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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). Streptomycin-pretreated 

wildtype C57BL/6, Casp1/11 deficient (ī/ī), Casp1ī/ī and Casp11ī/ī mice were orally 

infected and S. Typhimurium burdens determined at 18h-7d post infection (p.i.). Increased cecal 

and luminal pathogen burdens were observed for all caspase-deficient mice as compared to 

wildtype, which correlated with increased intracellular S. Typhimurium loads in the crypt IECs. 

Interestingly, cecal pathology scores for all inflammatory caspase mice were decreased 

compared to wildtype mice, especially with regard to óepithelial integrityô and ógoblet cell lossô. 

To determine if the increased intracellular pathogen burdens were due to the loss of IEC-intrinsic 

inflammasomes, cell lines and enteroid monolayers derived from each genotype and infected. 

These studies revealed significantly increased intracellular burdens in caspase-deficient 

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

epithelial monolayers, siRNA-depletion of caspase-4, a human ortholog of caspase-11, led to 

increased bacterial colonization as well as increased secretion of the proinflammatory cytokine, 

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

peak activity in wildtype cells correlated with shedding, suggesting IEC-intrinsic inflammasome-

based restriction of S. Typhimurium occurs through infected IEC expulsion. 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 a marginal increase was observed in caspase deficient 

mice. Also, expression of the antimicrobial lectins Reg3ɔ and ɓ were attenuated in all caspase-

deficient mice. Mucin release and Reg3ɔ and ɓ induction has been previously linked to the 
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cytokine IL-22. We detected higher IL-22 levels in infected wildtype mice and when IL-22 was 

neutralized, wildtype mice carried increased S. Typhimurium burdens and decreased infection-

induced mucin secretion and Reg3ɔ and ɓ induction. No differences were observed in 

Casp1/11ī/ī mice treated with neutralizing antibody or isotype control. These results thus 

indicate that the intestinal mucosa utilizes inflammasome signaling to coordinate multiple layers 

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

spread. 
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Lay Summary 

Intestinal epithelial cells (IECs) are located at the interface between the gut lumen and the 

underlying mucosal immune system. Here, they play a central role in the coordination of 

intestinal homeostasis, tempering 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 immune defense is 

through the activation of the inflammasome which mobilizes the inflammatory caspases; 

Caspase-1 and -11. Here, we investigate the role of the inflammasome in IEC as well as overall 

intestinal mucosal defense against the enteric pathogen Salmonella enterica serovar 

Typhimurium. 
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Chapter 1: Introduction  

1.1 Salmonella 

Salmonella is a genus of pathogenic, motile, Gram-negative bacteria that are part of the 

Enterobacteriaceae family. It is divided into two species: Salmonella bongori and Salmonella 

enterica, which both cause enteric disease in a wide range of animals. The S. enterica serovars 

are clinically important due to their significant effect on human morbidity and mortality 

worldwide (Crump et al., 2004, Majowicz et al., 2010). S. enterica serovar Typhimurium is 

associated with self-limiting gastroenteritis in immunocompetent individuals and bacteraemia in 

the immunocompromised, whereas S. enterica serovar Typhi causes typhoid fever which is an 

acute illness characterized by high fever and abdominal pain. Both serovars have a considerable 

worldwide impact (Crump et al., 2004, Majowicz et al., 2010, Havelaar et al., 2015, Kirk et al., 

2015). Approximately 21.7 million cases of typhoid fever are diagnosed annually, leading to 

~433,000 deaths per year and non-typhoid Salmonella causes approximately 93.8 million cases 

of gastroenteritis annually, leading to ~155,000 deaths per year (Crump et al., 2004, Mogasale et 

al., 2014, Majowicz et al., 2010). In Canada, non-typhoid Salmonella is the third highest cause 

of foodborne illness and death (behind Norovirus and Listeria monocytogenes) and second 

highest contributor to foodborne hospitalizations (Thomas et al., 2015). 

 

In addition to its significant clinical impact, S. Typhimurium is widely considered an important 

model organism for the study of intracellular pathogens. There are a broad range of molecular 

and cell biology-based tools developed to study its pathogenesis. S. Typhimurium is also a 

natural pathogen of mice, which allows for the elucidation of host-pathogen interactions through 

infection of inbred and immunodeficient mouse strains. Unfortunately, the study of S. Typhi is 
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largely restricted to cell culture-based experiments due to its limited host range as a human 

adapted-pathogen. Thus, most studies discussed in this chapter have used S. Typhimurium (from 

here denoted as Salmonella) to understand its interactions with host cells. 

 

Natural Salmonella infection occurs through the ingestion of contaminated water or food 

products. Salmonella uses its Salmonella pathogenicity island-1 (SPI-1) type three secretion 

system (T3SS) to breach the intestinal mucosa, preferentially in the terminal ileum by targeting 

the microfold (M) cells that overlie Peyerôs patches (Clark et al., 1994, Jones et al., 1994). It 

induces membrane ruffling and direct invasion of M cells and intestinal epithelial cells (IECs) 

(Keestra-Gounder et al., 2015, LaRock et al., 2015). Macropinocytic uptake of Salmonella 

occurs rapidly, with the invading bacteria initially residing in a phagosomal compartment 

derived from the endocytic pathway termed the óSalmonella-containing vacuoleô (SCV) (Steele-

Mortimer et al., 1999, Drecktrah et al., 2007). Inside the SCV, Salmonella is exposed to an 

acidic pH as well as decreased nutrient availability (limiting amounts of inorganic phosphate) 

which triggers the expression of Salmonellaôs second T3SS, SPI-2 (Beuzon et al., 1999, Cirillo 

et al., 1998, Lober et al., 2006). Salmonella survives within the SCV through the injection of 

numerous SPI-2 translocated effectors that functionally impact a wide variety of host cellular 

processes such as preventing lysosomal fusion with the SCV, modulation of the host 

cytoskeleton and SCV membrane integrity, as well as immune signaling interference. Recently it 

has been recognized that a subpopulation of Salmonella escapes the SCV and replicates within 

the host cell cytosol (Malik-Kale et al., 2012, Knodler et al., 2010). However, the permissiveness 

of the cytosol to Salmonella growth depends on the cell type infected. In cultured IECs, 

Salmonella can escape the nascent SCV and hyper-replicate to reach levels of >100 bacteria per 
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a cell (Birmingham et al., 2006, Cemma et al., 2011, Knodler et al., 2010, Knodler et al., 2014). 

Similar levels of cytosolic Salmonella were also observed in embryonic fibroblasts by 4 hours 

post invasion (Birmingham et al., 2006). However, considerably fewer cytosolic Salmonella 

were observed in bone-marrow derived macrophages (BMDMs), likely due to a more hostile 

(antimicrobial) environment within these cells (Meunier et al., 2014). This particular intracellular 

lifestyle exposes Salmonella to detection by inflammasomes which have been identified as 

playing a key role in the early host response to Salmonella by 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 of the pro-

inflammatory cytokines interleukin-1ɓ (IL-1ɓ) and IL-18, as well as the induction of a 

specialized form of inflammatory cell death termed pyroptosis (Man and Kanneganti, 2015, 

Storek and Monack, 2015, Stowe et al., 2015, Bergsbaken et 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; caspase-1, -4, -5, -

11, and -12 (Martinon et al., 2002, Man and Kanneganti, 2015). Caspase-1, -4, -5 and 12 are 

expressed by primates, while caspase-1 and -11 are expressed in mice (caspase-11 is an ortholog 

of caspase-4 and -5) (Lamkanfi et al., 2002, Stowe et al., 2015). Researchers have also identified 

several pattern recognition receptors (PRRs) that upon recognizing their respective cytosolic 

pathogen-associated 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 and in the case of bacterial infections, only activated 

when a bacterial pathogen has compromised the sterility of the hostôs cytoplasm, introducing 

bacterial products or damaging cellular homeostasis. Modulation of the inflammasome is critical 

because once it is activated, a chain of events is triggered that primes the cell and surrounding 

tissues to produce a pro-inflammatory response that can result in the rapid self-destruction of the 

compromised cell (Fink and Cookson, 2006). 

 

Inflammasome activation is classified into two pathways; the canonical inflammasome and the 

non-canonical inflammasome. The canonical inflammasome consists of three components: a 

nucleotide-binding oligomerization domain-like (NOD) receptor (NLR) PRR, an adaptor protein 

bridge and caspase-1 (Storek and Monack, 2015). Upon ligand recognition, the PRR sensor 

associates with the adaptor protein via their shared domains. This prompts the recruitment of 

caspase-1 to the adaptor protein-PRR sensor complex through activation of the ócaspase 

activation and recruitment domainô (CARD) present in both the adaptor protein and caspase-1, 

which results in the formation of the inflammasome. Caspase-1 exists as a full -length zymogen 

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

autocatalytically activate caspase-1 through the proteolytic processing of its pro- domain, which 

in turn cascades to the processing of pro-IL-1ɓ, pro-IL-18 and gasdermin D (GsdmD) into their 

active forms, and the induction of pyroptosis (Stowe et al., 2015, Man and Kanneganti, 2015, 

Storek and Monack, 2015, Bergsbaken et al., 2009).  

 

The non-canonical inflammasome utilizes caspase-4/5 or -11, and while it has been shown to 

promote pyroptosis and the processing/secretion of IL-1ɓ and IL-18, its exact functions as well 
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as the interplay between itself and caspase-1 remains controversial (Stowe et al., 2015). The 

unifying feature of the inflammatory caspases is that each contains a CARD at their N-termini 

that mediates their protein-protein interactions and subsequent activation (Storek and Monack, 

2015). Surprisingly, a recent report suggested that caspase-11, as well as caspase-4 and 5, do not 

associate with a lipopolysaccharide (LPS)-sensing PRR, but instead directly bind LPS via their 

CARDs, effectively making caspase-4/5/11 their own upstream sensors (Shi et al., 2014). This 

novel finding requires further examination as it pivots away from the typical PRR-centric model, 

where specialized sensors are required to activate downstream enzymes via a complex signaling 

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

stimuli.  

 

Inflammasomes are vital in the restriction of a Salmonella infection. Raupach and colleagues 

(2006) observed significantly higher Salmonella burdens in the Peyerôs Patches, mesenteric 

lymph nodes, and spleens of both Casp1/11ī/ī and Il1ɓ/Il18ī/ī mice as compared to C57BL/6 

mice, five days after oral infection (Raupach et al., 2006). It is important to note that expression 

of inflammasomes is conserved among different cell types and they are utilized by a variety of 

cells for innate defense. Until recently, the focus of the inflammasome field has largely been on 

monocytes and macrophages as the primary effectors of inflammasome-mediated restriction of 

Salmonella. However, recent evidence has revealed many additional cell types utilize 

inflammasomes to combat intracellular Salmonella, and although identical signaling pathways 

are utilized, the inflammasome-induced phenotypes appears specific to each cell type.  
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1.2.1 Salmonella and the immune cell inflammasome 

1.2.1.1 Macrophages 

Classical immunology divides macrophages into two broad cellular subsets: classically activated 

(M1) or alternatively activated (M2) (Martinez and Gordon, 2014). These designations were 

assigned to mimic Th cell nomenclature where Th1-derived IFNɔ signaling promoted cellular 

defense against intracellular infections while Th2-driven IL-4 mediated protection against 

extracellular parasitic infection. Exposure to Salmonella PAMPs shifts macrophages typically 

into the M1 activation status.  

 

After breaching the epithelial barrier, Salmonella is engulfed by nearby macrophages or it can 

induce its own uptake via its SPI-1 T3SS. Salmonella ultimately activates the nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-əB) signaling pathway in these cells through 

its detection by Toll-like receptors (TLRs), and/or through SPI-1 translocated effectors activating 

the mitogen-activated protein kinase (MAPK) pathway (Gurung et al., 2012, Yang et al., 2014, 

Tam et al., 2008). This triggers secretion of IL-6 and tumor necrosis factor alpha (TNF-Ŭ) as 

well as the expression of pro-IL-1ɓ and pro-IL-18 (LaRock et al., 2015, Man et al., 2013). Once 

inside the cytoplasm, Salmonella dampens the host pro-inflammatory response by residing in the 

SCV, shielded from inflammasome detection and shifts its expression from SPI-1 to SPI-2 T3SS 

effectors. However, the SCV is under constant assault by host molecular pathways attempting to 

destabilize it as well as induce its fusion with lysosomes (LaRock et al., 2015, Keestra-Gounder 

et al., 2015). If the SCV is breached and Salmonella-inflammasome activating PAMPs become 

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

response to cellular stress or danger molecules induced by Salmonellaôs intracellular existence. 
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Once an inflammatory caspase is activated, this triggers processing of the pro-forms of IL-1ɓ and 

IL -18 as well as rapid cell lysis. As a result, intracellular Salmonella are released into the 

extracellular space, which can benefit both host and pathogen. For the hostôs benefit, 

extracellular Salmonella are especially vulnerable to responding neutrophils, which can rapidly 

clear the infection through the generation of reactive oxygen species (ROS) (Keestra-Gounder et 

al., 2015). However, extracellular release can also provide Salmonella with basolateral entry to 

the intestinal epithelium or access to liver and spleen tissues if the infection become systemic 

(Mastroeni et al., 2009). Therefore, inflammatory caspase activation must be tightly regulated 

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

ends with the cellôs death.  

 

Salmonella-induced inflammasome formation and subsequent caspase-1 activation in 

macrophages is mainly orchestrated by the PRRs; Naip and Nlrp3 (Figure 1.1). In mice, Naip has 

multiple homologues that are able to detect either flagellin (Naip5 and Naip6) or T3SS 

components PrgJ and PrgI (Naip2, Naip1), while humans express only a single Naip, hNAIP, 

which responds to PrgI (Storek and Monack, 2015, Man and Kanneganti, 2015). Once 

stimulated, Naip associates with the adapter protein Nlrc4 which triggers caspase-1 activation. 

Intracellular Salmonella are also detected by the PRR Nlrp3 which identifies molecules 

associated with cellular stress or danger such as host cell potassium efflux, calcium influx, 

extracellular 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, 2015). Both Naip and Nlrp3 contain different 

protein sensing, recruitment and activation domains which impact how they interact with 
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caspase-1. Naip associates with the adaptor Nlrc4 via leucine rich repeat domains, while Nlrp3 

binds Asc via their shared pyrin domains. Both Nlrc4 and Asc associate with caspase-1 via their 

individual CARD domains, separately forming the functional inflammasome and activating 

caspase-1.  
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Figure 1.1 PAMP and DAMP activation of canonical and non-canonical inflammasomes.  

A. Proteins that comprise the inflammasome as illustrated by their respective protein domains. B. Activation of inflammasome signaling pathways in response to 

Salmonella infection. Abbreviations: NLRP3 - NOD-like receptor family, pyrin domain containing 3; NLRP1b - NOD-like receptor family, pyrin domain 

containing 1; NAIP1-6 - neutronal apoptosis inhibitor protein 1-6; NLRC4 - NOD-like receptor family, caspase-activating and recruitment domain containing 

protein 4; AIM2 - absent in melanoma 2; ASC - apoptosis-associated speck-like protein; PYD ï pyrin; NACHT - NAIP, C2TA (MHC class 2 transcription 

activator), HET-E (incompatibility locus protein from Podospora anserina) and TP1 (telomerase-associated protein); LRR - leucine rich repeat; FIIND ï function 

to find domain; CARD - caspase activation and recruitment domain; BIR - Baculovirus lnhibitor of apoptosis protein repeat; HIN200 - hemopoietic expression, 

interferon-inducibility, nuclear localization; mtDNA - mitochondrial DNA; ROS - reactive oxygen species; T3SS - type three secretion system; Casp - caspase; 

IL - interleukin; K+ - potassium; Ca2+ - calcium; LPS ï lipopolysaccharide.  
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1.2.1.1.1 Naip1-6, hNAIP and Nlrc4  

Salmonella is a motile pathogen and produces six to eight peritrichous flagella in order to move 

through its environment and reach the intestinal mucosal surface where it invades host cells 

(McCarter, 2006, Fabrega and Vila, 2013). The flagellum consists of a basal body, an anchoring 

hook component, and a long flagellin filament made up of repeating FliC and FljB structural 

subunits. In a murine Salmonella BMDM infection model, IL -1ɓ secretion by infected cells is 

dramatically reduced when Salmonella lacks FliC or when their FliC C-terminus amino acid 

composition is altered (Franchi et al., 2006, Miao et al., 2006). This sensing takes place via the 

direct intracellular detection of FliC by the PRRs Naip5 and Naip6 in mice (Lightfield et al., 

2008, Zhao et al., 2011, Kofoed and Vance, 2011). FljB also induced inflammasome-mediated 

cytotoxicity at similar levels to a FliC-driven response (Miao et al., 2006). However, there was 

no significant difference between secreted IL-1ɓ levels comparing an S. Typhi fliC mutant to a 

double S. Typhimurium fljBfliC  mutant, indicating FliC alone is sufficient for inflammasome 

formation (Winter et al., 2015).  

 

Out of the murine Naips, Naip5 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 signaling (Wright et al., 2003). Both Naip5 

and Naip6 act as co-receptors for Nlrc4 binding, inducing the activation of caspase-1 in 

BMDMs. Interestingly, there appears to be a functional link between Nlrc4 signaling and actin 

turnover in macrophages. Actin polymerization is required for Nlrc4-dependent intracellular 

bacterial burdens, inflammasome assembly, pyroptosis and IL-1ɓ production (Man et al., 2014a). 

Man and colleagues report this Nlrc4-induced cellular stiffness restricts intracellular replication 
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and Salmonella dissemination throughout tissues. Murine Nlrc4 is also an interesting adaptor 

because it links caspase-1 activation with the detection of multiple structurally different PAMPs. 

In addition to associating with the flagellar-detecting Naip5 and Naip6, Nlrc4 also binds to the 

sensors Naip2 and Naip1 which recognize the T3SS rod and needle apparatus respectively. 

 

Inflammasomes can also detect Salmonella via the recognition of its SPI-1 T3SS. The T3SS is a 

molecular syringe-like apparatus that punctures the host cell membrane, forming a continuous 

channel between the bacterium and host, allowing bacterial effectors to be pumped directly into 

the host cell cytoplasm. Salmonella contains two T3SS and their expression is tightly controlled 

based on the stage of Salmonellaôs pathogenesis as well as the detection of specific 

environmental cues from the gut and within host cells. The SPI-1 T3SS is expressed during the 

initial invasion of host cells, inducing bacterial-mediated endocytosis. Its various translocated 

effectors such as SopB, SopE and SopE2, activate the small GTPases; Cdc42 and Rac-1, through 

their guanine nucleotide exchange factor activity (LaRock et al., 2015). This causes alterations in 

the actin cytoskeleton and disrupts tight junctions between IECs, producing conditions that 

facilitate Salmonellaôs invasion of IECs as well as a generalized weakening of the overall 

epithelial barrier. Once Salmonella has undergone endocytosis, it alters its vacuole maturation 

through its SPI-2 T3SS. While not as abundantly expressed as the SPI-1 T3SS, the SPI-2 T3SS 

injects effectors across the SCV membrane, yielding a relatively safe replication niche for 

Salmonella by altering vacuolar membrane and trafficking to limit lysosomal fusion as well as 

rerouting vital metabolites to be imported into the SCV (Figueira and Holden, 2012).  
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Initially the discovery that the Salmonella SPI-1 T3SS inner rod protein (PrgJ) also triggered a 

Nlrc4 inflammasome-dependent response was confusing because of the protein structural 

differences between PrgJ and FliC. Zhao and colleagues discovered flagellin and Naip5 co-

immunoprecipitated with Nlrc4, but neither Naip1 nor Naip2 coimmunoprecipitated in the 

presence of flagellin (Zhao et al., 2011). In a yeast two hybrid assay probing for associations 

with the Burkholderia thailandensis T3SS rod protein BsaK, the authors uncovered an 

interaction between BsaK and Naip2. They confirmed Naip2 detected the T3SS rod protein, 

through infection of BMDMs with either Salmonella ȹfliC/fljB  or ȹfliC/fljB/prgJ mutants, to 

remove the confounding caspase-1 activation from flagellin detection by Naip5/6. The presence 

of PrgJ produced cleaved, activated caspase-1 after 30 minutes of infection that was eliminated 

following a siRNA knockdown of Naip2. Also, no cleaved caspase-1 was detected from the cells 

infected with the ȹfliC/fljB/prgJ strain. Further studies revealed that the flagellin and T3SS rod 

proteinôs ability to stimulate Naip activity was localized to their C-terminal leucine-rich helical 

hairpin regions (Lightfield et al., 2008, Poyraz et al., 2010, Miao et al., 2010). This is of special 

interest to studies of Salmonella because the amino acid composition of its SPI-1 (PrgJ) and SPI-

2 (SsaI) T3SS inner rod proteins differ at these residues. SsaI 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). When Salmonella grown under SPI-2 inducing conditions were 

used to infect BMDMs, the infected cells did not secrete IL-1ɓ after 8 hours of infection, 

indicating an absence of inflammasome activation. Interestingly, swapping the eight amino acids 

at the C-terminus of SsaI with those from PrgJ restored Nlrc4 binding and IL-1ɓ secretion, 

uncovering a potential strategy utilized by intracellular Salmonella to evade the inflammasome. 
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In humans, only one Naip orthologue exists (hNAIP) and although it has high sequence identity 

to murine Naip5 (68% amino acid identity), it does not recognize or respond to flagellin (Zhao et 

al., 2011, Storek and Monack, 2015). In phorbol myristate acetate-stimulated U937 and THP-1 

human macrophages, hNAIP was shown to respond to PrgI (the T3SS needle proteins from SPI-

1) but not PrgJ (Yang et al., 2013). This finding was of significant interest 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 PrgI but the 

activity(s) of Naip2 and Naip5 shielded its effects (Yang et al., 2013). To this end, they delivered 

the needle protein directly into the cytoplasm of BMDMs utilizing the LFn-PA delivery system 

(this consists of a fusion of needle proteins to the N-terminal domain of Bacillus anthracis lethal 

factor (LFn) which mediates cytosolic delivery through the anthrax protective antigen (PA) 

channel) (Yang et al., 2013, von Moltke et al., 2012). This triggered robust caspase-1 activation, 

which was completely abolished in Nlrc4-deficient BMDMs (Yang et al., 2013). Furthermore, 

when HEK293T cells were co-transfected with Nlrc4, Naip1 and PrgI, large oligomeric 

complexes containing all three components could be resolved by native polyacrylamide gels, 

confirming Naip1 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 in systemic organs such 

as the spleen, whereas Naip1 could not be detected (Yaraghi et al., 1999, Wright et al., 2003). 

These differences in expression could explain the overall responsiveness of murine macrophage 
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inflammasomes to endogenous PrgJ and FliC from Salmonella, whereas PrgI must be artificially 

injected into cells to activate caspase-1 (Yang et al., 2013). However, hNAIP, like Naip1, detects 

PrgI. Compared to flagellin (which is downregulated after Salmonellaôs internalization) and the 

PrgJ inner rod protein (which remains sheathed within the T3SS unit), it is more likely that the 

host cell cytosol could be exposed to PrgI during an active Salmonella infection. Limiting the 

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

are only detected once the Salmonella has successfully infected and replicated within the host 

cells may represent a novel strategy by Salmonella to limit inflammasome activation until it is 

too late to disrupt infection. Little information is currently available regarding how 

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

 

1.2.1.1.2 Nlrp3 and Asc 

Inflammasome stimulatory PAMPs such as flagellin and T3SS structural proteins are essential 

bacterial components for the pathogenesis of Salmonella and are readily detected by the Naip-

Nlrc4 inflammasome. To shield itself from constant assault by host cell molecular processes and 

continue its intracellular life cycle, Salmonella can alter its PAMPs by decreasing expression of 

flagellin and switching from its SPI-1 to its SPI-2 T3SS. To combat this evasion strategy, the 

host cell utilizes the Nlrp3 inflammasome, which instead of detecting PAMPs, responds to 

increased levels of host cell-derived stress and danger molecules.  

 

Studies of the Nlrp3 inflammasome across a wide range of bacterial infections has uncovered its 

responsiveness to host cellular stress molecules such as excessive potassium efflux, calcium 

influx, extracellular ATP, mitochondrial reactive oxygen species and DNA and the translocation 
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of cardiolipin from the inner mitochondrial membrane to the outer membrane. The mechanism 

by which Nlrp3 can detect such a wide range of structurally and chemically unrelated stimuli is 

still under investigation. In the case of Salmonella interactions with macrophages, Nlrp3 is 

responsible for activation of the inflammasome independently of SPI-1 and SPI-2 T3SS and is 

tied to alterations in the host cell most likely induced due to intracellular Salmonella metabolism 

(Broz et al., 2012, Gurung et al., 2012, Rathinam et al., 2012, Sanman et al., 2016). During a 

screen of Salmonella genes that modulate Nlrp3 activation, Wynosky-Dolfi and colleagues 

identified four genes; acnB ï aconitase, which mediates conversion of citrate to isocitrate in the 

tricarboxylic acid cycle (TCA); bcfB ï fimbrial chaperone; rcsD ï a two component system 

which controls capsule and flagellar synthesis; and melB ï a symporter of melibiose and 

monovalent cations (Wynosky-Dolfi  et al., 2014). The authors focused on the link between TCA 

cycle disruption and Nlrp3 activation by constructing mutants deficient in aconitase or isocitrate 

dehydrogenase. Mice infected with acnB mutants displayed significantly higher serum levels of 

IL -18 as compared to mice infected with wildtype Salmonella and these levels were reduced in 

Casp1/11ī/ī and Nlrp3ī/ī 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 rapid Nlrp3-dependent, Nlrc4-independent inflammasome activation. 

Limiting the resulting mitochondrial ROS (mROS) levels in murine BMDMs through 

pharmacological inhibitors or through the use of mitochondrial catalase transgenic mice 

eliminated Nlrp3 inflammasome activation by the Salmonella TCA cycle mutants, indicating that 

Salmonella specifically activated the Nlrp3 inflammasome through mROS production.  
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Nlrp3 based caspase-1 activation occurs through the binding of these two molecules to the 

adaptor protein Asc. Moreover, Asc expression is crucial for Salmonella-induced IL-1ɓ and IL-

18 secretion by murine macrophages (Broz et al., 2010, De Jong et al., 2014). The physiological 

importance of Asc-containing foci in Naip-Nlrc4 inflammasome activation is still under 

investigation. The CARD of Nlrc4 directly interacts with the CARD of caspase-1, therefore 

T3SS and flagellin-inflammasome signaling should occur independently of Asc foci formation. 

However, Asc foci were detected in Salmonella infected Nlrp3ī/ī deficient murine BMDMs and 

this aggregation was found to be dependent on the presence of flagellin (Broz et al., 2010). 

Proell and colleagues explored this phenotype through a bimolecular fluorescent 

complementation system, which allowed them to visualize Asc foci within a living cell (Proell et 

al., 2013). The CARDs of Nlrc4 and caspase-1 were fused with two complementary fragments of 

the fluorescent protein Venus. These fragments do not reconstitute spontaneously, but a 

functional fluorescent signal is produced when Nlrc4 and caspase-1 associate. When the CARDs 

of Nlrc4 and caspase-1 were co-expressed in HEK293T cells, this produced a diffuse signal 

throughout the cell. However, when full-length Asc was introduced, tight punctuate foci were 

formed, suggesting that Naip-Nlrc4-caspase-1 inflammasomes could utilize Asc as a platform for 

formation. Further support for this model is given through co-localization experiments performed 

by Man and colleagues (Man et al., 2014b). The authors observed multiple NLRs, such as Nlrp3 

and Nlrc4, co-localizing with Asc specks. They propose that Salmonella PAMPs activate NLRs 

which associate, thereby forming a nucleation point for the assembly of an Asc foci. This in turn 

leads to the recruitment of caspase-1, producing a functional inflammasome. 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 space (Storek and Monack, 2015). These aggregates can be 

phagocytosed by nearby cells, leading to the activation of their own inflammasomes and the 

subsequent cleavage and secretion of IL-1ɓ and IL-18. As a result, 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 Caspase-11 

Detection of cytosolic Salmonella LPS can also induce inflammasome-mediated cell death 

through the actions of caspase-11. LPS must enter the cytosol before it can activate the caspase-

11 inflammasome, in the case of Salmonella, this means the bacterium must be directly exposed 

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 

ȹfljABȹfliCȹsifA Salmonella mutant, which does not express flagellin and upon infecting a host 

cell, readily escapes the SCV. SifA is a SPI-2 translocated effector which is vital for maintaining 

the stability of the SCV (Beuzon et al., 2000, Cirillo et al., 1998). Utilizing this Salmonella 

mutant, Aachoui and colleagues demonstrated its enhanced clearance by caspase-11 driven 

pyroptosis was independent of Nlrp3, Nlrc4 and Asc (Aachoui et al., 2013).  

 

Once caspase-11 has detected LPS, this triggers its own proteolytic activation inducing 

pyroptosis and the cleavage and secretion of IL-1ɓ and IL-18. A group based out of Genentech 

reported that caspase-1 is dispensable for caspase-11 mediated pyroptosis, but caspase-11 

dependent IL-1ɓ processing requires Nlrp3, Asc and caspase-1 (Kayagaki et al., 2011, Kayagaki 

et al., 2013, Baker et al., 2015, Ruhl and Broz, 2015, Schmid-Burgk et al., 2015). The reduced 
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IL -1ɓ secretion by Casp11ī/ī cells is not due to lower expression of pro-IL -1ɓ as both wildtype 

and Casp11ī/ī deficient BMDMs expressed similar pro-IL-1ɓ levels when infected with 

Salmonella (Broz et al., 2012). Recently Casson and colleagues observed that the human 

orthologue of caspase-11, termed caspase-4, mediated IL-1Ŭ secretion and cell death in response 

to Salmonella infection of primary human macrophages (Casson et al., 2015). They also noted 

that caspase-5 was not processed during the infection and did not appear to play a role in host 

restriction of intracellular Salmonella.  

 

The interplay between canonical and non-canonical inflammasomes remains poorly understood. 

Caspase-1 and caspase-11 can interact but it is unclear whether the two caspases form a 

catalytically active heterocomplex or if proximity of the two caspases within a cell is sufficient 

for caspase-1 and -11 co-activation. Caspase-11ôs major role appears to be in the initiation of 

pyroptosis. Pyroptosis is responsible for the clearance of intracellular bacteria through the self-

directed destruction of the infected cell. This destroys the protected niche established by the 

pathogen within the host cytosol, exposing the previously intracellular Salmonella to various 

extracellular defense mechanisms, including neutrophils. Pyroptosis, rather than the release of 

IL -1ɓ and IL -18, has been proposed to be the dominant process underlying caspase-11ôs key role 

in the LPS-induced lethal sepsis model (Kayagaki et al., 2011). Mice deficient in Casp1/11ī/ī, or 

both IL-1ɓ/IL-18ī/ī were shown to rapidly succumb to high dose injections of LPS, whereas 

Casp11ī/ī mice remained resistant. However, the mechanism of pyroptosis and the cell types 

responsible for in vivo lethal sepsis are still under investigation. 
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Caspase-11 readily detects cytosolic Salmonella but it can also detect SCV-protected Salmonella 

once the vacuole is compromised (Broz et al., 2012, Rathinam et al., 2012). Meunier and 

colleagues explored the requirement for Trif-dependent production of type-I interferons and 

caspase-11 driven cell death by Gram-negative bacteria (Meunier et al., 2014). Through a 

proteomics-based expression analysis for proteins highly induced upon Salmonella infection, 

they identified the interferon-induced GTPases as the most strongly upregulated proteins. In 

particular, they observed the large 65-67 kDa guanylate-binding proteins (GBPs) as being highly 

expressed. They then moved to examine the interaction of these GBPs during a Salmonella 

infection and detected guanylate-binding protein 2 (GBP2) co-localizing with the SCV in murine 

BMDMs and its expression led to higher cytosolic populations of Salmonella (Meunier et al., 

2014). The expression of GBP2 was also linked to caspase-11 based cytotoxicity in response to 

Salmonella infection, while overall depletion of the GBPs led to a significant decrease in IL-1ɓ 

secretion. This suggests the GBPs destabilize the SCV, by an as yet unknown mechanism, 

leading to the release of Salmonella into the cytosol, exposing them for detection by both the 

canonical and non-canonical inflammasomes. The authors also observed that if cytosolic 

Salmonella were targeted by autophagy, this significantly reduced caspase-11 activation 

(Meunier et al., 2014). 

 

1.2.1.1.4 Other inflammasomes involved in Salmonella detection 

The NLRP6 and NLRP12 inflammasomes have been linked to the maintenance of intestinal 

homeostasis, primarily in the context of chemical-induced colitis (Zaki et al., 2010, Elinav et al., 

2011). Studies have observed that NLRP6 and NLRP12 suppress colon inflammation through the 

inhibition of NF-əB signaling (Zaki et al., 2011, Allen et al., 2012). In terms of Salmonella i.p. 
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infection, both Nlrp6ī/ī and Nlrp12ī/ī mice were shown to carry significant lower bacterial 

burdens in their spleens and livers (Zaki et al., 2014, Anand et al., 2012). Moreover, both 

Nlrp6ī/ī and Nlrp12ī/ī BMDMs were found to produce elevated levels of TNF-Ŭ, IL-6 and KC in 

response to bacterial infection but showed no difference when compared to wildtype cells in 

terms of IL-1ɓ and IL-18 expression. The authors also observed higher numbers of circulating 

monocytes and neutrophils in this study (Anand et al., 2012). While the ligand that the NLRP6 

and NLRP12 inflammasomes detect has not yet been identified, over-expression studies suggest 

NLRP6 association with Asc and caspase-1 results in IL-1ɓ secretion, and Salmonella LPS alone 

was able to induce NLRP12-mediated inhibition of NF-əB (Grenier et al., 2002, Zaki et al., 

2014). Therefore, the NLRP6 and NLRP12 inflammasomes may play immune dampening roles 

in response to specific stimuli, and this suppression might be exploited by Salmonella to 

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

survival within infected hosts. 

 

One of the strongest Salmonella inflammasome stimulants is the SPI-1 translocon protein SipB, 

which activates caspase-1 (Hersh et al., 1999). Deletion of sipB causes a severe deficiency in 

inflammasome activation within murine BMDMs which is independent of the number of 

intracellular bacteria with these cells (Storek and Monack, 2015, Wynosky-Dolfi  et al., 2014). 

The initial characterization of SipB via affinity purification uncovered its interaction with 

caspase-1, but it is unclear if this occurs through direct binding, or alternatively, via an 

interaction with a PAMP or DAMP sensor. During the initial stages of Salmonella invasion, 

SipB associates with the Salmonella proteins 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 effectors (Galan, 1998). It is also possible that SipB signals through the Nlrp3 

inflammasome through cellular stress molecules induced upon host membrane damage. 

However, this does not explain the direct binding of SipB to caspase-1 and indicates further 

study is required 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 to Salmonella inflammasome activation (Figure 2).  

 

 
 

Figure 1.2 Differences in inflammasome-mediated control of Salmonella in dendritic cells (DCs), 

neutrophils, and intestinal epithelial cells (IECs).  

DCs have increased Naip1 transcript levels and their activation prompts the secretion of IL-18, which directly 

signals memory CD8+ T cells to secrete IFN-ɔ. Salmonella triggers both Naip and Nlrp3 inflammasome 

activation in neutrophils resulting in IL-1ɓ and IL-18 secretion. However, neutrophil inflammasome activation 

does not elicit pyroptosis producing a cellular source of sustained IL-1ɓ. Salmonella also activates an epithelial 

cell-intrinsic inflammasome through the Naip-Nlrc4 axis as well as the non-canonical inflammasome, caspase-11. 

Activation produces IL-18 secretion and IEC extrusion from the epithelium, however no IL -1ɓ is produced by 

IECs. Abbreviations: Naip neuronal apoptosis inhibitor protein; Nlrc4 NOD-like receptor family, caspase-

activating and recruitment domain containing protein 4; Nlrp3 NOD-like receptor family, pyrin domain 

containing 3; Asc apoptosis-associated speck-like protein; IL-1ɓ interleukin 1 beta; IL-18 interleukin 18; IFN-

ɔ interferon-gamma; IEC intestinal epithelial cell. 
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Both macrophages and dendritic cells are phagocytic cells critical in the immune response to 

Salmonella infection. The primary function of DCs is to process antigens and present them to 

naïve T-lymphocytes. Early work by Fink and colleagues established that Salmonella infection 

of murine BMDCs triggers a caspase-1 dependent cell death (Fink et al., 2008). In an 

intravenous mouse model of Salmonella infection, the authors observed activation of the Naip-

Nlrc4-caspase-1 inflammasome (Kupz et al., 2012). Activation prompted the secretion of IL-18, 

which directly signaled memory CD8+ T cells to secrete IFN-ɔ. This interaction is important in 

highlighting that DC-T cell interactions are not limited to simple antigen-specific responses. DCs 

can also orchestrate innate immune responses through inflammasome-directed cytokine 

secretion. Interestingly, the majority of murine DC inflammasome signaling appears to utilize 

Naip5 and Naip1. DC based Naip2 sensing of PrgJ was not required for the early regulation of 

innate IFN-ɔ secretion by memory CD8+ T cells. Yang and colleagues observed that primary 

murine BMDCs and immortalized DC2.4 cells produce higher levels of Naip1 transcripts 

compared to BMDMs (Yang et al., 2013). When DC2.4 cells were stimulated via transfection 

with plasmids encoding T3SS needle transcripts, this triggered a more robust caspase-1 

activation than in BMDM cells and this activation was silenced following siRNA knockdown of 

Nlrc4 or Naip1. 

 

There has also been a preliminary study of Salmonella infection of human monocyte-derived 

DCs (Dreher et al., 2002). The resulting inflammatory response was dependent on SipB 

expression and resulted in caspase-1 activation and the release of IL-18. 
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1.2.1.3 Neutrophils  

Neutrophils are recruited in large numbers to the site of Salmonella infection where they play a 

key role in clearing the infection. While neutrophils are commonly viewed as cellular targets of 

IL -1ɓ, caspase-1 expression by infected hosts is associated with efficient neutrophil mediated 

clearance of Salmonella. Interestingly, recent evidence has established that neutrophils also 

express inflammasomes, and their activation plays a vital role in the restriction of Salmonella 

infection (Broz et al., 2012, Chen et al., 2014). Chen and colleagues observed that both human 

and mouse neutrophils contained transcripts for Nlrp3 and Nlrc4, and in human neutrophils, 

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

(Chen et al., 2014). When murine neutrophils and BMDMs were infected with Salmonella, both 

cell types secreted IL-1ɓ, albeit 5-fold less for neutrophils. The secretion of IL-1ɓ was lacking in 

cells purified from caspase-1/11ī/ī mice and reduced in Nlrc4ī/ī and Ascī/ī mice. Interestingly, 

neutrophils secreted negligible amounts of IL-18. The authors then moved to in vivo experiments 

where they depleted neutrophils from mice utilizing Ŭ-Ly6G antibodies, which did not alter the 

abundance of other myeloid cells. The authors then challenged isotype control (mock treated) 

and neutrophil-depleted mice with Salmonella and observed that IL-1ɓ levels remained at 

baseline levels in the neutrophil-depleted mice while control mice displayed 3-fold higher IL-1ɓ 

levels after 6 hours of infection. Neutrophil depletion did not significantly affect IL-18 levels 

even after 12 hours of Salmonella infection. Interestingly, although neutrophils display a potent 

inflammasome response, they were highly resistant to pyroptosis. When the authors quantified 

intracellular lactate dehydrogenase released into the supernatant as a measure of in vitro and ex 

vivo pyroptosis, they reported significantly decreased neutrophil cytotoxicity compared to 

BMDMs when the cells were infected by Salmonella. It appears that neutrophils express a 
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specialized inflammasome, decoupling pyroptosis from Nlrp3 and Nlrc4 signaling. The 

molecular mechanisms underlying pyroptosis remain elusive and the proteins and proteolytic 

substrates involved are still under intense investigation. Only HMGB1 and GsdmD have been 

implicated as downstream products from macrophage caspase activation (Kayagaki et al., 2015, 

Shi et al., 2015). This suggests that inflammasome driven pyroptosis and cytokine 

activation/secretion can be mechanistically separated, likely through the downregulation or 

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

suggests an innate defense mechanism for the restriction of Salmonella infection. Macrophages 

secrete IL-1ɓ to recruit neutrophils and then undergo pyroptosis as a means to limit vacuolar 

replication of Salmonella. This releases the bacteria into the extracellular environment where 

they are more effectively killed by neutrophils through ROS production (Miao et al., 2010). 

 

1.3 Inflammasome evasion by Salmonella  

Once Salmonella has breached the host cell membrane, it engages in an intracellular battle for 

survival with host cell molecular defense pathways. To evade detection by inflammasomes, 

Salmonella can modify its detectable PAMPs through downregulation of PAMP expression, 

chemical modification of PAMPs, or through the targeting of host cell types with limited 

inflammasome activity. 

 

1.3.1 PhoP-PhoQ  

FliC, PrgJ and PrgI are potent activators of the Naip-Nlrc4 inflammasome in murine 

macrophages. To evade detection, Salmonella represses expression of all three proteins during its 

intracellular lifecycle through its PhoP-PhoQ regulatory system (Miao et al., 2006). The PhoP-
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PhoQ system is expressed when Salmonella is intracellular and has proven paramount for the 

survival of Salmonella within macrophages (Valdivia and Falkow, 1997, Miller et al., 1989, 

Heithoff et al., 1999, Mouslim and Groisman, 2003). It is also involved in the regulation of SPI-

2 expression, alongside other regulatory sensors (Groisman, 2001, Lee et al., 2000, Bijlsma and 

Groisman, 2005). PhoP-PhoQ strongly represses fliC and SPI-1 expression, decreasing the 

presence of these inflammasome formation-inducing PAMPs (Miao et al., 2006). When 

Salmonella is engineered to constitutively express flagellin through a plasmid-based expression 

system where fliC expression is driven by sseJ promoter (encoded in SPI-2), this significantly 

increased IL-1ɓ secretion and caspase-1 cleavage in BMDMs compared to wildtype Salmonella 

(Miao et al., 2010). Constitutive FliC expression also led to the attenuation of systemic 

Salmonella infection in mice. Following challenge with wildtype Salmonella, mice succumbed to 

infection within 6-8 days whereas the PSPI2-fliC SPI-2 expressing strain was unable to kill 

C57BL/6 mice. The hyper-activation of the Naip5/6-Nlrc4 inflammasome is likely responsible 

for this decrease in pathogenesis and demonstrates that the ability of Salmonella to actively 

regulate PAMP expression plays a key role in its ability to survive in the host intracellular 

environment. 

 

1.3.2 LPS 

Another target of the Salmonella-induced inflammasome is LPS. Intracellular LPS stimulates 

non-canonical inflammasome activity via caspase-11. Recent evidence has suggested the lipid A 

of LPS binds caspase-11 via its CARD (Shi et al., 2015). LPS binding was shown to induce 

caspase-11 oligomerization, activation and subsequent pyroptosis by the host cell (Kayagaki et 

al., 2013). Interestingly, caspase-11 demonstrates decreased activity in response to tetra-acylated 
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lipid IVa and penta-acylated LPS (Shi et al., 2015, Hagar et al., 2013, Kayagaki et al., 2013). 

This is independent of the capacity of caspase-11 to bind to these moieties and instead was 

linked to an inability of caspase-11 to undergo oligomerization once bound to these forms of 

LPS (Shi et al., 2015). Salmonella can chemically modify its LPS through the PhoP-PhoQ and 

PmrA-PmrB regulatory systems (Ernst et al., 2001). Interestingly, LPS from Salmonella phoP 

mutants induces higher TNF-Ŭ expression from BMDMs compared to wildtype LPS (Guo et al., 

1997). Potential modifications of LPS include reduction in O-antigen 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 A (Ernst et al., 2001, Raetz et al., 

2007). The lipid A from intracellular wildtype Salmonella growing inside the murine 

macrophage cell line RAW264.7 cells has been shown to be hexa-acylated, and heavily modified 

with 4-amino-4-deoxy-l-arabinose, phosphoethanolamine, 2-hydroxymyristate, and palmitate 

(Gibbons et al., 2005). Manipulation of the LPS modification protein machinery alters the 

immunogenicity of Salmonella LPS. When Salmonellaôs lipid A is changed into a penta-acylated 

form through mutation to both msbB and pagP, this significantly reduced its ability to stimulate 

the human monocyte cell line MM-6 to secrete IL-1ɓ and TNF-Ŭ compared to both wildtype LPS 

and single msbB mutants, which expressed a mix of both penta- and hexa-acylated LPS forms 

(Kong et al., 2011). During an oral Salmonella infection of BALB/c mice, pooled serum IL-1Ŭ 

levels were also decreased in response to infection by the double msbB and pagP mutants as 

compared to wildtype Salmonella, whereas IFN-ɔ levels were significantly increased (Kong et 

al., 2011). This suggests that Salmonella can dampen the host inflammatory response by 

modifying its LPS, which may impact its ability to associate with, and be recognized by caspase-

11. The non-canonical inflammasome field is still in its infancy and the ability of caspase-11 to 



27 

 

bind to different modified forms of Salmonella LPS has not been explored. The binding 

experiments reported by Shi and colleagues were conducted with Salmonella lysates produced 

from boiled overnight cultures, and the structure of the Salmonella LPS that activated caspase-11 

was not determined (Shi et al., 2015). It is likely that different chemical modifications to 

Salmonellaôs LPS directly impacts the ability of caspase-11 to undergo oligomerization and 

represents another strategy by which Salmonella modifies its inflammasome-inducing PAMPs as 

a means to promote its intracellular survival. 

 

1.3.3 Targeted infectivity 

In addition to the intrinsic modifications Salmonella utilizes to evade the inflammasome, 

Salmonella can also target cellular niches that exhibit reduced inflammasome activity. Recently, 

Salmonella was discovered to preferentially survive in macrophages that display an M2 

phenotype (Eisele et al., 2013, McCoy et al., 2012). This was tied to differences in the cellular 

metabolic pathways expressed between M1 and M2 macrophages. In particular, the upregulation 

of the eukaryotic transcription factor PPARŭ in M2 cells, which is involved in sustaining fatty 

acid metabolism and was shown to directly impact glucose availability to intracellular 

Salmonella, resulting in enhanced bacterial replication (Eisele et al., 2013). However, it is also 

possible that the persistence of Salmonella in this cell type could be tied to the comparatively 

reduced expression of inflammasome components in M2 macrophages (Storek and Monack, 

2015). Jourdan and colleagues observed that obese ZDF rats display high mRNA transcripts of 

Nlrp3, Il1ɓ and Il18, high IL-1ɓ and IL-18 protein levels and robust caspase-1 activity (Jourdan 

et al., 2013). When treated with the cannabinoid inverse agonist JD5037, this induced an M1-to-

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 the number of M2 macrophages in Nlrp3ī/ī 

deficient mice (Vandanmagsar et al., 2011). These studies suggest that the inflammasomes of 

M2 macrophages are less active and this could be an additional factor that regulates what makes 

these cells attractive as a cellular niche for Salmonella replication and persistence. 

 

1.4 Salmonella and the intestinal epithelial inflammasome 

Interestingly, the specific PRR responsible for downstream caspase activation appears to depend 

on the route of Salmonella infection. In a systemic Salmonella infection model, where 

Salmonella primarily encounters myeloid cells, Nlrc4 and Nlrp3 play redundant roles in 

stimulating caspase-1 activation. Only mice deficient in both Nlrc4 and Nlrp3 demonstrate 

increased susceptibility to Salmonella infection (Broz et al., 2010). However, in a streptomycin 

(Strep)-pretreatment orogastric mouse model for Salmonella gastroenteritis, where Salmonella 

must first breach the intestinal epithelium, this redundancy is not apparent in a susceptible 

infection model wherein Balb/c mice deficient in only Nlrc4 were found to be more vulnerable to 

Salmonella infection (Franchi et al., 2012). The authors also observed that functional IL-1 

signaling increased mouse survival in a Balb/c Salmonella oral infection but was superfluous in 

an i.p. infection (Franchi et al., 2012). Infection of Nlrp3, Nlrc4 or Il1r deficient mice derived 

onto a C57BL/6 background showed no difference from wildtype in terms of mouse survival 

regardless of infection route (Franchi et al., 2012). In contrast, Wynosky-Dolfi and colleagues 

observed route dependent differences in inflammasome signaling in C57BL/6 background mice 

(Wynosky-Dolfi  et al., 2014). Here, a Salmonella triple mutant (acnBfliCfljB  which activates 

Nlrp3 by increasing bacterial-induced mitochondrial ROS production) was significantly 

attenuated compared to its fliCfljB parental strain in wildtype spleen and liver murine 
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colonization after oral infection. However, similar levels were observed in caspase-1/11 deficient 

mice, while no significant difference between strains was observed after i.p. injection into either 

wildtype or caspase deficient mice (Wynosky-Dolfi  et al., 2014). These results suggest that 

Salmonella encounters 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 structures that protrude into the lumen, called villi, thereby increasing 

the mucosal surface area and subsequent nutrient absorption. Villi are absent from the colon, 

resulting in a relatively flat mucosal surface that limits potential damage inflicted by semi-solid 

stool transiting through the large bowel. The epithelium itself is not a straight layer of cells, but 

instead consists of invaginations termed ócrypts of Lieberk¿hnô (Spence et al., 2011). Intestinal 

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, with the mature IEC 

eventually shedding into the lumen at the apex of crypts (or villi in the small intestine) (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 types are 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 bowel (Figure 1.3). These cell types include: enterocytes, the most 



30 

 

prominent cell type of the intestinal epithelium that is responsible 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 antimicrobial factors to protect nearby stem 

cells at the base of small intestinal crypts (Crosnier et al., 2006, Gribble and Reimann, 2016, 

Rodriguez-Colman et al., 2017, Johansson and Hansson, 2016). Finally, there are the 

chemosensory tuft 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 Moltke et al., 2016, Gerbe et al., 2016, Howitt et al., 2016). In general, the 

majority of cell types located in the colon are also found in the small intestine, these include the 

enterocytes (also referred to as colonocytes in the colon), 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, which are located overlying Peyerôs Patches appear unique to the small bowel. 

However, recent reports have observed colonic óM cell-likeô lymph nodes and óPaneth-likeô 

cells. Interestingly, these óPaneth-likeô cells express Paneth cell markers and their prevalence 

was found to increase at localized sites of inflammation (Rothenberg et al., 2012, Perminow et 

al., 2010, Sasaki et al., 2016, Parikh et al., 2019). 
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Figure 1.3 Anatomy of the intestinal mucosa.  

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

axis and are capable of secreting antimicrobial peptides (RegIIIɔ, ɓ-defensins, cathelicidin). Paneth cells located at 

the base of the crypt produce specific antimicrobial peptides (lysozyme, Ŭ-defensins, sPLA2). M cells are localized 

to the follicle-associated epithelium (FAE) overlying Peyerôs patches and directly participate in antigen uptake and 

passage to underlying immune cells. Goblet cells also facilitate luminal antigen transfer to dendritic cells via goblet 

cell-associated antigen passages (GAPs). B. Representative colonic epithelium. Colonocytes and goblet cells are the 

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

layer through secretion of Muc2 mucin as well as other proteins (Agr2, ZG16, CCLA1, RELMɓ) that are associated 

with this protective barrier. Printed with permission from Trends in Immunology (2018) Sep;39(9):677-696. 
































































































































































































































































