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Abstract

We investigated the role of the inflammatory caspases during Salmonella enterica serovar
Typhimurium infection of murine intestinal epithelial cells (IECs). Streptompoatreated
wildtype C57BL/ 6, Caspl/ 11 deficieoraty (1/1), C
infected and S. Typhimurium burdens determined at7ZABpost infection (p.i.). Increased cecal

and luminal pathogen burdens were observed for all caslediegent mice as compared to

wildtype, which correlated with increased intracellular S.Aigqurium loads in the crypt IECs.
Interestingly, cecal pathology scores for all inflammatory caspase mice were decreased
compared to wildtype mice, especially with re
To determine if the increased irtelular pathogen burdens were due to the loss ofitE@sic
inflammasomes, cell lines and enteroid monolayers derived from each genotype and infected.
These studies revealed significantly increased intracellular burdens in cdsfiamat

monolayersn concert with a marked decrease in IEC sloughing and cell death. In human

epithelial monolayers, siRN&epletion of caspasg a human ortholog of caspakg, led to

increased bacterial colonization as well as increased secretion of the proinflamyatkinec

interleukin (IL)}18. Inflammatory caspase activity was measured in enteroid monolayers and

peak activity in wildtype cells correlated with shedding, suggestingni@sic inflammasome

based restriction of S. Typhimurium occurs through infeti€tiexpulsion. To examine the

effect of inflammasome signaling on overall mucosal defense, mucus layer thickness was

evaluated by immunofluorescence staining. At 18h p.i., wildtype tissues demonstrated a dramatic
increase in mucus thickness while only agiaal increase was observed in caspase deficient

mi ce. Al so, expression of the antimicr-obi al I

deficient mice. Mucin release and Reg32 and b
iii



cytokine 1L-22. We déected higher 1E22 levels in infected wildtype mice and whendR was

neutralized, wildtype mice carried increased S. Typhimurium burdens and decreased infection
induced mucin secretion and Reg32 and b induc
Caspl/hl1Imice treated with neutralizing antibod
indicate that the intestinal mucosa utilizes inflammasome signaling to coordinate multiple layers

of innate defense at the gut surface to ultimately restrict enteric patimbgetions and systemic

spread.



Lay Summary

Intestinal epithelial cells (IECs)re located at the interface between the gut lumen and the
underlying mucosammunesystem. Here, theglay a central role in the coordination of
intestinalhomeostasigempeing pro-inflammatory responses against the intestinal microbiota,
while remaining vigilant and rapidly responsive when exposed to a noxious stimulus such as an
enteric pathogen. One early response mechanism by which IECs engage in ohefease is

through the activation dheinflammasomevhich mobilizes the inflammatory caspases;

Caspasd and-11. Here, we investigate the role of the inflammasonm& as well a®verall
intestinalmucosal defense agairibe enteric pathogeBalmonella entericaerovar

Typhimurium.



Preface

All of the work presented Ineafterwas conducted ithe kboratoryof Dr. BruceA. Vallanceat
the University of British ColumbidBC Chi | dr ends Hos pAllprgectsaRde sear ch
associated methodswaaep pr oved by the Uni vdémmalCQane of Bri ti

Committegcertificate#A14-0253 and?#A15-0211].

A version of Chaptet has been publishe€fowley SM, Knodler LA and Vallance BA. 2016.
Salmonellaand the InflatTmasome: Battle for Intracellular Dominan€urr Top Microbiol

Immunol 2016;397:43%7; Crowley SM, Vallance BA and Knodler LA. 2017. Noncanonical
inflammasomes: Antimicrobial defense that does not play by the @adsMicrobiol. 2017

Apr;19(4); Allaire JMa, Crowley SM, Law HT, Chang SY, KantHJ and
first authors). 2018. The Intestinal Epithelium: Central Coordinator of Mucosal Immunity.

Trends Immunol2018 Sep;39(9):67896. Text and figuresreused with permission from

applicable sources

A version of Chapter 2 has been published in Cell, Host & Microbe [Knodler LA, Crowley SM,
Sham HP, Yang H, Wrande M, Ma C, Ernst RK, Stédétatimer O, Celli J and Vallance BA.
2014. Noncanonical inflammasome activation of casgésespasell mediates epithelial
defenses against enteric bacterial pathogéek .Host Microbel3;16(2):249256]. Text and

figures are used with permission from the jourhatasa co-author responsible for alhouse
infections (oral andp.), immunostaing andWestern blotas well as the manuscript
compositionand figuregelating to these experimentsam responsible for the data presented in

Figure2.5 (Western blot)Figure2.7 andFigure2.8. Ho PanSham was involved in the initial
Vi



murine infectons,HyungjunYang conducted murine ELISA ardaixiaMa provided assistance
with animal experimentatiot.eigh A Knodler was the lead author and responsible for
experimental design, ah vitro experiments, data analysis and manuscript composhiarie
Wrandeconducted RNA extraction and gP{Robert KErnstprovided purifiedSalmonella

LPS Olivia SteeleMortimer provided experimental funding and J&2elli performed the
digitonin permeabilization as well as experimental fundBrgce AVallance was the

supervisoryauthor and was involved throughout the projedtindy desigrand manuscript edits.

A version of Chapter 3 has beacceptedn PLOS PathogenLrowley SM, Han X, Allaire JM,
Stahl M, Rauch I, Knodler LA and Vallance B202Q Intestinal restriction oSalmonella
Typhimurium requires caspadeand caspaskl epithelial intrinsic inflammasomeSubmitted.

| was the lead investigator, responsible for all major areasidy designdatacollection and
analysis, as well as mascript compositionXiao HanandJoannie MAllaire assistedn
enteroid monolayer infections and aided in data analykigtin Stahlprepared media for
enteroid growth as well as optimized enteroid methisddellaRauch provide€aspl’ 'mice.
Bruce A.Vallance was the supervisory author and alongdidgh A. Knodler was involved
throughout the project istudy designdata interpretationyriting thediscussiorand manuscript

edits.

| was the lead investigator f@hapter 4vhere | was respaible for allmajor areas of study
design data collection and analysis, as well as manuscript compositiannie MAllaire,
FranziskaGréf and Xiao Han assisted in histopathological scorilsgbellaRauch provided

Caspl’ 'mice.Bruce A.Vallancewasthe supervisory author and alongsiagggh A. Knodler

vii



wasinvolved throughout the project study design, result discussiand manuscript edits. A

version of this chapter will be submitted for publication.

Finally, Chapter 5 includes an adapted figutigigre5.1) from our review manuscript [laire
JMa, Crowley SM, Law HT, Chang SY, Kantflisfauthonsyd 20¥8a |l | an c €
The Intestinal Epithelium: Central Coordinator of Mucosal Immufitgnds Immunol2018

Sep;39(9):67696 used with permission from the journal.

viii



Table of Contents

Y 0111 =T O PURURR iii
LAY SUMIMIATY ...ttt oottt een et e e e e e e e e e e e e s ammms s e e e e e e eeeeeeeeennnnnnnnee V.
e 1] = T PSP Vi
Table Of CONTENTS. ... ereea bbbt e et et e e e e s emer e e e e e e e e e e e eaeeens X
S 0 = 1o =PSRRI XV
LIST OF FIQUIES....eeeeeeeeeeee ettt eees bbb s e e e e e e e e e e eeas XVi
List of Symbols and ADDIeVIiations...........coooiiiiiiiiiiiiiiee e XiX
ACKNOWIEAGEMENTS ....cciiiiiiiiiie e eeens bbb e XXV
1Yo [ o3 11 o] o PP XXVii
Chapter 1: INTFOQUCTION ......cooeiiiiiieii e eeee e eeeea bbb e e e e e e e eeere e e e e 1
I A S - | {1 T =] | = T 1

1.2 INflammasOmES.......coooiiiiiiiii e 3
1.2.1 Salmonellaand the immune cell inflammasome..............cccccviiiieeeniiiiinnnee, 6
1.2.1.1 MACIOPNAGES. ....cei et e e ean 6

1.2.1.2 DendritiC CElIS (DCS).....ceeiiiiiiiiiieii e 21

1.2.1.3  NEUTOPNIIS. ..ot e 23

1.3 Inflammasome evasion by Salmonella.............cccooiiiieee e, 24
1.3.1 PRORPROQ. ... ettt eeee e ee e veees e, 24

IO J I S O PPEPPPPUPRRP 25

1.3.3 Targeted INFECHVILY.......coouiiiiiieeie e 27



1.4  Salmonellaand the intestinal epithelial inflammasome..............cccoovvvieeeeeeee. 28

1.4.1 The intestinal epithelium..............oooooiiiiiieee e 29
1.4.2 Intestinal epithelial intrinsic inflammasome..............ccccooiviieeeiei e, 32
1.4.3 IEC intrinsic Naip, NIrc4 and CaspageaxiS........ccceevveeeeieeiiiiiiieeeiiicee e 32
1.4.4 [EC INtrinSiC CasPaSEL AXIS.......uuuuuiiiiiieeieeeeiiieeeiiiaeeeeeaeeeeeeeeeeeeersnnneeeaaeeeens 33
1.4.5 Interplay between canonical and reemonical IEC inflammasomes............ 35
1.4.6 DO IECS UNAErgo PYrOPLtOSIS2..uuuueeiieiiieeeeeeeeeeeeeiie e e e e e e e e e e e e e e eeeeeevvnnneeeaeeeees 36
1.4.7 1EC INriNSIC CaSPASB..........ccvvurviiiiiiii i s et e e e e e e e e eeeera e s e e e e e e aaaaeees 38
1.4.8 Inflammasome signalling in intestinal goblet cells..................cceeoeeee......... 40
1.5 Salmonelleaepithelial infection model systems.........ccccceeeeeeiiiicceeiciiiiieeeeeeeen 41
1.5.1 Gastroenteritis animal models 8almonella.............cccccceeviiiiieniiiineecnnn 42
1.5.1.1 Streptomycin pretreatment mouse modebofyphimurium infection.....43
1.5.2 Cell culture models oBalmonella..............ccuueiiiiiiiicc e 44
1.5.2.1 Salmonellaenteroid infection model.............ccuvvviiiiiiimniii 45

1.6 TheSiS ODJECHVES.......cccci it eemenee 46

Chapter 2: Non-canonical inflammasome activation of caspasé/caspasell mediates

epithelial defenses against enteric bacterial pathogens..............ccccceeiiiiceciiiiinnnn... 49
2.1 INrOAUCHION.....uiiiiiiiiiiiiiiee e eeme e e e e nnnneeeereeeee e AO)
2.2 RESUIES.....eeiiiiee e 50
2.2.1 Intestinal epithelial cells require caspabactivity forlL-18 secretion............ 50
2.2.2 Caspasdl is required for IE18 secretion during gut inflammation.............. 57
2.2.3 Caspasel governs intestinal epithelial shedding rates.................ccovvieeeeens 59
2.2.4 Caspasdl restricts bacterial burdens in the intestine.................ccovvieeee. 61

X



2.4 METNOGAS. ... et 68
2.4.1 Bacterial StraiNS........ccccuriiiiie e ieee e rmmee e e 68
2.4.2 Cell CUIUIE.......eeiieieee e 69
2.4.3 SIRNA KNOCKAOWNS........uiiiiiiiiiiiiiii it ceet e eesr e e e 69
2.4.4 Nucleofection of plasmid DNA and LPS..............oovviiiiiiceeeee e 70
2.4.5 Bacterial INfECHIONS. ... 70
2.4.6 Mouse strains and INFECIONS..........cciiiiiiiiiiiieeeii e 71
2.4.7 Tissue collection, pathology scoring, and bacterial counts........................ 71
2.4.8 StatistiCal aNalYSIS........uuuiiiiiiiii e ceeerie i reer e 72

2.5 Supplemental Experimental ProCedULES............ceiieiiiiiceeeiiiiiieee e 72
2.5. 1 REAGENIS. .ttt et ———————————— 712
2.5.2 LPS ISOIALION. ... ..ttt e 75
2.5.3 MALDI -TOF MasSS SPECIIOMEIIY ... cievviiieeriie et reeer e e e e e e e e enmmea e 76
2.5.4 Enumeration of intracellular bacteria.............cccoooiiiieeeiiiiiiee e 76
2.5.5 Fluorescence MiCroSCOPYI(VItr0) ......coovvieerriiiiiiiiiicme e 77
2.5.6 Fluorescence MiCroSCOPMI(VIVO) ......evrrrrrrriiiieeeee e e cceeiciee e eee s 77
2.5.7 ImmuNobIotting (N VItrO) ......oooveeeiiieee e 78
2.5.8 ImmMuUNObIOttiNG (N VIVO) ...vvvieiiiiiiie e 79
2.5.9 CytoKiNe MeEASUIEMENTS.......uuuiii et ceees e e e e e e e e e 80

Chapter 3: Intestinal restriction of Salmonellaentericaserovar Typhimurium requires
caspasel and caspasdl epithelial intrinsic inflammasomes............cccccoovveiiiiiieeceninnnnd 81

3.1 [aY (o]0 ¥ [e3 1 [0] o T UT TR 81



3.2 R SUILS. . et e e e e 383

3.2.1 Inflammasomedeficient mice carry higher intestinal tissue and luminal
SaAlIMONEIEDUITENS. ... 83
3.2.2 Inflammasomedeficient mice display increased numbers of infected IECs and
higher intracellulaBalmonellaburdens..............uuueiiiiii i 86
3.2.3 Wildtype mice experience high levels of IEC shedding largely localized to

1] (=Tea (=T I ol Y/ o] £ PR PPPSPRRPRPN 87
3.2.4 Caspl’ 'andCasp1/1Y ‘enteroidderived monolayers exhibit increased numbers
of infected IECs and higher intracellu@almonelldburdens...............ccoeeeiiiiiieeeenn. 88
3.2.5 Wildtype andCaspl1l’ 'enteroidderived monolayers display increased cell
shedding and deathi............coooiiiie e 91

3.2.6 Inflammasome activation is only detectedSiamonellainfected shedding cells

and is absent iCaspL/1L MONOIAYETS.........cvcoveee e e 92
327 IFN-o priming functionally different.i
Caspl’ 'andCasp1/11 'mice in terms oSalmonéa-induced cell shedding............ 94
R N B [Tt U 2] (o] o PRSP PP PPPRPP 99
34 MELNOGS. ... e 104
3.4.1 Mice strains Bd INFECHIONS..........uuiiiiiiiiii e 104
3.4.2 Tissue collection and bacterial CouNtS............ccuviiiiiiiccc i 105
3.4.3 Immunofluorescent staining Of tISSUE............uiiiiiiiiiiice e 105
3.4.4 IntracellularSalmonellaguantificationin VIVO..............cccoviiiiiiiiieeneecciieee, 106
3.4.5 Generation of cecal enteroids............cccuuuiiiiimmmri e 106
3.4.6 Enteroid monolayer seeding aBdlmonellanfection of monolayers........... 107

Xii

ates



3.4.7 Immunofluorescent staining of enteroid monolayers..............cccccvvvveemeen... 109

3.4.8 Cell shedding, infection and intracellualmonellaguantification of enteroid

L0 T0] F= 1= £ 109
G e T VAV L= TS (=T ] 0] 1] o P 110
3.4.10 Enzymelinked immunosorbent assay (ELISA)..........ccccceeeeieiiiieecninnnnnns 110
3.4.11 StatistiCal @NalySIS.......cceeiiiiiieeieiiiiiieeeie e 111

Chapter 4: Inflammasome activation coordinates early intestinal mucosal defense

against the enteric pathogerBalmonella...............cccoeiiiiiieeee e 112
5t R 1 1 {0 To [ 1 [ 1o ] o PP UP U PP SPPPPRP 112
4.2 RESUILS...ceeiiiiiiiiie bbb 115

4.2.1 Caspl/11’ 'mice carry higher intestin&almonelleburdens compared to
Caspl/11™* andCaspl/11’ fittermate CONtIOlS..........c.cveveeeeeeeeieeeee e ce s, 115
4.2.2 Salmonellanfected wildtype mice develop exaggerated cecitis compared to
inflammasome defiCient MICE..........ooo i 117
4.2.3 Inflammatory caspaseéeficient mice display altered cecal epithelial glycosylation
staining and decreased colonic mucin barrier thickness compared to wildtype .rhite
4.2.4 Inflammatory caspasedeficient mice show decreased antimicrobial lectin
expression compared to Wildtype MUCE...........uueuiiiiiiiieeeree e eeeer 124
4.2.5 Infectioninduced IL-22 expression and production is decreasetbisp1/11’ '

mice 125

4.2.6 IL-22 neutralization in wildtype mice increases pathogen burdens and decreases

cecal histopathology........coii i e 127

Xiii



4.2.7 1L-22 neutralization in wildtype mice phenocopies the impaired mucus barrier and
antimicrobial response of inflammasome deficient mice...............ccccovvveeeeeeenn. 128

4.2.8 118" "andNIrp6'/ 'deficient mice display decreased mucin barrier widths and

comparables. Typhimurium loads to wildtype...........coooviiiiiiiiiieee e, 130

4.3 DISCUSSION......utiiiiiiiiiiitiee e e e ettt e ek eeree e e e e s e e e e e e e e s e anenrneeeeeens 133
4.4 MEENOAS. .....co it 142
4.4.1 Mice strains and INFECHIONS...........oeiiiiiiiiiiiieeee e 142
4.4.2 Tissue collection and bacterial Counts............c.oocuviiiieemii e 143
4.4.3 HistolOgy SCOMNG......ccvvriiriiiiiiie e e e ceeetee e e e e e e e e e e e e e e aeeer e e e e e e e eaeeeeeeeeenennnnns 143
4.4.4 Immunofluorescent StaiNing...........ccoeviiiiiiiiiimeee e 144
4.4.5 RNA extractions and quantitative rdahe PCR................cccvviiiiiieeeeeeeeeee, 145
4.4.6 Enzymelinked immunosorbent assay (ELISA)........cccoeoviiiiiiiiiiiceeiicieeee. 146
4.4.7 Statistical analysSiS............ooovviiiiiiiiiee e 146
Chapter 5: CONCIUSION..........uuiiiiiie e e et eeee e e e e e e e e e e e e e e eae e mnneeeees 147
Lo 70 A S [0 ] 1 =Y 147
5.2 SIGNIfICANCE......uuiiiiie ettt ————————— 153
5.3  FULUIe dir€CHONS .......uiiiiiiieiiiiee ittt e e e neeas 154
5.4 FINAl reMArKS.......ooiiiiiiiiii s 157
(YT (=T =T [0 T TP PP PPPPPPPPPPPPPN 158

Xiv



List of Tables

Table 1.1Salmonellalyphimurium gastroenteritis models............cccccceeeiiiiiccciiiiicennnn 41

Table 2.1gPCR primers and conditions used in this study............cccccvvvveeeeevvvvvvevvvennnn 4

XV



List of Figures

Figure 1.1PAMP and DAMP activation of canonical and rcemonical inflammasomes......9
Figure 1.2 Differences in inflammasommediated control cBalmonellan dendritic cells
(DCs), neutrophils, and intestinal epithelial cells (IECS)a........cccevviiiiiiiiieeene e, 21
Figure 1.3Anatomy of the intestinal MUCOSA.........ccccoveiiiiiiiiiieeeecc e, 31
Figure 1.4Intestinal mucosa innate defense aga8aimonellaby the inflammatory caspasds.
Figure 2.1Inhibition and knockdown of caspadeaffects Il-18, but not Il-8, secretion from
intestinal ePItNElial CEIIS............ooeeiee e e e e e e e e eme e e as 52
Figure 2.2Caspasd, caspasd and casase5 expression in human epithelial cells........... 53
Figure 2.3Assessment of siRNAnediated knockdown efficiency in colonic epithelial cells4
Figure 2.4Caspasél is required fofL -18 secretiorand processing ihuman intestinal
EPITNEHAICEIIS. ... e et h6

Figure 2.5Caspasd.l is required fotL-18, but not for IL1 bsecretiorduring gut

111 E= Lo 0] . F= LA [ o TSSO PPPPPPPPPPRRRS 58
Figure 2.6 Caspasét limits bacterial burdensia epithelialcell shedding...............cccccennnnll 61
Figure 2.7 Caspasd.llimits S. Typhimurium burdens inthe gut...............ccccceiiiiinnnnnnnns 63

Figure 2.8 Caspasd 1 deficiency delays sloughing of gallbladder epithelial cells duing
TYPhIMUIUM INFECHION.......ccoo i e emnnr s 65
Figure 3.1Inflammatory caspases are required for the epithelial restrictiosalnaonella
INFECHIONIN VIVO.....coii i ee ettt e ettt e e e e e e e e s st et e e e e e e e e e e e e e e a e 86
Figure 3.2Enumeration of luminabalmonellashed in fecal pellets at 24h and 48h.p.i....... 36

Figure 3.3IEC histopathological damage from acute 18hS$aimonellanfection................. 88

XVi



Figure 3.4 Epithelial intrinsic inflammasomes restrict the intracellular proliferation of
Salmonellgoredominantly through caspasenduced cell shedding and death................... 91
Figure 3.5Enumeration of shed IECs 10h afgalmonellanfection...............cccccoeeeiiiiiieenns 92
Figure 3.6 Shedding IECs demonstrate high levels of inflammatory caspase activity.....93
Figure 3.7 Over-exposed fluorescence image@dspI11'’/ monolayer............cccccooveveuenee 94
Figure 3.8Ex vivocecalsecretionof IFNo 1 8 h a n d Sal@dnellq.....i.......... w.i...95h
Figure 3.9IFN-0  peated enteroid monolayers display enhanced levels of IEC shedding and a
dependence on caspakand caspastl for restrictiorof Salmonellanfection...................... 97
Figure 3.10IFN-0 pr et r eat ment al one had no overt effe
(olo] 3T [11o] 0 £ TP PO PP EPP R OPPRRN 98
Figure 4.1Functional caspask and-11 are required for the reistion of an acute enterfa
TyphimuriuminfeCtioNin VIVO. .........eiiiiiii e 117
Figure 4.2Wildtype mice suffer accelerated tissue damage durBdgrgphimuriuminfection
compaed to inflammatory caspase Knockout MiCe................ovvvivieriieeeeeiiiee e 120
Figure 4.3An acuteS. Typhimuriuminfection alters cecal epithelial glycosylation and increases
mucin layer width through inflammasome dependent mechanisms................cccceeee. 121
Figure 4.4Infection induced expression of antimicrobial Reg3 lectins is decreased in

(07 Yo J B LR 1 1o =TT 123
Figure 4.5Wildtype mice treated with an afiti-22 neutralizing antibody phenocopy increased
pathogen burden and decreased epithelial pathology display@aspy11'/ 'mice.............. 126

Figure 4.6IL-22 neutralization of wildtype mice impai8 Typhimuriuminduced mucin and

Xvii



Figure 4.71118" 'andNIrp6'’ 'mice display an abrogated mucin responsg fyphimurium
infection however cecal pathogen burdens are not significantly different from wildtypel33

Figure 5.1Intrinsic epithelial inflammasome activation coordinates mucosal immune defense.

Xvili



List of Symbolsand Abbreviations

+

%

(AN

3D
AIM2
ASC
ATCC
BCCHRI
BIR
BMDM
BP

C

CARD
Casp/CASP

CCAC

Alpha

Beta

Gamma

Micro

Less than

Greater than

Degree

Plusminus

Percent

Deficient

Threedimensional

Absent in melanoma 2

Apoptosisassociated spedike protein

American Type Culture Collection

BC Childrenés Hospital
Baculovirus inhibitor of apoptosis protein repeat
Bone marrow derived macrophage

Binding protein

Celsius

Caspase activation and recruitment domain

Caspase (lower casanurine; upper casehuman)CFU

Canadian Council on Animal Care
XiX

Research

Il nst



CFU Colony forming unit

CK19 Cytokeratin 19

Ctrl Control

DAMPs Dangerassociated molecular patterns
DAPI 4 Nyiaénidine2-phenylindole

DC Dendritic cell

DMEM Dulbecco's Modified Eagle Medium
DNA Deoxyribonucleic acid

DSS Dextran sulphate sodium

E.g. Example

ELISA Enzymelinked immunosorbent assay
EpCAM Epithelial celtadhesion molecule
EPEC EnteropathogeniE. coli

FAE Follicle-associated epithelium

FBS Fetal bovine serum

FIIND Function to find domain

GAPs Goblet celfassociated antigen passages
GBP Guanylatebinding protein

GFP Greenfluorescent protein

Gl Gastrointestinal

Gsdmd Gasdermin D

h Hour

H&E Hematoxylin and eosin

XX



HBSS Hankdéds bal anced sal't sol uti on

HIN200 Hemopoietic expression, interferamducibility, nuclear localization
hNAIP Human NAIP

ie. idestii n ot her wordso
IEC Intestinal epithelial cell

IEL Intraepithelial lymphocyte

IFN Interferon

lgG Isotype control

IL Interleukin

ul-22 IL-22 neutralizing antibody

ILC Innate lymphoid cell

i.p. Intraperitoneal

IRF3 Interferon regulatoryactor 3

IVOC Human intestinain vitro organ culture
L Liter

LB Lysogeny broth

LDH Lactate dehydrogenase

LPS Lipopolysaccharide

L.u. Lumen

LRR Leucine rich repeat

m Milli

m Meter

M1 Classically activated macrophage

XXi



M2 Alternatively activated macrophage

MALDI -TOF Matrix-assisted laser desorption/ionizatiime of flight
MAPK Mitogen-activated protein kinase

MmEGF Murine epidermal growth factor

MLN Mesenteric lymph node

MOI Multiplicity of infection

mROS Mitochondrial reactive oxygen species

MtDNA Mitochondrial DNA

NACHT NAIP, C2TA (MHC class 2 transcription activator), HET

(incompatibility locus protein froPodospora anserineand TP1 (telomerasessociated

protein)

Naipl-6 Neutronal apoptosis Iribitor protein 16

NF-a B Nuclear factor kappéght-chainenhancer of activated B cells

NK Natural Killer

NLRs NOD-like receptors

Nlrc4 NOD-like receptor family, caspasxtivating and recruitment domain

containing protein 4

NIrp3 NOD-like reaptor family, pyrin domain containing 3
Nirplb NOD-like receptor family, pyrin domain containing 1
Nlrp6 NOD-like receptor family, pyrin domain containitg
NOD Nucleotidebinding oligomerization domain

NRT No reverse transcriptase

NT Nontargeting control

XXii



n.s.
PAMPs
PBS
PCR
Pen Strep
p.i.

Pl

PITs
PFA
PMN
PRR
PVDF
PYD
gPCR
RFP
RIPA
RNA
ROS
SCV
SD
SDS
SEM

SIRNA

Not significant

Pathogerassociated molecular patterns
Phosphatduffered saline

Polymerase chain reaction

Penicillin streptomycin

Post infection

Propidium iodide

Poreinduced intracdllar traps
Paraformaldehyde

Polymorphonuclear leukocytes

Pattern recognition receptors
Polyvinylidene fluoride

Pyrin

Quantitative polymerase chain reaction
Red fluorescent protein
Radioimmunoprecipitation assay buffer
Ribonucleic acid

Reactive oxygen species
Salmonellacontaining vacuole
Standard deviation

Sodium dodecyl sulfate

Standard Error

Small interfering RNA

XXili



SN

SPI
STAT6
Strep
S. Typhimurium
T3SS
TCA
TLRs
TNF-U
UEA-1
WCL
Wnt3a

WRN

Z0-1

Supernatants

Salmonellgpathogenicity island

Signal transducer and activator of transcription 6
Streptomycin

Salmonella entericaerovar Typhimurium
Type three secretion system
Tricarboxylic acid cycle

Toll-like receptors

Tumor necrosis factor alpha

Ulex europaeuagglutinin |

Whole cell lysates

Wnt Family Member 3A
Wnt3a/Rspondin/Noggin secretion media

Zonula occludend/Tight junction proteirl

XXIV



Acknowledgemants

| would like to convey my gratitude and appreciation to the many exceptional individuals which
lifted me up during my PhD studies. Thank you to Dr. Bruce Vallance whose unparalleled
optimism, support, knowledge, and patience were critical for the edimplof this thesis. |

valued our time together and could not have asked for a better mentor. | would also like to
express thanks to Dr. Leigh Knodler for her guidance as well as exposing me to the incredible
nuancedworld of intracellularSalmonellal would alsolike to acknavledgemy

esteemed PhD committee members,Rachel FernandeDr. Leonard Foster and Drheodore
Steinerfor encouraging me, providing constructive feedback on my project, and for reviewing
this thesis. My work could not have been completed withouheéhgand guidance of my past

or present lab mates including grad students, postdocs and researc@aiati Ma, Natasha

Ryz, Tina Huang, Hongbing Yu, Hyungjun Yang, Martin Stahl, Qin Yu, Genelle Healey, Andy
ShamyVijay MorampudiJoannicAllaire, Kevin Tsai,JustinChan,GaniveBhinder,Kiran Bhullar,
FranziGraf,ElseBosmanQiaochuLiang, Mimi KuanandMarianaDiaz Gomez. Thanks for the
outstanding times in and out of the lab! | am immeasurably grateful to all members of the
VallanceLaboratory for their support, without your encouragement this thesis would not be
realized,t wastruly apleasurd¢o work withyou! A speciathanksto my summeirstudents Angela
Tsai, Jim Li and Emily Davies for their invaluable help within the laboyateurthermore, |

extend my gratitude to the researchers at BCCHRI for listening to my presentations, providing

notableguidanceandfor organizingournalclubs/seminarthatexpandeany scientificrepertoire.

Finally, a special thanks to my family, PaDiane, Heather and Darren, who have supported me

throughout this process and providing the motivation to finish this degree. Finally, a very special
XXV



thank you to my partner Nestor. Thank you for your unconditional love and support, for
challenging me whel needed to be pushed and thank you for your sense of humor which kept

me laughing and smiling the whole time.

This work was supported by a studentship from the University of British Columbia and grants

from Crohnés and Col ilnstitusgs)&fédleathda and t he Nati o

XXVI



To my family Thank you for your love, support and patience.

XXVil



Chapter 1: Introduction

1.1 Salmonella

Salmonellas a genus of pathogenic, motile, Graegative bacteria that are part of the
Enterobacteriaceae family. It is divided into two spec&admonella bongomndSalmonella
entericg which both cause enteric disease in a wide range of animalS. Emteria serovars

are clinically important due to their significagffect on human morbidity and mortality
worldwide (Crumpet al, 2004, Majowiczt al, 2010) S. entericaserovar Typhimurium is
associated with selfimiting gastroenteritis in immunocompetent individuals and bacteraemia in
the immunocompromised, whereasentericaserovar Typhi causes typhoid fever whiclams
acute illnessharacterized biiigh fever and dominal pain. Both serovars have a considerable
worldwide impac{Crumpet al, 2004, Majowiczt al, 2010, Havelaaet al, 2015, Kirket al,
2015) Approximately 21.7 million cases of typhoid fever are diagnosed annually, leading to
~433,000 deaths per year and +igphoid Salmonellacauses approximate83.8 million cases

of gastroenteritis annually, leading to ~155,000 deaths pek@aampet al, 2004, Mogasalet

al., 2014, Majowiczt al, 2010) In Canada, netyphoid Salmonellas the third highest cause

of foodborne illness and death (behind Norovirus lasteria monocytogengand second

highest ontributor to foodborne hospitalizatioflBhomaset al, 2015)

In addition to its significant clinical impac$,. Typhimurium is widely considered an important
model organisnfior the study of intracellular pathogefi$iere are droad range of molecular
and cellbiology-based tod developed to study its pathogeneSisTyphimurium is also a
natural pathogen of mice, which allows for the elucidation of-patogen interactions through

infection of inbred and immunodeficient mouse strains. Unfortunately, the st&lyybhi is



largely restricted to cell cultwigased gperiments due to its limited host range as a human
adapteepathogen. Thus, most studies discussed in this chapter hav8.dggtimurium (from

here denoted a@almonella to understand its interactions with host cells.

NaturalSalmonellanfectionoccusthrough the ingestion of contaminated water or food

products Salmonellauses itsSalmonellgpathogenicity island. (SPt1) type three secretion

system (T3SS) to breach the intestinal mucosa, preferentially in the terminabietangeting
themicrofad (M) cells thatoverlieP e y e r 6 s(Clarketak; h984s Jonest al, 1994) It

induces membrane ruiffig and direct invasion ¥ cellsandintestinal epithelial cells (IECs)
(KeestraGounderet al, 2015, LaRoclet al, 2015) Macropinocytic uptake ddalmonella

occurs rapidly, with the invading bacteria initially residing in a phagosomal compartment
derived from t he endSalmgnellacoo npg aati mwanyy t{@elmneod etdh €
Mortimer et al, 1999, Drecktralet al, 2007) Inside the SCVSalmonellas exposed to an

acidic pHas well as decreased nutrient availability (limiting amounts of inorganic phosphate)
which triggers thexpression oSalmonelld s s e ¢ 0 n d2 (BeE®&&& al, 199, ICirillo

et al, 1998, Lobeket al, 2006) Salmonella survivesvithin the SCV through the injection of
numerous SP2 translocated effectors that functionally impact a wide variety of host cellular
processes such as pratiag lysosomal fusion with the SCV, modulation of the host
cytoskeletorard SCV membrane integrity, as well as immune signaling interference. Recently it
has been recognized that a subpopulatidBabfinonellaescapes the SCV and replicates within

the host cell cytosdMalik-Kale et al, 2012, Knodleet al, 2010) However, the permissiveness

of the cytosol tdalmonellagrowth depends on the cell type infected. In geliulECs,

Salmonellacan escape the nascent SCV hyperreplicate to reactevels of >100 bacteria per
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a cell(Birminghamet al,, 2006, Cemmaeat al, 2011, Knodleet al, 2010, Knodleet al, 2014)
Similar levels of cytosoliSalmonellavere also observed in embryonic fibroblasts by 4 hours
post invasior{Birminghamet al, 2006) However, considerably fewer cytosoBalmonella
were observed in bormarrow derived macrophages (BMDMs), likelue to a more hostile
(antimicrobial) environment within these cglMeunieret al, 2014) This particular intracellular
lifestyle exposeSalmonellao detection by inflammasomes which have been identified as
playing a key role in the early host respons8abtmonellaby both professional immune cells

and IECs.

1.2 Inflammasomes

Inflammasomes are macromolecular cytoplasmic complexes that function as platforms for the
activation of the inflammatory caspases. These complexes promote the processing ef the pro
inflammatory cytokines interleukih b -1 b L all8,ds wellLas the inattion of a

specialized form of inflammatory cell death termed pyropt@ddan and Kanneganti, 2015,

Storek and Monack, 2015, Stoweal, 2015, Bergsbakeet al., 2009, Cookson and Brennan,
2001) Since the initial characterization of inflammasomes in 2002, major strides have been
made in this field including the discovery of multiple inflammatory caspases; caspdseb, -

11, and-12 (Martinonet al, 2002,Man and Kanneganti, 2015}aspasd,, -4,-5 and 12 are
expressed by primates, while caspassnd-11 are expressed in mice (caspagds an ortholog

of caspasé and-5) (Lamkanfiet al, 2002, Stowet al, 2015) Researchers have also identified
several pattern recognition receptors (PRRs) that upon recognizing their respegiisolic
pathogerassociated molecular patterns (PAMPS) or specific cellular stress or danger molecules

(DAMPs), trigger the activation of these caspases. The components that comprise the
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inflammasome are located intracellularly andhe case of baetial infectionsonly activated

when a bacteri al pat hogen has compromi sed the
bacterial products or damaging cellular homeostasis. Modulation of the inflammasome is critical
because once it is activated, aichof events is triggered that primes the cell and surrounding

tissues to produce a pnaflammatory response that can result in the rapiddestruction of the

compromised cellFink and Cookson, 2006)

Inflammasome activation is claied into two pathways; the canonical inflammasome and the
nortcanonical inflammasome. The canonical inflammasome consists of three components: a
nucleotidebinding oligomerization domailike (NOD) receptor (NLR) PRR, an adaptor protein

bridge and caspasl (Storek and Monack, 2015)pon ligand recognition, the PRR sensor

associates with the gotar protein via their shared domaifi$is prompts the recruitment of

caspasd to the adaptorproteiRRR sensor compl ex through actiywv
activation and recruitment domaind (CARD) pre
which results in the formation of the infitemasome. Caspadeexists as &ull-lengthzymogen

under homeostatic conditions. The assembly of the inflammasome is presumed to

autocatalytically activate caspasehrough the proteolytic processing of itsquomain, which

in turn cascades to the praseg of prelL-1 bpro-IL-18 and gasdermin D (GsdmIto their

active forms, and the induction of pyroptog&goweet al, 2015, Man and Kanneganti, 2015,

Storek and Monack, 201Bergsbakeret al, 2009)

The noncanonical inflammasome utilizes caspd#g or-11, and while it has been shown to

promote pyroptosis and tipeocessingdecretion of Ik1 b a 18] itsleXact functions as well
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as themterplay betweeirtself and caspasg remains controversigbtoweet al, 2015) The

unifying feature of the inflammatory caspases is that each contains a CARD attaeirii

that mediates their proteprotein interactions and subsequent activati®tnrek and Monack,

2015) Surprisingly, a recent report suggested that cashhsas well as caspadeand 5, do not
associate with a lipopolysaccharide (LB8hsing PRR, but instead directly bind LPS via their
CARDs, effectively making caspagéb/11 their own upstream sens{®iet al, 2014) This

novel finding requires further examination as it pivots away from the typicatd@R&ic model,

where specialized sensors are required to activate downstream enzymesmiaex signaling

pathway, to an atypical response where the sensors themselves detect and respond to pathogenic

stimuli.

Inflammasomes are vital in the restriction @a@monellanfection. Raupach and colleagues

(2006) observed significantly highBalmonelldo ur dens i n t he Peyer 6s Pat
lymph nodes, and spleens of ba@hsp1/11 'andl | /118" 'miceascompared to C57BL/6

mice, five days after oral infectidiRaupacket al, 2006) It is important to note that expression

of inflammasomess conserved among different cell types dinely areutilized by a variety of

cells for innate defenséntil recently, he focus of the inflammasome field has largely been on
monocytes and macrophages as the primary effectors of inflammasediated restriction of
SalmonellaHowever, recent evidence h@veakd many additionatell types utilize

inflammasomes to combat intracellualmonellaand although identical signaling pathways

are utilized, the inflammasomeduced phenotymappears specific to each cell type.



1.2.1 Salmonellaand the immune cell inflammasome

1.2.1.1 Macrophages

Classicaimmunology dividesnacrophageginto two broacdcellularsubsets: classically activated

(M1) or alternatively activated (MZMartinez and Gordor2014) These designationgere

assigned to mimic Th cell nomenclature where-dthé r i ved | FN2 sceliglaral i ng
defense against intracellular infections while Ih&en IL-4 mediated protection against
extracellular parasitic infection. Expoe toSalmonellaPAMPs shifts macrophages typically

into the M1 activation status.

After breaching the epithelial barri@almonellas engulfed by nearby macrophages or it can
induce its own uptake via its SRIT3SS .Salmonellaultimately activateshte nuclear factor
kappalight-chainenhancer of activated B cells (NFB) s i g n a linithese cetishroughw a y
its detection by Tollike receptors (TLRs), and/or through SPiranslocated effectors activating
the mitogeractivated protein kinase (MAB pathway(Gurunget al, 2012, Yanget al, 2014,

Tamet al, 2008) This triggers secretion of 16 and tumor necrosis factor alpha (FTNNH  a s
well as the expression of ptb-1 b  pratld-18 (LaRodk et al, 2015, Maret al, 2013) Once
inside thecytoplasm Salmonelladampens the host pinflammatory response by residing in the
SCV, shielded from inflammasome detectand shifts its expression from SPtoSPF2 T3SS
effectors However, the SCV is under constant assault by host molecular pathways attempting to
destabilize it as well as induce its fusion with lysosotheRocket al, 2015, Keestr&ounder

et al, 2015) If the SCV is breached ai@hlmonellainflammasome activating PAMPs become

cytoplasmic, this triggers inflammasome formation. The inflammasome can also assemble in

response to cellular stress or danger molecules inducBdlbynelld s i nt racel | ul ar
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Once an inflammatory caspase is activated, this triggers proce$simgpreforms of I-1 b a n d
IL-18 as well as rapid cell lysids a result,ntracellularSalmonellaarereleased into the

extracellular space, which can benefit both host and pathBgen. t he host 6s benef
extracellularSalmonellaare especially vulnerable to responding neutrophils, which can rapidly

clear the infection through the generation of reactive oxygen species (R&SjraGounderet

al., 2015) However, extracellular release can also proG@dinonellavith basolateral entry to

the irtestinal epithelium or access to liver and spleen tissues if the infection become systemic
(Mastroeniet al, 2009) Therefore, inflammatory caspase activatiorstrae tightly regulated

and inflammasome formation is likely kept as a measure of last,resme activation ultimately

endswi t h the.cell 6s death

Salmonellainducedinflammasome formation and subsequent casfpassivation in
macrophages is maintychestrated by the PRRs; Naip and NIrBiggrel.1). In mice, Naip has
multiple homologues that are able to detect either flagellin (Naip5 and Naip6) or T3SS
components PrgJ and Prgl (Naip2, Naipl), while humans express only a single Naip, hNAIP,
which responds to Prg&torek and Monack, 2015, Man and Kanneg&@i,5) Once
stimulated, Naip associatestiwvihe adapter protein Nirc4 which triggers casghsetivation.
IntracellularSalmonellaare also detected by the PRR NIrp3 which identifies molecules
associated with cellular stress or danger such as host cell potassium efflux, calcium influx,
extracelular ATP, mitochondrial reactive oxygen species, mitochondrial DNA and the
translocation of cardiolipin from the inner mitochondrial membrane to the outer membrane
(Storek and Monack, 2015, Man and Kanneganti, 2@&h Naip and NIrp3 contain different

protein sensing, recruitment and activation domaingkvimpact how they interact with
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caspasdl. Naip associates with the adaptor Nlrc4 via leucine rich repeat domains, while Nlrp3
binds Asc via their shared pyrin domains. Both NIrc4 and Asc associate with caspagbeir
individual CARD domains, sepately forming the functional inflammasome and activating

caspasd.
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Figure 1.1 PAMP and DAMP activation of canonical and noncanonical inflammasomes.

A. Proteins thatomprise the inflammasonaes illustrated by their respective protein domains. B. Activation of inflammasome signaling pathways in response to
Salmonellainfection. Abbreviations: NLRP3NOD-like receptor family, pyrin domain containing 3; NLRPUROD-lik e receptor family, pyrimlomain

containing 1; NAIP16 - neutronal apoptosis inhibitor proteir6l NLRC4- NOD-like receptor family, caspasgetivating andecruitment domain containing

protein 4; AIM2- absent in melanoma 2; ASGpoptosisassociated spk-like protein; PYDi pyrin; NACHT - NAIP, C2TA (MHC class 2 transcription

activator), HETE (incompatibility locus protein from Podospora anserina) &Pl (telomerasassociated protein); LRReucine rich repeat; FIIND function

to find domain; CARD caspase activation and recruitment domain; BBaculovirus Inhibitor of apoptosis protein repeat; HIN2®@mopoietic expression,
interferorinducibility, nuclear localization; mtDNA mitochondrial DNA; ROS reactive oxygen species33S- type thre secretion system; Caspaspase;

IL - interleukin; K+- potassium; Ca2+calcium; LPS lipopolysaccharide.
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1.2.1.1.1 Naipl-6, hNAIP and Nlirc4

Salmonellas a motile pathogen and produces six to eight peritrichous flagella in order to move
through its environment and reach theestinal mucosal surface where it invades host cells
(McCarter, 206, Fabrega and Vila, 2013he flagellum consists of a basal body, an anchoring
hook component, and a long flagellin filament made up of repeating FliC and FIjB structural
subunits. In a murinalmonellaBMDM infection modellL-1 b6 secr et i on by i nfe
dramatically reduced whe®almonelldacks FliC orwhentheir FIiC Gterminus amino acid
composition is altere(Franchiet al, 2006, Miacet al, 2006) This sensing tas place via the
direct intracellular detection of FliC by the PRRs Nadpisl Naip6 in micéLightfield et al,

2008, Zhacet al, 2011, Kofoed and Vance, 201E)jB also induced inflammasonrmediated
cytotoxicity at similar levels to a Fli@riven responséMiao et al, 2006) However, there was

no significant difference between secretedlllb | ev el s STyphidli€ mutamtgo aa n
doubleS. TyphimuriumfljBfliC mutant indicating FliC alone is sufficient for inflammasome

formation(Winteret al, 2015)

Out of the murine NaipNaip5 and Naip6 have the highest amino acid sequence identity

(94.7%). Naip5 expression in primary macrophages far surpasses that of Naip6, suggesting these
receptors may not play equal roles in inflammasome sign@iiiight et al, 2003) Both Naip5

and Naip6 act aso-receptors for NIrc4 binding, inducing the activation of casfiase

BMDMSs. Interestingly, there appears to be a functional link between NIrc4 signaling and actin
turnover in macrophages. Actin polymerization is required for Nfiedendent intracelluta

bacterial burdens, inflammasome assembly, pyroptosis ahdblL p r o @Manetai, 20h4a)

Man and colleagues report this Nlfmvtluced cellular stiffness restricts intracellular replication
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andSalmorlla dissemination throughout tissues. Murine Nlrc4 is also an interesting adaptor
because it links caspadeactivation with the detection of multiple structurally different PAMPs.
In addition to associating with the flageHaetecting Naip5 anlaip6, Nirc4 also binds to the

sensors Naip2 and Naipl which recognize the T3SS rod and needle apparatus respectively.

Inflammasomes can also det&aimonellavia the recognition oits SP+1 T3SS. The T3SS is a
molecular syringdike apparatus that putwes the host cell membrane, forming a continuous
channel between the bacterium and host, allowing bacterial effectors to be pumped directly into
the host cell cytoplasnSalmonellacontains two T3SS and their expression is tightly controlled
based on thetage ofSalmonelld@ s pat hogenesis as wel |l as the d
environmental cues from the gut and within host cells. ThelSRISS is expressed during the
initial invasion of host cells, inducing bacterrakbdiated endocytosis. Its various skcated
effectors such as SopB, SopE and SopE2, activate the small GTPases; Cdc42XhritdrRagh

their guanine nucleotide exchange factor actifligRocket al, 2015) This causes alterations in

the actin cytoskeleton and disrupts tight junctions between IECs, producing amsthitd

facilitateS a | mo nirevdsibneoblECs as well as a generalized weakening of the overall
epithelial barrier. Onc8almonellahas undergone endocytosis, it alters its vacuole maturation
through its SRR T3SS. While not as abundantly expresseith@$SPil T3SS, the SP2 T3SS

injects effectors across the SCV membrane, yielding a relatively safe replication niche for
Salmonellaby altering vacuolar membrane and trafficking to limit lysosomal fusion as well as

rerouting vital metabolites to be imped into the SC(Figueira and Holden, 2012)
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Initially the discovery that th8almonellaSPF1 T3SS inner rod protein (PrgJsaltriggered a

Nlrc4 inflammasomealependent response was confusing because of the protein structural
differences between PrgJ and FliC. Zhao and colleagues discovered flagellin and Naip5 co
immunoprecipitated with Nirc4, but neither Naip1l nor Naip2 coimopuecipitated in the

presence of flagelliizhaoet al, 2011) In a yeast two hybrid assay probing for associations

with theBurkholderia thailandensi$3SS rod protein BsaKhe authors uncovered an

interaction between BsaK and Naip2. They confirmed Naip2 detected the T3SS rod protein,
through infection of BMDMSs with eitheBalmonellagdliC/fliB o r fliCdfljB/prgJ mutants, to

remove the confounding caspdakactivation from agellin detection by Naip5/6. The presence

of PrgJ produced cleaved, activated casydaafter 30 minutes of infection that was eliminated
following a siRNA knockdown oNaip2 Also, no cleaved caspasenas detected from the cells

i nf ect e dfliCWljBfrgJ sttain.d-urther studies revealed that the flagellin and T3SS rod
proteinbs ability to sti mul-tarmieall®iarejhhalical i vi t vy
hairpin regiongLightfield et al, 2008, Poyraet al, 2010, Miacet al, 2010) This is of special
interest to studies @almonellabecause the amino acid composition of its-EfPrgJ) and SPI

2 (Ssal) T3SS inner rod proteins differ at these residues. Ssal encodes several amino acid
substitutions compared to PrgJ, but most notably it displays a switch from valine to leucine at its
C-terminus(Miao et al, 2010) WhenSalmonellagrown under SP2 inducing conditions were

used to infect BMDMs, the infected cells did not secretéh aft er 8 hours of
indicating an absence of inflammasome activation. Interestingly, swafhe eight amino acids

at the Gterminus of Ssal with those from PrgJ restored Nirc4 binding asidL. s ecr et i on,

uncovering a potential strategy utilized by intracell@amonellao evade the inflammasome.
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In humans, only one Naip orthologue exi@tslAIP) and although it has high sequence identity

to murine Naip5 (68% amino acid identity), it does not recogmizespond to flagellifZhaoet

al., 2011, Storek and Monack, 201%) phorbol myristate acetagtimulated U937 and THE

human macrophages, hNAIP was shown to respond to Prgl (the T3SS netsltesfrom SR

1) but not PrgdYanget al, 2013) This finding was of significant terest because murine Naip
activity against the T3SS needle protein had not previously been detected. Yang and colleagues
proposed that murine Nlrc4 was indeed capable of responding to intracellular Prgl but the
activity(s) of Naip2 and Naip5 shielded @fects(Yanget al, 2013) To this end, they delivered

the needle protein directlytimthe cytoplasm of BMDMs utilizing the LHRA delivery system

(this consists of a fusion of needle proteins to titemMhinal domain oBacillus anthracidethal

factor (LFn) which mediates cytosolic delivery through the anthrax protective antigen (PA)
channel)(Yanget al, 2013, von Moltkeet al, 2012) This triggered robust caspakectivation,

which was completely abolished Mirc4-deficient BMDMs(Yanget al, 2013) Furthermore,

when HEK293T cells were etmansfected with NIrc4, Npl and Prgl, large oligomeric

complexes containing all three components could be resolved by native polyacrylamide gels,
confirming Naipl was an active detector of the T3SS needle protein and that it activated caspase

1 through Nlrc4 binding.

This difference between the number of Naips between human and mice as well as the specificity
of detecting a single PAMP by hNAIP could reflect a control mechanism for the intracellular
sensing of bacteria. In mice, both Naip2 and Naip5 are highly expressed inisyst@ns such

as the spleen, whereas Naipl could not be deté¢ardghiet al, 1999, Wrightet al, 2003)

These differences in expression could explain the overall responsiveness of murine macrophage
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inflammasomes to endogenous PrgJ and FliC fsatmonellawhereas Prgl must be artificially

injected into cells to activate caspdsgranget al, 2013) However, hNAIP, like Naipl, detects

Prgl. Compared to flagellin (which is dovwegulated afteBalmonelléd s i nt ernal i zati o
PrgJ inner rod protein (which remains sheathed within the T3SS unit), it is more likely that the

host cell cytosol could be exposed to Prgl during an aS@ahmonellanfection. Limiting the

number ofPAMPs that can activate the inflammasome and restricting activation to PAMPs that

are only detected once tBalmonellahas successfully infected and replicated within the host

cells may represent a novel strategySaymonellao limit inflammasome activation until it is

too late tadisruptinfection. Little information is currently available regarding how

inflammasome responses are terminated or if they can be terminated at all.

1.2.1.1.2 NIrp3 and Asc

Inflammasome stimulatory PAMPs®uas flagellin and T3SS structural proteins are essential
bacterial components for the pathogenesiSalmonellaand are readily detected by the Naip

Nlrc4 inflammasomeTo shield itself from constant assault by host cell molecular processes and
continueits intracellular life cycleSalmonellacan alter its PAMPs by decreasing expression of
flagellin and switching from its SH to its SPI2 T3SS. To combat this evasion strategy, the

host cell utilizes the NIrp3 inflammasome, which instead of detectH3, responds to

increased levels of host celerived stress and danger molecules.

Studesof the NIrp3 inflammasome across a wide range of bacterial infections has uncavered it
responsiveness to host cellular stress molecules such as excessivaerpatiksc, calcium

influx, extracellular ATP, mitochondrial reactive oxygen speai@DNA and the translocation
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of cardiolipin from the inner mitochondrial membrane to the outer membrane. The mechanism
by which NIrp3 can detect such a wide range ofcstmally and chemically unrelated stimuli is

still under investigation. In the case®dImonellanteractions with macrophages, Nlrp3 is
responsible for activation of the inflammasome independently el St SRR T3SS ands

tied to alterations ithe host cell most likely inducedue tointracellularSalmonellametabolism
(Brozet al, 2012, Gurungpt al, 2012, Rathinaret al, 2012, Sanmaat al, 2016) During a

screen oSalmonellagenes that modulatélrp3 activation, Wynoskypolfi and colleagues
identified four genesacnBi aconitase, which mediates conversion of citrate to isocitrate in the
tricarboxylic acid cycle (TCA)bcfBi fimbrial chaperonercsD1 a two component system

which controls capsaland flagellar synthesis; anteIBi a symporter of melibiose and
monovalent cation@NVynoskyDolfi et al, 2014) The authors focused on the link between TCA
cycle disruption and Nlirp&ctivation by constructing mutants deficient in aconitase or isocitrate
dehydrogenase. Mice infected wahnBmutants displayed significantly higher serum levels of
IL-18 as compared to mice infected with wildtyp@monellaand these levels were reduded
Casp1/1Y andNIrp3'/ 'mice.Mutation of these bacterial TCA cycle enzymes in conjunction
with flagellar proteins, led to high intracellular citrate levels and elevated levels of mitochondrial
ROS, which resulted in rapMirp3-dependent, Nircdndependent inflammasome activation.
Limiting the resulting mitochondrial ROS (mMROS) levels in murine BMDMSs through
pharmacological inhibitors or through the use of mitochondrial catalase transgenic mice
eliminated NIrp3 inflammasomectivation by thesalmonellal CA cycle mutants, indicating that

Salmonellaspecifically activated the NIrp3 inflammasome through mROS production.
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NIrp3 based caspadeactivation occurs through the binding of these two molecules to the
adaptor protein Ac. Moreover, Asc expression is crucial 8almonellainduced Il-1 b atnd | L
18 secretion by murine macrophagBsoz et al, 2010, De Jongt al, 2014) The physiological
importance of As@ontaining foci in NaipNIrc4 inflammasome activation is still under
investigation. The CARD of Nlirc4 directly interacts with the CARD of casflaseerefore

T3SS and flagellinnflammasome signaling should occur independently of Asc foci formation.
However, Asc foci were detected®almonellanfectedNIrp3'’ 'deficient murine BMDMsand

this aggregation was found to be dependent on the presence of flégpelliret al, 2010)

Proell and colleagues explored this phenotype through a bimolecular fluorescent
compkmentation system, which allowed them to visualize Asc foci within a livingrelkll et

al., 2013) The CARDs of NIrc4 and caspa%eavere fused with two complementary fragments of
the fluorescent proteiMenus. These fragments do not reconstitute spontaneously, but a
functional fluorescent signal is produced when Nirc4 and caspassociate. When the CARDs
of NIrc4 and caspask were ceexpressed in HEK293T cells, this produced a diffuse signal
throughot the cell. However, when fulength Asc was introduced, tight punctuate foci were
formed, suggesting that Nalrc4-caspasd inflammasomes could utilize Asc as a platform for
formation. Further support fahis model is given through elmcalization eperiments performed
by Man and colleagud#an et al, 2014b) The authors observed multiple NLRs, such apdIr
and Nlrc4, celocalizing with Asc specks. They propose tBatmonellaPAMPs activate NLRs
which associateherebyforming a nucleation point for the assembly of an Asc foci. This in turn
leads to theecruitment ofcaspasel, producing a functional flammasome. There is also the
potential that Asc might play a role in inflammatory signal amplification. Once infected

macrophages undergo pyroptosis and lyse, researchers found that Asc aggregates appear to
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remain active in the extracellular spgd&torek and Monack, 2015)hese aggregates can be
phagocytosed by nearby cells, leading to the activation of theiirdlammasomes and the
subsequent cleavage and secretion ef Ibh  a f1&l Aslalesult, Asc foci released by
pyroptotic cells may play a key role in amplifying inflammatory signals by providing a platform

for inflammasome formation.

1.2.1.1.3 Caspasell

Detectionof cytosolicSalmonellaLPS can also induce inflammasomediated cell death

through the actions of caspakk. LPS must enter the cytosol before it can activate the caspase
11 inflammasome, in the caseSdimonellathis means the bacterium must be diseexposed

to the cytoplasm, not contained inside the SCV. Experimentally this can be induced through
direct microinjection or transfection of purified LPS into the cytoplasm, or the use of a
odljABgdliCagsifA Salmonellanutant, which does not express ##on and upon infecting a host
cell, readily escapes the SCV. SifA is a @Rfanslocated effector which is vital for maintaining
the stability of the SC\{Beuzm et al, 2000, Cirilloet al, 1998) Utilizing this Salmonella

mutant, Aachouand colleagues demonstrated its enhanced clearance by easphseen

pyroptosis was independent of Nirp3, NIrc4 and f&achouiet al, 2013)

Once caspastl has detected LPS, this triggersowen proteolytic activation inducing

pyroptosis and the cleavage and secretion df b a +1&l A ¢rdup based out ofdBentech

reported that caspadeis dispensable for caspak® mediated pyroptosis, but caspdde

dependentltl b processing r equi-iL(&asagakietralp 211, Kayagakia nd c &

et al, 2013, Bakeet al, 2015, Ruhl and Bro2015, SchmieBurgket al, 2015) The reduced
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IL-1 b s e ¢ rCasplil/daells is yot due to lower expressionofkel b as bot h wi | d
andCasp11’ 'deficient BMDMs expressed similarptb-1 b | evel s when i nfecte
SalmonellaBrozet al, 2012) Recently Casson and colleagues observed that the human

orthologue of caspaskl, termedcaspaset, mediated k1 U secr et i on and cel |l

to Salmonellanfectionof primary human macrophagé@sassoret al, 2015) They also noted

that caspas® was not processed during the infection and did not appear to play a role in host

restriction of intracellulaBalmonella

The interplay between canonical and ftamonical inflammasomes remains poorly understood.
Caspasd and caspaskl can interact but it is unclear whether the two caspases form a

catalytically active heterocomplex or if proximity of the two caspases watk#ll is sufficient

for caspasd and-11co-activation. Caspast 1 6 s maj or r ol e appears to
pyroptosis. Pyroptosis is responsible for the clearance of intracellular bacteria through the self
directed destruction of the infectedIc&his destroys the protected niche established by the

pathogn within the host cytosol, exposing the previously intracelbddmonellao various
extracelluladefense mechanisms, includingutrophis. Pyroptosis, rather than the release of

IL-1 b KB 18 has been proposed to be the dominant process underlying ehspases key r ol
in the LPSinduced lethal sepsis mod#ayagakiet al, 2011) Mice deficient inCasp1/1Y | or

bothIL-1 b +1B/L'were shown to rapidly succumb to high dose injections of LPS, whereas

Casp1l’ 'mice remained resistant. However, the mechanism of pyroptosis and the cell types

responsible fom vivolethal sepsis are still under investigation.
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Caspasdl readily detects cytosolgalmonellabut it can also detect SCptotectedSalmonella
once the vacuole is compromis@tozet al, 2012, Rathinanet al, 2012) Meunier and
colleagues explored the requirement for -Biéjpendent production of typenterferons and
caspasd.l driven cell death by i@m-negative bacteriMeunieret al, 2014) Through a
proteomicsbased expression analysis for proteins highly induced 8pbnonellanfection,

they identified the interferemduced GTPases as the most strongly upregulated proteins. In
particular, they observed the large®b kDa guanylatéinding proteins (GBs) as being highly
expressed. They then moved to examine the interaction of these GBPs diaintpaella
infection and detected guanyldiending protein 2 (GBP2) etmcalizing with the SCV in murine
BMDMs and its expression led to higher cytosolic dapans ofSalmonelladMeunieret al,
2014) The expression of GBP2 was also linked to caspadssed cytotoxicity inesponse to
Salmonellanfection, while overall depletion of the GBPs led to a significant decreaselirblL
secretion. This suggests the GBPs destabilize the SCV, by an as yet unknown mechanism,
leading to the release 8almonellanto the cytosol, expasg them for detection by both the
canonical and nenanonical inflammasomes. The authors also observed that if cytosolic
Salmonellaveretargeted by autophagy, this significantly reduced caspasetivation

(Meunieret al, 2014)

1.2.1.1.4 Other inflammasomes involved inSalmonelladetection

The NLRP6 and NLRP1iflammasomes have been linked to the maintenance of intestinal
homeostasis, primarily in the context of chemiicaluced colitigZaki et al, 2010, Elhavet al,
2011) Studies have observed that NLRP6 and NLRP12 suppress colon inflammation theough

inhibition of NFe B s i (Zald dt al,R@L1, Allenet al, 2012) In terms ofSalmonella.p.
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infection, bothNIrp6'/ 'andNIrp12"/ 'mice were shown to og significant lower bacterial

burdens in their spleens and livéZaki et al, 2014, Anancet al, 2012). Moreover, both

NIrp6'/ 'andNIrp12/ 'BMDMs were found to produce elevated levels of THF -6 larid KC in
response to bacterial infection but showed no difference when compared to wildtype cells in
terms of Ib1 b a fi&lexdression. The authors also observed higher numberswatirg
monocytes and neutrophils in this styédyandet al, 2012) While the ligand that the NLRP6

and NLRP12 inflammasomes detect has not yet been identifiedewerssion studies suggest
NLRP6 association with Asc and caspdsesultsinl:1 b s e ¢ r &almooehd,.PS alone

was able to induce NLRP4Rediated inhibition of NF® BGrenieret al, 2002, Zakiet al,

2014) Therefore, the NLRP6 and NLRP12 inflammasomes may play immune dampening roles
in response to specific stimuli, and this suppression might be exploit®altmpnellao

modulate host antimicrobial responses as a means to promote their prolonged persistence and

survival within infected hosts.

One of the stronge§&almonellanflammasome stimulants is the SPtranslocon protein SipB,
which activates caspadgHershet al, 1999) Deletion ofsipB causes a severe deficiency in
inflammasome activation within murine BMDMs which is independent of the number of
intracellular bacteria with these cefStorek and Monack, 2015, Wynoskplfi et al, 2014)

The initial dharacterization of SipB via affinity purification uncovered its interaction with
caspasé, but it is unclear if this occurs through direct binding, or alternatively, via an
interaction with a PAMP or DAMP sensor. During the initial stageSabfinonellanvasion,

SipB associates with tigalmonellgroteins SipC and SipD to assemble a channel on the distal

tip of the needle complex, that spans the host cell plasma membrane and facilitates passage of
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T3SS effector§Galan,1998) It is also possible that SipB signals through the Nirp3
inflammasome through cellular stress molecules induced upon host membrane damage.
However, this does not explain the direct binding of SipB to caspbase indicates further

study is requied to uncover the underlying mechanism.

1.2.1.2 Dendritic cells (DCs)
The majority of inflammasome research has centered on murine macrophages however recent
studies suggest inflammasomes are active in multiple cell types and each cell type may be unique

in its cellular response ®almonellanflammasome activatio(Figure?2).

Dendritic Cell Neutrophil

Epithelial Cell

IL-18 | IL-18 Vel / /
<’ CD8+ IL-18 @
Tce) | > B

cell

18 shedding

Figure 1.2 Differences in inflammasomemediated control of Salmonellain dendritic cells (DCs),
neutrophils, and intestinal epithelial cells (IECs)

DCs have increasddaipltranscript levels antheir activation prompts the secretion of18, which directly
signals memory CD8+ T cells to secrete BNsalmonellariggers both Naip and NIrp3 inflammasome
activation in neutrophils resulting in4lL b  a fi8 sedrdtion. However, neutrophil inflalasome activation
does not elicit pyroptosis producing a cellular source of sustainddiBalmonellalso activates an epithelial
cell-intrinsic inflammasome through the Nalirc4 axis as well as the nazanonical inflammasome, caspakk
Activation pioduces I:18 secretiorandIEC extrusion from the epitheliunmowever ndL-1 bs produced by
IECs AbbreviationsNaip neuronal apoptosis inhibitor proteiNjrc4 NOD-like receptor family, caspase
activating and recruitment domain containm@tein 4;NIrp3 NOD-like receptor family, pyrin domain
containing 3;Ascapoptosisassociated spedike protein;IL-1 fnterleukin 1 betatl-18 interleukin 18;IFN-
ainterferongamma;lEC intestinal epithelial cell
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Both macrophages and dendritic calise phagocytic cells critical in the immune response to
Salmonellanfection. The primary function of DCs is to process antgardpresenthemto

naive Flymphocytes. Early work by Fink and colleagues establishe®tiatonellanfection

of murine BMICs triggers a caspadedependent cell deafRink et al, 2008) In an

intravenous mouse model 8&Imonellanfection, the authors observed activation of the Naip
Nlrc4-caspasd inflammasoméKupz et al, 2012) Activation prompted the secretion of-118,

which directly signaled memory CD8 cellstosecrete IFd . Thi s i nteraction i
highlighting that DCT cell interactions are not limited to simple antiggecific responses. DCs
can also orchestrate innate immune responses through inflammdsented cytokine

secretion. Iterestingly, the majority of murine DC inflammasome signaling appears to utilize
Naip5 and Naipl. DC based Naip2 sensing of PrgJ was not required for the early regulation of
innate IFN0 s ecr et i on "Pgells.nvangand golle@yDed observed thimhary

murine BMDCs and immortalized DC2.4 cells produce higher leveiagfl transcripts

compared to BMDMgYanget al, 2013) When DC2.4 cells were stimulated via transfection

with plasmids encoding T3SS needle transcripts, this triggered a more robust-daspase
activation than in BMDM cells and this activation was silenced followiRgN#i knockdown of

Nlrc4 or Naipl

There has also been a preliminary stud$alimonellanfection of human monocyeerived
DCs(Dreheret al, 2002) The resulting inflammatory response was dependent on SipB

expression and resulted in caspas&ctivation and the release of18.
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1.2.1.3 Neutrophils

Neutrophils are recruited in large numbers to the sifatrhonellanfection where they play a

key role in clearing the infectiolVhile neutrophils areommonly viewed as cellular targets of

IL-1 b, c-dexpesson by infected hostsassociated with efficient neutropiniediated

clearance oSalmonellalnterestingly recent evidence has established that neutrophils also

express inflammasomes, and their activation plays a vital role in the restricBaimuinella
infection(Brozet al, 2012, Cheret al, 2014) Chen and colleagues observed that both human

and mouse neutrophils m@ined transcripts fadlrp3 andNlirc4, and in human neutrophils,

these MRNA levels were significantly greater than those expressed by BMDMs or BMDCs

(Chenet al, 2014) When murine neutrophils and BMDMs were infected @gimonellaboth

cell types secreted HL b ,  a-folth less for néutrophils. The secretion ofllLb was | ac ki n¢
cells purified fromcaspasel/11’ 'mice and reduced iNlrc4'/ 'andAsc’ 'mice. Interestingly,

neutrophils secreted negligible amounts ofLlR. The authors then moved ito vivo experiments
where they depl et ed n e-luyb6q antipddies, vehiclf didoahaltenthe e ut i
abundance of other myeloid cells. The authors then challenged isotype control (mock treated)

and neutrophilepletedmice withSalmonellaand observed thatil b | evel s r emai ned
baseline levels in the neutrophlliépleted mice while control mice displayedoBl higher IL-1 b

levels after 6 hours of infection. Neutrophil depletion did not significantly affedBllewels

even after 12 hours &almonellanfection. Interestingly, although neutrophils display a potent
inflammasome response, they were highly resistant to pyroptosis. When the authors quantified
intracellular lactate dehydrogenase released into the stipetras a measure iof vitro andex

Vivo pyroptosis, they reported significantly decreased neutrophil cytotoxicity compared to

BMDMs when the cells were infected Balmonellalt appears that neutrophils express a
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specialized inflammasome, decouplinggptosis from NIrp3 and Nirc4 signaling. The

molecular mechanisms underlying pyroptosis remain elusive and the proteins and proteolytic
substrates involved are still under intense investigation. Only HMGB GadthDhave been

implicated as downstream prodsifrom macrophage caspase activafidayagakiet al, 2015,

Shiet al, 2015) This suggests that inflammasome driven pyroptosis and cytokine

activation/secretion can be mechanistically separated, likely throaglotiinregulation or

proteolytic removal of a vital substrate required for the lytic cell death pathway. Overall, this

suggests an innate defense mechanism for the restrict@arabnellanfection. Macrophages

secretelkl b t o recruit neut r op has&means tnditvacdolarn under g
replication ofSalmonellaThis releases the bacteria into the @&setlular environment where

they are more effectively killed by neutrophils through ROS produéiiao et d., 2010)

1.3 Inflammasome evasion by Salmonella

OnceSalmonellahas breached the host cell membrane, it engages in an intracellular battle for
survival with host cell molecular defense pathways. To evade detection by inflammasomes,
Salmonellacan modify its detectable PAMPs through downregulation of PAMP expression,
chemical modification of PAMPSs, or through the targeting of host cell types with limited

inflammasome activity.

1.3.1 PhoP-PhoQ
FliC, PrgJ and Prgl are potent activators of the NNlig4 inflammasome in murine
macrophages. To evade detecti®almonellarepresss expression of all three proteins during its

intracellular lifecycle througits PhoPPhoQ regulatory syste(Miao et al, 2006) The PhoP
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PhoQ system is expressed wigaimonellas intracellular andhas proverparamount for the
survival ofSalmonellawithin macrophagegévaldivia and Falkow, 1997, Mer et al, 1989,
Heithoff et al, 1999, Mouslim and Groisman, 2008)is also involved in the regulation of SPI
2 expession, alongside other regulatory seng@resisman, 2001, Leet al, 2000, Bijlsma and
Groisman, 2005)PhoRPhoQ strongly repress#gC and SPi1 expression, decreasing the
presence of these inflammasome formatimucing PAMPYMiao et al, 2006) When
Salmonellas engineered to constitutively express flagellin through a plabasdd expssion
system wherdiC expression is driven gseJoromoter (encoded in SR), this significantly
increased Ikl b s ecr et i dnoleaegedn BMBMsgampazed to wildtyBalmonella
(Miao et al, 2010) ConstitutiveFliC expression also led to the attenuation of systemic
Salmonellanfection in mice. Following challenge with wildty@almonellamice succumbed to
infection within 68 days whereas the;g>fliC SPF2 expressing strain was unable to Kill
C57BL/6 mice.The hyperactivation of the Naip5/Irc4 inflammasome is likely responsible
for this decrease in pathogenesis and demonstrates that the al8ktynainellato actively
regulate PAMP expression plays a key role in its ability to survive in the haatahitidar

environment.

1.3.2 LPS

Another target of th&almonellainduced inflammasome is LPS. Intracellular LPS stimulates
non-canonical inflammasome activity via caspdde Recent evidence has suggested the lipid A
of LPS binds caspasEl via its CARD(Shiet al, 2015) LPS binding was shown to induce
caspas€ll oligomerization, activation and subsequent pyroptosis by the hof{agdigakiet

al., 2013) Interestingly, caspaskEl demonstrates decreased activity in response teateftated
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lipid IVa and pentaacylated LPShiet al, 2015, Hagaet al, 2013, Kayagaket al, 2013)

This is incependent of the capacity of caspddeto bind to these moieties and instead was

linked to an inability of caspaskl to undergo oligomerization once bound to these forms of

LPS(Shiet al, 2015) Salmonellacan chemically modify its LPS through the PHBR0Q and

PmrA-PmrB regulatory systen{&rnstet al, 2001) Interestingly, LPS fronsalmonella phoP

mutants induces higher TNF e xpr essi on from BMDMqGuoebahpar ed t
1997) Potential modifications of LPS include reductiorOsantigen length, addition of

palmitate to lipid A, addition of phosphate, phosphoethanolamine and/or aminoarabinose to lipid

A, or the incorporation or removal of myristate from lipid&nstet al, 2001, Raetet al,

2007) The lipid A from intracellular wildtyp&almonellagrowing inside the murine

macrophage cell line RAW264.7 cells has been shown to beauwgiaed, and heavily modified

with 4-amino4-deoxyl-arabinose, phosphoethanolamindyy2iroxymyristate, and palmitate

(Gibbonset al, 2005) Manipulation of the LPS modification protein machinery alters the
immunogenicity ofSalmonelld.PS. WherSalmonelld s | i pi d A i s -acylachged i
form through mutation tbothmsbBandpagP, this significantly reduced its ability to stimulate

the human monocyte cell line Migito secrete i1 b and TNRmpared to both w
and singlensbBmutants, which expressed a mix of both peatal hexaacylated LPS forms

(Konget al, 2011) During an oraBalmonellanfection of BALB/c mice, pooled serumdL U

levels were also decreased in response to infetly the doublensbBandpagP mutants as

compared to wildtyp&almonellawhereas IFNb | evel s wer e sKanget f i cant |
al., 2011) This suggests th&almonellacan dampen the host inflammatory response by

modifying its LPS, which may impact its ability to associaith, andbe recogried bycaspase

11. The norcanonical inflammasome field is still in its infancy and the ability of casphge
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bind to different modified forms @dalmonellaLPS has not been explored. The binding

experiments reported by Shi and colleagues were condwite@almonelldysates produced

from boiled overnight cultures, and the structure ofS8aknonellaPS that activated caspasé

was not determine(Bhi et al, 2015) It is likely that different chemical modifications to

Salmonell@s LPS directl y i mgdhtoundergo digomaizatiohand y of ¢ a
represents another strategy by whdimonellanodifies its inflammasommsducing PAMPs as

a means to promote its intracellular survival.

1.3.3 Targeted infectivity

In addition to the intrinsic modificatiorfalmonellautilizesto evade the inflammasome,
Salmonellacan also target cellular niches that exhibit reduced inflammasome activity. Recently,
Salmonellavas discovered to preferentially survive in macrophages that display an M2
phenotypdEiseleet al, 2013, McCoyet al, 2012) This was tied talifferences in the cellular
metabolic pathwayexpressethetween M1 and M2 macrophages. In particular, the upregulation
of the eukaryotic transcriggin f act or PPARU in M2 cell s, which
acid metabolism and was shown to directly impact glucose availability to intracellular
Salmonellaresulting in enhanced bacterial replicat{&mseleet al, 2013) However, it is also
possible that the persistenceSalmonellan this cell type could be tied to the comparatively
reduced expression of inflammasome components in M2 macropt&igesk and Monack,

2015) Jourdan and colleagues observed that obese ZDF rats display high mRNA transcripts of
NIrp3,1 | dn@ll18, high IL-1 b  a fi&protein levels and robustspasel activity (Jourdan

et al, 2013) When treated with the cannabinoid inverse agonist JD5037, this inducedtan M1

M2 shift and the authors observed a significant decrease in all three markers of inflammasome
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function. Another study observed an increase in thebeurmf M2 macrophages Mirp3'/
deficient micg(Vandanmagsaet al, 2011) These studies suggest that the inflammasomes of
M2 macrophages are less active and this could be an additionaltfattoegulates what makes

these cells attractive as a cellular nicheSamonellaeplication and persistence.

1.4 Salmonellaand the intestinal epithelial inflammasome

Interestingly, the specific PRR responsible for downstream caspase activation appears to depend
on the route oSalmonellanfection. In a systemi€almonellanfection model, where
Salmonellgorimarily encounters myeloid cells, Nirc4 and Nirp3 play redumdoles in

stimulating caspasg activation. Only mice deficient in both NIrc4 and NIrp3 demonstrate
increased susceptibility 8almonellanfection(Broz et al, 2010) However, in a streptomycin
(Strep-pretreatment orogastric mouse modelSatmonellagastroenteritis, wher@almonella

must first breach the intestinal epithelium, this redundancy is not apparent in a susceptible
infection modeivhereinBalb/c mice deficient in only Nlrc4 were found to be more vulnerable to
Salmonellanfection (Franchiet al, 2012) The authors also observed that functional IL

signaling increased mouse survival in a Ba®&monellaoral infection but was superfluous in
ani.p. infection(Franchiet al, 2012) Infection of NIrp3, Nirc4 or ll1r deficient mice derived

onto a C57BL/6 backgrounghowed no difference from wildtype in termsnoduse survival
regardless of infection rouf€ranchiet al, 2012) In contrast, Wynoskjpolfi and colleagues
observed route dependent differences in inflammasome signaling in C57BL/6 background mice
(Wynosky-Dolfi et al, 2014) Here, &Salmonellariple mutant GcnBliCfljB which activates

NIrp3 by increasing bacteriducedmitochondriaROS production) was significantly

attenuated compared to ficCfljB parentalkstrain in wildtypespleen and livemurine

28



colonization after orahfection Howeversimilar levels were observed in caspdétl deficient
mice, while no significant difference between straimas observed after i.p. injectiamo either
wildtype or caspase deficient mif@/ynosky-Dolfi et al, 2014) These results suggest that

Salmonellaencounters a unique inflammasome pathway at the intestinal mucosal.surface

1.4.1 The intestinal epithelium

The intestinal epithelium is a single layer of cells that differs greatly in architectural structure as
well as cellular composition between the small and large bowel. In the small intestine, the
epithelium extends over struces that protrude into the lumen, called villi, thereby increasing

the mucosal surface area aubsequentutrient absorption. Villi are absent from the colon,
resulting in a relatively flat mucosal surface that limits potential damage inflicted bysebdhi

stool transiting through the large bowel. The epithelium itself is not a straight layer of cells, but
instead consists of i nvagi(8pancetan20ll)ireestimé d O6cr vy
stem cells reside at the base of these crypts and give rise to transient proliferative cells that
differentiate and mature as they travel up through the transition zone, wittatheel EC

eventually shedding into the lumen at the apex gbtsryor villi in the small intesting)Crosnier

et al, 2006) Intestinal crypts undergo constant cycles of IEC replenishment and renewal, and
under homeostatic conditions, it is estimated that an entire crypt is replaced every 4 to 5 days

(van der Flier and Clevers, 2009)

Various differentiated cell tyeare found within the mammalian gut epithelium and each carries
out unique and specialized functions. The distribution of these cell types is also different

between the small and large boWigure1.3). These cell types include: enterocytes, the most
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prominent cell type of the intestinal epithelidhat isresponsible for nutrient and water

absorption; various secretory cells such as goblet cells that secrete mucins; enteroendocrine cells
that secrete hormones; and Paneth cells that release antimitaotned to protect nearby stem

cells at the base of small intestinal cryfiEsosnieret al, 2006, Gribble and Reimann, 2016,
RodriguezColmanet al, 2017, Johansson and taon, 2016)Finally, there are the

chemosensoriuft cells, which play a key role in defense against helminths, and M cells that are
integral to the uptake and eventual presentation of luminal antigens to the immune system
(Ohno, 2016, von Moltket al, 2016, Gerbet al, 2016, Howittet al, 2016) In general, the

majority of cell types located in the colon are also found in the small intestine, these inelude th
enterocytes (also referred to as colonocytdkerolon), enteroendocrine cells, goblet cells as

well as tuft cells, but Paneth cells, which intercalate with stem cells at the bottom of crypts, and
M cells,whichardd ocat ed over | yippear unjeeytoethe 8msall bdwel. c he s a
However, recent reports have observed coléond ¢ eé lkle d | y mptP am @ dkéesd a n d
cells Interestingly, thesé P a A @ tkhe @&xpress Padneth cell markers and their prevalence

was found tancrease at localizedtss of inflammatior(Rothenberget al, 2012, Peminow et

al., 2010, Sasaleat al, 2016, Pariktet al, 2019)

30



Figure 1.3 Anatomy of the intestinal mucosa

A. Representative small intestinal epithelium. Enterocytes comprise the major cells type found in tivdllosypt

axis and are capable of secreting antimicropial p t i d e s -défdRgng, Icdtheligidin). Paneth cells located at

the base of the crypt produce -defeersns $PLAR). M celts arenlocalized b i a | p
tothefoliclkas soci ated epithel i um darddEerctly padicgpate ip antiggn uptakgamd 6 s pat
passage to underlying immune cells. Goblet cells also facilitate luminal antigen transfer to dendritic cells via goblet
cell-associated antigen passages (GAPsRdpresentative colonic epithelium. Colontasyand goblet cells are the

major cell types of the colonic crypt. Goblet cells are responsible for the formation of the outer and inner mucus

|l ayer through secretion of Muc2 mucin as well as other
with this protective barriePrinted with permission from Trends in Immunolg@@18 Sep;39(9):677696.
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