n ell a  e nt eri c a s er o v ar T y p hi is i n v ol v e d i n 
vir ul e n c e. Mi cr o bi ol o g y . 1 5 5 ( 2), 4 7 7– 4 8 8.  

F a u c h er, S. P., P or w olli k, S., D o z ois, C. M., M c Cl ell a n d, M., et al. ( 2 0 0 6) Tr a ns cri pt o m e of S al m o n ell a  
e nt eri c a s er o v ar T y p hi wit hi n m a cr o p h a g es r e v e al e d t hr o u g h t h e s el e cti v e  c a pt ur e of tr a ns cri b e d 
s e q u e n c es. Pr o c e e di n gs of t h e N ati o n al A c a d e m y of S ci e n c es . 1 0 3 ( 6), 1 9 0 6– 1 9 1 1.  

F e as e y, N. A., D o u g a n, G., Ki n gsl e y, R. A., H e y d er m a n, R. S., et al. ( 2 0 1 2) I n v asi v e n o n -t y p h oi d al 
S al m o n ell a  dis e as e: a n e m er gi n g a n d n e gl e ct e d tr o pi c al d is e as e i n Afri c a. L a n c et . 3 7 9 ( 9 8 3 5), 
2 4 8 9 – 2 4 9 9.  

F e as e y, N. A., G as k ell, K., W o n g, V., M s ef ul a, C., et al. ( 2 0 1 5) R a pi d E m er g e n c e of M ulti dr u g R esist a nt, 
H 5 8 -Li n e a g e S al m o n ell a  T y p hi i n Bl a nt yr e, M al a wi. P L o S N e gl e ct e d Tr o pi c al Dis e as es . 9 ( 4). 

F elt h a m, R.,  Vi n c e, J. E. & L a wl or, K. E. ( 2 0 1 7) C as p as e -8: N ot s o sil e ntl y d e a dl y. Cli ni c al a n d 
Tr a nsl ati o n al I m m u n ol o g y . 6 ( 1). 

F e n g, Y., Li n, E., Z o u, S., C h e n, C. L., et al. ( 2 0 1 9) C o m pl et e g e n o m e s e q u e n c e of S al m o n ell a  e nt eri c a 
s er o v ar S e n d ai s h o ws H a nti g e n c o n v er g e n c e wit h S. Mi a mi a n d r e c e nt di v er g e n c e fr o m S. 
P ar at y p hi A. B M C G e n o mi cs . 2 0 ( 1). 

F er n a n d es -Al n e mri, T., W u, J., Y u, J. W., D att a, P., et al. ( 2 0 0 7) T h e p yr o pt os o m e: A s u pr a m ol e c ul ar 
ass e m bl y of A S C di m ers m e di ati n g i nfl a m m at or y c ell d e at h vi a c as p as e -1 a cti v ati o n. C ell D e at h 
a n d Diff er e nti ati o n . 1 4 ( 9), 1 5 9 0– 1 6 0 4.  

F er n a n d es -Al n e mri, T.,  Y u, J. -W., J uli a n a, C., S ol or z a n o, L., et al. ( 2 0 1 0) T h e AI M 2 i nfl a m m as o m e is 
criti c al f or i n n at e i m m u nit y t o Fr a n cis ell a t ul ar e nsis. N at ur e P u blis hi n g Gr o u p . 1 1 ( 5). A v ail a bl e 
fr o m: d oi: 1 0. 1 0 3 8/ ni. 1 8 5 9 [ A c c e ss e d: 2 3 J u n e 2 0 1 9]. 

F er n á n d e z, D.J. & L a m k a nfi , M. ( 2 0 1 5) I nfl a m m at or y c as p as es: K e y r e g ul at ors of i nfl a m m ati o n a n d c ell 
d e at h. Bi ol o gi c al C h e mistr y . 3 9 6 ( 3), 1 9 3– 2 0 3.  

Fi er er, J. & G ui n e y, D. G. ( 2 0 0 1) Di v ers e vir ul e n c e tr aits u n d erl yi n g diff er e nt cli ni c al o ut c o m es of 
S al m o n ell a  i nf e cti o n. J o ur n al of Cli ni c al I n v esti g ati o n. 1 0 7 ( 7) p p. 7 7 5– 7 8 0. A v ail a bl e fr o m: 
d oi: 1 0. 1 1 7 2/J CI 1 2 5 6 1 [ A c c ess e d: 1 4 M ar c h 2 0 1 8].  

Fi n n, C. E., C h o n g, A., C o o p er, K. G., St arr, T., et al. ( 2 0 1 7) A s e c o n d w a v e of S al m o n ell a  T 3 S S 1 a cti vit y 
pr ol o n gs t h e lif es p a n of i nf e ct e d e pit h eli al c ells. P L O S P at h o g e ns . 1 3 ( 4), e 1 0 0 6 3 5 4. 

Fir o z Mi a n, M., P e k, E. A., C h e n o w et h, M.J. & As h k ar, A. A. ( 2 0 1 1) H u m a ni z e d mi c e ar e s us c e pti bl e t o 
S al m o n ell a  t y p hi i nf e cti o n. C ell ul ar & M ol e c ul ar I m m u n ol o g y . 8 5 2 ( 1 0), 8 3– 8 7.  

Fis c h, D., B a n d o, H., Cl o u g h, B., H or n u n g, V., et al. ( 2 0 1 9 a) H u m a n G B P 1 is a mi cr o b e‐s p e cifi c 
g at e k e e p er of m a cr o p h a g e a p o pt o sis a n d p yr o pt o sis. T h e E M B O J o ur n al . 3 8 ( 1 3), e 1 0 0 9 2 6. 
A v ail a bl e fr o m: d oi: 1 0. 1 5 2 5 2/ e m bj. 2 0 1 8 1 0 0 9 2 6 [ A c c ess e d: 1 6 J ul y 2 0 1 9].  

Fis c h, D., Cl o u g h, B., D o m art, M. -C., B a n d o, H., et al. ( 2 0 1 9 b) Diff er e nti al s p ati ot e m p or al t ar g eti n g of 
T o x o pl as m a a n d S al m o n ell a  b y G B P 1 ass e m bl es c as p as e si g n alli n g pl atf or m s. bi o R xi v . 7 9 2 8 0 4. 

F o o k e s, M., S c hr o e d er, G. N., L a n gri d g e, G. C., Bl o n d el, C.J., et  al. ( 2 0 1 1) S al m o n ell a  b o n g ori pr o vi d e s 
i nsi g hts i nt o t h e e v ol uti o n of t h e S al m o n ell a e. P L o S P at h o g e ns . 7 ( 8). 

F or est, C., F a u c h er, S. P., P oiri er, K., H o ul e, S., et al. ( 2 0 0 7) C o ntri b uti o n of t h e st g Fi m bri al O p er o n of 
S al m o n ell a  e nt eri c a S er o v ar T y p hi d ur i n g I nt er a cti o n wit h H u m a n C ells. I N F E C TI O N A N D 
I M M U NI T Y. 7 5 ( 1 1), 5 2 6 4– 5 2 7 1. A v ail a bl e fr o m: d oi: 1 0. 1 1 2 8/I AI. 0 0 6 7 4 -0 7 [ A c c ess e d: 1 4 M ar c h 
2 0 1 8].  

F or est, C. G., F err ar o, E., S a b b a g h, S. C. & D ai gl e, F. ( 2 0 1 0) I ntr a c ell ul ar s ur vi v al of S al m o n ell a  e nt eri c a 
s er o v ar T y p hi i n h u m a n m a cr o p h a g es is i n d e p e n d e nt of S al m o n ell a  p at h o g e ni cit y isl a n d ( S PI) -2. 
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Mi cr o bi ol o g y . 1 5 6 ( 1 2), 3 6 8 9– 3 6 9 8.  
F o st er, J. W. & H all, H. K. ( 1 9 9 1) I n d u ci bl e p H h o m e o st asis a n d t h e a ci d t ol er a n c e r es p o ns e of 

S al m o n ell a  t y p hi m uri u m. J o ur n al of B act eri ol o g y . 1 7 3 ( 1 6), 5 1 2 9– 5 1 3 5.  
F o wl er, C. C. & G al á n, J. E. ( 2 0 1 8) D e c o di n g a S al m o n ell a  T y p hi R e g ul at or y N et w or k t h at C o ntr ols 

T y p h oi d T o xi n E x pr essi o n wit hi n H u m a n C ells. C ell h ost & mi cr o b e . 2 3 ( 1), 6 5-7 6. e 6.  
Fr a n c hi, L., A m er, A., B o d y -M al a p el, M., K a n n e g a nti, T. -D., et al. ( 2 0 0 6) C yt os oli c fl a g elli n r e q uir es I p af 

f or a cti v ati o n of c as p as e-1 a n d i nt erl e u ki n 1 β i n S al m o n ell a -i nf e ct e d m a cr o p h a g es. N at ur e 
I m m u n ol o g y. 7 ( 6), 5 7 6– 5 8 2.  

Fr a n c hi, L., K a m a d a, N., N a k a m ur a, Y., B ur b err y, A., et al. ( 2 0 1 2) N L R C 4 -d ri v e n pr o d u cti o n of I L-1 β 
dis cri mi n at es b et w e e n p at h o g e ni c a n d c o m m e ns al b a ct eri a a n d pr o m ot es h o st i nt esti n al 
d ef e ns e. N at ur e I m m u n ol o g y . 1 3 ( 5), 4 4 9– 4 5 6. A v ail a bl e fr o m: d oi: 1 0. 1 0 3 8/ ni. 2 2 6 3 [ A c c es s e d: 
2 4 S e pt e m b er 2 0 1 7].  

Fr a n k el, G., N e wt o n, S. M., S c h o ol ni k, G. K. & St o c k er, B. A. ( 1 9 8 9) I ntr a g e ni c r e c o m bi n ati o n i n a fl a g elli n 
g e n e: c h ar a ct eri z ati o n of t h e H 1 -j g e n e of S al m o n ell a  t y p hi. T h e E M B O j o ur n al . 8 ( 1 0), 3 1 4 9–
3 1 5 2.  

Fri e b el, A., Il c h m a n n, H., A e pf el b a c h er, M., E hr b ar, K., et al. ( 2 0 0 1) S o p E a n d S o p E 2  fr o m S al m o n ell a  
t y p hi m uri u m A cti v at e Diff er e nt S ets of R h o G T P as es of t h e H o st C ell. J o ur n al of Bi ol o gi c al 
C h e mistr y . 2 7 6 ( 3 6), 3 4 0 3 5– 3 4 0 4 0.  

F u e nt es, J. A., Vill a gr a, N., C astill o -R uiz, M. & M or a, G. C. ( 2 0 0 8) T h e S al m o n ell a  T y p hi hl y E g e n e pl a ys a 
r ol e i n i n v asi o n of c ult ur e d e pit h eli al c ells a n d its f u n cti o n al tr a nsf er t o S. T y p hi m uri u m pr o m ot es 
d e e p or g a n i nf e cti o n i n mi c e. R es e ar c h i n Mi cr o bi ol o g y . 1 5 9 ( 4), 2 7 9– 2 8 7.  

F us c o, W. G. & D u n c a n, J. A. ( 2 0 1 8) N o v el as p e cts of t h e ass e m bl y a n d a cti v ati o n of i nfl a m m as o m es 
wit h f o c us o n t h e N L R C 4 i nfl a m m as o m e. I nt er n ati o n al I m m u n ol o g y. 3 0 ( 5) p p. 1 8 3– 1 9 3. A v ail a bl e 
fr o m: d oi: 1 0. 1 0 9 3/i nti m m/ d x y 0 0 9 [ A c c e ss e d: 1 0 J ul y 2 0 1 8].  

G ai dt, M. M., E b ert, T. S., C h a u h a n, D., S c h mi dt, T., et al. ( 2 0 1 6) H u m a n M o n o c yt es E n g a g e a n 
Alt er n ati v e I nfl a m m as o m e P at h w a y. I m m u nit y. 4 4 ( 4), 8 3 3– 8 4 6. A v ail a bl e fr o m: 
d oi: 1 0. 1 0 1 6/j.i m m u ni. 2 0 1 6. 0 1. 0 1 2 [ A c c ess e d: 2 4 N o v e m b er 2 0 1 7].  

G al -M or, O. ( 2 0 1 9) P ersist e nt I nf e cti o n a n d L o n g -T er m C arri a g e of T y p h oi d al a n d N o nt y p h oi d al 
S al m o n ell a e. Cli ni c al Mi cr o bi ol o g y R e vi e ws . 3 2 ( 1). 

G al -M or, O., B o yl e, E. C. & Gr assl, G. A. ( 2 0 1 4) S a m e s p e ci es, diff er e nt dis e as e s: H o w a n d w h y t y p h oi d al 
a n d n o n -t y p h oi d al S al m o n ell a  e nt eri c a s er o v ars diff er. Fr o nti ers i n Mi cr o bi ol o g y . 5 ( A U G). 

G al -M or, O., S u e z, J., El h a d a d, D., P or w olli k, S., et al. ( 2 0 1 2) M ol e c ul ar a n d C ell ul ar C h ar a ct eri z ati o n of 
a S al m o n ell a  e nt eri c a S er o v ar P ar at y p hi A O ut br e a k Str ai n a n d t h e H u m a n I m m u n e R es p o ns e t o 
I nf e cti o n. Cli ni c al a n d V a c ci n e I m m u n ol o g y . 1 9 ( 2), 1 4 6– 1 5 6. A v ail a bl e fr o m: 
d oi: 1 0. 1 1 2 8/ c vi. 0 5 4 6 8 -1 1 [ A c c ess e d: 6 J a n u ar y 2 0 1 8].  

G al a n, J. E. & C urtiss III, R. ( 1 9 8 9) Cl o ni n g a n d m ol e c ul ar c h ar a ct eri z ati o n of g e n es w h o s e pr o d u cts 
all o w S al m o n ell a  t y p hi m uri u m t o p e n etr at e tiss u e c ult ur e c ells. Pr o c e e di n gs of t h e N ati o n al 
A c a d e m y of S ci e n c es of t h e U nit e d St at es of A m eri c a . 8 6 ( 1 6), 6 3 8 3– 6 3 8 7. A v ail a bl e fr o m: 
d oi: 1 0. 1 0 7 3/ p n as. 8 6. 1 6. 6 3 8 3 [ A c c es s e d: 1 5 A pril 2 0 1 7].  

G erl a c h, R. G., Cl á u di o, N., R o h d e, M., J ä c k el, D., et al. ( 2 0 0 8) C o o p er ati o n of S al m o n ell a  p at h o g e ni cit y 
isl a n ds 1 a n d 4 is r e q uir e d t o br e a c h e pit h eli al b arri ers. C ell ul ar Mi cr o bi ol o g y . 1 0 ( 1 1), 2 3 6 4–
2 3 7 6. A v ail a bl e fr o m: d oi: 1 0. 1 1 1 1/j. 1 4 6 2 -5 8 2 2. 2 0 0 8. 0 1 2 1 8. x [ A c c e ss e d: 3 1 J a n u ar y 2 0 2 0 ]. 

G erl a c h, R. G., J ä c k el, D., G e y m ei er, N. & H e ns el, M. ( 2 0 0 7) S al m o n ell a  P at h o g e ni cit y Isl a n d 4 -M e di at e d 
A d h esi o n Is C or e g ul at e d wit h I n v asi o n G e n es i n S al m o n ell a  e nt eri c a. I N F E C TI O N A N D I M M U NI T Y. 
7 5 ( 1 0), 4 6 9 7 – 4 7 0 9. A v ail a bl e fr o m: d oi: 1 0. 1 1 2 8/I AI. 0 0 2 2 8 -0 7 [ A c c e ss e d: 2 4 M a y 2 0 1 9].  

G h o s h, P. ( 2 0 0 4) Pr o c ess of Pr ot ei n Tr a ns p ort b y t h e T y p e III S e cr eti o n S yst e m. Mi cr o bi ol o g y a n d 
M ol e c ul ar Bi ol o g y R e vi e ws . 6 8 ( 4), 7 7 1– 7 9 5.  

Gi b a ni, M. M., Britt o, C. & P oll ar d, A.J. ( 2 0 1 8) T y p h oi d a n d p ar at y p h oi d f e v er: a c all t o a cti o n. C urr e nt 
O pi ni o n i n I nf e cti o us Dis e as es . 3 1 ( 5), 1. A v ail a bl e fr o m: d oi: 1 0. 1 0 9 7/ Q C O. 0 0 0 0 0 0 0 0 0 0 0 0 0 4 7 9. 

Gi b a ni, M. M., J o n es, E., B art o n, A., Ji n, C., et al. ( 2 0 1 9 ) I n v esti g ati o n of t h e r ol e of t y p h oi d t o xi n i n 
a c ut e t y p h oi d f e v er i n a h u m a n c h all e n g e m o d el. N at ur e M e di ci n e . 2 5 ( 7) p p. 1 0 8 2– 1 0 8 8.  
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G o d d ar d, P.J., S a n c h e z -G arri d o, J., Sl at er, S. L., K al y a n, M., et al. ( 2 0 1 9) E nt er o p at h o g e ni c Es c h eri c hi a 
c oli Sti m ul at es Ef f e ct or-Dri v e n R a pi d C a s p as e -4 A cti v ati o n i n H u m a n M a cr o p h a g es. C ell R e p orts . 
2 7 ( 4), 1 0 0 8 -1 0 1 7. e 6. A v ail a bl e fr o m: d oi: 1 0. 1 0 1 6/j. c elr e p. 2 0 1 9. 0 3. 1 0 0.  

G o n z al es, A. M., Wil d e, S. & R ol a n d, K. L. ( 2 0 1 7) N e w i nsi g hts i nt o t h e r ol es of l o n g p ol ar fi m bri a e a n d 
St g fi m bri a e i n S al m o n ell a  i nt er a cti o ns wit h e nt er o c yt es a n d M c ells. I nf e cti o n a n d I m m u nit y. 8 5 
( 9). 

G o n z al e z -Es c o b e d o, G. & G u n n, J. S. ( 2 0 1 3 a) G all bl a d d er e pit h eli u m as a ni c h e f or c hr o ni c S al m o n ell a  
c arri a g e. I nf e cti o n a n d I m m u nit y. 8 1 ( 8), 2 9 2 0– 2 9 3 0.  

G o n z al e z -Es c o b e d o, G. & G u n n, J. S. ( 2 0 1 3 b) I d e ntifi c ati o n of S al m o n ell a  e nt eri c a s er o v ar t y p hi m uri u m 
g e n es r e g ul at e d d uri n g bi ofil m f or m ati o n o n c h ol est er ol g allst o n e s urf a c es. I nf e cti o n a n d 
I m m u nit y. 8 1 ( 1 0), 3 7 7 0– 3 7 8 0.  

G o n z al e z -Es c o b e d o, G., M ars h all, J. M. & G u n n, J. S. ( 2 0 1 1) C hr o ni c a n d a c ut e i nf e cti o n of t h e g all 
bl a d d er b y S al m o n ell a  T y p hi: u n d erst a n di n g t h e c arri er st at e. N at R e v Mi cr o bi ol . 9 ( 1), 9– 1 4.  

G o n z al e z -Es c o b e d o, G., L a P erl e, K. M. D. & G u n n, J. S. ( 2 0 1 3) Hist o p at h ol o gi c al A n al ysis of S al m o n ell a  
C hr o ni c C arri a g e i n t h e M o us e H e p at o p a n cr e at o bili ar y S yst e m H er b ert  B. T a n o wit z ( e d.). P L o S 
O N E . 8 ( 1 2), e 8 4 0 5 8. A v ail a bl e fr o m: d oi: 1 0. 1 3 7 1/j o ur n al. p o ne. 0 0 8 4 0 5 8 [ A c c ess e d: 1 7 
N o v e m b er 2 0 1 9].  

G o n z ál e z, J. F., Al b erts, H., L e e, J., D o olittl e, L., et al. ( 2 0 1 8) Bi ofil m F or m ati o n Pr ot e ct s S al m o n ell a  fr o m 
t h e A nti bi oti c Ci pr ofl o x a ci n i n Vitr o a n d i n Vi v o i n t h e M o us e M o d el of c hr o ni c C arri a g e. S ci e ntifi c 
R e p or ts. 8 ( 1). 

G o n z ál e z, J. F., T u c k er, L., Fit c h, J., W et z el, A., et al. ( 2 0 1 9) H u m a n Bil e -M e di at e d R e g ul ati o n of 
S al m o n ell a  C urli Fi m bri a e. J o ur n al of B a ct eri ol o g y. 2 0 1 ( 1 8). A v ail a bl e fr o m: 
d oi: 1 0. 1 1 2 8/j b. 0 0 0 5 5 -1 9 [ A c c ess e d: 2 5 A pril 2 0 1 9].  

Gr e e n, E. R. & M e c s a s, J. ( 2 0 1 6) B a ct eri al S e cr eti o n S yst e m s: A n O v er vi e w. Mi cr o bi ol o g y S p e ctr u m . 4 
( 1), 1– 3 2.  

Gri m o nt, P. A. D. & W eill, F. -X. ( 2 0 0 7) A nti g e ni c f or m ul a e of t h e S al m o n ell a  s er o v ars, 9t h e diti o n. W H O 
C oll a b or ati n g C e ntr e f or R ef er e n c e a n d R es e ar c h o n S al m o n ell a , G e n e v a, S wit z erl a n d. 

G u n n, J. S. ( 2 0 0 0) M e c h a nis m s of b a ct eri al r esist a n c e a n d r es p o ns e t o bil e. Mi cr o b es a n d I nf e cti o n . 2 
( 8) p p. 9 0 7– 9 1 3.

G u n n, J. S., M ars h all, J. M., B a k er, S., D o n g ol, S., et al. ( 2 0 1 4) S al m o n ell a  c hr o ni c c arri a g e: E pi d e mi ol o g y, 
di a g n o sis , a n d g all bl a d d er p ersist e n c e. Tr e n ds i n Mi cr o bi ol o g y . 2 2 ( 1 1) p p. 6 4 8– 6 5 5.  

G ü nst er, R. A., M att h e ws, S. A., H ol d e n, D. W. & T h urst o n, T. L. M. ( 2 0 1 7) Ss e K 1 a n d Ss e K 3 t y p e III 
s e cr eti o n s y st e m eff e ct ors i n hi bit N F -κ B si g n ali n g a n d n e cr o pt oti c c ell d e at h i n S al m o n ell a -
i nf e ct e d m a cr o p h a g es. I nf e cti o n a n d I m m u nit y. 8 5 ( 3). 

G u pt a, S. & C h o w d h ur y, R. ( 1 9 9 7) Bil e Aff e cts Pr o d u cti o n of Vir ul e n c e F a ct ors a n d M otilit y of Vi bri o 
c h ol er a e. I N F E C TI O N A N D I M M U NI T Y. 6 5 ( 3). A v ail a bl e fr o m: htt p://i ai. as m. or g/ [ A c c e ss e d: 1 9 
N o v e m b er 2 0 1 9].  

G ur u n g, P., A n a n d, P. K., M alir e d di, R. K. S., V a n d e W all e, L., et al. ( 2 0 1 4) F A D D a n d c as p as e -8 m e di at e 
pri mi n g a n d a cti v ati o n of t h e c a n o ni c al a n d n o n c a n o ni c al Nlr p 3 i nfl a m m as o m es. J o ur n al of 
i m m u n ol o g y  ( B alti m or e,  M d. :  1 9 5 0). 1 9 2  ( 4),  1 8 3 5 – 1 8 4 6.  A v ail a bl e  fr o m: 
d oi: 1 0. 4 0 4 9/ji m m u n ol. 1 3 0 2 8 3 9 [ A c c e ss e d: 1 6 J ul y 2 0 1 9].  

G ur u n g, P. & K a n n e g a nti, T. D. ( 2 0 1 5) N o v el R ol es f or C as p as e -8 i n I L -1 β a n d I nfl a m m as o m e R e g ul ati o n. 
A m eri c a n J o ur n al of P at h ol o g y . 1 8 5 ( 1), 1 7– 2 5.  

G ur u n g, P., S u b b ar a o M alir e d di, R. K., A n a n d, P. K., D e m o n, D., et al. ( 2 0 1 2) T oll or i nt erl e u ki n -1 
r e c e pt or ( TI R) d o m ai n-c o nt ai ni n g a d a pt or i n d u ci n g i nt erf er o n -β ( T RI F) -m e di at e d c as p as e -1 1 
pr ot e as e pr o d u cti o n i nt e gr at es t oll -li k e r e c e pt or 4 ( T L R 4) pr ot ei n- a n d Nlr p 3 i nfl a m m as o m e -
m e di at e d h o st d ef e ns e a g ai nst e nt er o p at h o g e ns. J o ur n al of Bi ol o gi c al C h e mistr y. 2 8 7 ( 4 1), 
3 4 4 7 4 – 3 4 4 8 3.  

H a g ar, J. A., P o w ell, D. A., A a c h o ui, Y., Er nst, R. K., et al. ( 2 0 1 3) C yt o pl as mi c L P S A cti v at es C as p as e -1 1: 
I m pli c ati o ns i n T L R 4-I n d e p e n d e nt E n d ot o xic S h o c k. S ci e n c e . 3 4 1 ( 6 1 5 1), 1 2 5 0– 1 2 5 3.  

H a g hj o o, E. & G al á n, J. E. ( 2 0 0 4) S al m o n ell a  t y p hi e n c o d es a f u n cti o n al c yt ol et h al dist e n di n g t o xi n t h at 
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is d eli v er e d i nt o h o st c ells b y a b a ct eri al-i nt er n aliz ati o n p at h w a y. Pr o c e e di n gs of t h e N ati o n al 
A c a d e m y of S ci e n c es of t h e U nit e d St at es of A m eri c a . 1 0 1 ( 1 3), 4 6 1 4– 4 6 1 9.  

H alff, E. F., Di e b ol d er, C. A., V erst e e g, M., S c h o ut e n, A., et al. ( 2 0 1 2) F or m ati o n a n d str u ct ur e of a N AI P 5 -
N L R C 4 i nfl a m m as o m e i n d u c e d b y dir e ct i nt er a cti o ns wit h c o ns er v e d N - a n d C -t er mi n al r e gi o ns 
of fl a g elli n. J o ur n al of Bi ol o gi c al C h e mistr y. 2 8 7 ( 4 6), 3 8 4 6 0– 3 8 4 7 2.  

H a m n er, S., M cI n n er n e y, K., Willi a ms o n, K., Fr a n kli n, M.J., et al. ( 2 0 1 3) Bil e S alts Aff e ct E x pr essi o n of 
Es c h eri c hi a c oli O 1 5 7: H 7 G e n es f or Vir ul e n c e a n d Ir o n A c q ui siti o n, a n d Pr o m ot e  Gr o wt h u n d er 
Ir o n Li miti n g C o n diti o ns. P L o S O N E . 8 ( 9), 1– 1 4.  

H a n c o c k, V., V ej b or g, R. M. & Kl e m m, P. ( 2 0 1 0) F u n cti o n al g e n o mi cs of pr o bi oti c Es c h eri c hi a c oli Nissl e 
1 9 1 7 a n d 8 3 9 7 2, a n d U P E C str ai n C F T 0 7 3: C o m p aris o n of tr a ns cri pt o m es, gr o wt h a n d bi ofil m 
for m ati o n. M ol e c ul ar G e n eti cs a n d G e n o mi cs . 2 8 4 ( 6), 4 3 7– 4 5 4.  

H a n e d a, T., Wi nt er, S. E., B utl er, B. P., Wils o n, R. P., et al. ( 2 0 0 9) T h e C a ps ul e -E n c o di n g vi a B L o c us 
R e d u c es I nt esti n al I nfl a m m ati o n b y a S al m o n ell a  P at h o g e ni cit y Isl a n d 1 -I n d e p e n d e nt 
M e c h a nis m. IN F E C TI O N A N D I M M U NI T Y . 7 7 ( 7), 2 9 3 2– 2 9 4 2.  

H ar a, H., Ts u c hi y a, K., K a w a m ur a, I., F a n g, R., et al. ( 2 0 1 3) P h o s p h or yl ati o n of t h e a d a pt or A S C a cts as 
a m ol e c ul ar s wit c h t h at c o ntr ols t h e f or m ati o n of s p e c k -li k e a g gr e g at es a n d i nfl a m m as o m e 
a cti vit y. N at ur e I m m u n ol o g y . 1 4 ( 1 2), 1 2 4 7– 1 2 5 5.  

H ar a g a, A., O hls o n, M. B. & Mill er, S.I. ( 2 0 0 8) S al m o n ell a e i nt er pl a y wit h h o st c ells. N at ur e R e vi e ws 
Mi cr o bi ol o g y . 6 ( 1) p p. 5 3– 6 6. A v ail a bl e fr o m: d oi: 1 0. 1 0 3 8/ nr mi cr o 1 7 8 8.  

H art, P.J., O’ S h a u g h n ess y, C. M., Si g gi ns, M. K., B o b at, S., et al. ( 2 0 1 6) Diff er e nti al killi n g of S al m o n ell a  
e nt eri c a s er o v ar T y p hi b y a nti b o di es t ar g eti n g VI a n d li p o p ol ys a c c h ari d e O: 9 a nti g e n. P L o S O N E . 
1 1 ( 1).  

H att a, M., P ast o or, R., S c h e el b e e k, P. F. D., S ult a n, A. R., et al. ( 2 0 1 1) M ulti -l o c us v ari a bl e-n u m b er 
t a n d e m r e p e at pr ofili n g of S al m o n ell a  e nt e ri c a s er o v ar T y p hi is ol at es fr o m bl o o d c ult ur es a n d 
g all bl a d d er s p e ci m e ns fr o m M a k ass ar, S o ut h -S ul a w esi, I n d o n esi a. P L o S O N E . 6 ( 9). 

H a us m a n n, A., B ö c k, D., G eis er, P., B ert h ol d, D. L., et al. ( 2 0 2 0) I nt esti n al e pit h eli al N AI P/ N L R C 4 r estri cts 
s y st e mi c diss e mi n ati o n of t h e a d a pt e d p at h o g e n S al m o n ell a  T y p hi m uri u m d u e t o sit e -s p e cifi c 
b a ct eri al P A M P e x pr essi o n. M u c os al I m m u n ol o g y . 1– 1 5.  

H a y as hi, F., S mit h, K. D., O zi ns k y, A., H a w n, T. R., et al. ( 2 0 0 1) T h e i n n at e i m m u n e r es p o ns e t o b a ct eri al 
fl a g elli n is m e di at e d b y T oll - li k e r e c e pt or 5. N at ur e . 4 1 0 ( 6 8 3 2), 1 0 9 9-1 0 3.  

H a y w ar d, J. A., M at h ur, A., N g o, C. & M a n, S. M. ( 2 0 1 8) C yt os oli c R e c o g niti o n of Mi cr o b es a n d 
P at h o g e ns: I nfl a m m as o m es i n A cti o n. Mi cr o bi ol o g y a n d M ol e c ul ar Bi ol o g y R e vi e ws . 8 2 ( 4), 1– 4 0. 
A v ail a bl e fr o m: d oi: 1 0. 1 1 2 8/ m m br. 0 0 0 1 5 -1 8 [ A c c es s e d: 1 4 S e pt e m b er 2 0 1 8 ]. 

H a y w ar d, R. D. & K or o n a kis, V. ( 1 9 9 9) Dir e ct n u cl e ati o n a n d b u n dli n g of a cti n b y t h e Si p C pr ot ei n of 
i n v asi v e S al m o n ell a . T h e E M B O J o ur n al . 1 8 ( 1 8). 

H e,  y u a n, Z e n g, M. Y., Y a n g, D., M otr o, B., et al. ( 2 0 1 6) N E K 7 is a n ess e nti al m e di at or of N L R P 3 
a cti v ati o n d o w nstr e a m of p ot assi u m effl u x. N at ur e . 5 3 0 ( 7 5 9 0), 3 5 4– 3 5 7. A v ail a bl e fr o m: 
d oi: 1 0. 1 0 3 8/ n at ur e 1 6 9 5 9 [ A c c ess e d: 2 8 O ct o b er 2 0 1 8].  

H e, W. T., W a n, H., H u, L., C h e n, P., et al. ( 2 0 1 5) G as d er mi n D is a n e x e c ut or of p yr o pt osis a n d r e q uir e d 
f or i nt erl e u ki n-1 β s e cr eti o n. C ell R es e ar c h . 2 5 ( 1 2), 1 2 8 5– 1 2 9 8. A v ail a bl e fr o m: 
d oi: 1 0. 1 0 3 8/ cr. 2 0 1 5. 1 3 9 [ A c c ess e d: 2 5 A u g ust 2 0 1 7].  

H e, Y., H ar a, H. & N ú ñ e z, G. ( 2 0 1 6) M e c h a nis m a n d R e g ul ati o n of N L R P 3 I nfl a m m as o m e A cti v ati o n. 
Tr e n ds i n Bi o c h e mi c al S ci e n c es . 4 1 ( 1 2), 1 0 1 2– 1 0 2 1.  

H e n g g e‐ Ar o nis, R. & Fis c h er, D. ( 1 9 9 2) I d e ntifi c ati o n a n d m ol e c ul ar a n al ysis of gl g S, a n o v el gr o wt h ‐
p h as e‐r e g u l at e d a n d r p oS‐ d e p e n d e nt g e n e i n v ol v e d i n gl y c o g e n s y nt h esis i n Es c h eri c hi a c oli. 
M ol e c ul ar Mi cr o bi ol o g y . 6 ( 1 4), 1 8 7 7– 1 8 8 6.  

H er n á n d e z, S. B. , C ot a, I., D u cr et, A., A uss el, L., et al. ( 2 0 1 2) A d a pt ati o n a n d pr e a d a pt ati o n of 
S al m o n ell a  e nt eri c a t o bil e. P L o S G e n eti cs . 8 ( 1). 

Hi g gi ns o n, E. E., R a m a c h a n dr a n, G., H a z e n, T. H., K a ni a, D. A., et al. ( 2 0 1 8) I m pr o vi n g O ur U n d er st a n di n g 
of S al m o n ell a  e nt eri c a S er o v ar P ar at y p hi B t hr o u g h t h e E n gi n e eri n g a n d T esti n g of a Li v e 
Att e n u at e d V a c ci n e Str ai n . A v ail a bl e fr o m: d oi: 1 0. 1 1 2 8/ m S p h er e. 0 0 4 7 4-1 8 [ A c c es s e d: 2 4 M a y 
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2 0 1 9].  
Hi g gi ns o n, E. E., Si m o n, R. & T e n n a nt, S. M. ( 2 0 1 6) A ni m al M o d els f or S al m o n ell osis: A p pli c a ti o ns i n 

V a c ci n e R es e ar c h . A v ail a bl e fr o m: d oi: 1 0. 1 1 2 8/ C VI. 0 0 2 5 8-1 6 [ A c c es s e d: 1 5 N o v e m b er 2 0 1 9].  
Hi y o s hi, H., Tiff a n y, C. R., Br o n n er, D. N. & B a u ml er, A.J. ( 2 0 1 8 a) T y p h oi d al S al m o n ell a  s er o v ar s: 

e c ol o gi c al o p p ort u nit y a n d t h e e v ol uti o n of a n e w p at h o v ar. F E M S Mi cr o bi ol o g y R e vi e ws . 0 2 4, 
5 2 7 – 5 4 1.  

Hi y o s hi, H., W a n g di, T., L o c k, G., S a e c h a o, C., et al. ( 2 0 1 8 b) M e c h a nis m s t o E v a d e t h e P h a g o c yt e 
R es pir at or y B urst Ar o s e b y C o n v er g e nt E v ol uti o n i n T y p h oi d al S al m o n ell a  S er o v ars. C ell R e p orts . 
2 2 ( 7), 1 7 8 7 – 1 7 9 7.  

H of m a n n, A. F. ( 1 9 9 9) Bil e A ci ds: T h e G o o d, t h e B a d, a n d t h e U gl y. N e ws P h ysi ol. S ci. • . 1 4. A v ail a bl e 
fr o m: w w w. p h y si ol o g y. or g/j o ur n al/ p h y si ol o g y o nli n e [ A c c ess e d: 2 4 M a y 2 0 1 9]. 

H o h m a n n,  E. L.  ( 2 0 0 1) N o nt y p h oi d al  S al m o n ell osis .  A v ail a bl e  fr o m: 
w w w. c d c. g o v/ n ci d o d/ d b m d/f o o d n et/ [ A c c ess e d: 4 N o v e m b er 2 0 1 9].  

H olt, K. E. ( 2 0 0 9) G e n o mi c v ari ati o n a n d e v ol uti o n of S al m o n ell a  e nt eri c a s er o v ar s T y p hi a n d P ar at y p hi 
A . 

H olt, K. E., D ol e c e k, C., C h a u, T. T., D u y, P. T., et al. ( 2 0 1 1) T e m p or al fl u ct u ati o n of m ulti dr u g r esist a nt 
S al m o n ell a  t y p hi h a pl ot y p es i n t h e m e k o n g ri v er d elt a r e gi o n of Vi et n a m. P L o S N e gl e ct e d Tr o pi c al 
Dis e as es . 5 ( 1). A v ail a bl e fr o m: d oi: 1 0. 1 3 7 1/j o ur n al. p nt d. 0 0 0 0 9 2 9 [ A c c ess e d: 1 3 A pril 2 0 1 8]. 

H olt, K. E., P ar k hill, J., M a zz o ni, C.J., R o u m a g n a c, P., et al. ( 2 0 0 8) Hi g h -t hr o u g h p ut s e q u e n ci n g pr o vi d es 
i nsi g hts i nt o g e n o m e v ari ati o n a n d e v ol uti o n i n S al m o n ell a  T y p hi. N at ur e g e n eti cs . 4 0 ( 8), 9 8 7–
9 9 3.  

H olt, K. E., T h o m s o n, N. R., W ai n, J., L a n gri d g e, G. C., et al. ( 2 0 0 9) P s e u d o g e n e a c c u m ul ati o n i n t h e 
e v ol uti o n ar y hi st ori es of S al m o n ell a  e nt eri c a s er o v ars P ar at y p hi A a n d T y p hi. B M C G e n o mi cs . 1 0, 
3 6.  

H olt, K. E., T h o m s o n, N. R., W ai n, J., P h a n, M. D., et al. ( 2 0 0 7) M ulti dr u g -R esist a nt S al m o n ell a e nt eri c a 
S er o v ar P ar at y p hi A H ar b ors I n c HI 1 Pl as mi ds Si mil ar t o T h o s e F o u n d i n S er o v ar T y p hi. J O U R N A L 
O F B A C T E RI O L O G Y . 1 8 9 ( 1 1), 4 2 5 7– 4 2 6 4.  

H öl z er, S. U., S c hl u m b er g er, M. C., J ä c k el, D. & H e ns el, M. ( 2 0 0 9) Eff e ct of t h e O -A nti g e n L e n gt h of 
Li p o p ol y s a c c h ari d e o n t h e F u n cti o ns of T y p e III S e cr eti o n S yst e m s i n S al m o n ell a  e nt eri c a. 
I N F E C TI O N A N D I M M U NI T Y. 7 7 ( 1 2), 5 4 5 8– 5 4 7 0. A v ail a bl e fr o m: d oi: 1 0. 1 1 2 8/I AI. 0 0 8 7 1 -0 9 
[ A c c e ss e d: 1 4 M ar c h 2 0 1 9]. 

H o n g, M. & P a y n e, S. M. ( 1 9 9 7) Eff e ct of m ut ati o ns i n S hi g ell a fl e x n eri c hr o m os o m al a n d pl as mi d -
e n c o d e d li p o p ol y s a c c h ari d e g e n es o n i n v asi o n a n d s er u m r esist a n c e. M ol e c ul ar Mi cr o bi ol o g y . 2 4 
( 4), 7 7 9– 7 9 1.  

H or n u n g, V., A bl ass er, A., C h arr el -D e n nis, M., B a u er nf ei n d, F., et al. ( 2 0 0 9) AI M 2 r e c o g ni z es c yt o s oli c 
ds D N A a n d f or ms a c as p as e -1 -a cti v ati n g i nfl a m m as o m e wit h A S C. N at ur e . 4 5 8 ( 7 2 3 7), 5 1 4– 5 1 8. 
A v ail a bl e fr o m: d oi: 1 0. 1 0 3 8/ n at ur e 0 7 7 2 5 [ A c c e ss e d: 3 0 M a y 2 0 1 9].  

H or n u n g, V. & L at z, E. ( 2 0 1 0) Criti c al f u n cti o ns of pri mi n g a n d l ys o s o m al d a m a g e f or N L R P 3 a cti v ati o n. 
E ur o p e a n J o ur n al of I m m u n ol o g y . 4 0 ( 3), 6 2 0– 6 2 3.  

H u, G. -Q., S o n g, P. -X., Li, N., C h e n, W., et al. ( 2 0 1 6) AI M 2 c o ntri b ut es t o t h e m ai nt e n a n c e of i nt es ti n al 
i nt e grit y vi a A kt a n d pr ot e cts a g ai nst S al m o n ell a  m u c os al i nf e cti o n. M u c os al I m m u n ol o g y . 9 ( 5), 
1 3 3 0 – 1 3 3 9. A v ail a bl e fr o m: d oi: 1 0. 1 0 3 8/ mi. 2 0 1 5. 1 4 2 [ A c c e ss e d: 2 5 A u g ust 2 0 1 7].  

H u, Z., Z h o u, Q., Z h a n g, C., F a n, S., et al. ( 2 0 1 5) Str u ct ur al a n d bi o c h e mi c al b asis f or i n d u c e d s elf -
pr o p a g ati o n  of  N L R C 4. S ci e n c e .  3 5 0  ( 6 2 5 9),  3 9 9– 4 0 4.  A v ail a bl e  fr o m: 
d oi: 1 0. 1 1 2 6/ s ci e n c e. a a c 5 4 8 9 [ A c c es s e d: 3 0 M a y 2 0 1 9].  

H u m e, P.J., Si n g h, V., D a vi ds o n, A. C. & K or o n a kis, V. ( 2 0 1 7) S wiss ar m y p at h o g e n: T h e S al m o n ell a  e ntr y 
t o ol kit. Fr o nti er s i n C ell ul ar a n d I nf e cti o n Mi cr o bi ol o g y . 7 ( A U G) p. 3 4 8. A v ail a bl e fr o m: 
d oi: 1 0. 3 3 8 9/f ci m b. 2 0 1 7. 0 0 3 4 8 [ A c c ess e d: 2 3 D e c e m b er 2 0 1 9].  

H u m p hri es, A. D., R aff at ell u, M., Wi nt er, S., W e e ni n g, E. H., et al. ( 2 0 0 3) T h e us e of fl o w c yt o m etr y t o 
d et e ct e x p r essi o n of s u b u nits e n c o d e d b y 1 1 S al m o n ell a  e nt eri c a s er ot y p e T y p hi m uri u m fi m bri al 
o p er o ns. M ol e c ul ar Mi cr o bi ol o g y . 4 8 ( 5), 1 3 5 7– 1 3 7 6. A v ail a bl e fr o m: d oi: 1 0. 1 0 4 6/j. 1 3 6 5 -
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2 9 5 8. 2 0 0 3. 0 3 5 0 7. x [ A c c ess e d: 2 8 M ar c h 2 0 2 0].  
H u m p hri es, A. D., T o w ns e n d, S. M., Ki n gsl e y, R. a, Ni c h ols o n, T. L., et al. ( 2 0 0 1) R ol e of fi m bri a e as 

a nti g e ns a n d i nt esti n al c ol o ni z ati o n f a ct or s of S al m o n ell a  s er o v ar s . 2 0 1, 1 2 1– 1 2 5.  
I b a n e z-R uiz, M., R o b b e -S a ul e, V., H er m a nt, D., L a br u d e, S., et al. ( 2 0 0 0) I d e ntifi c ati o n of R p o S ( σ( S)) -

r e g ul at e d g e n es i n S al m o n ell a  e nt eri c a s er o v ar t y p hi m uri u m. J o ur n al of B a ct eri ol o g y. 1 8 2 ( 2 0), 
5 7 4 9 – 5 7 5 6.  

I b arr a, J. A., K n o dl er, L. A., St ur d e v a nt, D. E., Virt a n e v a, K., et al. ( 2 0 1 0) I n d u cti o n of S al m o n ell a  
p at h o g e ni cit y isl a n d 1 u n d er diff er e nt gr o wt h c o n diti o ns c a n aff e ct S al m o n ell a -h o st c ell 
i nt er a cti o ns i n vitr o. Mi cr o bi ol o g y ( R e a di n g, E n gl a n d) . 1 5 6 ( Pt 4), 1 1 2 0 – 1 1 3 3.  

I bl er, A. E. M., El G h a z al y, M., N a yl or, K. L., B ul g a k o v a, N. A., et al. ( 2 0 1 9) T y p h oi d t o xi n e x h a usts t h e R P A 
r es p o ns e t o D N A r e pli c ati o n str es s dri vi n g s e n es c e n c e a n d S al m o n ell a  i nf e cti o n. N at ur e 
C o m m u ni c ati o ns . 1 0 ( 1). 

I n o u e, T., S hi n g a ki, R., Hir os e, S., W a ki, K., et al. ( 2 0 0 7) G e n o m e-wi d e s cr e e ni n g of g e n es r e q uir e d f or 
s w ar mi n g m otilit y i n Es c h eri c hi a c oli K -1 2. J o ur n al of B a ct eri ol o g y. 1 8 9 ( 3), 9 5 0– 9 5 7. A v ail a bl e 
fr o m: d oi: 1 0. 1 1 2 8/J B. 0 1 2 9 4-0 6 [ A c c ess e d: 5 J a n u ar y 2 0 2 0].  

I w as a ki, A. & M e d z hit o v, R. ( 2 0 1 5) C o ntr ol of a d a pti v e i m m u nit y b y t h e i n n at e i m m u n e s y st e m. N at ur e 
I m m u n ol o g y. 1 6 ( 4) p p. 3 4 3– 3 5 3.  

J e n ni n gs, E., T h urst o n, T. L. M. & H ol d e n, D. W. ( 2 0 1 7) S al m o n ell a  S PI -2 T y p e III S e cr eti o n S y st e m 
Eff e ct ors: M ol e c ul ar M e c h a nis m s A n d P h y si ol o gi c al C o n s e q u e n c e s. C ell H ost a n d Mi cr o b e . 2 2 ( 2), 
2 1 7 – 2 3 1. A v ail a bl e fr o m: d oi: 1 0. 1 0 1 6/j. c h o m. 2 0 1 7. 0 7. 0 0 9.  

J e ps o n, M. A. & Cl ar k, M. A. ( 2 0 0 1) T h e r ol e of M c ells i n S al m o n ell a  i nf e cti o n. Mi cr o b es a n d I nf e cti o n . 
3.  

J o h ns o n, R., B yr n e, A., B er g er, C. N., Kl e m m, E., et al. ( 2 0 1 7) T h e t y p e III s e cr eti o n s y st e m eff e ct or S pt P 
of S al m o n ell a  e nt eri c a s er o v ar T y p hi. J o ur n al of B a ct eri ol o g y. 1 9 9 ( 4), J B. 0 0 6 4 7-1 6.  

J o h ns o n, R., M yl o n a, E. & Fr a n k el, G. ( 2 0 1 8) T y p h oi d al S al m o n ell a : disti n cti v e vir ul e n c e f a ct ors a n d 
p at h o g e n esis. C ell ul ar Mi cr o bi ol o g y . 2 0 ( 9), e 1 2 9 3 9. A v ail a bl e fr o m: d oi: 1 0. 1 1 1 1/ c mi. 1 2 9 3 9. 

J o h ns o n, R., R a v e n h all, M., Pi c k ar d, D., D o u g a n, G., et al. ( 2 0 1 8) C o m p aris o n of S al m o n ell a  e nt eri c a 
s er o v ars T y p hi a n d T y p hi m uri u m r e v e als t y p h oi d al s er o v ar -s p e cifi c r es p o ns es t o bil e. I nf e cti o n 
a n d I m m u nit y . 8 6 ( 3), I AI. 0 0 4 9 0-1 7.  

J o n es, J. W., K a y a g a ki, N., Br o z, P., H e nr y, T., et al. ( 2 0 1 0) A bs e nt i n m el a n o m a 2 is r e q uir e d f or i n n at e 
i m m u n e r e c o g niti o n of Fr a n cis ell a t ul ar e nsis. Pr o c e e di n gs of t h e N ati o n al A c a d e m y of S ci e n c es . 
1 0 7 ( 2 1), 9 7 7 1 – 9 7 7 6. A v ail a bl e fr o m: d oi: 1 0. 1 0 7 3/ p n as. 1 0 0 3 7 3 8 1 0 7 [ A c c ess e d: 2 J a n u ar y 2 0 1 9].  

J o o st e n, L. A. B., N et e a, M. G. & Di n ar ell o, C. A. ( 2 0 1 3) I nt erl e u ki n-1 β i n i n n at e i nfl a m m ati o n, a ut o p h a g y 
a n d i m m u nit y. S e mi n ar s i n I m m u n ol o g y . 2 5 ( 6), 4 1 6– 4 2 4. A v ail a bl e fr o m: 
d oi: 1 0. 1 0 1 6/j.s mi m. 2 0 1 3. 1 0. 0 1 8.  

J or g e ns e n, I. & Mi a o, E. A. ( 2 0 1 5) P yr o pt oti c c ell d e at h d ef e n ds a g ai nst i ntr a c ell ul ar p at h o g e ns. 
I m m u n ol o gi c al R e vi e ws. 2 6 5 ( 1) p p. 1 3 0– 1 4 2. A v ail a bl e fr o m: d oi: 1 0. 1 1 1 1/i mr. 1 2 2 8 7 [ A c c e ss e d: 
2 3 S e pt e m b er 2 0 1 7].  

J or g e ns e n, I., Z h a n g, Y., Kr a nt z, B. A. & Mi a o, E. A. ( 2 0 1 6) P yr o pt o sis tri g g ers p or e -i n d u c e d i ntr a c ell ul ar 
tr a ps ( PI Ts) t h at c a pt ur e b a ct eri a a n d l e a d t o t h eir cl e ar a n c e b y eff er o c yt osis. J o ur n al of 
E x p eri m e nt al M e di ci n e . 2 1 3 ( 1 0), 2 1 1 3– 2 1 2 8.  

J uli a n a, C., F er n a n d es-Al n e mri, T., K a n g, S., F ari as, A., et al. ( 2 0 1 2) N o n -tr a ns cri pti o n al pri mi n g a n d 
d e u bi q uiti n ati o n r e g ul at e N L R P 3 i nfl a m m as o m e a cti v ati o n. J o ur n al of Bi ol o gi c al C h e mistr y. 2 8 7 
( 4 3), 3 6 6 1 7– 3 6 6 2 2.  

K al ai C h el v a m, K., C h ai, L. C. & T h o n g, K. L. ( 2 0 1 4) V ari ati o ns i n m otilit y a n d bi ofil m f or m ati o n of 
S al m o n ell a  e nt eri c a s er o v ar T y p hi. G ut P at h o g e ns . 6 ( 1). 

K a ni g a, K., T u c k er, S., Tr olli n g er, D. & G al a n, J. E. ( 1 9 9 5) H o m ol o gs of t h e S hi g ell a I p a B a n d I p a C i n v asi ns 
ar e r e q uir e d f or S al m o n ell a  t y phi m uri u m e ntr y i nt o c ult ur e d e pit h eli al c ells. J o ur n al of 
B a ct eri ol o g y . 1 7 7 ( 1 4), 3 9 6 5– 3 9 7 1.  

K ar k e y, A., Arj y al, A., A n d ers, K. L., B o ni, M. F., et al. ( 2 0 1 0) T h e B ur d e n a n d C h ar a ct eristi cs of E nt eri c 
F e v er at a H e alt h c ar e F a cilit y i n a D e ns el y P o p ul at e d Ar e a of K at h m a n d u L or e nz v o n S ei dl ei n 
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( e d.). P L o S O N E . 5 ( 1 1), e 1 3 9 8 8. A v ail a bl e fr o m: d oi: 1 0. 1 3 7 1/j o ur n al. p o n e. 0 0 1 3 9 8 8 [ A c c ess e d: 
1 0 N o v e m b er 2 0 1 9].  

K ar k e y, A., T h o m ps o n, C. N., Tr a n V u T hi e u, N., D o n g ol, S., et al. ( 2 0 1 3) Diff er e nti al E pi d e mi ol o g y of 
S al m o n e ll a T y p hi a n d P ar at y p hi A i n K at h m a n d u, N e p al: A M at c h e d C as e C o ntr ol I n v esti g ati o n i n 
a Hi g hl y E n d e mi c E nt eri c F e v er S etti n g J o h n A n dr e w Cr u m p ( e d.). P L o S N e gl e ct e d Tr o pi c al 
Dis e as es . 7 ( 8), e 2 3 9 1. 

K arli ns e y, J. E., St e pi e n, T. A., M a y h o, M., Ki n gsl e y, R. A., et al. ( 2 0 1 9) G e n o m e -wi d e A n al ysis of 
S al m o n ell a  e nt eri c a s er o v ar T y p hi i n H u m a ni z e d Mi c e R e v e als K e y Vir ul e n c e F e at ur es. C ell H ost 
a n d Mi cr o b e . A v ail a bl e fr o m: d oi: 1 0. 1 0 1 6/j. c h o m. 2 0 1 9. 0 8. 0 0 1. 

K a w a i, T. & A kir a, S. ( 2 0 1 0) T h e r ol e of p att er n-r e c o g niti o n r e c e pt ors i n i n n at e i m m u nit y: u p d at e o n 
T oll -li k e r e c e pt ors. N at ur e P u blis hi n g Gr o u p . 1 1. A v ail a bl e fr o m: d oi: 1 0. 1 0 3 8/ ni. 1 8 6 3 [ A c c ess e d: 
3 J u n e 2 0 1 7].  

K a w as a ki, T. & K a w ai, T. ( 2 0 1 4) T oll -li k e r e c e ptor si g n ali n g p at h w a y s. Fr o nti er s i n I m m u n ol o g y . 5 ( S E P). 
K a y a g a ki, N., St o w e, I. B., L e e, B. L., O’ R o ur k e, K., et al. ( 2 0 1 5) C as p as e -1 1 cl e a v es g as d er mi n D f or n o n -

c a n o ni c al i nfl a m m as o m e si g n alli n g. N at ur e . 5 2 6 ( 7 5 7 5), 6 6 6– 6 7 1.  
K a y a g a ki, N., W ar mi n g, S., L a m k a nfi, M., W all e, L. V a n d e, et al. ( 2 0 1 1) N o n -c a n o ni c al i nfl a m m as o m e 

a cti v ati o n t ar g et s c as p as e -1 1. N at ur e . 4 7 9 ( 7 3 7 1), 1 1 7– 1 2 1.  
K a y a g a ki, N., W o n g, M. T., St o w e, I. B., R a m a ni, S. R., et al. ( 2 0 1 3) N o n c a n o ni c al I nfl a m m as o m e 

A cti v ati o n b y I ntr a c ell ul ar L P S I n d e p e n d e nt of T L R 4. S ci e n c e . 3 4 1 ( 6 1 5 1), 1 2 4 6– 1 2 4 9.  
K e estr a -G o u n d er, A. M., Ts olis, R. M. & B ä u ml er, A.J. ( 2 0 1 5) N o w y o u s e e m e, n o w y o u d o n’t: t h e 

i nt er a cti o n of S al m o n ell a  wit h i n n at e i m m u n e r e c e pt ors. N at ur e r e vi e ws. Mi cr o bi ol o g y . 1 3 ( 4), 
2 0 6 – 2 1 6. A v ail a bl e  fr o m: d oi: 1 0. 1 0 3 8/ nr mi cr o 3 4 2 8. 

K h atri, N. S., M as k e y, P., P o u d el, S., J ais w al, V. K., et al. ( 2 0 0 9) G all bl a d d er C arri a g e of S al m o n ell a  
P ar at y p hi A M a y B e a n I m p ort a nt F a ct or i n t h e I n cr e asi n g I n ci d e n c e of T his I nf e cti o n i n S o ut h 
Asi a. A n n als of I nt er n al M e d i ci n e. 1 5 0 ( 8), 5 6 7. A v ail a bl e fr o m: d oi: 1 0. 7 3 2 6/ 0 0 0 3-4 8 1 9 -1 5 0 -8 -
2 0 0 9 0 4 2 1 0 -0 0 0 1 7 [ A c c ess e d: 2 8 D e c e m b er 2 0 1 8].  

Ki d g ell, C., R ei c h ar d, U., W ai n, J., Li nz, B., et al. ( 2 0 0 2) S al m o n ell a  t y p hi, t h e c a us ati v e a g e nt of t y p h oi d 
f e v er, is a p pr o xi m at el y 5 0, 0 0 0 y e ars ol d. I nf e cti o n, G e n eti cs a n d E v ol uti o n. 2 ( 1), 3 9– 4 5.  

Ki m, B. H., S h e n o y, A. R., K u m ar, P., Br a dfi el d, C.J., et al. ( 2 0 1 2) I F N -i n d u ci bl e G T P as es i n h o st c ell 
d ef e ns e. C ell  H ost  a n d  Mi cr o b e . 1 2  ( 4)  p p. 4 3 2– 4 4 4.  A v ail a bl e  fr o m: 
d oi: 1 0. 1 0 1 6/j. c h o m. 2 0 1 2. 0 9. 0 0 7 [ A c c es s e d: 1 4 S e pt e m b er 2 0 1 8].  

Ki n g, T., F er e n ci, T. & S z a b o, E. A. ( 2 0 0 3) T h e eff e ct of gr o wt h at m o s p h er e o n t h e a bilit y of List eri a 
m o n o c yt o g e n es t o s ur vi v e e x p o s ur e t o a ci d, pr ot e ol yti c e n z y m es a n d bil e s alts. I nt er n ati o n al 
j o ur n al of f o o d mi cr o bi ol o g y. 8 4 ( 2), 1 3 3– 1 4 3. A v ail a bl e fr o m: d oi: 1 0. 1 0 1 6/ s 0 1 6 8 -
1 6 0 5( 0 2) 0 0 4 0 4 -x [ A c c ess e d: 3 F e br u ar y 2 0 2 0].  

Ki n gsl e y, R. A., M s ef ul a, C. L., T h o m s o n, N. R., K ari u ki, S., et al. ( 2 0 0 9) E pi d e mi c m ulti pl e dr u g r esist a nt 
S al m o n ell a  T y p hi m uri u m c a usi n g i n v asi v e dis e as e i n s u b -S a h ar a n Afri c a h a v e a disti n ct g e n ot y p e. 
G e n o m e R es e ar c h . 1 9 ( 1 2), 2 2 7 9– 2 2 8 7. A v ail a bl e fr o m: d oi: 1 0. 1 1 0 1/ gr. 0 9 1 0 1 7. 1 0 9 [ A c c ess e d: 
1 4 J a n u ar y 2 0 1 9].  
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I nf e cti o n a n d C h e m ot h er a p y. 1 4 ( 2) p p. 8 6– 9 2.  
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L er o u g e, I. & V a n d erl e y d e n, J. ( 2 0 0 2) O -a nti g e n str u ct ur al v ari ati o n: M e c h a nis m s a n d p o ssi bl e r ol es i n 
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e nt eri c a S er o v ar T y p hi m uri u m.  M ol. C ells . 2 9, 5 0 9– 5 1 7. A v ail a bl e fr o m: d oi: 1 0. 1 0 0 7/ s 1 0 0 5 9 -0 1 0 -
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a n d its g e n eti c b asi s. F E M S Mi cr o bi ol o g y R e vi e ws . 3 8 ( 1), 5 6– 8 9.  

Li u, S. -L., E z a ki, T., Mi ur a, H., M ats ui, K., et al. ( 1 9 8 8) I nt a ct M otilit y as a S al m o n ell a  t y p hi I n v asi o n-
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N ati o n al A c a d e m y of S ci e n c es . 1 1 1 ( 2 0), 7 4 0 3– 7 4 0 8.  
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M arti n, L. B., Si m o n, R., M a c L e n n a n, C. A., T e n n a nt, S. M., et al. ( 2 0 1 6) St at us of p ar at y p h oi d f e v er 
v a c ci n e r es e ar c h a n d d e v el o p m e nt. V a c ci n e . 3 4 ( 2 6), 2 9 0 0– 2 9 0 2. A v ail a bl e fr o m: 
d oi: 1 0. 1 0 1 6/j. v a c ci n e. 2 0 1 6. 0 3. 1 0 6.  

M arti n o n, F. & Ts c h o p p, J. ( 2 0 0 4) I nfl a m m at or y c as p as es: Li n ki n g a n i ntr a c ell ul ar i n n at e i m m u n e 
s y st e m t o a ut oi nfl a m m at or y dis e as es. C ell . 1 1 7 ( 5), 5 6 1– 5 7 4.  

M ar z el, A., D es ai, P. T., G or e n, A., S c h orr, Y.I., et al. ( 2 0 1 6) P ersist e nt i nf e cti o ns b y n o nt y p h oi d al 
S al m o n ell a  i n h u m a ns: E pi de mi ol o g y a n d g e n eti cs. Cli ni c al I nf e cti o us Dis e as es . 6 2 ( 7), 8 7 9– 8 8 6.  

M as k e y, A. P., D a y, J. N., T u a n, P. Q., T h w ait es, G. E., et al. ( 2 0 0 6) S al m o n ell a  e nt eri c a S er o v ar P ar at y p hi 
A a n d S. e nt eri c a S er o v ar T y p hi C a us e I n disti n g ui s h a bl e Cli ni c al S y n dr o m es i n K at h m a n d u, N e p al. 
Cli ni c al I nf e cti o us Dis e as es . 4 2 ( 9), 1 2 4 7– 1 2 5 3. A v ail a bl e fr o m: d oi: 1 0. 1 0 8 6/ 5 0 3 0 3 3 [ A c c es s e d: 
2 0 A u g ust 2 0 1 8].  

M c Cl ell a n d, M., S a n d ers o n, K. E., Clift o n, S. W., L atr eill e, P., et al. ( 2 0 0 4) C o m p aris o n of g e n o m e 
d e gr a d ati o n i n P ar at y p hi A a n d T y p hi, h u m a n -r estri ct e d s er o v ars of S al m o n ell a  e nt eri c a t h at 
c a us e t y p h oi d. N at ur e G e n eti cs . 3 6 ( 1 2), 1 2 6 8– 1 2 7 4.  

M c Cl ell a n d, M., S a n d ers o n, K. E., S pi et h, J., Clift o n, S. W., et al. ( 2 0 0 1) C o m pl et e g e n o m e s e q u e n c e of 
S al m o n ell a  e nt eri c a s er o v ar T y p hi m uri u m L T 2. N at ur e . 4 1 3 ( 6 8 5 8), 8 5 2– 8 5 6. A v ail a bl e fr o m: 
d oi: 1 0. 1 0 3 8/ 3 5 1 0 1 6 1 4 [ A c c es s e d: 1 6 M ar c h 2 0 1 8].  

M c Cl ur e, R., B al as u br a m a ni a n, D., S u n, Y., B o br o v s k y y, M., et al. ( 2 0 1 3) C o m p ut ati o n al a n al y sis of 
b a ct eri al R N A -S e q d at a. N u cl ei c A ci ds R es e ar c h . 4 1 ( 1 4), e 1 4 0– e 1 4 0. A v ail a bl e fr o m: 
d oi: 1 0. 1 0 9 3/ n ar/ g kt 4 4 4 [ A c c e ss e d: 8 F e br u ar y 2 0 2 0].  

M c C ull a g h, D., D o bi ns o n, H. C., D art o n, T., C a m p b ell, D., et al. ( 2 0 1 5) U n d erst a n di n g p ar at y p h oi d 
i nf e cti o n: St u d y pr ot o c ol f or t h e d e v el o p m e nt of a h u m a n m o d el of S al m o n ell a  e nt eri c a s er o v ar 
P ar at y p hi A c h all e n g e i n h e alt h y a d ult v ol u nt e ers. B MJ O p e n . 5 ( 6). 

M c D o w ell, M. A., B yr n e, A. M. P., M yl o n a, E., J o h ns o n, R., et al. ( 2 0 1 9 ) T h e S. T y p hi eff e ct or St o D is a n 
E 3/ E 4 u bi q uiti n li g as e w hi c h bi n ds K 4 8 - A n d K 6 3 -li n k e d di u bi q uiti n. Lif e S ci e n c e Alli a n c e . 2 ( 3). 

M c G hi e, E.J., Br a w n, L. C., H u m e, P.J., H u m p hr e y s, D., et al. ( 2 0 0 9) S al m o n ell a  t a k es c o ntr ol: eff e ct or-
dri v e n m a ni p ul ati o n of t h e h o st. C urr e nt O pi ni o n i n Mi cr o bi ol o g y . 1 2 ( 1) p p. 1 1 7– 1 2 4.  
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M c G hi e, E.J., H a y w ar d, R. D. & K or o n a kis, V. ( 2 0 0 1) C o o p er ati o n b et w e e n a cti n -bi n di n g pr ot ei ns of 
i n v asi v e S al m o n ell a : Si p A p ot e nti at e s Si p C n u cl e ati o n a n d b u n dli n g of a cti n. E M B O J o ur n al . 2 0 
(9), 2 1 3 1 – 2 1 3 9.  

M c ki n n e y, J. D., H o, K., N er Z u B e ntr u p, È., M u n Ä O z -El õ Â as, E.J., et al. ( 2 0 0 0) P ersist e n c e of 
M y c o b a ct eri u m t u b er c ul o sis i n m a cr o p h a g es a n d mi c e r e q uir es t h e gl y o x yl at e s h u nt e n z y m e 
is o citr at e l y as e. N at ur e . 4 0 6, 7 3 5– 7 3 8.  

M e d z hit o v, R. ( 2 0 0 7) R e c o g niti o n of mi cr o or g a nis m s a n d a cti v ati o n of t h e i m m u n e r es p o ns e. 
N at ur e . 4 4 9 ( 7 1 6 4) p p. 8 1 9– 8 2 6.  

M elt z er, E., Sti e nl a uf, S., L es h e m, E., Si di, Y., et al. ( 2 0 1 4) A l ar g e o ut br e a k of S al m o n ell a  p ar at y p hi a 
i nf e cti o n a m o n g isr a eli tr a v el ers t o N e p al. C li ni c al I nf e cti o us Dis e as es. 5 8 ( 3), 3 5 9– 3 6 4.  

M e n e n d e z, A., Ar e n a, E. T., G utt m a n, J. A., T h ors o n, L., et al. ( 2 0 0 9) S al m o n ell a  i nf e cti o n of g all bl a d d er 
e pit h eli al c ells dri v es l o c al i nfl a m m ati o n a n d i nj ur y i n a m o d el of a c ut e t y p h oi d f e v er. T h e J o ur n al 
of i nf e cti o us dis e as es . 2 0 0 ( 1 1), 1 7 0 3– 1 7 1 3.  

M e u ni er, E., Di c k, M. S., Dr ei er, R. F., S c h ür m a n n, N., et al. ( 2 0 1 4) C as p as e -1 1 a cti v ati o n r e q uir es l y sis 
of p at h o g e n -c o nt ai ni n g v a c u ol es b y I F N -i n d u c e d G T P as e s. N at ur e . 5 0 9 ( 7 5 0 0), 3 6 6– 3 7 0.  

M e u ni er, E., W all et, P., Dr ei er, R. F., C o st a n z o, S., et al. ( 2 0 1 5) G u a n yl at e -bi n di n g pr ot ei ns pr o m ot e 
a cti v ati o n of t h e AI M 2 i nfl a m m as o m e d uri n g i nf e cti o n wit h Fr a n cis ell a n o vi ci d a. N at ur e 
I m m u n ol o g y. 1 6 ( 5), 4 7 6– 4 8 4.  

Mi, H., H u a n g, X., M ur u g a n uj a n, A., T a n g, H., et al. ( 2 0 1 7) P A N T H E R v ersi o n 1 1: e x p a n d e d a n n ot ati o n 
d at a fr o m G e n e O nt ol o g y a n d R e a ct o m e p at h w a ys, a n d d at a a n al y sis t o ol e n h a n c e m e nts. N u cl ei c 
a ci ds r es e ar c h . 4 5. 

Mi a o, E. A., Al p u c h e -Ar a n d a, C. M., D ors, M., Cl ar k, A. E., et al. ( 2 0 0 6) C yt o pl as mi c fl a g elli n a cti v at es 
c as p as e -1 a n d s e cr eti o n of i nt erl e u ki n 1 β vi a I p af. N at ur e I m m u n ol o g y . 7 ( 6), 5 6 9– 5 7 5.  

Mi a o, E. A., A n d ers e n -Niss e n, E., W arr e n, S. E. & A d er e m, A. ( 2 0 0 7) T L R 5 a n d I p af: D u al s e ns ors of 
b a ct eri al fl a g elli n i n t h e i n n at e i m m u n e s y st e m. S e mi n ar s i n I m m u n o p at h ol o g y . 2 9 ( 3) p p. 2 7 5–
2 8 8.  

Mi a o, E. A., L e af, I. A., Tr e uti n g, P. M., M a o, D. P., et al. ( 2 0 1 0 a) C as p as e -1 -i n d u c e d p yr o pt o sis is a n i n n at e 
i m m u n e eff e ct or m e c h a ni s m a g ai nst i ntr a c ell ul ar b a ct eri a. N at ur e I m m u n ol o g y. 1 1 ( 1 2), 1 1 3 6–
1 1 4 2.  

Mi a o, E. A., M a o, D. P., Y u d k o v s k y, N., B o n n e a u, R., et al. ( 2 0 1 0 b) I n n at e i m m u n e d et e cti o n of t h e t y p e 
III s e cr eti o n a p p ar at us t hr o u g h t h e N L R C 4 i nfl a m m as o m e. Pr o c e e di n gs of t h e N ati o n al A c a d e m y 
of S ci e n c es . 1 0 7 ( 7), 3 0 7 6– 3 0 8 0.  

Mill er, R. A. & Wi e d m a n n, M. ( 2 0 1 6) T h e c yt ol et h al dist e n di n g t o xi n pr o d u c e d b y n o nt y p h oi d al 
S al m o n ell a  s er ot y p es j a vi a n a, m o nt e vi d e o, or a ni e n b ur g, a n d mississi p pi i n d u c es D N A d a m a g e i n 
a m a n n er si mil ar t o t h at of s er ot y p e T y p hi. m Bi o . 7 ( 6). 

Mit c h ell, P . S., S a n dstr o m, A. & V a n c e, R. E. ( 2 0 1 9) T h e N L R P 1 i nfl a m m as o m e: n e w m e c h a nisti c i nsi g hts 
a n d u nr es ol v e d m y st eri es. C urr e nt O pi ni o n i n I m m u n ol o g y . 6 0, 3 7– 4 5. A v ail a bl e fr o m: 
d oi: 1 0. 1 0 1 6/j. c oi. 2 0 1 9. 0 4. 0 1 5.  

M o g as al e, V., M as k er y, B., O c hi ai, R. L., L e e, J. S., et al. ( 2 0 1 4) B ur d e n of t y p h oi d f e v er i n l o w -i n c o m e 
a n d mi d dl e -i n c o m e c o u ntri es: A s y st e m ati c, lit er at ur e-b as e d u p d at e wit h ris k -f a ct or a dj ust m e nt. 
T h e L a n c et Gl o b al H e alt h . 2 ( 1 0), e 5 7 0– e 5 8 0.  

M or o n a, R., D a ni els, C. & V a n D e n B o s c h, L. ( 2 0 0 3) G e n eti c m o d u l ati o n of S hi g ell a fl e x n eri 2 a 
li p o p ol ys a c c h ari d e O a nti g e n m o d al c h ai n l e n gt h r e v e als t h at it h as b e e n o pti mi z e d f or vir ul e n c e. 
Mi cr o bi ol o g y . 1 4 9 ( 4) p p. 9 2 5– 9 3 9.  

M ul vi hill, E., S b or gi, L., M ari, S. A., Pfr e u n ds c h u h, M., et al. ( 2 0 1 8) M e c h a nis m of m e m br a n e p or e 
f or m ati o n b y h u m a n g as d er mi n‐ D. T h e E M B O J o ur n al . 3 7 ( 1 4), e 9 8 3 2 1. A v ail a bl e fr o m: 
d oi: 1 0. 1 5 2 5 2/ e m bj. 2 0 1 7 9 8 3 2 1 [ A c c ess e d: 2 8 A u g ust 2 0 1 8].  

M u ñ o z -Pl a nill o, R., K uff a, P., M artí n e z -C ol ó n, G., S mit h, B., et al. ( 2 0 1 3) K + Effl u x Is t h e C o m m o n 
Tri g g er of N L R P 3 I nfl a m m as o m e A cti v ati o n b y B a ct eri al T o xi ns a n d P arti c ul at e M att er. I m m u nit y. 
3 8 ( 6), 1 1 4 2 – 1 1 5 3.  

M urr a y, G. L., Attri d g e, S. R. & M or o n a, R. ( 2 0 0 6) Alt eri n g t h e l e n gt h of t h e li p o p ol y s a c c h ari d e O a nti g e n 
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h as a n i m p a ct o n t h e i nt er a cti o n of S al m o n ell a  e nt eri c a s er o v ar t y p hi m uri u m wit h m a cr o p h a g es 
a n d c o m pl e m e nt. J o ur n al of B a ct eri ol o g y. 1 8 8 ( 7), 2 7 3 5– 2 7 3 9.  

M urr a y, G. L., Attri d g e, S. R. & M or o n a, R. ( 2 0 0 5) I n d u ci bl e s er u m r esist a n c e i n S al m o n ell a  t y p hi m uri u m 
is d e p e n d e nt o n w z zf e p E-r e g ul at e d v er y l o n g O a ntig e n c h ai ns. Mi cr o b es a n d I nf e cti o n . 7 ( 1 3), 
1 2 9 6 – 1 3 0 4.  

M urr a y, G. L., Attri d g e, S. R. & M or o n a, R. ( 2 0 0 3) R e g ul ati o n of S al m o n ell a  t y p hi m uri u m 
li p o p ol ys a c c h ari d e O a nti g e n c h ai n l e n gt h is r e q uir e d f or vir ul e n c e; i d e ntifi c ati o n of F e p E as a 
s e c o n d W z z. M ol e c u l ar Mi cr o bi ol o g y. 4 7 ( 5), 1 3 9 5– 1 4 0 6.  

N at h, G., Si n g h, H. & S h u kl a, V. K. ( 1 9 9 7) C hr o ni c t y p h oi d c arri a g e a n d c ar ci n o m a of t h e g all bl a d d er. 
E ur o p e a n J o ur n al of C a n c er Pr e v e nti o n . 6 ( 6) p p. 5 5 7– 5 5 9.  

N at h, G., Si n g h, Y. K., K u m ar, K., G ul ati, A. K., et al. ( 2 0 0 8) Ass o ci ati o n of c ar ci n o m a of t h e g all bl a d d er 
wit h t y p h oi d c arri a g e i n a t y p h oi d e n d e mi c ar e a usi n g n est e d P C R. J o ur n al of i nf e cti o n i n 
d e v el o pi n g c o u ntri es . 2 ( 4), 3 0 2– 3 0 7.  

Ni c k ers o n, K. P., C h a ni n, R. B., Sistr u n k, J. R., R as k o, D. A., et al. ( 2 0 1 7) A n al y sis of S hi g ell a fl e x n eri 
r esist a n c e, bi ofil m f or m ati o n, a n d tr a ns cri pti o n al pr ofil e i n r es p o ns e t o bil e s alts. I nf e cti o n a n d 
I m m u nit y. 8 5 ( 6). 

N u c ci o, S. P. & B ä u ml er, A.J. ( 2 0 1 4 ) C o m p ar ati v e a n al y sis of S al m o n ell a  g e n o m es i d e ntifi es a m et a b oli c 
n et w or k f or es c al ati n g gr o wt h i n t h e i nfl a m e d g ut. m Bi o . 5 ( 2). 

O c h m a n, H. & Gr ois m a n, E. A. ( 1 9 9 6) Distri b uti o n of P at h o g e ni cit y Isl a n ds i n. Mi cr o bi ol o g y . 6 4 ( 1 2), 
5 4 1 0 – 5 4 1 2.  

Oli v e, A.J., K e nj al e, R., Es pi n a, M., M o or e, D. S., et al. ( 2 0 0 7) Bil e s alts sti m ul at e r e cr uit m e nt of I p a B t o 
t h e S hi g ell a fl e x n eri s urf a c e, w h er e it c ol o c ali z es wit h I p a D at t h e ti p of t h e t y p e III s e cr eti o n 
n e e dl e. I nf e cti o n a n d I m m u nit y. 7 5 ( 5), 2 6 2 6– 2 6 2 9.  

V a n O p d e n b o s c h, N., V a n G or p, H., V er d o n c kt, M., S a a v e dr a, P. H. V., et al. ( 2 0 1 7) C as p as e -1 
E n g a g e m e nt a n d T L R -I n d u c e d c-F LI P E x pr es si o n S u p pr ess A S C/ C as p as e -8 -D e p e n d e nt A p o pt o sis 
b y I nfl a m m as o m e S e ns ors N L R P 1 b a n d N L R C 4. C ell R e p ort s . 2 1 ( 1 2), 3 4 2 7– 3 4 4 4.  

Or ni n g, P.,  W e n g, D., St ar h ei m, K., R at n er, D., et al. ( 2 0 1 8) P at h o g e n bl o c k a d e of T A K 1 tri g g ers c as p as e -
8 – d e p e n d e nt cl e a v a g e of g as d er mi n D a n d c ell d e at h. S ci e n c e . 3 6 2 ( 6 4 1 8), 1 0 6 4– 1 0 6 9.  

Os c arss o n, J., W e st er m ar k, M., L öf d a hl, S., Ols e n, B., et al. ( 2 0 0 2) C h ar a ct er i z ati o n of a p or e-f or mi n g 
c yt ot o xi n e x pr ess e d b y S al m o n ell a  e nt eri c a s er o v ars T y p hi a n d P ar at y p hi A. I nf e cti o n a n d 
I m m u nit y. 7 0 ( 1 0), 5 7 5 9– 5 7 6 9. A v ail a bl e fr o m: d oi: 1 0. 1 1 2 8/I AI. 7 0. 1 0. 5 7 5 9 -5 7 6 9. 2 0 0 2 
[ A c c e ss e d: 2 8 M ar c h 2 0 1 8]. 

P all ett, M., Cr e pi n, V., S er afi ni, N., H a bi bz a y, M., et al. ( 2 0 1 6) B a ct eri al vir ul e n c e f a ct or i n hi bits 
c as p as e -4/ 1 1 a cti v ati o n i n i nt e sti n al e pit h eli al c ells. N at ur e P u blis hi n g Gr o u p . 1 0. 

P ar k hill, J., D o u g a n, G., J a m es, K. D., T h o m s o n, N. R., et al. ( 2 0 0 1) C o m pl et e g e n o m e s e q u e n c e of a 
m ulti pl e dr u g r esist a nt S al m o n ell a  e nt eri c a s er o v ar T y p hi C T 1 8. N at ur e . 4 1 3 ( 6 8 5 8), 8 4 8– 8 5 2.  

P arr y, C. M., T hi e u, N. T. V., D ol e c e k, C., K ar k e y, A., et al. ( 2 0 1 5) Cli ni c all y a n d mi cr o bi ol o gi c all y d eri v e d 
a zit hr o m y ci n s us c e pti bilit y br e a k p oi nts f or S al m o n ell a  e nt eri c a s er o v ars T y p hi a n d P ar at y p hi A. 
A nti mi cr o bi al A g e nts a n d C h e m ot h er a p y . 5 9 ( 5), 2 7 5 6– 2 7 6 4.  

P arr y, C. M., Wij e d or u, L., Arj y al, A. & B a k er, S. ( 2 0 1 1) T h e utilit y of di a g n osti c t ests f or e nt eri c f e v er i n 
e n d e mi c l o c ati o ns. E x p ert R e vi e w of A nti -I nf e cti v e T h er a p y. 9 ( 6), 7 1 1– 7 2 5.  

P arr y, M. C., Hi e n, T. T., D o u g a n, G., W hit e, N.J., et al. ( 2 0 0 2) T y p h oi d f e v er. M e di c al Pr o gr ess N E n gl J 
M e d . 3 4 7 ( 2 2), 1 7 7 0– 1 7 8 2.  

P at el, J. C. & G al á n, J. E. ( 2 0 0 6) Diff er e nti al a cti v ati o n a n d f u n cti o n of R h o G T P as es d uri n g S al m o n ell a -
h o st c ell i nt er a cti o ns. J o ur n al of C ell Bi ol o g y. 1 7 5 ( 3), 4 5 3– 4 6 3.  

P at el, S. & M c C or mi c k, B . A. ( 2 0 1 4) M u c o s al i nfl a m m at or y r es p o ns e t o S al m o n ell a  t y p hi m uri u m 
i nf e cti o n. Fr o nti er s i n I m m u n ol o g y . 5 (J U L), 1– 1 0.  

P er eir a, M., T o url o m o usis, P., Wri g ht, J., P. M o ni e, T., et al. ( 2 0 1 6) C A R D 9 n e g ati v el y r e g ul at e s N L R P 3 -
i n d u c e d I L-1 β pr o d u cti o n o n S al m o n ell a i nf e cti o n of m a cr o p h a g es. N at ur e C o m m u ni c ati o ns . 7 
( 1), 1 2 8 7 4. A v ail a bl e fr o m: d oi: 1 0. 1 0 3 8/ n c o m m s 1 2 8 7 4 [ A c c ess e d: 1 6 J ul y 2 0 1 9].  

P étrilli, V., P a pi n, S., D o st ert, C., M a y or, A., et al. ( 2 0 0 7) A cti v ati o n of t h e N A L P 3 i nfl a m m as o m e is 
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tri g g er e d b y l o w i ntr a c ell ul ar p ot assi u m c o n c e ntr ati o n. C ell D e at h a n d Diff er e nti ati o n . 1 4 ( 9), 
1 5 8 3 – 1 5 8 9.  

P h a m, T. D. ( 2 0 1 8) T h e M ol e c ul a r E pi d e mi ol o g y of E nt eri c F e v er i n S o ut h a n d S o ut h e ast Asi a. T h e O p e n 
U ni v ersit y.  

P hili p, N. H., D e L a n e y, A., P et ers o n, L. W., S a nt o s -M arr er o, M., et al. ( 2 0 1 6) A cti vit y of U n cl e a v e d 
C as p as e -8 C o ntr ols A nti -b a ct eri al I m m u n e D ef e ns e a n d T L R -I n d u c e d C yt o ki n e Pr o d u cti o n 
I n d e p e n d e nt of C ell D e at h D a vi d W eiss ( e d.). P L O S P at h o g e ns . 1 2 ( 1 0), e 1 0 0 5 9 1 0. 

P hili p, N. H., Dill o n, C. P., S n y d er, A. G., Fit z g er al d, P., et al. ( 2 0 1 4) C as p as e -8 m e di at es c as p as e -1 
pr o c es si n g a n d i n n at e i m m u n e d ef e ns e i n r es p o ns e t o b a ct eri al bl o c k a d e of N F -κ B a n d M A P K 
si g n ali n g. Pr o c e e di n gs of t h e N ati o n al A c a d e m y of S ci e n c es of t h e U nit e d St at es of A m eri c a . 1 1 1 
( 2 0), 7 3 8 5– 7 3 9 0.  

Pi c k ar d, D., Li, J., R o b erts, M., M as k ell, D., et al. ( 1 9 9 4) C h ar a ct eri z ati o n of D efi n e d o m p R M ut a nts of 
S al m o n ell a  t y phi: o m p R Is I n v ol v e d i n t h e R e g ul ati o n of Vi P ol ys a c c h ari d e E x pr essi o n. I nf e cti o n 
a n d I m m u nit y . 6 2 ( 9), 3 9 8 4– 3 9 9 3.  

Pi c k ar d, D., W ai n, J., B a k er, S., Li n e, A., et al. ( 2 0 0 3) C o m p o siti o n, a c q uisiti o n, a n d di stri b uti o n of t h e 
Vi e x o p ol ys a c c h ari d e -e n c o di n g S al m o n ell a  e nt eri c a p at h o g e ni cit y isl a n d S PI -7. J o ur n al of 
B a ct eri ol o g y . 1 8 5 ( 1 7), 5 0 5 5– 5 0 6 5.  

Pi eri ni, R., P err et, M., Dj e b ali, S., J ur uj, C., et al. ( 2 0 1 3)  A S C C o ntr ols I F N -γ L e v els i n a n I L -1 8 –
D e p e n d e nt M a n n er i n C as p as e -1 – D efi ci e nt Mi c e I nf e ct e d wit h Fr a n cis ell a n o vi ci d a . T h e J o ur n al 
of I m m u n ol o g y . 1 9 1 ( 7), 3 8 4 7– 3 8 5 7.  

Pill a, D. M., H a g ar, J. A., H al d ar, A. K., M as o n, A. K., et al. ( 2 0 1 4) G u a n yl at e bi n di n g pr ot ei ns pr o m ot e 
c as p as e -1 1 -d e p e n d e nt p yr o pt osis i n r es p o ns e t o c yt o pl as mi c L P S. Pr o c e e di n gs of t h e N ati o n al 
A c a d e m y of S ci e n c es . 1 1 1 ( 1 6), 6 0 4 6– 6 0 5 1.  

Pit z er, V. E., B o wl es, C. C., B a k er, S., K a n g, G., et al. ( 2 0 1 4) Pr e di cti n g t h e I m p a ct of V a c ci n ati o n o n t h e 
Tr a ns missi o n D y n a mi cs of T y p h oi d i n S o ut h Asi a: A M at h e m ati c al M o d eli n g St u d y. P L o S 
N e gl e ct e d Tr o pi c al Dis e as es . 8 ( 1), 4 0. 

P o p e, L. M., R e e d, K. E. & P a y n e, S. M. ( 1 9 9 5) I n cr e as e d pr ot ei n s e cr eti o n a n d a d h er e n c e t o H e L a c ells 
b y S hi g ell a s p p. f oll o wi n g gr o wt h i n t h e pr es e n c e of bil e s alts. I nf e cti o n a n d I m m u nit y. 6 3 ( 9), 
3 6 4 2 – 3 6 4 8.  

Pri et o, A.I., R a m os -M or al es , F. & C as a d es ús, J. ( 2 0 0 4) Bil e-i n d u c e d D N A d a m a g e i n S al m o n ell a  e nt eri c a. 
G e n eti cs . 1 6 8 ( 4), 1 7 8 7– 1 7 9 4.  

Pri et o, A.I., R a m o s -M or al es, F. & C as a d es ús, J. ( 2 0 0 6) R e p air of D N A d a m a g e i n d u c e d b y bil e s alts i n 
S al m o n ell a  e nt eri c a. G e n eti cs . 1 7 4 ( 2), 5 7 5– 5 8 4.  

Pr o ut y, A. M., Br o ds k y, I. E., F al k o w, S. & G u n n, J. S. ( 2 0 0 4 a) Bil e -s alt -m e di at e d i n d u cti o n of 
a nti mi cr o bi al a n d bil e r esist a n c e i n S al m o n ell a  t y p hi m uri u m. Mi cr o bi ol o g y . 1 5 0 ( 4), 7 7 5– 7 8 3.  

Pr o ut y, A. M., Br o ds k y, I. E., M a n o s, J., B el as, R., et al. ( 2 0 0 4 b) Tr a n s cri pti o n al r e g ul ati o n of S al m o n ell a  
e nt eri c a s er o v ar T y p hi m uri u m g e n es b y bil e. F E M S I m m u n ol o g y a n d M e di c al Mi cr o bi ol o g y . 4 1 
( 2), 1 7 7– 1 8 5.  

Pr o ut y, A. M. & G u n n, J. S. ( 2 0 0 0) S al m o n ell a  e nt eri c a S er o v ar T y p hi m uri u m I n v asi o n Is R e pr ess e d i n 
t h e Pr es e n c e of Bil e. I nf e cti o n a n d I m m u nit y. 6 8 ( 1 2), 6 7 6 3– 6 7 6 9.  

Pr o ut y, A. M., S c h w esi n g er, W. H. & G u n n, J. S. ( 2 0 0 2) Bi ofil m f or m ati o n a n d i nt er a cti o n wit h t h e 
s urf a c es of g allst o n es b y S al m o n ell a  s p p. I nf e cti o n a n d I m m u nit y. 7 0 ( 5), 2 6 4 0– 2 6 4 9.  

Pr o ut y, A. M., v a n V el ki n b ur g h, J. C., J o h n, S. & G u n n, J. S. ( 2 0 0 2) S al m o n ell a  e nt eri c a S er o v ar 
T y p hi m uri u m R esist a n c e t o Bil e : I d e ntifi c ati o n a n d C h ar a ct eri z ati o n of t h e t ol Q R A Cl ust er. 
J O U R N A L O F B A C T E RI O L O G Y. 1 8 4 ( 5), 1 2 7 0 – 1 2 7 6.  

P y, B. F., Ki m, M. S., V a kif a h m et o gl u -N or b er g, H. & Y u a n, J. ( 2 0 1 3) D e u bi q uiti n ati o n of N L R P 3 b y B R C C 3 
Criti c all y R e g ul at es I nfl a m m as o m e A cti vit y. M ol e c ul ar C ell . 4 9 ( 2), 3 3 1– 3 3 8.  

Q u, Y., Mis a g hi, S., N e wt o n, K., M alt z m a n, A., et al. ( 2 0 1 6) N L R P 3 r e cr uit m e nt b y N L R C 4 d uri n g 
S al m o n ell a  i nf e cti o n. T h e J o ur n al of E x p eri m e nt al M e di ci n e . 2 1 3 ( 6), 8 7 7– 8 8 5.  

R aff at ell u, M., C h ess a, D., Wils o n, R. P., A k ç eli k, M., et al. ( 2 0 0 6) C a ps ul e -M e di at e d I m m u n e E v asi o n : 
a N e w H y p ot h esis E x pl ai ni n g As p e ct s of  T y p h oi d F e v er P at h o g e n e si s. I N F E C TI O N A N D I M M U NI T Y. 
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7 4 ( 1), 1 9 – 2 7.  
R aff at ell u, M., C h ess a, D., Wils o n, R. P., D us ol d, R., et al. ( 2 0 0 5 a) T h e Vi C a ps ul ar A nti g e n of S al m o n ell a  

e nt eri c a S er ot y p e T y p hi R e d u c es T oll -Li k e R e c e pt or -D e p e n d e nt I nt erl e u ki n -8 E x pr es si o n i n t h e 
I nt e sti n al M u c o s a. I N F E C TI O N A N D I M M U NI T Y. 7 3 ( 6), 3 3 6 7– 3 3 7 4.  

R aff at ell u, M., Wils o n, R. P., C h ess a, D., A n dr e w s -P ol y m e nis, H., et al. ( 2 0 0 5 b) Si p A, S o p A, S o p B, S o p D, 
a n d S o p E 2 C o ntri b ut e t o S al m o n ell a  e nt eri c a S er ot y p e T y p hi m uri u m I n v asi o n of E pit h eli al C ells. 
I N F E C TI O N A N D I M M U NI T Y. 7 3 ( 1), 1 4 6– 1 5 4.  

R aff at ell u, M., Wils o n, R. P., Wi nt er, S. E. & B ä u ml er, A.J. ( 2 0 0 8) Cli ni c al p at h o g e n esis of t y p h oi d f e v er. 
J o ur n al of i nf e cti o n i n d e v el o pi n g c o u ntri es. 2 ( 4), 2 6 0– 2 6 6.  

R a m o s -M or al es, F. ( 2 0 1 2) I m p a ct of S al m o n ell a  e nt eri c a T y p e III S e cr eti o n S y st e m Eff e ct ors o n t h e 
E u k ar y oti c H o st C ell. I S R N C ell Bi ol o g y. 2 0 1 2, 1– 3 6.  

R a m o s -M or al es, F., Pri et o, A.I., B e u z ó n, C. R., H ol d e n, D. W., et al. ( 2 0 0 3) R ol e f or S al m o n ell a  e nt eri c a 
e nt er o b a ct eri al c o m m o n a nti g e n i n bil e r esist a n c e a n d vir ul e n c e. J o ur n al of b a ct eri ol o g y. 1 8 5 
( 1 7), 5 3 2 8– 5 3 3 2. A v ail a bl e fr o m: d oi: 1 0. 1 1 2 8/J B. 1 8 5. 1 7. 5 3 2 8 [ A c c ess e d: 2 1 N o v e m b er 2 0 1 6].  

R at hi n a m, V. A. K., Ji a n g, Z., W a g g o n er, S. N., S h ar m a, S., et al. ( 2 0 1 0) T h e AI M 2 i nfl a m m as o m e is 
ess e nti al f or h o st d ef e ns e a g ai nst c yt o s oli c b a ct eri a a n d D N A vir us es. N at ur e I m m u n ol o g y . 1 1 ( 5), 
3 9 5 – 4 0 2.  

R at h k e y, J. K., B e ns o n, B. L., C hiri el eis o n, S. M., Y a n g, J., et al. ( 2 0 1 7) Li v e -c ell vis u aliz ati o n of g as d er mi n 
D -dri v e n p yr o pt oti c c ell d e at h. J o ur n al of Bi ol o gi c al C h e mistr y. 2 9 2 ( 3 5), 1 4 6 4 9– 1 4 6 5 8. A v ail a bl e 
fr o m: d oi: 1 0. 1 0 7 4/j b c.M 1 1 7. 7 9 7 2 1 7 [ A c c ess e d: 7 D e c e m b er 2 0 1 8].  

R a u c h, I., D e et s, K. A., Ji, D. X., v o n M olt k e, J., et al. ( 2 0 1 7) N AI P -N L R C 4 I nfl a m m as o m es C o or di n at e 
I nt e sti n al E pit h eli al C ell E x p ulsi o n wit h Ei c o s a n oi d a n d I L-1 8 R el e as e vi a A cti v ati o n of C as p as e -1 
a n d -8. I m m u nit y. 4 6 ( 4), 6 4 9– 6 5 9.  

R a u p a c h, B., P e us c h el, S. K., M o n a c k, D. M. & Z y c hli ns k y, A. ( 2 0 0 6) C as p as e -1 -m e di at e d a cti v ati o n of 
i nt erl e u ki n-1 β (I L -1 β) a n d I L -1 8 c o ntri b ut e s t o i n n at e i m m u n e d ef e ns es a g ai nst S al m o n ell a  
e nt eri c a s er o v ar t y p hi m uri u m i nf e cti o n. I nf e cti on a n d I m m u nit y . 7 4 ( 8), 4 9 2 2– 4 9 2 6. A v ail a bl e 
fr o m: d oi: 1 0. 1 1 2 8/I AI. 0 0 4 1 7-0 6 [ A c c ess e d: 1 J u n e 2 0 1 7].  

R a y a m aj hi, M., Z a k, D. E., C h a v arri a -S mit h, J., V a n c e, R. E., et al. ( 2 0 1 3) C utti n g e d g e: M o us e N AI P 1 
d et e cts t h e t y p e III s e cr eti o n s y st e m n e e dl e pr ot ei n. Jo ur n al of i m m u n ol o g y ( B alti m or e, M d. : 
1 9 5 0) . 1 9 1 ( 8), 3 9 8 6– 3 9 8 9.  

R a y m o n d, B., Y o u n g, J. C., P all ett, M., E n dr es, R. G., et al. ( 2 0 1 3) S u b v ersi o n of tr affi c ki n g, a p o pt o sis, 
a n d i n n at e i m m u nit y b y t y p e III s e cr eti o n s y st e m eff e ct ors. Tr e n ds i n Mi cr o bi ol o g y . 2 1 ( 8) p p. 4 3 0–
4 4 1. A v ail a bl e fr o m: d oi: 1 0. 1 0 1 6/j.ti m. 2 0 1 3. 0 6. 0 0 8.  

R es ci g n o, M., Ur b a n o, M., V alz asi n a, B., Fr a n c oli ni, M., et al. ( 2 0 0 1) D e n driti c c ells e x pr ess ti g ht 
j u n cti o n pr ot ei ns a n d p e n etr at e g ut e pit h eli al m o n ol a y ers t o s a m pl e b a ct eri a. N at ur e 
I m m u n ol o g y. 2 ( 4), 3 6 1– 3 6 7.  

R e y es, R. E., R o m o G o n z al ez, C., C ori a Ji m e n e z, R., Orti z H err er a, M., et al. ( 2 0 1 2) M e c h a nis m s of O -
A nti g e n Str u ct ur al V ari ati o n of B a ct eri al Li p o p ol ys a c c h ari d e ( L P S). I nt e c h. 

R e y es R uiz, V. M., R a mir e z, J., N as e er, N., P al a ci o, N. M., et al. ( 2 0 1 7) Br o a d d et e cti o n of b a ct eri al t y p e 
III s e cr eti o n s y st e m a n d fl a g elli n pr ot ei ns b y t h e h u m a n N AI P/ N L R C 4 i nfl a m m as o m e. Pr o c e e di n gs 
of t h e N ati o n al A c a d e m y of S ci e n c es of t h e U nit e d St at es of A m eri c a . 1 1 4 ( 5 0), 1 3 2 4 2– 1 3 2 4 7. 
A v ail a bl e fr o m: d oi: 1 0 . 1 0 7 3/ p n as. 1 7 1 0 4 3 3 1 1 4 [ A c c e ss e d: 5 J a n u ar y 2 0 1 8]. 

Rist ori, C., R o dri g u e z, H., Vi c e nt, P., L o b o s, H., et al. ( 1 9 8 2) I n v esti g ati o n of t h e S al m o n ell a  t y p hi-
p ar at y p hi c arri er st at e i n c as es of s ur gi c al i nt er v e nti o n f or g all bl a d d er dis e as e. B ull eti n of t h e P a n 
A m eri c a n H e alt h Or g a ni z ati o n . 1 6 ( 2), 1 6 1– 1 7 1.  

R o b erts, T. L., I dris, A., D u n n, J. A., K ell y, G. M., et al. ( 2 0 0 9) HI N -2 0 0 pr ot ei ns r e g ul at e c as p as e a cti v ati o n 
i n r e s p o ns e t o f or ei g n c yt o pl as mi c D N A. S ci e n c e . 3 2 3 ( 5 9 1 7), 1 0 5 7– 1 0 6 0.  

R o dri g u e z -Ri v er a, L. D., B o w e n, B. M., D e n B a k k er, H. C., D u h a m el, G. E., et al. ( 2 0 1 5) C h ar a ct eri z ati o n of 
t h e c yt ol et h al dist e n di n g t o xi n (t y p h oi d t o xi n) i n n o n-t y p h oi d al S al m o n ell a  s er o v ars. G ut 
P at h o g e ns . 7 ( 1). 

R o u m a g n a c, P., W eill, F. -X., D ol e c e k, C., B a k er, S., et al. ( 2 0 0 6) E v ol uti o n ar y hist or y of S al m o n ell a  



R E F E R E N C E S  

2 1 8  

T y p hi. S ci e n c e . 3 1 4 ( 5 8 0 3), 1 3 0 1– 1 3 0 4.  
R ü hl, S. & Br o z, P. ( 2 0 1 5) C as p as e -1 1 a cti v at e s a c a n o ni c al N L R P 3 i nfl a m m as o m e b y pr o m oti n g K + 

effl u x. E ur o p e a n J o ur n al of I m m u n ol o g y . 4 5 ( 1 0), 2 9 2 7– 2 9 3 6.  
R ü hl, S., S h k ari n a, K., D e m ar c o , B., H eili g, R., et al. ( 2 0 1 8) E S C R T-d e p e n d e nt m e m br a n e r e p air 

n e g ati v el y r e g ul at es p yr o pt o sis d o w nstr e a m of G S D M D a cti v ati o n. S ci e n c e . 3 6 2 ( 6 4 1 7), 9 5 6– 9 6 0. 
A v ail a bl e fr o m: d oi: 1 0. 1 1 2 6/ s ci e n c e. a ar 7 6 0 7 [ A c c ess e d: 2 5 J a n u ar y 2 0 1 9].  

S a b b a g h, S. C., F or est, C. G., L e p a g e, C., L e cl er c, J. M., et al. ( 2 0 1 0) S o si mil ar, y et s o diff er e nt: 
U n c o v eri n g disti n cti v e f e at ur es i n t h e g e n o m es of S al m o n ell a  e nt eri c a s er o v ars T y p hi m uri u m a n d 
T y p hi. F E M S Mi cr o bi ol o g y L ett er s . 3 0 5 ( 1) p p. 1– 1 3.  

S a g ul e n k o, V., T h y g es e n, S.J., S est e r, D. P., I dris, A., et al. ( 2 0 1 3) AI M 2 a n d N L R P 3 i nfl a m m as o m es 
a cti v at e b ot h a p o pt oti c a n d p yr o pt oti c d e at h p at h w a y s vi a A S C. C ell D e at h a n d Diff er e nti ati o n . 
2 0 ( 9), 1 1 4 9 – 1 1 6 0.  

S a h astr a b u d d h e, S., C ar bis, R., Wi er z b a, T. F. & O c hi ai, R. L. ( 2 0 1 3) I n cr e asi n g r at es of S al m o n ell a  
P ar at y p hi A a n d t h e c urr e nt st at us of its v a c ci n e d e v el o p m e nt. E x p ert r e vi e w of v a c ci n es . 1 2 ( 9), 
1 0 2 1 – 1 0 3 1.  

S ai ni, S. & R a o, C. V. ( 2 0 1 0) S pr B Is t h e m ol e c ul ar li n k b et w e e n S al m o n ell a  p at h o g e ni cit y isl a n d 1 ( S PI 1) 
a n d S PI 4. J o ur n al of B a ct eri ol o g y. 1 9 2 ( 9), 2 4 5 9– 2 4 6 2.  

S a n c h e z -G arri d o, J., Sl at er, S. L., Cl e m e nts, A., S h e n o y, A. R., et al. ( 2 0 2 0) V yi n g f or t h e c o nt r ol of 
i nfl a m m as o m es: T h e c yt o s oli c fr o nti er of e nt eri c b a ct eri al p at h o g e n-h ost i nt er a cti o ns. C ell ul ar 
mi cr o bi ol o g y . 2 2 ( 4), e 1 3 1 8 4. A v ail a bl e fr o m: d oi: 1 0. 1 1 1 1/ c mi. 1 3 1 8 4. 

S a n dstr o m, A., Mit c h ell, P. S., G o ers, L., M u, E. W., et al. ( 2 0 1 9) F u n cti o n al d e gr a d a ti o n: A m e c h a nis m 
of N L R P 1 i nfl a m m as o m e a cti v ati o n b y di v ers e p at h o g e n e n z y m es. S ci e n c e . 3 6 4 ( 6 4 3 5), e a a u 1 3 3 0. 
A v ail a bl e fr o m: d oi: 1 0. 1 1 2 6/ s ci e n c e. a a u 1 3 3 0 [ A c c e ss e d: 1 3 M ar c h 2 0 1 9].  

S a n m a n, L. E., Qi a n, Y., Eis el e, N. A., N g, T. M., et al. ( 2 0 1 6) Disr u pti o n o f gl y c ol yti c fl u x i s a si g n al f or 
i nfl a m m as o m e si g n ali n g a n d p yr o pt oti c c ell d e at h. e Lif e . 5 ( M A R C H 2 0 1 6). 

S a nt o s, J. C. & Br o z, P. ( 2 0 1 8) S e nsi n g of i n v a di n g p at h o g e ns b y G B P s: At t h e cr o ssr o a ds b et w e e n c ell -
a ut o n o m o us a n d i n n at e i m m u nit y. J o ur n al of L e u k o c yt e Bi ol o g y. 8– 1 0.  

S a nt o s, J. C., Di c k, M. S., L a gr a n g e, B., D e gr a n di, D., et al. ( 2 0 1 8) L P S t ar g et s h ost g u a n yl at e -bi n di n g 
pr ot ei ns t o t h e b a ct eri al o ut er m e m br a n e f or n o n -c a n o ni c al i nfl a m m as o m e a cti v ati o n. T h e 
E M B O j o ur n al . 3 7 ( 6). 

S a nt o s, R. L., R aff at ell u, M., B e vi ns, C. L., A d a m s, L. G., et al. ( 2 0 0 9) Lif e i n t h e i nfl a m e d i nt esti n e, 
S al m o n ell a  st yl e. Tr e n ds i n  Mi cr o bi ol o g y . 1 7 ( 1 1), 4 9 8– 5 0 6.  

S ar g o, C. R., C a m p a ni, G., Sil v a, G. G., Gi or d a n o, R. C., et al. ( 2 0 1 5) S al m o n ell a  t y p hi m uri u m a n d 
Es c h eri c hi a c oli dissi mil arit y: Cl o s el y r el at e d b a ct eri a wit h disti n ct m et a b oli c pr ofil es. 
Bi ot e c h n ol o g y Pr o gr ess . 3 1 ( 5), 1 2 1 7– 1 2 2 5.  

S ar h a n, J., Li u, B. C., M u e n dl ei n, H.I., Li, P., et al. ( 2 0 1 8) C as p as e -8 i n d u c es cl e a v a g e of g as d er mi n D t o 
eli cit p yr o pt o sis d uri n g Y ersi ni a i nf e cti o n. Pr o c e e di n gs of t h e N ati o n al A c a d e m y of S ci e n c es of t h e 
U nit e d St at es of A m eri c a . 1 1 5 ( 4 6), E 1 0 8 8 8– E 1 0 8 9 7.  

S a ul, A., S mit h, T. & M air e, N. ( 2 0 1 3) St o c h asti c Si m ul ati o n of E n d e mi c S al m o n ell a  e nt eri c a S er o v ar 
T y p hi: T h e I m p ort a n c e of L o n g L asti n g I m m u nit y a n d t h e C arri er St at e. P L o S O N E . 8 ( 9). A v ail a bl e 
fr o m: d oi: 1 0. 1 3 7 1/j o ur n al. p o n e. 0 0 7 4 0 9 7 [ A c c e ss e d: 2 7 D e c e m b er 2 0 1 8].  

S b or gi, L., R ü hl, S., M ul vi hill, E., Pi p er c e vi c, J., et al. ( 2 0 1 6) G S D M D m e m br a n e p or e f or m ati o n 
c o nstit ut e s t h e m e c h a nis m of p yr o pt oti c c ell d e at h. T h e E M B O J o ur n al . 3 5 ( 1 6), 1 7 6 6– 1 7 7 8. 
A v ail a bl e fr o m: d oi: 1 0. 1 5 2 5 2/ e m bj. 2 0 1 6 9 4 6 9 6 [ A c c es s e d: 5 J a n u ar y 2 0 1 9].  

S c a n u, T., S p a a p e n, R. M., B a k k er, J. M., Pr at a p, C. B., et al. ( 2 0 1 5) S al m o n ell a  M a ni p ul ati o n of H o st 
Si g n ali n g P at h w a y s Pr o v o k es C ell ul ar Tr a nsf or m ati o n Ass o ci at e d wit h G all bl a d d er C ar ci n o m a. 
C ell H ost a n d Mi cr o b e . 1 7 ( 6), 7 6 3– 7 7 4.  

S c h i ø L er, H., C hristi a ns e n, E. D., H ø y b y e, G., R as m uss e n, S. N., et al. ( 1 9 8 3) Bili ar y C al c uli i n C hr o ni c 
S al m o n ell a  C arri ers a n d H e alt h y C o ntr ols: A C o ntr oll e d St u d y. S c a n di n a vi a n J o ur n al of I nf e cti o us 
Dis e as es . 1 5 ( 1), 1 7– 1 9.  

S c h mi d -B ur g k, J. L., G ai dt, M. M., S c h mi dt, T., E b ert, T. S., et al. ( 2 0 1 5) C as p as e -4 m e di at e s n o n -
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c a n o ni c al a cti v ati o n of t h e N L R P 3 i nfl a m m as o m e i n h u m a n m y el oi d c ells. E ur o p e a n J o ur n al of 
I m m u n ol o g y. 4 5 ( 1 0), 2 9 1 1– 2 9 1 7.  

S c hr ei b er, F., K a y, S., Fr a n k el, G., Cl ar e, S., et al. ( 2 0 1 5) T h e H d, Hj, a n d H z 6 6 fl a g ell a v ari a nts of 
S al m o n ell a  e nt eri c a s er o v ar T y p hi m o dif y h o st r es p o ns es a n d c ell ul ar i nt er a cti o ns. S ci e ntifi c 
R e p orts . 5, 7 9 4 7. 

S c hr o d er, K. & T s c h o p p, J. ( 2 0 1 0) T h e I n fl a m m as o m es. C ell . 1 4 0 ( 6) p p. 8 2 1– 8 3 2.  
S c h u h m a c h er, D. A. & Kl os e, K. E. ( 1 9 9 9) E n vir o n m e nt al si g n als m o d ul at e T o x T -d e p e n d e nt vir ul e n c e 

f a ct or e x pr essi o n i n Vi bri o c h ol er a e. J o ur n al of b a ct eri ol o g y. 1 8 1 ( 5), 1 5 0 8– 1 5 1 4.  
S eif, Y., K a v v as, E., L a c h a n c e, J. C., Y u r k o vi c h, J. T., et al. ( 2 0 1 8) G e n o m e-s c al e m et a b oli c r e c o nstr u cti o ns 

of m ulti pl e S al m o n ell a  str ai ns r e v e al s er o v ar -s p e cifi c m et a b oli c tr aits. N at ur e C o m m u ni c ati o ns . 
9 ( 1).  

S eif, Y., M o n k, J. M., M a c h a d o, H., K a v v as, E., et al. ( 2 0 1 9)  S yst e m s Bi ol o g y a n d P a n g e n o m e of 
S al m o n ell a  O -A nti g e ns . m Bi o . 1 0 ( 4). 

S ell g e, G. & K uf er, T. A. ( 2 0 1 5) P R R -si g n ali n g p at h w a ys: L e ar ni n g fr o m mi cr o bi al t a cti cs. S e mi n ars i n 
I m m u n ol o g y. 2 7 ( 2), 7 5– 8 4. A v ail a bl e fr o m: d oi: 1 0. 1 0 1 6/j.s mi m. 2 0 1 5. 0 3. 0 0 9.  

S elli n, M. E., M üll er, A. A., F el m y, B., D ol o ws c hi a k, T., et al. ( 2 0 1 4) E pit h eli u m -i ntri nsi c N AI P/ N L R C 4 
i nfl a m m as o m e dri v es i nf e ct e d e nt er o c yt e e x p ulsi o n t o r estri ct S al m o n ell a  r e pli c ati o n i n t h e 
i nt e sti n al m u c o s a. C ell H ost a n d Mi cr o b e . 1 6 ( 2), 2 3 7– 2 4 8. A v ail a bl e fr o m: 
d oi: 1 0. 1 0 1 6/j. c h o m. 2 0 1 4. 0 7. 0 0 1 [ A c c es s e d: 2 5 A u g ust 2 0 1 7].  

S elli n, M. E., M üll er, A. A. & H ar dt, W. D. ( 2 0 1 8) C o ns e q u e n c es of E pit h eli al I nfl a m m as o m e A cti v ati o n 
b y B a ct eri al P at h o g e ns. J o ur n al of M ol e c ul ar Bi ol o g y. 4 3 0 ( 2), 1 9 3– 2 0 6. A v ail a bl e fr o m: 
d oi: 1 0. 1 0 1 6/j.j m b. 2 0 1 7. 0 3. 0 3 1 . 

S e n g u pt a, C., R a y, S. & C h o w d h ur y, R. ( 2 0 1 4) Fi n e t u ni n g of vir ul e n c e r e g ul at or y p at h w a y s i n e nt eri c 
b a ct eri a i n r es p o ns e t o v ar yi n g bil e a n d o x y g e n c o n c e ntr ati o ns i n t h e g astr oi nt e sti n al tr a ct. G ut 
p at h o g e ns . 6 ( 1), 3 8. A v ail a bl e fr o m: d oi: 1 0. 1 1 8 6/ s 1 3 0 99 -0 1 4 -0 0 3 8 -9 [ A c c ess e d: 1 7 O ct o b er 
2 0 1 6].  

S h a h, J., D es ai, P. T., C h e n, D., St e v e ns, J. R., et al. ( 2 0 1 3) Pr e a d a pt ati o n t o c ol d str e ss i n S al m o n ell a  
e nt eri c a s er o v ar t y p hi m uri u m i n cr e as es s ur vi v al d uri n g s u bs e q u e nt a ci d str ess e x p o s ur e. A p pli e d 
a n d E n vir o n m e nt al Mi cr o bi ol o g y . 7 9 ( 2 3), 7 2 8 1– 7 2 8 9.  

S h ar m a, A. & Q a dri, A. ( 2 0 0 4) Vi p ol y s a c c h ari d e of S al m o n ell a  t y p hi t ar g et s t h e pr o hi biti n f a mil y of 
m ol e c ul es i n i nt esti n al e pit h eli al c ells a n d s u p pr ess e s e arl y i nfl a m m at or y r es p o ns es. Pr o c e e di n gs 
of t h e N ati o n al A c a d e m y of S ci e n c es of t h e U nit e d St at es of A m eri c a . 1 0 1 ( 5 0), 1 7 4 9 2– 1 7 4 9 7.  

S h ar m a, D. & K a n n e g a nti, T. -D. ( 2 0 1 6) T h e c ell bi ol o g y of i nfl a m m as o m es: M e c h a nis m s of 
i nfl a m m as o m e a cti v ati o n a n d r e g ul ati o n. T h e J o ur n al of c ell bi ol o g y . 2 1 3 ( 6), 6 1 7– 6 2 9. A v ail a bl e 
fr o m: d oi: 1 0. 1 0 8 3/j c b. 2 0 1 6 0 2 0 8 9 [ A c c e ss e d: 1 6 J ul y 2 0 1 9]. 

S h at ali n, K., S h at ali n a, E., Mir o n o v, A. & N u dl er, E. ( 2 0 1 1) H 2 S: A u ni v ers al d ef e ns e a g ai nst a nti bi oti cs 
i n b a ct eri a. S ci e n c e . 3 3 4 ( 6 0 5 8), 9 8 6– 9 9 0.  

S h e a, J. E., H e ns el, M., Gl e es o n, C. & H ol d e n, D . W. ( 1 9 9 6) I d e ntifi c ati o n of a vir ul e n c e l o c u s e n c o di n g a 
s e c o n d t y p e III s e cr eti o n s yst e m i n S al m o n ell a  t y p hi m uri u m. Pr o c e e di n gs of t h e N ati o n al 
A c a d e m y of S ci e n c es of t h e U nit e d St at es of A m eri c a . 9 3 ( 6), 2 5 9 3– 2 5 9 7.  

S h ei k h, A., C h arl es, R. C., R olli ns, S. M., H arris, J. B., et al. ( 2 0 1 0) A n al y sis of S al m o n ell a  e nt eri c a s er ot y p e 
p ar at y p hi a g e n e e x pr essi o n i n t h e bl o o d of b a ct er e mi c p ati e nts i n B a n gl a d es h. P L o S N e gl e ct e d 
Tr o pi c al Dis e as es . 4 ( 1 2), 1– 1 0.  

S h e n o y, A. R., W elli n gt o n, D. A., K u m ar, P., K ass a, H., et al. ( 2 0 1 2) G B P 5 Pr o m ot e s N L R P 3 I nfl a m m as o m e 
Ass e m bl y a n d I m m u nit y i n M a m m als. S ci e n c e . 3 3 6 ( 6 0 8 0), 4 8 1– 4 8 5. A v ail a bl e fr o m: 
d oi: 1 0. 1 1 2 6/ s ci e n c e. 1 2 1 7 0 3 2 [ A c c es s e d: 1 4 S e pt e m b er 2 0 1 8].  

S hi, J., G a o, W. & S h a o, F. ( 2 0 1 7) P yr o pt o sis: G as d er mi n -M e di at e d Pr o gr a m m e d N e cr oti c C ell D e at h. 
Tr e n ds  i n  Bi o c h e mi c al  S ci e n c es . 4 2  ( 4)  p p. 2 4 5– 2 5 4.  A v ail a bl e  fr o m: 
d oi: 1 0. 1 0 1 6/j.ti bs. 2 0 1 6. 1 0. 0 0 4 [ A c c ess e d: 5 J a n u ar y 2 0 1 9].  

S hi, J., Z h a o, Y., W a n g, K., S hi,  X., et al. ( 2 0 1 5) Cl e a v a g e of G S D M D b y i nfl a m m at or y c as p as es 
d et er mi n es p yr o pt oti c c ell d e at h. N at ur e . 5 2 6 ( 7 5 7 5), 6 6 0– 6 6 5.  
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S hi, J., Z h a o, Y., W a n g, Y., G a o, W., et al. ( 2 0 1 4) I nfl a m m at or y c as p as es ar e i n n at e i m m u n e r e c e pt ors 
f or i ntr a c ell ul ar L P S. N at ur e . 5 1 4 ( 7 5 2 1), 1 8 7– 1 9 2.  

S hi m a d a, K., Cr ot h er, T. R., K arli n, J., D a g v a d orj, J., et al. ( 2 0 1 2) O xi diz e d Mit o c h o n dri al D N A A cti v at es 
t h e N L R P 3 I nfl a m m as o m e d uri n g A p o pt o sis. I m m u nit y. 3 6 ( 3), 4 0 1– 4 1 4. A v ail a bl e fr o m: 
d oi: 1 0. 1 0 1 6/j.i m m u ni. 2 0 1 2. 0 1. 0 0 9.  

Sil v a, P.  d a, M a ni eri, F. Z., H err er a, C. M., Tr e nt, M. S., et al. ( 2 0 1 8) N o v el R ol e of Vis P a n d t h e W z z S y st e m 
d uri n g O -A nti g e n Ass e m bl y i n S al m o n ell a  e nt eri c a S er o v ar T y p hi m uri u m P at h o g e n esis. I nf e cti o n 
a n d I m m u nit y . 8 6 ( 8), e 0 0 3 1 9-1 8. A v ail a bl e fr o m: d oi: 1 0. 1 1 2 8/I A I. 0 0 3 1 9-1 8 [ A c c e ss e d: 1 6 
F e br u ar y 2 0 1 9].  

Si m o n, M., Zi e g, J., Sil v er m a n, M., M a n d el, G., et al. ( 1 9 8 0) P h as e v ari ati o n: e v ol uti o n of a c o ntr olli n g 
el e m e nt. S ci e n c e . 2 0 9 ( 4 4 6 3), 1 3 7 0– 1 3 7 4.  

Sistr u n k, J. R., Ni c k ers o n, K. P., C h a ni n, R. B., R as k o, D. A., et al. ( 2 0 1 6) S ur vi v al of t h e fitt e st: H o w 
b a ct eri al p at h o g e ns utili z e bil e t o e n h a n c e i nf e cti o n. Cli ni c al Mi cr o bi ol o g y R e vi e ws . 2 9 ( 4), 8 1 9–
8 3 6.  

S ol a n o -C oll a d o, V., R of e, A. & S p a n ò, S. ( 2 0 1 8) R a b 3 2 r estri cti o n of i ntr a c ell ul ar b a ct eri al p at h o g e ns. 
S m all G T P as es .9 ( 3) p p. 2 1 6 – 2 2 3.  

S o n g, J., G a o, X. & G al á n, J. E. ( 2 0 1 3) Str u ct ur e a n d f u n cti o n of t h e S al m o n ell a  T y p hi c hi m a eri c A 2 B 5 
t y p h oi d t o xi n. N at ur e . 4 9 9 ( 7 4 5 8), 3 5 0– 3 5 4.  

S o n g, J., Willi n g er, T., R o n g v a u x, A., E y n o n, E. E., et al. ( 2 0 1 0) A m o us e m o d el f or t h e h u m a n  p at h o g e n 
S al m o n ell a  t y p hi. C ell h ost & mi cr o b e . 8 ( 4), 3 6 9– 3 7 6.  

S p a n ò, S. & G al á n, J. E. ( 2 0 1 2) A R a b 3 2 -d e p e n d e nt p at h w a y c o ntri b ut e s t o S al m o n ell a  t y p hi h o st 
r estri cti o n. S ci e n c e . 3 3 8, 9 6 0– 9 6 3.  

S p a n ò, S., U g al d e, J. E. & G al á n, J. E. ( 2 0 0 8) D eli v er y of a S a l m o n ell a T y p hi E x ot o xi n fr o m a H o st 
I ntr a c ell ul ar C o m p art m e nt. C ell H ost a n d Mi cr o b e . 3 ( 1), 3 0– 3 8.  

S p o eri n g, A. L., V uli ć, M. & L e wis, K. ( 2 0 0 6) Gl p D a n d Pls B p arti ci p at e i n p ersist er c ell f or m ati o n i n 
Es c h eri c hi a c oli. J o ur n al of B a ct eri ol o g y. 1 8 8 ( 1 4), 51 3 6 – 5 1 4 4.  

Sri k a nt h, C. V., M er c a d o -L u b o, R., H allstr o m, K. & M c C or mi c k, B. A. ( 2 0 1 1) S al m o n ell a  eff e ct or pr ot ei ns 
a n d h o st -c ell r es p o ns es. C ell ul ar a n d M ol e c ul ar Lif e S ci e n c es . 6 8 ( 2 2) p p. 3 6 8 7– 3 6 9 7.  

Sri ni v as ul a, S. M., P o y et, J. L., R a z m ar a, M., D att a, P., et al. ( 2 0 0 2) T h e P Y RI N -C A R D pr ot ei n A S C is a n 
a cti v ati n g a d a pt or f or c as p as e -1. J o ur n al of Bi ol o gi c al C h e mistr y. 2 7 7 ( 2 4), 2 1 1 1 9– 2 1 1 2 2.  

St a n a w a y, J. D., R ei n er, R. C., Bl a c k er, B. F., G ol d b er g, E. M., et  al. ( 2 0 1 9) T h e gl o b al b ur d e n of t y p h oi d 
a n d p ar at y p h oi d f e v ers: a s y st e m ati c a n al y sis f or t h e Gl o b al B ur d e n of Dis e as e St u d y 2 0 1 7. T h e 
L a n c et I nf e cti o us Dis e as es . 1 9 ( 4), 3 6 9– 3 8 1.  

St e b bi ns, C. E. & G al á n, J. E. ( 2 0 0 3) Pri mi n g vir ul e n c e f a ct ors f or d eli v er y i nt o t h e h o st. N at ur e r e vi e ws. 
M ol e c ul ar c ell bi ol o g y . 4 ( 9), 7 3 8– 7 4 3.  

St e c h er, B., R o b bi a ni, R., W al k er, A. W., W est e n d orf, A. M., et al. ( 2 0 0 7) S al m o n ell a  e nt eri c a s er o v ar 
t y p hi m uri u m e x pl oits i nfl a m m ati o n t o c o m p et e wit h t h e i nt esti n al mi cr o bi ot a. P L o S Bi ol o g y . 5 
( 1 0), 2 1 7 7– 2 1 8 9.  

St e el e -M orti m er, O. ( 2 0 0 8) T h e S al m o n ell a -c o nt ai ni n g v a c u ol e -M o vi n g wit h t h e ti m es. C urr e nt 
O pi ni o n i n Mi cr o bi ol o g y . 1 1 ( 1), 3 8– 4 5.  

St e el e -M orti m er, O., Br u m ell, J. H., K n o dl er, L. A., M ér ess e, S., et al. ( 2 0 0 2) T h e i n v asi o n -ass o ci a t e d t y p e 
III s e cr eti o n s y st e m of S al m o n ell a  e nt eri c a s er o v ar T y p hi m uri u m is n e c ess ar y f or i ntr a c ell ul ar 
pr olif er ati o n a n d v a c u ol e bi o g e n esis i n e pit h eli al c ells. C ell ul ar Mi cr o bi ol o g y . 4 ( 1), 4 3– 5 4.  

St e n d er, S., Fri e b el, A., Li n d er, S., R o h d e, M., et al. ( 2 0 0 0) I d e ntifi c ati o n of S o p E 2 fr o m S al m o n ell a  
t y p hi m uri u m, a c o ns er v e d g u a ni n e n u cl e oti d e e x c h a n g e f a ct or f or C d c 4 2 of t h e h o st c ell. 
M ol e c ul ar mi cr o bi ol o g y . 3 6 ( 6), 1 2 0 6– 1 2 2 1.  

St e nsr u d, K. F., A d a m, P. R., L a M ar, C. D., Oli v e, A.J., et al. ( 2 0 0 8) D e o x y c h ol a t e i nt er a cts wit h I p a D of 
S hi g ell a fl e x n eri i n i n d u ci n g t h e r e cr uit m e nt of I p a B t o t h e t y p e III s e cr eti o n a p p ar at us n e e dl e ti p. 
J o ur n al of Bi ol o gi c al C h e mistr y. 2 8 3 ( 2 7), 1 8 6 4 6– 1 8 6 5 4.  

S u, L. H. & C hi u, C. H. ( 2 0 0 7) S al m o n ell a : Cli ni c al i m p ort a n c e a n d e v ol utio n of n o m e n cl at ur e. C h a n g 
G u n g M e di c al J o ur n al . 3 0 ( 3) p p. 2 1 0– 2 1 9.  
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S u e z, J., P or w olli k, S., D a g a n, A., M ar z el, A., et al. ( 2 0 1 3) Vir ul e n c e G e n e Pr ofili n g a n d P at h o g e ni cit y 
C h ar a ct eri z ati o n of N o n -T y p h oi d al S al m o n ell a  A c c o u nt e d f or I n v asi v e Dis e as e i n H u m a ns . P L o S 
O N E . 8 ( 3). 

S u m a ntr a n, V. N., S c h w ei z er, H. P. & D att a, P. ( 1 9 9 0) A N o v el M e m br a n e -Ass o ci at e d T hr e o ni n e 
P er m e as e E n c o d e d b y t h e t d c C G e n e of Es c h eri c hi a c oli. J O U R N A L O F B A C T E RI O L O G Y. 

S u n, Y. H., R ol á n, H. G. & Ts olis, R. M. ( 2 0 0 7) I nj e cti o n of fl a g elli n  i nt o t h e h o st c ell c yt os ol b y S al m o n ell a  
e nt eri c a s er ot y p e t y p hi m uri u m. J o ur n al of Bi ol o gi c al C h e mistr y. 2 8 2 ( 4 7), 3 3 8 9 7– 3 3 9 0 1.  

S w a ns o n, K. V., D e n g, M. & Ti n g, J. P. Y. ( 2 0 1 9) T h e N L R P 3 i nfl a m m as o m e: m ol e c ul ar a cti v ati o n a n d 
r e g ul ati o n t o t h er a p e uti cs. N at ur e R e vi e ws I m m u n ol o g y . 1 9 ( 8) p p. 4 7 7– 4 8 9.  

T a k e u c hi, O. & A kir a, S. ( 2 0 1 0) P att er n R e c o g niti o n R e c e pt ors a n d I nfl a m m ati o n. C ell . 1 4 0 ( 6) p p. 8 0 5–
8 2 0.  

T a pi a -A b ell á n, A., A n g o st o -B a z arr a, D., M artí n e z -B a n a cl o c h a, H., d e T orr e -Mi n g u el a, C., et al. ( 2 0 1 9) 
M C C 9 5 0 cl o s es t h e a cti v e c o nf or m ati o n of N L R P 3 t o  a n i n a cti v e st at e. N at ur e C h e mi c al Bi ol o g y . 
1 5 ( 6), 5 6 0 – 5 6 4. A v ail a bl e fr o m: d oi: 1 0. 1 0 3 8/ s 4 1 5 8 9 -0 1 9 -0 2 7 8 -6 [ A c c ess e d: 2 4 M a y 2 0 1 9].  

T h a n assi, D. G., C h e n g, L. W. & Ni k ai d o, H. ( 1 9 9 7) A cti v e effl u x of bil e s alts b y Es c h eri c hi a c oli. J o ur n al 
of B a ct eri ol o g y . 1 7 9 ( 8), 2 5 1 2 – 2 5 1 8.  

T h a n h, D. P., K ar k e y, A., D o n g ol, S., T hi, N. H., et al. ( 2 0 1 6) A n o v el ci pr ofl o x a ci n -r esist a nt s u b cl a d e of 
h 5 8. S al m o n ell a  t y p hi is ass o ci at e d wit h fl u or o q ui n ol o n e tr e at m e nt f ail ur e. e Lif e . 5 
( M A R C H 2 0 1 6), 1– 1 3.  

T h or n b err y, N. A., B ull, H. G., C al a y c a y, J. R., C h a p m a n, K. T., et al. ( 1 9 9 2) A n o v el h et er o di m eri c c y st ei n e 
pr ot e as e is r e q uir e d f or i nt erl e u ki n -1 β pr o c essi n g i n m o n o c yt es. N at ur e . 3 5 6 ( 6 3 7 2), 7 6 8– 7 7 4.  

T h urst o n, T. L. M., M att h e ws, S. A., J e n ni n gs, E., Ali x, E., et al. ( 2 0 1 6) Gr o wt h i n hi biti o n of c yt o s oli c 
S al m o n ell a  b y c as p as e -1 a n d c as p as e -1 1 pr e c e d es h o st c ell d e at h. N at ur e C o m m u ni c ati o ns . 7, 
1 3 2 9 2.  

T o w ns e n d, S. M., Kr a m er, N. E., E d w ar ds, R., B a k er, S., et al. ( 2 0 0 1) S al m o n ell a  e nt eri c a S er o v ar T y p hi 
P o ss ess es a U ni q u e R e p ert oir e of Fi m bri al G e n e S e q u e n c es. I N F E C TI O N A N D I M M U NI T Y. 6 9 ( 5), 
2 8 9 4 – 2 9 0 1.  

Ts olis, R. M., X a vi er, M. N., S a nt o s, R. L. & B ä u ml er, A.J. ( 2 0 1 1) H o w t o b e c o m e a t o p m o d el: I m p a ct of 
a ni m al e x p eri m e nt ati o n o n h u m a n S al m o n ell a  dis e as e r es e ar c h. I nf e cti o n a n d I m m u nit y. 7 9 ( 5) 
p p. 1 8 0 6 – 1 8 1 4.  

T ü k el, Ç., R aff at ell u, M., C h ess a, D., Wils o n, R. P., et al. ( 2 0 0 6) N e utr o p hil i nfl u x d uri n g n o n -t y p h oi d al 
s al m o n ell osis: W h o is i n t h e dri v er’s s e at ? F E M S I m m u n ol o g y a n d M e di c al Mi cr o bi ol o g y . 4 6 ( 3), 
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p p. 1 – 1 2.  

Z h a o, Y. & S h a o, F. ( 2 0 1 5) T h e N AI P -N L R C 4 i nfl a m m as o m e i n i n n at e i m m u n e d et e cti o n of b a ct eri al 
fl a g elli n a n d t y p e III s e cr eti o n a p p ar at us. I m m u n ol o gi c al R e vi e ws. 2 6 5 ( 1), 8 5– 1 0 2.  

Z h a o, Y., Y a n g, J., S hi, J., G o n g, Y. -N., et al. ( 2 0 1 1) T h e N L R C 4 i nfl a m m as o m e r e c e pt ors f or b a ct eri al 
fl a g elli n a n d t y p e III s e cr eti o n a p p ar at us. N at ur e . 4 7 7 ( 7 3 6 6), 5 9 6– 6 0 0.  

Z h o u, D., M o os e k er, M. S. & G al á n, J. E. ( 1 9 9 9) R ol e of t h e S. t y p hi m uri u m A cti n -bi n di n g pr ot ei n Si p A i n 
b a ct eri al i nt er n ali z ati o n. S ci e n c e . 2 8 3 ( 5 4 1 0), 2 0 9 2– 2 0 9 5.  

Z h o u, L., J o n es, C., Gi b a ni, M. M., D o bi ns o n, H., et al. ( 2 0 1 6) D e v el o p m e nt a n d e v al u ati o n of a bl o o d  
c ult ur e P C R ass a y f or r a pi d d et e cti o n of S al m o n ell a  p ar at y p hi A i n cli ni c al s a m pl es D a ni el a Fl a vi a 
H o z b or ( e d.). P L o S O N E . 1 1 ( 3), e 0 1 5 0 5 7 6. 

Z h o u, R., Y a z di, A. S., M e n u, P. & Ts c h o p p, J. ( 2 0 1 1) A r ol e f or mit o c h o n dri a i n N L R P 3 i nfl a m m as o m e 
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2 2 5  

A p p e n di x  

Fi g ur e A p p e n di x. 1  R e pr es e nt ati v e s a m pl e of q u alit y c h e c k s f or R N A -S e q r e a d s . 

( A) Q u alit y s c or es a cr o s s all b as es ( P hr e d s c or e i n all r e a d p o siti o ns). ( B) Q u alit y s c or e ( P hr e d s c or e) 

distri b uti o n o v er all s e q u e n c e s. ( C) S e q u e n c e c o nt e nt a cr o s s all b as es i n e a c h r e a d. ( D) A d a pt er c o nt e nt 

i n r e a d s. ( E) G C distri b uti o n o v er all s e q u e n c es i n t h e s a m pl e.  



A P P E N DI X  

2 2 6  

Fi g ur e A p p e n di x .2  S . T y p hi H 5 8-tri g g er e d p yr o pt o si s i n T H P-1 c ell s.  

T H P -1 c ells w er e i nf e ct e d ( M OI 1 5) wit h S . T y p hi cli ni c al is ol at es as i n di c at e d, w hil e S.  

T y p hi m uri u m ( T m) w as us e d as a c o ntr ol. ( A) C ell d e at h w as d et er mi n e d at 3 h p o st i nf e cti o n b y 

PI u pt a k e a n d ( B) b a ct eri al i nt er n alis ati o n at 1. 5 h p o st i nf e cti o n b y g e nt a mi ci n pr ot e cti o n ass a y s. 

( C) S . T y p hi w as gr o w n t o l at e e x p o n e nti al p h as e a n d S PI-1 e x pr essi o n w as d et er mi n e d b y 

w e st er n bl otti n g t o w ar ds Si p D. T h e s a m pl es a n d bl ots w er e pr o d u c e d b y Tr a n g H g u y e n H o a n g 

T h u  ( S. B a k er gr o u p, O U C R U, Vi et n a m). 
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