Salmonella

the ‘real Gram-negative pathogen’
capable to grow in in egg salad in the
fridge and in your gallbladder, as well...



Salmonella is a champlon bugl

How much of adaptability, regulation/sensing
Capacity must it have...:

grows in egg salad with mayonnaise in oxic
environment of high osmolarity at 8-10 °C

Is ingested and has to resist acidic pH 3 in stomach..
Has to resist alkaline pH of duodenum, protease
and lipase action and detergent effect of bile salts...
Has to strive in microaerophilic environment

of small intestine, drill through mucus, adhere and compete
with commensal flora

Has to resist killing by phagocytes in Payers patches
Has to survive in SCVacuole at low osmolarity, low oxygen,
low Mg?*, oxidative burst, cationic peptides etc...

Has to escape phagocytes, multiply in he GALT and migrate
through lymphatics to luver and gallbladder / for shedding in
bile...., or cause systemic disease in case of S. typhi...

Settle down in heptocytes and colonize gallbladder, resisting
to detergents

Resist inflammatory response and provoke gastritis and
diarrhoea to spread to a new host...

© Elsevier. Goering et al: Mims' Medical Microbioloay 4e - www.studentconsult.com.




Confusion: fithess or virulence factor???

. Salmonella has only about 200 genes specifically required for
virulence?
What should be considered as a virulence factor?

traits and products enabling adherence, toxic protein prduction, directly linked to
infection process???

traits like energy from sugar fermentation — housekeeping functions, but still
essential for infection???

virulence factors can be used as a target of a vaccine or therapeutic strategy

Core E. coli genome is about 3500 genes, additional 3500 E. coli genes
are in mobile genomic islands, serving for adaptation to a given niche,
some involved in pathogenicity...

To me, a virulence factor is a bacterial product or strategy that
contributes to virulence or pathogenicity and is REALLY absent in the
commensal variants of the same organism...



ia have many faces

Enterobacter




How Salmonella became a pathogen
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Fig. 1. Characteristics of phylogenetic groups of the genus Salmonelia. The dendrogram shows the phylogenetic relatedness between the different
species and subspecies contained in the genus Salmonella, as determined by Reeves et al.?" The number of serotypes in each species and sub-
species’® and the frequency of clinical isclation of Salmoneifa seratypes2 have been reported previously.



How Salmonella became a pathogen
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Fig. 3. Phylogenetic relationships among enteric bactera. The branches
shown in gray denote taxa that are typlcally capable of Invading eukaryotic
cells, Within Salmonelia enterica, the acquisition of two pathogenicity
islands (SPI-1 and SPI-2) is based on the phylogenetic distribution of
island-spacific virulence genes among strains representing the eight sub-
specific groups (FVI) of this species.




How Salmonella became a pathogen - version 1997...
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Fig. 2. The record of horizontal transfer of virulence genes within the genus Salmoneifa. Deletion of
the fpf operon is indicated by an open arrow. Filled arrows mark acguisition of genes by horizontat
transfer. Abbreviations: fim, type | fimbriae; Ipf, long polar fimbriae; pef, plasmid-encoded fimbriae;
sef, Salmonelia enterica serotype Enteritidis fimbriae; SPI 1, Salmonella pathogenicity island 1; SPI 2,
Saimonelia pathogenicity island 2; spv, Salmonelia plasmid virulence; viaB, Vi capsular antigen.



How Salmonella became a pathogen

Table 1. Systemic infections caused by

host-adapted S. enterica subspecies | serotypes

Putative host
Serotype Host species Disease range factor®
Typhi Humans Typhoid fever viaB
Paratyphi A Humans Paratyphcid fever Unknown
Paratyphi B Humans Paratyphoid fever Unknown
Paratyphi C Humans Paratyphoid fever viaB
Gallinarum® Poultry Fowl typhoid sef
Pullorum® Poultry Pullorum disease sef
Enteritidis® Rodents Murine typhoid pef, spv
Typhimurium® Rodents Murine typhoid pef, spv

Cattle Bacteremia

Dublin Cattle Bacteremia spv
Choleraesuis Swine Bacteremia pef, spv

——

*Abbreviations: pef, plasmid-encoded fimbriae; sef, Salmonelia enterica serotype Enter-
itidis fimbriae; spv, Salmonelia plasmid virulence, viaB, Vi capsular antigen.
°Pullorum and Gallinarurn are considered as biotypes that belong to the same serotype.
“Other serotypes that are host adapted to rodents are reported by Roudier et al.*



Salmonella

Gram-negative, fakultatively anaerobic non-
sporulating rods
Very plastic genome (numerous plasmids,
transposons, phages and prophages...)



Virulence factors

Adhesion
Invasion
Intracellular survival - resistance

Resistence to acid, bile, antimicrobial peptides,

complement action (long LPS chains)
5 specific SPI pathogenicity islands

2 dedicated T3SS ‘injectosome’ systems



Bile salt resistance

High level resistance due to long LPS and efflux pumps
= marRAB a acrAB detergent efflux system..
= Bile is an important signal for gene regulation:

» Reduced expression of flagelin (environmental
mobility?)

= PhoP-PhoQ reduces PagC protein expressionand
upregulates YciF



Complement resistance

B rck gene encodes OMP conferring serum resistance

B Very long polysaccharide O antigen activates MAC of complement far from
cells membrane — very smooth colonies...
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Figure 1. Schematic representation of a LPS unit (NAG: N-acetyl-D-glucosamine: P: phosphatidyl group:
KDO: 3-Deoxy-D-manno-octulosonic Acid: HEP: heptose: GAL: D-galactose; GLC: D-glucose; L-ALA:
L-alanine: RHA: D-rhamnose: FUC: D-fucose: MAN: D-manose). Acyl lipid chains SN,.SN; and SN, are
labeled (right). Atomistic model of the A-B+ LPS memb of Pseud s aeruginosa (left). Membrane
atoms are represented in “sticks™, Ca** ions in filled yellow CPK and water in transparent blue CPK model.

Infect Immun. 1996 Jun;64(6):2019-23 1 2 3 4
Identification of a domain in Rck, a product of the Salmanella typhimurium virulence plasmid, requirea 1or potn serum resistance ana cel Invasion



Salmonella in general

Localized gastroenteritidis, up to typhoid fever disease like
disease in humans

= S. enterica subsp. enterica serotype typhimurium (diarrhoeal enteritidis)

= S. enterica subsp. enterica serotype typhi (exclusively human disease /
typhoid fever / systemic disease)

= S. enterica subsp. enterica serotype paratyphi milder forms of typhoid
disease

alimentary infection
Symptoms in 6-48 hours

With S. enterica subsp. typhimurium it ranges from asymptomatic, to
diarhoea, through life-threatening typhoid disease, depending on the
equipment of the bug and of the host defense capabilities

Problem with multidrugresistant S. enterica subsp. typhimurium DT104
strains from zoonotic infections



Life according to Salmonella....
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Host—microbe interaction: Inflammation for growth

Winter et al. Nature, 467, 426-9: comment S. 1. Miller online 22 September 2010

® Infection often leads to inflammatory immune responses

® Intestinal inflammatory responses might favour pathogen growth by nutrient release ?

® In 1923 Salmonella was observed to use sulphur-containing tetrathionate as electron
acceptor in the microaerobic environment of limited oxygen availability
u growth medium containing tetrathionate used to enrich salmonellae from stool

® Winter et al. show that tetrathionate could be generated in the intestinal tract from sulphur-
containing thiosulphates generated from hydrogen sulphide (produced from food by microbiota )

® The thiosulphates can be oxidized to tetrathionate by reactive oxygen species produced by
phagocytes at sites of Salmonella invasion .

® The authors show that:
=

ability to metabolize tetrathionate promotes S. Typhimurium colonization of the host

this compound is formed in vivo by an inflammatory response that generates oxygen radicals.

® Winter et al. find that salmonellae require the T3SS to exploit the tetrathionate pathway
®T3Ss itself is known to lead to activation of a pro-inflammatory pathway
" Genes encoding components of both the T3SS and the tetrathionate-respiration pathway in Salmonella have a
different nucleotide content from each other and from the core, evolutionarily conserved, genome content.
®T3SS and tetrathionate respiration were likely acquired through horizontal gene transfer, after Salmonella
differentiated from other intestinal bacteria such as the commensal Escherichia coli.

® Evolutionary driving force for the inflammatory periods, called disease, may be dissemination and

transmission.


http://d360prx.biomed.cas.cz:2062/nature/journal/v467/n7314/full/467410a.html#ref1
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Adhesins

Fimbrial and molecular:
type 1 fimbriae (fim) unknown specificity
Plasmid-encoded pef genes on virulence plasmid pSLT — specific for
microvili in small intestine (typhimurium)

long polar fimbriae (Ipf) specific for Peyer's patch cells

thin aggregative fimbriae called curli ( agf), specific for enterocyte vili
and/or involved in biofilm formation

Functional redundancy: all 4 need to be mutated to lose virulence

protein Rck (on pSLT), adhesion and complement resistance

Infect Immun. 1998 Jun;66(6):2803-8.

Multiple fimbrial adhesins are required for full virulence of Salmonella typhimurium in mice
Infect Immun. 1996 Jun;64(6):2019-23.

Identification of a domain in Rck, a product of the Salmonella typhimurium virulence plasmid, required for both serum resistance and cell invasion
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S. typhimurium invasion of the follicle-associated epithelium in calves. Detection of
S. typhimurium by immunohistochemistry (brown precipitate) in sections of the bovine
ileal mucosa collected 15 min after infection of ligated ileal loops is shown on the left.
The section shows a domed villus of a Peyer's patch lymphoid follicle flanked by two
absorptive villi. Note the tropism of S. typhimurium for the follicle-associated epithelium
of the domed villus while the epithelium of the adjacent base of each absorptive villus is
not colonized.

A transmission electron micrograph of the S. Typhimurium invasion of M-cells in the
bovine follicle-associated epithelium is shown on the right. In this host species, the
follicle-associated epithelium is entirely composed of M-cells.



S. typhimurium
invasion of the tip
of an absorptive
villus in calves.
Detection of S.
Typhimurium by
Immunohistochemistry
(brown precipitate) in
sections of the bovine ileal
mucosa collected 1 h after
infection of ligated ileal
loops is shown on the left.
Transmission electron
micrographs of the S.
Typhimurium invasion of
a goblet cell (top) and

enterocytes (bottom) are
shown on the right



Membrane ruffling




Salmonella Pathogenicity Island 1-




Sensmg regulatlng and adapting = surviving and disseminating

Model for the regulation of
Salmonella invasion genes during

SMALL BOWEL LUMEN intestinal infection. Salmonella cell
is depicted in association with an
low Oz _ intestinal epithelial cell in the small
oo ot bowel. Exposure to environmental cues
I present in the bowel lumen, including

low O2 concentrations,
Y relatively high osmolarity, and alkaline
pH, acts to induce expression of the hilA
gene located on SPI1. HilA in turn
induces operons in SP11 encoding the
components of a type 11 protein
secretion system as well as the secreted
proteins (Sips). Contact between the
bacterium and the epithelial cell
stimulates Sip secretion by the type
Il system located at the bacterial cell
surface. The Sips interact with the
epithelial cell membrane and certain
secreted proteins enter the cytoplasm.
The Sips promote uptake of the acterium
into a membrane-
bound intracellular vacuole. The
virulence plasmid spv genes
are not required in this stage of
pathogenesis.
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Use of T3SS makeg "o
entrocytes to
phagocytes...

SPI-1 T3SS — 13 effectorl3 proteins:

SopB, SopE a SopE2activate Rho GTPases
SipA a SipC modulate actin filament assembly
for promoting ruffling (RcsB-RcsC regulated)
SptP restores actin homeostasis




External signal
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The PhoQ/PhoP two-component
regulatory system monitors
environment and responds to
internalization and CONTROLS

the adaptation to low Mg?* environments by
governing the expression and/or activity of Mg2+
transporters and of enzymes modifying the
Mg2+-binding sites on the bacterial cell surface.
The regulator PhoP modifies expression of ~3% of
the Salmonella genes in response to the
periplasmic Mg2+ concentration detected by the
PhoQ protein. Genes that are directly controlled
by the PhoP protein often differ in their promoter
structures, resulting in distinct expression levels
and kinetics in response to the low Mg2+ inducing
signal. PhoP regulates a large number of genes
indirectly: via other transcription factors and
two-component systems that form a panoply of
regulatory architectures including transcriptional
cascades, feedforward loops and the use of
connector proteins that modify the activity of
response regulators. These architectures confer
distinct expression properties that may be
important contributors to Salmonella’s lifestyle.



PhoP/PhoQ signaling results in stabilization and accumulation of the RpoS
protein when Salmonella experiences low Mg2+.
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IraP blocks of pre-made MviA association to pre-made RpoS
and blocks its committment for degradation = extremely fast adaptation to
phagocytosis

Tu X et al. PNAS 2006;103:13503-13508
©2006 by National Academy of Sciences



PhoP-PhoQ system

low Mg2+ high Fe3+

l )pmiD
._(*__g_ activation of PmrA/PmrB system

mgtA LPS modifications
o~ Mg?+ transport resistance to polymyxin B
mgtCB
m'=$— Mg3+ transport m—@%}—- transcriptional regulation

intramacrophage survival

| (OMy LPS modifications
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V_E&._(*) . transcriptional regulation

Model popisujici regula¢ni cile PhoP-PhoQ systému a interakci s PmrA-PmrB systémem



Antibacterial peptide
resistance
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Salmonella amino-arabinosylates lipidA in the vacuole to resist
cationic peptides attack

—— 2052

® PhoP-PhoQ regulates genes required for
intracellular survival and resistance to cationic

peptides.
HO OH
® Salmonella typhimurium PhoP-PhoQ regulated OH
structural modifications of lipid A, the host o)

signaling portion of lipopolysaccharide (LPS), by
the addition of aminoarabinose and 2-
hydroxymyristate.

® Structurally modified lipid A altered LPS-mediated
expression of the adhesion molecule E-selectin by
endothelial cells and tumor necrosis factor—a
expression by adherent monocytes.

® Altered responses to environmentally induced lipid
A structural modifications may represent a
mechanism for bacteria to gain advantage within

host tissues. _
) L Guo et al. Science 1997;276:250-253
Published by AAAS
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VACUOLE

MACROPHAGE PHAGOCYTIC

MACROPHAGE CYTOPLASM

Inside the vacuole. ..

Model for the regulation of
Salmonella virulence genes
involved in the extraintestinal

infection of tissue macrophages.
After phagocytosis, Salmonella cells
remain within the phagocytic vacuole. This
environment limits the growth of the
organism, leading to increased levels of the
alternative sigma factor ss, the product of
the chromosomal rpoS gene. ss increases
synthesis of the transcriptional activator
SpVvR which acts together with ss to induce
the spv operon on the virulence plasmid.
The Spv proteins appear to enhance
proliferation of the Salmonella in the
intracellular environment. During
maturation of the phagocytic vacuole, low
Mg?* levels activate the two-component
PhoPQ regulatory system, leading to
synthesis of several proteins designated
Pags, the products of PhoP-activated
genes. The Pags appear to be involved in
survival of the bacteria inside
macrophages. PhoP also negatively
regulates hilA

production of invasion gene products.



The intracellular Salmonella life style

Ruffles

T3$S$1-independent invasion*
Other factors: BapA, ShdA, Type 1 fimbriae

T3SS1-mediated invasion
T3881 effectors: SipA, SipB, SipC, SipD, SopA

SopB,SopE, SopE2, SopD
Other factors: SIiE, Flagella

Gene xpression
T3S81 effectors: AvrA

T3S8S2 effectors: Ssel., SspH1
Other factors: flagellin

SCV Maturation & Positioning
T3SS1 effectors: SipA, SopB, SopE, SopA, SopD
T3SS2 effectors: SpiC, SpvB, SseF, SseG, SseJ, Ssel, SspH2 Host Cell Signalling
@ T3SS1 effectors: AwA, SopB, SopE, SopE2, SptP
/ T3S82 effectors: Ssel., SpvC
Y % Fxssnsion Other factors: flagelin

T3SS2 effectors: PipB2, SifA, SopD2

Inhibition of Apoptosis
T3SS1 effectors: AwA, SopB
Other factors: flagellin

Induction of Apoptosis/Pyroptosis
T3881 effectors: SipB
T3SS2 effectors: SpvB, Ssel
Other factors: flageliin

Intravacuolar Survival & Replicatiol
T3SS1 effectors: SipA, SopB, SopD, SptP
T3582 effectors: Combinatorial req. for T3SS2

Other factors: AhpC, CorA, enterobactin, FeoB,
FepD, KatE, KatG, KatN, MgtA,
MgtB, MgtC, MntH, saimochelin, STbABC, SitABCD,
SodC1, TolC, Trk, TsaA,YejABEF, ZnuABC



Salmonella's Safety Catch

Host cell cytosol

Transtocon
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pH7.2| proteins

Translocon

roteins
Ternary x 5. »P ¢ 4
complex 3 . -

":3 Effector

» signal triggers entry
Effector e} complex disassembly
proteins

(Left) After S. enterica has entered a host cell, the acidity of the vacuole within which the bacterium resides induces
assembly of the T3SS needle complex. A regulatory complex (yellow) formed from SsaL, SsaM, and SpiC at the entry
portal of the needle prevents secretion of effectors (blue), but allows translocon proteins (purple) to enter and proceed to
the tip of the needle, where they form a pore in the vacuolar membrane. (Middle) The pore enables the elevated pH of the
host cell cytosol to be sensed, causing the disassembly of the SsaL/SsaM/SpiC (ternary) complex. (Right) Effector
proteins can now pass through the needle complex and enter the cytosol of the host cell.

Science 21 May 2010: Vol. 328 no. 5981 pp. 1040-1043



Ssal is required for translocon protein secretion,
suppresses effector secretion, and interacts with SsaM and

SniC.
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X Yu et al. Science 2010;328:1040-1043

SsalL is required for translocon protein secretion,
suppresses effector secretion, and interacts with SsaM
and SpiC. (A) Model of the SPI-2 T3SS spanning the
inner and outer membranes of the bacterial cell and
connected to a translocon pore formed in the vacuolar
membrane. Translocon proteins must be secreted before
effectors can be translocated. SsaV is thought to be
located in the inner membrane and is essential for the
function of the secretion system. (B) Wild-type (wt),
ssaV, spiC, ssaM, or ssaL deletion mutant strains
expressing 2HA-tagged SseJ from chromosome were
grown in minimal medium pH 5.0, and secreted and
bacterial-associated (lysate) proteins were examined by
means of immunoblotting to detect the HA epitope,
SseB, and DnaK. (C) A plasmid expressing SsaL-2HA
was introduced into the ssalL deletion mutant, and
secreted levels of SseJ-2HA, SseB, and SseC were
compared with the ssaL mutant by means of
immunoblotting. (D) Interaction between SpiC-2HA, T7-
SsaM, and SsalL.-3Flag. In the wt-3tag strain, spiC, ssaM,
and ssalL are replaced with versions expressing epitope-
tagged proteins. This and an isogenic strain lacking SpiC
(spiC) were grown in minimal medium pH 5.0, and
whole-cell lysates were immunoprecipitated with an
antibody to T7. The presence of the three proteins was
detected in input samples (input) and after
immunoprecipitation (output) by means of
immunoblotting.



Ssal and SsaM variants block ternary complex formation.
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Phenotypes of SsaL. and SsaM variants that block ternary complex
formation. (A) The SsalL/SpiC/SsaM complex requires the C-terminal
18 amino acids of SsaM. A strain expressing SsalL-3Flag, glutathione
S-transferase (GST) —SpiC, and either SsaM-2HA or a nonfunctional
version lacking its C-terminal 18 amino acids (SsaM;o,-2HA) ( ) were
grown in minimal medium pH 5.0, and whole lysates were used for
GST pull-down (GST-SpiC) or immunoprecipitation (SsaL-3Flag,
SsaM-2HA, and SsaM,,,-2HA). (B) Plasmids encoding T7-SsaM and
2HA-tagged Ssal or mutant variants were introduced into an ssalL
deletion mutant. Whole bacterial lysates were immunoprecipitated with
antibody to HA. SsaL-2HA and T7-SsaM were detected in input
samples (input) and after immunoprecipitation (output) by means of
immunoblotting. (C) The ssaL deletion strain expressing SseB and
SseJ-2HA, and SsaL or mutant variants from a plasmid, were grown in
minimal medium pH 5.0 for 5 hours. Secreted fractions were analyzed
by means of immunoblotting for SseB and SseJ-2HA. (D) The wild-
type strain, an ssaM mutant, and the mutant with or without a plasmid
expressing SsaM-2HA or SsaM,,,-2HA were grown at pH 5.0 and

analyzed as in (C).
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Effect of pH on effector secretion and translocation.

B digitonin-treated C
wt (untreated) wt (pH 6.0) ssaV (pH 6.0)
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Effect of pH on effector secretion and translocation. (A) Bacterial strains were
grown in minimal medium pH 5.0 for 4 hours, then exposed to pH 5.0 or 7.2 for
90 min. Secreted and bacteria-associated (lysate) 2HA-tagged effectors and DnaK
were examined by means of immunoblotting. (B) HeLa cells were infected with
wild-type or ssaV mutant Salmonella for 3.5 hours in order to allow expression of
the SPI-2 T3SS, then some samples were permeabilized with digitonin and
exposed to pHe 6.0. Cells were fixed 2.5 hours later and immunolabeled in order
to detect Salmonella and secreted SseB. (C) HelLa cells were infected for 3.5
hours with wild-type Salmonella expressing SseF-2HA, then permeabilized with
digitonin and exposed to pH 6.0 or 7.2 for a further 2.5 hours. In one sample, pH
was changed from 6.0 to 7.2, 1 hour before fixation. Fixed cells were
immunolabeled to detect Salmonella, LAMP-1, and SseF-2HA. In (B) and (C),
values below the images represent the percentage of cells in which secreted SseB
or translocated SseF-2HA was detected, +SE of three experiments (n > 100 cells
per experiment). Scale bars, 2 um.

12.7 £4.2% 927 £1.5% 923+21%

Published by aaas X Yu et al. Science 2010;328:1040-1043



Effect of pH on the SsalL/SsaM/SpiC complex.

cytosol membrane Effect of pH on the SsaL/SsaM/SpiC
IP with IP with IP with complex. (A) The wt-3tag strain was grown
input o -HA input oHA o T7 in minimal medium at pH 5.0 for 4 hours,
50 72 50 7.2 50 72 50 72 then exposed to pH 5.0 or 7.2 for 1 hour,

then membrane-associated and cytosolic
- SPIC-2HA  gpiC-2HA and membrane-associated T7-
SsaM were immunoprecipitated (IP).

Proteins were detected in input samples

- ” - - Ssal-3Flag (input) and after immunoprecipitation
o (output) by means of immunoblotting. (B)

The wt-3tag strain and a strain in which the

BED e ’ - @ 77-SsaM  chromosomal copy of ssaN is replaced with
— a functional version carrying a 3Flag epitope

(bottom) were subjected to pH shift in the
presence of tetracycline. Samples were
removed at various times, and lysates were
analyzed by means of immunoblot. (C)
ARADCA BB e am . DK W—— — — | {c| 3 cells were infected with the wi-3tag

strain (wt) or an isogenic translocon mutant

B 0’ 30' 60' 90’ c wt + dig

5072 507250725072 sseA-D wt 6.0 6.0»7.2

e e e Ssal-3Flag " === wmm= = (sseA-D). At 3.5 hours after invasion, some
wt-infected cells were treated with digitonin

“ o T7-SsalMl = e o — (wt + dig), and exposed to pHe 6.0 for 2.5
hours (6.0) or pHe 6.0 for 1.5 hours, then
changed to pHe 7.2 for another 1 hour (6.0

SO WOV DK — 7.2). Cells were lysed at 6 hours after

D RG] [ | invasion and analyzed by means of
immunoblotting.

) X Yu et al. Science 2010;328:1040-1043
Published by AAAS



The intracellular Salmonella life style

Ruffles

T3$S$1-independent invasion*
Other factors: BapA, ShdA, Type 1 fimbriae

T3SS1-mediated invasion
T3881 effectors: SipA, SipB, SipC, SipD, SopA

SopB,SopE, SopE2, SopD
Other factors: SIiE, Flagella

Gene xpression
T3S81 effectors: AvrA

T3S8S2 effectors: Ssel., SspH1
Other factors: flagellin

SCV Maturation & Positioning
T3SS1 effectors: SipA, SopB, SopE, SopA, SopD
T3SS2 effectors: SpiC, SpvB, SseF, SseG, SseJ, Ssel, SspH2 Host Cell Signalling
@ T3SS1 effectors: AwA, SopB, SopE, SopE2, SptP
/ T3S82 effectors: Ssel., SpvC
Y % Fxssnsion Other factors: flagelin

T3SS2 effectors: PipB2, SifA, SopD2

Inhibition of Apoptosis
T3SS1 effectors: AwA, SopB
Other factors: flagellin

Induction of Apoptosis/Pyroptosis
T3881 effectors: SipB
T3SS2 effectors: SpvB, Ssel
Other factors: flageliin

Intravacuolar Survival & Replicatiol
T3SS1 effectors: SipA, SopB, SopD, SptP
T3582 effectors: Combinatorial req. for T3SS2

Other factors: AhpC, CorA, enterobactin, FeoB,
FepD, KatE, KatG, KatN, MgtA,
MgtB, MgtC, MntH, saimochelin, STbABC, SitABCD,
SodC1, TolC, Trk, TsaA,YejABEF, ZnuABC



Intracellular life

m Survival in SCV (Salmonella-containing vacuole),

= part of bacteria replicates also in cytosol and can egress from cells...

m SCV biogenesis:

» Directed by the second T3SS from SPI-2 gene effectors SifA, SseF
and SseG induce formation of tubular protrusions

= Vacuole fuses with early endosomes and recruits EEA1, Rab5 and
transferrin receptors (iron source...)

mn Early endosomal proteins recruited by vesicle fusion: Lamp1,
Lamp2, vacuolar ATPase, mannose-6-P receptor (sorting) excluded
from SCV a and lysosomal enzymes dependent for sorting on
manose-6-P receptor are not recruited — fusion with late endosome
restricted

m SCV enrichment in cholesterol

Traffic. 2003 Sep;4(9):587-99
Taking possession: biogenesis of the Salmonella-containing vacuole



Intracellular life

SCV biogenesis:

® in 2-3 hours Salmonella modifies the

vacuole so that it can survive

formation of Sif (Salmonella induced
filaments) = SCV membrane tubule
protrusions initiated by T3SS effector
SifA

Fusion with lysosome inhibited —
survival - due to T3SS effector SpiC
action from SPI-2 (SpiC binds and
inhibits Hook3 protein action required
for endosome-lysosome fusion)

Salmonella can egeress into cytosol
and multiply in enterocytes, but does
not proliferate in macrophage cytosol?

Traffic. 2003 Sep;4(9):587-99

Taking possession: biogenesis of the Salmonella-
containing vacuole

Mol Microbiol. 2003 Sep;49(6):1565-76

The Salmonella SpiC protein targets the mammalian
Hook3 protein function to alter cellular trafficking
Mol Microbiol. 2002 May; 44(3):645-61
Complementary activities of SseJ and SifA regulate
dynamics of the Salmonella typhimurium vacuolar
membrane

Salmonella TTSS Effectors

Early
SigD (SPI1) - on SCV
SpiC (SPI12) - in extosol?

Late (SPI2)
PipB, PipB2
SifA, SilB
SopD2
SseF, SseG, Ssel
SspH2¥, Ssel#*

* based on ectopic
expression

SPI2-induced A

intraceliular bacteria

SPI1-induced
invasive bacteria

Host Cell Components

Bacterial

Replication

Initiation of
Sif Formation

Epithelial Macrophages
Cells

At ND

I R

T T
ND R

+(15min) 4+ (15 min)

C C
C C
C C
T X
ND C
+i= R (tmm. form)
| T
34h 8-12h
5-6h 9h

C - Concentrated

T - Transient

R - Retained

X - Excluded

ND - Not Determined
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Table 2; Ssimoneda TTSS effectar protems, which affect SCV biogonass or aee locsized to SCVSE

Effacrr SP o SPR  Invracelivar Funcion Viedenica of Tl
focation an subsrate focaliastion mwtart in anemal
crramasoma ) made! of infection
Pipl sP2 SCV, Sis My - nat sttenuated 009
{SPIS, 24 cs) O3 Bov~ deceased niestnal
socretory and inflarmmatiny
resoon e
PpB2 sP2 SCV, 5ds Mur - slight atterustion {15)
Bocs) Peripharyd
weicion
DM
SiA PR SCV, 54z SCV memhane nieanty Mur - attonuated (13244273,
27ca) S formastion 104106,
no
SiB 2 SCV, Sds Mur- not attenusted “=an
RS LAMP v va
wancios
in AW mis)
SopB/Sigh =P oV inasital polyphasphat Mur -~ nat stienusted (75,7622,
{SP5, 28 e phosphetase, AUPKE Bov~decwased ntestnal 104112
Actvation secrotory and mflarnmatey
000N 20
SopD2 SR SOV, Mur - sight attermetion ma
22¢2) ondosomes
SpiC/SsaB sP2 Cytazal irtwhition of SCV fusion with s - attenusted 100103
SPR2, 30 ¢ Iysosames/endasomes
Si formation
Interacts with NIPSNAP homologue
TassC
Requand for ransiccation of
SP2 eflectors
SpvB Cytazol ADP-sbozyition of actin M~ atenated 85,7072,
P8LT vrdernce Intibas VAP farmaton 114115
plasmac)
Ssel sPR S0V, Sts Aggregaton of endasames M~ sigit stienustion BNsNH
SP2, 3102 Si formation
S20G SR SCV, Sfs Aggrgaton of endosomas Mur - sight attarmetion B1enn
(SPR2, 31 csl Sif formation
Ssel/SriH sP VAP Intaracts wath Slamin MMur - not attenusted B8
Gitsy2 propiuge Actin rermadaling?
B
Sse) SR SCV, Sds Aggregaton of endozomes Mur - sight attarcetion “Anam
B5cn) LAMP e
vascie n
RAW cetts)
SspH 2 PR VAP Imteracts vath Slarmm and profiin Mur - not atten usted wana
“ace) Acta remodeing? fov~mduced sevasty of

nustnd esons

Bov bavne. DRMs. detemganiesstan micodorams Mur matne SCV- Satmonelacomaning vacude Sifs Saimonelbinducad
flaments. VAP vacudia associstad actn polyrnanzaton



Intracellular life

Resistance to ROS a RNS radical important — genetic screen for
resistance:

Endogenous
superoxide

Exogenous
superoxide

soxR/S
ramA

sodA

sodCl
sodClII

mntH
katk
katGG

Spi-2 mutants

Attenuation of virulence

L e

Hydrogen -
peroxide



Intracellular life

Some T3SS effectors block recruitement of NADPH oxidase into SCV to
promote survival...

WT

goss

localization of p22phox subunit
of NADPH oxidase in SCV
containing virulent 12023 strain
and sseB mutant

£T0C1




Intracellular life

Infected phaqgocytes are eventually killed:

® 2ways:

® Necrotic death due to cytotoxix action of T3SS effector
SipB that induces caspase 1 and autogphagy

® 5 h later some cells die from apoptosis due to OmpR-
reqgulated expression of SPI-2 genes



Pathogenicity islands

Table 1. Selected 5. sypdémeriam virnlence factors associated with pathogenicity islands.

Location Gene Dype Eiochemical activity Effecr on host cell Mutant phenetvpe Regference
SPI (b3c5)  imed Siructural (inner membrans) Translocation Delivary of type I secrated  LD.; attenuated after oral mfection but not [13]
affectors mtraperitoneal. MNon-lmvasive In vitro
orgd ? Translocation? Delivery of typa III secrated Same as imvd. Begulation of orgd by low [16]
effectors oxveen levels
spiP Translocated effactor Tyrosine phosphatase Actin rearTangsments? Invasion unafected but attenuated in 23, 28]
colomzation of splesn 1n mice
sipd Translocated effector Binds actin, actrvates plastin =~ Actin rearrangements and Invasion slightly attenuated in vitre, loss of  [29, 30]
bundling actn polvmerization in host call at site of
anfry
sipE Translocated effactor Translocation, caspase 1 Apoptosis of macrophages [31]
activation
sipl Translocated effector? Translocation, other? Delivery of typa III secrated [33]
affectors, other?
&l es sopE* Translocated effactor Actrvates Cded? and Fac Actin resrrangements, cytokine Iovasion shightly attenuated in vimo. [37, 39]
GTPazas production Virnlence unatfected m vivo
SPIX (1] cs) ssat Yool Mxal PreK family of Translocation? Delivery of typa III secrated  Virulence attenuated in mice and bacteria [44. 47]
lipoprotems {structural?) affectors’ unakls to spread to mesenteric [ymph nodes.
Mutants unable to replicate in the spleen.
ssedBC Translocated effactors? ? T Vimlence attenuated in moce. Mutants unable [46]
to replicate m macrophages m vitro.
spicC Translocated effactor Inhibats endosome-endosome  Inhibats fusion of SCV with Attenuated virulence 1 mice and survival in [51]
fusion in vitro lvzosomes and endosomes. macrophages in vitro
Interfaras with normal
trafficking of the transferrin
Teceptor
SPI3 (B2 cz) mgrlE Cation transporters? Mg** uptake, others? T Attenuated virulence mn mice and survival mm [57, 3E]
macrophages n vitro
SPI4 (92 cz) Vanous Type I Secretion” Others? Toxin delivery? Apoptozis? Intramacrophage surival 61, a8]
SPI5 (25 es) sopBisigD* Translocated effector Inositol phosphate phosphatase Chlonde secretion Attenuated enteropathogenesis m ileal loop  [70, 71]
nodal
pipB Attenuated virulence in mice [53]

# Plore: Transhbcared via the SP11 cype 11 secretion system inco the host cell cpooacl.



S. typhi
Strains are monomorphic, 97% of identical genes

= Variations in Vi antigen conferring serum resistance, high
virulence

Typhoid fever — life-threathenic systemic disease
Assymptomatic carriers walking and shedding around...

Symptoms in 10-14 days (high fever, halucinating, spasms, no
diarrhoea)

Spleen and liver infected and inflammed

In asymptomatic carriers a a colonization of gallbladder and years to
life-long shedding in bile can occur ...

ampicilin, amoxicillin, co-trimoxazol for sensitive strains



Unlike other Salmonella serovars, which typically cause self-limiting
gastroenteritis, S. Typhi causes a systemic, life-threatening

Salmonella enterica serovar Typhi (S. Typhi) causes more than 200,000 annual deaths

One of the few S. Typhi-specific factors that have been shown to directly affect its
interaction with host cells is an AB-type toxin dubbed typhoid toxin

systemic administration of typhoid toxin, a unique virulence factor of S. Typhi, reproduces
many of the acute symptoms of typhoid fever in an animal model.

Unlike typical AB toxins, typhoid toxin is composed of two A subunits, PItA and CdtB,
which are homologues of the A subunits of the pertussis and cytolethal distending toxins,
respectively.

Its single B subunit, PItB, is a homologue of one of the components of the
heteropentameric B subunit of pertussis toxin.

Cellular targets of the ADP-ribosyl transferase activity of PItA have not yet been identified
CdtB is a DNase that inflicts DNA damage and induces cell-cycle arrest

S. Typhi produces typhoid toxin only within mammalian cells, and the toxin is then ferried
to the extracellular environment by a unique transport mechanism that involves vesicle
carrier intermediates



The crystal structure of typhoid toxin depicts a unique architecture.

B Typhoid toxin PiB
Typhoid toxin PItB +
NeuSAc :

J/
NeuSAc 4/

:’E ..
Lys 59%

J Song et al. 499, 350-354 (18 July 2013) doi:10.1038/nature12377

:

Subtilase toxin SubB Typhoid toxin PitB
NeuSAc

Negative I Positive
Electrostatic potential

®ys 414

Pertussis toxin S2
NeuSAc

Cys269,

a, Two views of the overall structure of
the typhoid holotoxin complex,

CdtB, PItA and PItB are shown in blue,
red and green, respectively.

b, Bottom view of the channel formed
by the PItB pentamer (in green),
depicting the PItA C-terminal a-helix (in
red) within it.

c, Surface charge distribution of the
predicted sugar-binding pockets of
different B subunit homologues of the
indicated ABg toxins (SubB for subtilase
and S2 for pertussis toxins). A highly
conserved serine residue critical for
sugar binding is indicated within the
sugar-binding pocket. The sugars N-
glycolylneuraminic acid (Neu5Gc; within
SubB) and N-acetylneuraminic acid
(within typhoid and pertussis toxins) are
shown.

d, Molecular modelling of N-
acetylneuraminic acid within the typhoid
toxin binding pocket. Critical residues
engaged in this interaction are shown.
e, Atomic interface between CdtB and
PItA. The inset shows a detailed view of
a critical disulphide bond between PItA
Cys 214 and CdtB Cys 269.



Salmonella typhi — the human killer
making the typhoid toxin
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Salmonella Pathogenicity Island 1

s SPI-1 hraje roli hlavné€ v pocateCni fazi infekce = invazi do bunck
sliznice, a dale k indukci smrti infikovanych makrofaga
m Zahrnuje negmeéné 30 genu:
s 17 gent koduje stukturni komponenty TTSS Inv/Spa, napr.
prgHIJK operon

m dale geny pro injektované proteiny pomoci TTSS inv/Spa
m Efektorové molekuly ze SPI-1 napft. : SipA, AvrA a SptP
m Efektorové molekuly lezici mimo SPI-1 napt.: SOpA, SopB, SopD, SopE1l,
SopE2, SspH1 a SIrP
= geny pro regulaci genti virulence:
= hilA, InvF (transkrip¢ni aktivator genti pro proteiny secernované TTSS)
= SirA a phoP/phoQ dvoukomponentovy regulacni systém

= geny pro chaperony, napr. SICA

Proc Natl Acad Sci U S A. 2000 Sep 26;97(20):11008-13.
Contribution of Salmonella typhimurium type I11 secretion components to needle complex formation



Salmonella Pathogenicity Island 1

Proc Natl Acad Sci U S A. 2000 Sep 26;97(20):11008-13.
Contribution of Salmonella typhimurium type I11 secretion components to needle complex formation



Salmonella Pathogenicity Island 1

Table 1. SPI-1 eftector proteins.

Protein Biochemical activity Known 1n vivo function Reference
AvrA unknown unknown [16]
SipA stabilization of F-actin, reduction of the critical actin polymernization and reorganization [48. 49]
concentration for actin polvmerization
SipB binding of caspase-I translocation of SPI-1 effectors and induction of  [58]
apoptosis
SipC actin nucleation and bundling translocation of SPI-1 effectors and actin [50]
polvmerization
SipD unknown translocation of SPI-1 effectors [13]
SieP unknown putative host adaptation factor [14]
SopA unknown induction of enteritis [26]
SopB mositol phosphatase chlonde secretion and actin polymenzation [38. 39]
SopD unknown induction of enteritis [23]
SopE small G protein GEF actin polymenzation [18]
SopE?2 small G protein GEF actin polymerization [19]
SspH1 unknown lethal infection 1 calves [15]
SptP small G protein GAP and tyrosine phosphatase recovery of actin cytoskeleton rearrangements [42, 59]

Microbes and Infection, 3, 2001, 12931298
Salmonella entry into host cells: the work in concert of type 111 secreted effector proteins




Salmonella Pathogenicity Island 2

s SPI-2 hraje roli hlavné v preziti salmonel v makrofazich a ve vyvolani
systemove infekce

s Zahrnuje nejmén¢ 40 gent.
= 13 gent koduje komponenty TTSS Spi/Ssa, ktery traslokuje
efektory pres fagosomalni membranu
m cfektorové proteiny:
m SpPIC z SPI-2, ktery zajist'uje inhibici fuze s lysozomy
= SIfA mimo SPI-2, ktery indukuje tvorbu sifti
m SSeF a Sseg z SPI1-2, které se spolupodili na tvorbé sifu
= geny pro regulaci genti virulence:

m SSFA-SSrB dvoukomponentovy regulacni systém (je pod
kontrolou jiného dvoukomponentového regulac¢niho systemu
OmpR-EnvZ), ktery napt. reguluje expresi SIfA

m spousta gentl z SPI-2 je podobnych gentim virulence jinych
bakterii



Salmonella Pathogenicity Island 3

s Zahrnuje nejméné 10 gent.

= MgtCB operon kéduje macrophage survival protein MgtC, coz je
Mg °* transportér, ktery bakterii zabezpec€uje prisun Mg %+ ve
fagosomu, ktery je na né¢j chudy

m Proteiny sekvencn€ podobn¢ znamym proteintim jinych patogent



Salmonella Pathogenicity Island 4

Zahrnuje neymeéné 18 gent.
s Pravdépodobné koduje sekrecni system typu 1

Salmonella Pathogenicity Island 5

Zahrnuje neymeéné 6 genti.
m Ucastni se vzniku entericke formy salmonelozy

= Sop (Salmonella outer proteins) a Pip proteiny (Pathogenicity
Island encoded protein)

= Sop jsou secernovany TTSS SPI-1



Plasmid virulence pSLT

s Bez tohoto plasmidu je S. typhimurium avirulentni
= Rck protein

m ZvySuje serovou resistenci
m skupinu genti Spv (SPVABCD a spvR)
= SPVR reguluje transkripci spv genti, SpVABCD vétSinou
nezname funkce, celkove zabezpeCuji preziti
vV makrofagu

= U spvB byla identifikovana ADP rybosylacni aktivita,
nasledkem je rozvrat v aktinu a je s nim spojena tézka
systemova infekce na zvirecich modelech

Microb Pathog. 2003 Jul;35(1):43-8

Intracellular expression of the Salmonella plasmid virulence protein, SpvB, causes apoptotic cell death in eukaryotic cells



Fagové geny virulence

m Gifsy-1 a Gifsy-2
m Gifsy-2 nese napr. gen SodClI pro Cu/Zn superoxid

dismutazu a dalSi zatim neznamy silny faktor
virulence

= Salmonella typhimurium bez Gifsy-2 je
signifikantné oslabena ve virulenci u mysi

Bacteriol. 2002 Oct;184(19):5234-9

Identification of GtgE, a novel virulence factor encoded on the Gifsy-2 bacteriophage of Salmonella enterica serovar Typhimurium



Regulace genu virulence

s Dvoukomponentove regulacni systemy

m jsou rozhodujici pro regulaci exprese virulentnich genu

m sloZzky: senzor signalu a regulator odpovedi

s Quorum sensing systemy

m rozpoznani denzity populace bakterii

s Transkripcni faktory



Dvoukomponentoveé reg. sys.
I

2. doména:
Histidin transferazova akt. His

Signal —

Asp 1. doména: 2. doména:
aspartatova DNA vazajici doména.

Dle textu: Macela et al.
Intracelularni parasitismus bakterii



PhoP-Pho(Q systém
m SPI-1

m sensor vnitini membrany PhoQ reaguje na nizkée hladiny
extracelularniho Mg2+ a Ca2+ aj.

s pravdépodobné indukovany vstupem salmonel do makrofagovych fagosomu

m jec aktivovan téz pritomnosti subletalni koncentraci antibakterialnich
peptidi
= mutant defektni v genech phoP nebo phoQ je vysoce oslabeny ve
virulenci:
m je defektni v preziti uvnitt makrofagt
m maji zvysenou citlivost k antibakteridlnim peptidim, solim Zlucovych kyselin a
nizkemu pH
m system kontroluje expresi priblizné 40 genti: skupina pag (PhoP
activated genes) je dulezita pro intracelularni preziti, skupina prg
(PhoP repressed genes) je dulezita pro invazi do epitelii
= Mimo jiné jiny dvoukomponentovy systém PmrA-PmrB

Molecular Microbiology (2003) 50 (1), 219-230

Regulation of Salmonella typhimurium virulence gene expression by cationic antimicrobial peptides
JOURNAL OF BACTERIOLOGY Mar. 2001, p. 1835-1842

The Pleiotropic Two-Component Regulatory System PhoP-PhoQ



PhoP-Pho(Q systém

activation of PmrA/PmrB system

LPS modifications

Mg2+ transport resistance to polymyxin B

Mg2+ transport 2 o
intramacrophage survival transcriptional regulation

LPS modifications
resisiance to antimicrobial peptides

transcriptional regulation

Model popisujici regulacni cile PhoP-PhoQ systému a interakci s PmrA-PmrB systémem

JOURNAL OF BACTERIOLOGY Mar. 2001, p. 1835-1842
The Pleiotropic Two-Component Regulatory System PhoP-PhoQ




PhoP-Pho(Q systém

Function and for properties of gene product Present in E coli K

: "lf iL‘J‘-‘ELr-iI.':-ll genes Mo

-'-.P4— Outer n - - mediati er of palmitate to lipid A;

'E operon ‘ VIl inoarabinose into lipid A;

phoP
pmr -] ﬁ! h

pmrD) ledi: of trans ional ac of prmrA-regulated genes during growth in low Mg™*
THITK C if ' i0 1

Putative membrane protein

Geny regulovane Phop-PhoQ systemem

JOURNAL OF BACTERIOLOGY Mar. 2001, p. 1835-1842
The Pleiotropic Two-Component Regulatory System PhoP-PhoQ



PmrA-PmrB systém
s Reaguje na koncentraci Fe a pres PmrD na
koncentraci Mg
= Reguluje geny pro modifikace na LPS

m In-silico analyza odhalila dalsi potencialni cile pro
vazbu PmrA-PmrB

= Napr.: yibD, aroQ, mig-13 a sseJ

Genome Biol. 2004;5(2):R9. Epub 2004 Jan 29
In silico identification and experimental validation of PmrAB targets in Salmonella typhimurium by regulatory motif detection



OmpR-EnvZ systém

m reaguje na nizke pH
= mmj. je regulatorem jincho
dvoukomponentového systému SsrA-SsrB (z

SPI-2), ptimou vazbou OmpR slozky na ssrAB
promotor

m Takto neprimo reguluje komponenty TTSS SPI-2 a
efektory

Microbiology. 2003 Sep;149(Pt 9):2385-96
The roles of SsrA-SsrB and OmpR-EnvZ in the regulation of genes encoding the Salmonella typhimurium SPI1-2 type 111 secretion system



OmpR-EnvZ systém

1. environmental stimuli,
including pH and osmolarity

2. vacuolar environment

srmclural I genes ejfeaor/chaperone genes structural IT genes

SPI-2 type III secretion system

replication inside host cells

systemic infection

Model SPI-2 regulace uvnitf makrofagii: OmpR-EnvZ odpovidd na intracelularni
prostiedi — OmpR se vaze na ssrA promotor a aktivuje expresi ssrAB genti. Pozdé;ji
SsrA detekuje zménéné signaly ve vakuole a SsrB aktivuje TTSS na SPI-2

J Bacteriol. 2000 Feb;182(3):771-81.
OmpR regulates the two-component system SsrA-ssrB in Salmonella pathogenicity island 2



SSrA-SsrB systém

s je¢ kodovany na SPI-2
= kontroluje:
= expresy komponent TTSS z SPI-2

m expresy translokovanych efektoru, ty nemusi byt
jen SPI-2 napt. SIFA

s indukuje expresy gentt SPI-2 v prostredi s nizkou
osmolaritou, kyselym pH a s absenci Ca2+

m system je regulovan OmpR-EnvZ systémem,



RcsB-ResC systém

= reaguje na osmolaritu

= ovliviuje expresi Sip proteint (SPI-1), flagelinu ale 1 Vi
antigenu u S. typhi

m S rostouci osmolaritou vzrista 1 exprese sipB, ale znacné klesa
synteéza V1 antigenu

m toto odrazi odpovéd’ bakterie ke zménam prostiedi, ke kterym
dochazi v prub¢éhu patogeneze
» nizkd osmolarita = mimo hostitele Sip neni exprimovan, ale Vi antigen
se vyskytuje hojné€, puisobi jako ochrana proti Skodlivym vliviim
prostiedi

m vysoka osmolarita = v tenkém stfevu zacina vzrustat produkce flagelinu
zabezpeCujici pohyb bakterie a produkce Sip proteinu

m stfedni osmolarita = v krevnim fecisti je sniZena exprese flagelinu a
Sip, ale vzriista syntéza Vi antigenu

Mol Microbiol. 1998 Aug;29(3):835-50.
The ResB-ResC regulatory system of Salmonella typhi differentially modulates the expression of invasion proteins, flagellin and Vi antigen in response to osmolarity



4. Imunitni odpovéd’ hostitele

m prvni obranna linie = lokalnim lymfatickym systém
» j1z v bunkach epitelu dochazi k interakci flagelinu s TLRS S
naslednou aktivaci Nf kB

m produkce cytokinii a chemokint vyvola vznik zanctu

m likvidace profesionalnimi fagocyty (plati pouze u salmonel
S neschopnosti prezit v SCV V profesionalnich fagocytech = preziti
fagocytozy je pro patogenezu klicove)
s vyznam dendritickych bunék: presentace antigent
s Mechanismy specifickeé imunity = zesileni odpovédi viici
nitrobunécnym parazitiim:
= MHC II reaguje s CD4+ bunkami s TCR o/B+ generujici Thl odpovéd

(podpora ¢innosti monocyti, makrofagl a cytotoxockych lymfocyti NK a
CD8+) a produkce IL-2 a IFN-y

= Cytotoxicke CD8+ T bunky

= B bunky produkci protilatek namirenych proti O antigenu a jadru LPS, Vi
antigenu, fimbriim, atd



