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The genus Salmonella was
named after Daniel

N

TAXONOMY AND CLASSIFICATION
KINGDOM: Bacteria

PHYLUM: Proteobacteria

CLASS: Gammaproteobacteria
ORDER: Enterobacteriales
FAMILY: Enterobacteriaceae

Salmon, an American
veterinary pathologist

One of the principal causes of food poisoning in
several countries in the last 100 years

= 16 million cases of typhoid fever annually

1.3 billion cases of gastroenteritis
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1Salmonella

SPECIES:Salmonella enterica

SUBSPECIES: S. enterica subsp. enterica
(), S. enterica subsp. salamae (ll), S.
enterica subsp. arizonae (llla), S. enterica
subsp. diarizonae (llIb), S. enterica subsp.
houtenae (1V), S. enterica subsp. indica
(V1)

Serotypes: ~2600

and 3 million deaths involving this bacterium annually

l

Zoonotic pathogen of substantial concern to global
human and animal health. It is a leading cause of
morbidity and mortality in people worldwide




Escherichia

General features Shigella
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SPI-1
llb - Salmonella enterica

‘f— Vi

I I— v  Salmonella bongori
Citrobacter

Klebsiella

Serratia
Yersinia

Talib et al., 2022

Proteus

* Enterobacteriaceae

‘ Acquisition of genes necessary for colonization and invasion of intestinal
* Gram-negative epithelium = Salmonella pathogenicity island 1 (SPI1)

* Rod-shaped bacilli Acquisition of genes necessary for survival within phagocytic cells such as

e Facultative anaerobe macrophage and for systemic infection = Salmonella pathogenicity island 2
. SPI2
* Motile (5P12)
e Numerous fimbiae Third evolutionary event = expansion of the host spectrum to warm-blooded

animals (humans, sheep, poultry, cattle, pigs, rodents, horses)



Classification

Genus

Species

Subspecies

Serovars

Form

Salmonella .
[ J The genus Salmonella comprises

e

subsp. V

S. bongori ‘ P \ two species, S. enterica and S. bongori
. enterica

v enterica salamae arizonae diarizonae huurc.nuv iml"i('u L ) ) . .
[ } [ : J [ . J [ s J [ 1y ] { A "' Further divided into six subspecies which are

Typhoidal

e.g. §. Typhi & Paratyphi e.g. S.

Nos=Typhigidal biochemically differentiated into serovars
Typhimurium & Enteritidis based on the Compos|t|on Of thelr

carbohydrate, flagellar, and lipopolysaccharide

b e e o o

Typhoid & Paratyphoid
fevers
(humans)

(LPS) structures
Gastroenteritis &
extraintestinal
(humans & animals)




Classification

Serovars

Form

Serotypes or serovars can be designated by an
antigenic formula based on somatic (O) and
flagellar (H) antigens in addition to capsular

(Vi) antigens

Vi antigen (Capsule)

O antigen
(Somatic)

Typhoidal Non-Typhoidal
e.g. S. Typhi & Paratyphi e.g. §. Typhimurium & Enteritidis
Typhoid & Paratyphoid Gastroenteritis &
fevers extraintestinal H antigen (flagellar)

{humans) (humans & animals)




Salmonellosis |

. . . Typhoidal Non-Typhoidal
* Food-borne infection caused by Salmonella bacteria Serovars MO e
e.g. S. Typhi & Paratyphi e.g. S. Typhimurium & Enteritidis
* Transmission: oral — fecal route
* Sources: contaminated, improperly stored or handled food; . . .
. . Typhoid & Paratyphoid Gastroenteritis &
contaminated water; household pets; environmental factors Form fevers extraintestinal
{humans) (humans & animals)

Environment




Salmonellosis

Typhoid fever is a global
problem, with more than 27
million cases worldwide each
year resulting in an estimated
217,000 deaths

Mortality usually results from =<

intestinal perforation and
peritonitis or from a severe
toxic encephalopathy
associated with myocarditis
and hemodynamic shock

S. Typhi is an exclusively

human pathogen causing a
bacteremic disease

Typhoidal Non-Typhoidal

e.g. S. Typhi & Paratyphi e.g. S. Typhimurium & Enteritidis

Typhoid & Paratyphoid Gastroenteritis &
fevers extraintestinal

(humans) (humans & animals)

The variations in the clinical features of
infection with this intracellular pathogen
relate to differences in the interaction
between different Salmonella serovars
and the host.

Infections with non-typhoidal
Salmonella (NTS) serovars,
also cause a significant
disease burden, with an
estimated 93.8 million cases
worldwide and 155,000
deaths each year

NTS serovars usually cause
self-limiting diarrhea with
secondary bacteremia
occurring in less than 10% of
patients

The host range is broad,
including poultry and cattle



Symptoms

Typh0|d Fever Fever, headache, lethargy, and anorexia, with only one-
’ . third of individuals experiencing intestinal symptoms.
(Enterlc fever) Antimicrobial therapy is required for successful

resolution of infection.

Caused by typhoidal serotypes: S. Typhi and S. Paratyphi
» Enlarged liver and spleen
» High mortality rate, especially if untreated (20%)

» Chronic asymptomatic human carriers can spread the disease (Mary Mallon)

@
w I::> w Exclusively |
human pathogen ’

» most common among children, especially in areas of Asia
and Africa that lack clean water and adequate sanitation,
and is also an important travel-associated disease.

Tbo Extraor dmary Predic-
ament of Mary M




Typhoid Fever

(Enteric fever)

Faeco-oral transmission

>

7-14 days incubation period

!

Adhesion to mucosa
Invasion of epithelial cells

!

In the submucosa encounters:

*dendritic cells

Severe complications:

* toxic encephalopathy
with myocarditis and
haemodynamic shock

* necrosis of Peyer’s
patches with peritonitis
and sepsis

A

*enterocytes

*macrophages
Peyer’s patches

!

Mesenterial lymph nodes

Secondary infection:

Bone-marrow

*Liver

*Spleen

*Gallbladder - chronic reservoir -

Re-infection via bile
excretion

Reticulo-endothelial system > Blood stream deJongetal,, 2012




Symptoms

Gastroenteritis Fever, abdominal pain, vomiting, and diarrhea.
. Children under the age of 5 years, the elderly, and
NTS salmonellosis immunosuppressed adults are at risk of systemic

dissemination of the pathogen and require
antimicrobial therapy to treat the infection.

Tipically uncomplicated condition caused by non-typhoidal serotypes: S. Typhimurium, S. Enteritidis

» self-limiting, resolve without antibiotics

» serious complications may occur in immunocompromised patients, young children and ederly (appendicitis,
pancreatitis..)

@ o
w |::> w » Host range is broad, including

poultry and cattle, and NTS
infection is commonly due to
o food poisoning in developed

VH ::> w countries.

@ > Worldwide disease > most common form of Salmonellosis




Pathogenetic mechanisms

Common Initial Infection Step
* Microorganism ingested with contaminated food and/or water
e passage through the stomach,

* cross the intestinal epithelium to colonize the host.

Gut Lumen

Salmonella spp.
via contaminated food R \ M Cell / /

J

Epithelial

Transit time: 90 minutes

Hume et al., 2017



Pathogenetic mechanisms

S. typhimurium

* Invades phagocytic intestinal cells (antigen-sampling M cells and dendritic cells) and non-
phagocytic epithelial cells.

* Once across the epithelium invades further epithelial cells from the basolateral side (survival
and replication)

e Usually remain localized to intestinal tissues, where the host’s inflammatory response to the
invading pathogen is responsible for the symptoms of gastroenteritis

4

Gut Lumen

via contaminated food

J

Salmonella spp. /
\

Epithelial

1: -

\} Dendritic
Cell Macrophages ¢

Hume et al., 2017




Overview of the Infection Process caused by ST

Effector proteins are released into enterocyte

causing changes on its cytoskeleton and forming

Salmonella adheres to the structures in its surface known as ruffles. Alternatively, the bacterial cells
intestin.al epithelial and M INTESTINAL can be directly taken by dendritic
cells using many of adhesions LUMEN d cell from the submucosa

factors present on its cell 5‘ \'\

surface. a

Once inside cytoplasm, Salmonella
cells are located into

SCV (Salmonella Containing
Vacuoles), where it multiplies
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SUBMUCOSA

B J

Bacteria is internalized within
phagocytes and then located
again into SCV

The SCV transcytose to the
basolateral membrane and release
to the submucosa

A §
- Epithelial cell # § Bacterial cell . Tight junction

J

Dendritic cell
. Phagocyte dos Santos et al., 2018

T M cell O stV



Overview of the Infection Process caused by ST

Salmonella
1 2 33
Translocation Transepithelial  Luminal capture
through M cell LpfC migration by dendritic cells

D@ SP11

Epithelial cell

W, f& 0 ' (™ )

Macrophages .
A

SPI1-SPI2

Recruitment of
Lgp+, Lamp+,
M6PR-, CathG/L-

Switch

vesicles LN SpIs
P o{ SPI2 ) o3 \ SYSTEMIC DISSEMINATIO!
* PhoP/Q IL-1f
/ MACROPHAGE APOPTOSIS:
~SURVIVAL AND GROWTH INSIDE Caspasc-.l ilC!l\’illlfm by SipB
~BACTERIAL RELEASE

MACROPHAGES
~LOCAL AND SYSTEMIC (7)
DISSEMINATION

~INFLAMMATION
Sansonetti, 2002



Overview of the Infection Process caused by ST

https://youtu.be/q5-sxUbEu5M?feature=shared



Pathogenetic mechanisms

S. typhi

* Enters and crosses the intestinal epithelium in an analogous manner to S. typhimurium

* Polysaccharide capsule = no inflammatory response

* The invading pathogen can also survive and replicate in macrophages > systemic spread

e Colonizes host organs such as the spleen, liver, and gallbladder, inducing the symptoms of
typhoid fever

Salmonella spp. Gut Lumen

via contaminated food

J

Epithelial

!: " -

\ Dendritic
Cell Macrophages ¢

Hume et al., 2017




Virulence of S. Typhimurium and S. Typhi

About 90% of the genes in
S. Typhi and S. Typhimurium
serovars are identical.
The 10% of genes that differ include
virulence factors, which determine
their pathogenic potential

S.Typhimurium

Inner cell membrane

Peptidoglycan
Outer cell membrane

Plasmids

T
I
!

Vi antigen —8 —

- o s
- = Lipopolysaccharide S

- .

Fimbrae/Pil —[_:_
1
\

Salmonella Pathogenicity
Islands

Type 3 secretion system

X— Flagelin —zf



Virulence factors

Enterotossina Siderofori

Fimbrie di tipo |
(aderenza)

Fattori di virulenza associati
alla membrana

Endotossina
nello strato
lipopolisaccaridico

(febbre)

Appendici di superficie
codificate dai geni inv;
\aderenza

Proteine

antifagocitiche Fattori di virulenza citosolici

indotte da oxyR o

Citotossina (inibisce

la sintesi proteica

della cellula ospite; T .
St ssn dl calcld Fattori di virulenza secretori

nell'ospite)

Antigene
della capsula Vi;

inibisce il legame
del complemento

Antigene O

(inibisce I'eliminazione
del batterio tramite
fagocitosi)

(mobilita)
Antigene H
(aderenza;
inibisce
I'eliminazione

del batterio
tramite fagocitosi)




Virulence factors associated with the membrane

Lipopolysaccharide Flagella
provides an effective protective barrier and incite enable S. to reach the epithelial
inflammation in tissues rtranslocon (SipB, SipC and SipD) barrier after ingestion
Cell Wall of Gram-negative Bacteria LPS
® ] C(WU host cell r /
W
= O-Antigen
o i) ® needle structure (Prg
®®
e O o .. |
L COOOOUEEROOCO0000 AR o ;"’o Oligosaccharide 1 s
Peptidoglycan FNRE, outer mem|
e[ T3 .-.;--1-'“4""1-3"5-"-'-”-*-'-7’*-:;:/ iﬁ-'--"*'-:‘-7'7"'1'""‘_""_'3’::?3'3 @6 Gen @ | ] EIHVG% === peptidogly
membrane L .'__‘I'__\,x'_‘_;,‘-t’__\}\’__'j(__'(_“l'__':_'__“,{__f-f__‘,r.'__{h_i’,l:(__“,r\’__'_(__‘x'__‘I’__“,l’__“,lf__“,g’__'jl‘f_fl;__:. Lipid A |
_ ) inner membry Fimbriae
important for initial adhesion, colonisation
\ (peristaltic movement), biofilm formation
Type lll Secretion System (T3SS) export apparatus
inject effector proteins into the cytosol of components
host cells and modulate host cells signaling (InvA, SpaP, SpaQ, SpaR, Spas)
cascades for the benefit of bacteria




Virulence factors in the cytosol

Plasmids

Genes associated with virulence and

> ()
@

e In S. Typhimurium LT2: pSLT - spv genes
encoding SpvB toxin

e In S. Typhi: pR(ST98) - genes involved in drug
resistance and induction of apoptosis in
macrophages

Salmonella Pathogenicity Islands (SPI)

Genomic islands coding for virulence factors or adhesion and
invasion proteins infected host

SpvB

e Acquired by horizontal gene transfer (HGT) = flanked by

repeated sequences (IS elements), different G+C content (37-47%) SpvB (ADP-ribosylating toxin) > secreted by

T3SS SPI-2 into the cytoplasm where it causes

e Gene expression coordinated by environmental stimuli (T, pH, host cytotoxicity = actin depolymerisation

osmotic pressure)




Salmonella Pathogenicity Islands (SPIs)

SPI-1

sit avrA sprB hilC org prg hilD hilA iagB sptP sicP jacP sip sicA  spa invH

B, ) I < 54 KT ) T TADGEL K SRaFO IJICIQLA_EQIQ

SPI-2

ssr sse sscA sse sscB sse

ssa

-—F BCD ] ENATB T e ] F_:G ) [ GHIUKLMVNOPQRSTU >~

SPI-3
3752 sugR 3754 rhuM rmbA misL
=)
SPI-4
sii
[COLETF )
SPI-5
pipA pipB 1089 sig orfX
S e (ELD]

fidk marT 3760 sisA cigR

1093 pipD

(3

mgt yicL

(TBC

C—) Secretion apparatus
&=) Secreted effectors
mm) Transcriptional regulators

==) Chaperones
m==) Transporter proteins
) Cytoplasmic enzyme

=) Iron acquisition
mE=) Unknown function

Fabrega and Vila, 2013

Variable dimensions (10-40 kb)

Generally located on bacterial chromosomes
(or plasmids)

23 SPIs identified (to date)

Only 5 present in all serotypes and relevant
for virulence of the bacterium



SPI-1

SPI-1

sit avrA sprB hilC  org  prg hilD hilA iagB sptP sicP jacP sip sicA  spa

T3SS-1 (Type Ill Secretion System):

~{ABGD.)<, I < oA TRTF iy ) " TADGET K SFaPOCTBIAECHR ) *

SPI-1 encodes effector proteins that, via the T3SS-1, induce
epithelial cell invasion by rearranging the actin cytoskeleton and

promoting bacterial internalization.

effectors Host

‘ e < .'___,(ransk)con

- tip-complex

- basal body

12

sorting
- platfiorm

A Salmonella

effectors

Park et al., 2018 & ‘

Sophisticated nanoinjection multi-protein system (20-
30 proteins)

3 structures (needle complex, export apparatus, sorting
platform)

Contact-dependent release of effector proteins into the
host cell cytoplasm

SPI-1 translocated effectors drive the cell invasion
process

activation of mitogen-activated protein kinase (MAPK)
pathways = production of proinflammatory cytokines
(IL)-8 = recruitment of polymorphonuclear leukocytes




Cell invasion

Trigger mechanism -

reorganisation of the actin
cytoskeleton and ruffling of

the membrane and

bacterium enclosed within.

intracellular
Host replication

v

invasion

\

cytoskeletal

rearrangements
]
\ L )
*ﬂec!ors

\

Salmonella

Fabrega and Vila, 2013

Davidson et al., 2023

effectors
‘ 1< translocon

31.7nm §
|

OM

PG

W

effectors

Host

- - tip-complex

needle

~ basal body

sorting
" platform

Salmonella

SipB and SipC = responsible for inducing actin-
cytoskeletal rearrangements and in T3SS-1
translocation of effector molecules

SipD=> tip protein mediates the sensing phase

SipA - translocon component promotes actin
polymerisation

SipC - recruits regulatory proteins to stabilise
neosynthesised filaments, contributes to their
localisation. Activates NF-kB and recruits neutrophiles.

SptP = phosphotyrosine phosphatase; when injected
into epithelial cells, alters the actin cytoskeleton

SopE1/SopE2 (SPI-5) - target Rho family GTPases
(Rac-1 and Cdc42) that modulate the cytoskeleton
(ramification) and, via NF-kB, induce pro-inflammatory
cytokines (IL-8)

SopB (SigD in ST) (SPI-5) = actin rearrangements



Cell invasion

SPI-5

WT AsopB ASOpE/E2 AsopB/sopE/E2

./ B
3 e d T s = - e
N N (b~
Yoy L 4 Tl
s ¢ b 21 Ay y M ¥
< R Sk :
B o " N A
h
Ve [ 5
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USRI,

Single mutants induce ripples with lower
efficiency than WT (smaller and less distinct)

AsopB/sopE/E2 triple mutant does not create
ripples (no invasion)

pipA pipB 1089 sig orfX 1093 pipD

&

(ETo =

SipB and SipC = responsible for inducing actin-
cytoskeletal rearrangements and in T3SS-1
translocation of effector molecules

SipD=> tip protein mediates the sensing phase

SipA - translocon component promotes actin
polymerisation

SipC - recruits regulatory proteins to stabilise
neosynthesised filaments, contributes to their
localisation. Activates NF-kB and recruits neutrophiles.

SptP = phosphotyrosine phosphatase; when injected
into epithelial cells, alters the actin cytoskeleton

SopE1/SopE2 (SPI-5) - target Rho family GTPases
(Rac-1 and Cdc42) that modulate the cytoskeleton
(ramification) and, via NF-kB, induce pro-inflammatory
cytokines (IL-8)

SopB (SigD in ST) (SPI-5) = actin rearrangements



Reqgulation of SPI-1

Nutrients

Envelope
Stress  Acetate RfIP

oo

,,,,,,, | Res  BarA/SirA —] FIhD,C,

HIIE ——— HIID ) +—— Fiiz J

/ \ Flagellum

Hamed et al., 2021

BarA/SirA TCS senses the intestinal lumen
conditions: low oxygen, high osmolarity and mild
alkaline pH

HilA expression
member of the OmpR/ToxR transcriptional
activators family

|

bind to prg, inv/spa and sip operon promoters

l

activation of T3SS/SPI-1 and SPI-1 effectors




Transition to the intracellular lifestyle

PeArez-Morales et al.,, 2017 Invasion phase - HilD directly or indirectly
activates the expression of

A \H\“9 Regulatory molecular switch
C_/ * SPI-1 genes
m— R SsrB | Flagellar )
/ l \ : SPI.2 T“f genes * many other genes located outside SPI-1 (T3SS)
-<ZZEE— —W}—Eﬂb— I a» * fIhDC flagellar regulatory operon required for
I . .
: SPI-1 | Non- host cell invasion
; I i No T3SS-1 flagellated
Flagella : : : and SPI-1 Salmonella Intracellular phase - After invasion, Salmonella
: ffect . .
— v : v erectors in SCVs and here SsrB induces
Flagellated T3SS'1'? SPI-1 s 2? SPI-2 expression of:
Salmonella e ® effectors : e yo effectors

* SPI-2 genes
ON

: ON OFF
m : |m e other genes located outside SPI-2, which are
: Lepiication ' necessary for survival and replication
‘$\ :

scv repression of

* hilD and hilA regulatory genes
* SPI-1 genes

* flagellum-based motility genes

Macrophage Macrophage

SsrB molecular regulatory switch that helps Salmonella transition to an intracellular lifestyle




SPI-2

SSsr

sse sscA sse sscB sse ssa

-—I BCD lE>—{AIBI [ COE 1 FG GHIJKLMVNOPQRSTU >—

SO

Salmonella

CYTOTOXICITY

1
SpvB -@_-

1 SspH1
CELL
MIGRATION
T SteC
SiH 0
SspH2

ACTIN
CYTOSKELETON

SECRETORY
VESICLES

A Kinesin-1 ® Ubiquitin é:l Phospholipids

QP)’ Dynein @® Phosphate group

Figueira and Holden, 2012

Includes more than 40 genes organised in 4
operons:

ssa - type lll secretion apparatus (T3SS-2)

* ssr—> secretion system regulators (SsrAB TCS)

ssc - molecular chaperones

sse — effector proteins
Main functions:

1. Survive and replicate within phagocytes and
cells (4 hours after invasion)

2. Evade host phagosome oxidation mechanisms

3. Persist in target organs such as spleen and liver
(systemic virulence in typhoid fever)



SP|-2

CYTOTOXICITY
1

1
CELL
MIGRATION
T SteC
SrfH o
SspH2

ACTIN
CYTOSKELETON

SpvB _/

SO

SspH1

A Kinesin-1
cf)’ Dynein

Salmonella

SECRETORY
VESICLES

® Ubiquitin é:l Phospholipids

@® Phosphate group

Figueira and Holden, 2012

T3SS-2 (Type Il Secretion System) = translocation of effector
proteins (around 30) into the host cytoplasm leading to a series of
bacterial adaptations

* Vacuolar remodelling

* Intracellular survival (maintenance of SCV integrity)
* Intracellular replication

* Interference with immune signalling

* Localisation in the peri-Golgi region

* prevents trafficking from the phagocyte NADPH oxidase
(nicotinamide adenine dinucleotide phosphate-oxidase) towards

the SCV = prevents a phagocytic burst



Salmonella adapts to the intracellular environment and SPI-2 genes are
T3SS-2 effectors P ©

differentially expressed.

Expression regulated by two-component systems:
* OmpR-EnvZ - regulates the expression of SsrA
encoded by SPI-2

-PhoQ - activated by the low pH intraphagosomal environment
regulates > 20 genes including SsrB)

Pho
(Pho

CYTOTOXICITY

1 ()
SpvB J

SspH1

-
@
=
A
o
w

CELL
MIGRATION

* SifA - main effector, Salmonella-induced filament
formation (SIF). Together with PipB2 interacts with SKIP
protein (binds kinesin-1) for anterograde transport on
microtubules (SCV localisation)

1
T Ste
SiH 0
SspH2

ACTIN
CYTOSKELETON

SECRETORY
VESICLES

* SpiC - prevents fusion with phagolysosome

A coesnt @ ubiquin f —— e SseF - SCV localisation, microtubule clustering and SIF
Cfb Dynein @® Phosphate group Formation

Figueira and Holden, 2012 e SpvC - anti-inflammatory effect (MAPK)



SCV maturation

Evading antimicrobial activities arsenal by
staying within the SCV

SCV undergo a maturation process (latency 2-3 hours)
before cell replication takes place:

volume growth by fusion with endocytic vesicles

membrane remodelling - lysosomal membrane
glycoproteins (LAMP1 and Rab7)

lumen acidification (vacuolar-type V-ATPases)

no fusion with lysosome (no acid hydrolases, no
mannose 6- P receptors) - remains in late
endosome state

Movement from the cell periphery to the
perinuclear region - pH decrease— inducing
expression of T3SS-2 and its effectors

Salmonella

\_

l Y Macropinosomes ‘ '
® T355-1 effectors % ....... /' Cytosolic Salmonella
a - _’:::_-_-.--_'. ---- Q ‘e
Formation of SVAT 9\“
e LAMP1/2, vATPase, LBPA, W o @ iioinceine
cholesterol, and Rab7 9"
D ' @ o EEAA1, transferrin receptor, Rab5, and Rab4
yneln ; . |
+ \//4 Late SCV Early SCV
"’- // ‘\

)
\/\

Microtubules

0 T3SS-2 effectors

Fang and Meresse, 2021



Salmonella-induced filaments (SIFs)

Crucial for intracellular proliferation and survival

o) 0
0 o ©
vesicles with . .
endocytosed medium ®) e Salmonella converts host cell endosomes into

interconnected tubular vesicles called SIFs

* SIFs contain endocytosed medium compounds
available to Salmonella

* Intracellular nutrition of Salmonella depends on
access to endocytosed nutrients

Salmonella in SCV

SCV without SIF network SCV with SIF network , , .
* Connection to SIFs promotes intracellular replication
.I. i of Salmonella
one large continuum of membranes and lumina
v
access to nutrients SIF formation coincides with initiation of
+ . .
bacterial metabolic activity saimonella cell replication
v

Salmonella replication
Liss, 2017



Immune response

Host-Salmonella complex dialogue culminating
in induction of host immune response

* Lipopolysaccharide (lipid A) > TLR4
* FliC of the flagellum - TLR5

e Cell wall (PG) > NOD1/NOD2

* Curls (biofilm fimbriae) - TLR1/2

* T3SS-1-dependent cytosolic process causes
inflammasome activation (NLRC4 and
NLRP3)

* Enterocyte-bacterium contact, flagellin
release (FliC) = inflammatory response with
NF-kB activation - proinflammatory
cytokines for neutrophil and macrophage
recall

Inflammation

Anaphylatoxins

RIP1

Alternative pathway of
complement activation

Lipid A
I 1

TRIF IRAK1/4

I’
/, TRAFE " RIP3 — Programmed necrosis?

Host cell
_wMKK1/2 o
—» TPL2 ERK ¢
N Ve
NIK MKK3/4
INK Y
ik T pp.q

N
IKB‘ I NFKB/

IKK '« Proinflammatory

FllC
SopE
<>
LPS Salmonella Cell

T genes (IL23A,
\ TNEA, IL12A,
RIP2  IL1B,IL18)

vl S
~
e
i pro-IL-13 TNF-o
NLRP3 pro-IL18 IL12 p35
ASC IL23 p19

5 /

: Caspase-1 J
IL-1B

IL18 — | Inflammation

Pyroptosis

Current Opinion in Microblology

Thiennimitr et al., 2012




Experimental models developed
to study Salmonella infections

TABLE 1 | Salmonella infection models.

Year Author Salmonella type Model
I vitro 2001 Mickarson et al. Salmonefa Typhimurium 3D organotypic model based on the human embnyonic intestinal epithealial cells
(int-407) (Barrila et al., 2010)
2006 Zu Bentrup et al. Salmonafa Typhimurium 30 organotypic model based on the human colon adenocarcinoma call line (HT-29
call line) (Honer Zu Benirup et al., 2006)
2008 sabel Martinez-Argudo Salmoneia entanca M call modal (Martinez-Argudo and Jepson, 2008)
and Mark A. Jepson
2000 Lo Blay ot al. Ealmonefa Typhimurium Colonic fermentation modeal (Le Blay et al., 2000)
22 Tang et al. Cilinical non-typhoid RAW 264.7 murine macrophage cell ine (Tang et al., 2012)
Salmoneaia (NT3) isolates
2014 Dostal et al. Salmonafa Typhimurium Gut fermentation-cell modal (Dostal et al., 2014)
2014 Fhang et al. Salmoneia Typhimurium Crypt-derived mouse intestinal organoids (Zhang K. of al., 2014)
2015 Forboster et al. Ealmonseia Typhimurium Intestinal organcids darved from human induced pluripotent stem cells (HIPSCs)
[Forbestor et al., 2015)
2016 MNawburg et al. Salmonefa Typhimurium Immatura human normal fefal intestinal epithelial call (H4), mature human metastatic
colonic epithelial call {T84) and human normal colon mucosal epithedal call
NCM-460) (Newburg et al., 2016)
2017 Fang et al. Salmonafa Typhimurium Hela calls, Caco-2 cels, THP-1 cels and LSA74T calls (Fang at al., 2017)
ax vivo 1997 Frost et al. Salmoneia Typhimurium Calf ileal epithelum (Frost et al., 1997)
2004 Haque et al. Ealmonseia Typhimurium Human intestinal in witro ongan culture (VOC) (Hague et al., 2004)
ML
22 Tsilingiri et al. Salmonefa Typhimurium Organ culture modd (intestinal mucosa) (Tsilingin et al., 2012)
2015 Boyle at al. Salmonafa Typhimurium Perfusion of the isclated rat small intestine (Bovie ot al., 2015)
2016 MNewburg et al. Salmoneia Typhimurium Immiature human intestinal tissue (Mewburg et al., 2016)
I vivo 1973 Giannela ot al. Salmonsela Typhimurum The ligated rabbit ileal loop model [Giannala et al., 1973)
2003 Barthel at al. Salmonafa Typhimurium C57BL/G mica (Barthal et al., 2003)
2007 Woo ot al. Salmonada Typhimurium SLC11A1 wild type mice (Woo and Baerl, 2007)
2009 Rean ot al. Salmoneia Typhimurium C57BL/6 mica (Ren ot al., 2003)
2011 Mian et al. Ealmonsaia Typhi Humanized mice @ymphoid AAG-2-/-yc-/- mice engrafted with human leukocytes)
[Firoz Mian et al., 2011)
22 Cizkaya et al. Salmonefa Typhimurium BALB/c mice (Ozkaya et al., 2013
2012 Mathur at al. Salmonada Typh A mouse modal (tir 1-/+ mice) (Mathur et al., 2012)
2014 Fhang et al. Salmoneia Typhimurium Neonate mice (Zhang Y. G. et al., 2014)

Yin and Zhou et al., 2018

In vitro cell culture lines are relatively easy to
maintain and provide a more consistent
environmental niche for evaluating bacterial
survival and replication than most animal
hosts. Genetic manipulations in these cell
lines greatly aided the investigation of how
Salmonella interact with host epithelial and
macrophage cells

Animals possess the complex cell types,
architectural organizations, and specialized
organ structures. More importantly, the intact
immune systems of the animals

have obvious advantages over all other
models and therefore are considered the
closest to clinical settings over in vitro cell or
ex vivo organ and tissue models.



Organoid and Enteroid Modeling of Salmonella Infection

c It has been shown that Salmonella
quickly attaches and invades the
@ enteroids causing the typical

Antimicrobial drug screening

LAWY . N
Infection o= Applications Personalized medicine

= % g ] morphologic changes of the host
ﬁ@ o= ienee cells during Salmonella invasion as
Safsbnaila > &Y MQ Pacteria - hostinteractions well as the disruption of epithelial

Primary Enteroids

tight junctions.
Yin and Zhou et al., 2018

https://figshare.scilifelab.se/articles/media/Time-

lapse_Movies_for_Geiser_et_al_2021_mBio_Salmonella_enterica_Serovar_Typhimurium_Exploits_Cycling_through_Epithe
lial_Cells_to_Colonize_Human_and_Murine_Enteroids_/12998570/17?file=25766672
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