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ABSTRACT 

Salmonella enterica serovar Typhimurium (ST) is an intracellular 

bacterium that resides within the phagosome of infected cells. ST is the 

causative agent of gastroenteritis in humans and typhoid like disease in mice. ST 

infects epithelial cells and phagocytic cells such as dendritic cells (DCs), which 

are immune sentinels that have been regarded as the most critical antigen-

presenting cell (APC). I evaluated the role of CD8α DCs, a subset of DCs 

capable of antigen presentation of phagosomal pathogens to activate CD8+ T 

cells. Furthermore, I assessed the role of key cytokines such as the group of 

classical anti-viral cytokines known as Interferon-I (IFN-I), on licensing CD8+ T 

cells. Interestingly, IFN-I signalling was necessary for production of inflammatory 

cytokines and induction of cell death, which activated CD8+ T cells and clearance 

of ST. Lastly, I examined the role of key cell death pathways in innate immune 

protection against ST. In particular, I addressed how signalling pathways in 

necroptosis and pyroptosis are critical for the production of IL-1 and IL-18 which 

mediate immune protection against ST. Determining the mechanisms of which 

DCs engage innate and adaptive immune responses against phagosomal 

bacteria is the central question of my study and is addressed by examining 

critical roles of DC function, inflammation and cell death. 
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1: INTRODUCTION 

 

 

1.1 Immune Response 

The immune system has evolved to include a hierarchy of white blood 

cells to provide protection against foreign substances within a given host. An 

intricate network of immune sentinel cells orchestrates comprehensive control of 

foreign invaders by mediating effector functions for pathogen destruction and 

secretion of soluble factors to recruit or activate additional immune cells. The 

primary barrier to infection commences with mechanical (movement of mucus), 

chemical (antibacterial peptides) and microbiological (microbiome) defences 

present in a given host (1). Following the breach of these barriers, sentinel 

immune cells are recruited to the site of infection to capture and destroy any 

invading pathogen, leading to the activation of the innate and adaptive immune 

responses for comprehensive pathogen control. 

The innate immune system provides rapid defence against foreign 

invaders. Innate immune cells express germ-line encoded receptors that respond 

promptly to a broad range of pathogens by mediating anti-microbial effector 

functions and promoting an influx of additional immune cells to the site of 

infection. This is in contrast to the adaptive immune system that fine-tunes an 
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immune response against a particular antigen (or more precisely specific part of 

an immunogenic protein known as the epitope) through clonal selection and gene 

rearrangement (2, 3). Consequently, the adaptive immune response is more 

robust and highly specific towards an invading pathogen. Furthermore, innate 

immune sentinels, such as dendritic cells (DCs) have been identified as a link 

between the innate and adaptive immune responses. DCs have the capacity to 

capture antigen through phagocytosis (engulfment), process the antigen in the 

phagosome (a vesicle which contains engulfed pathogens from the environment) 

and prime the adaptive immune response (4). The interaction between the innate 

and adaptive immune system can be manipulated by pathogens to dampen the 

immune response allowing the pathogen to persist within the host. 

1.2 Innate Immunity  

The innate immune response is the first line of defence against foreign 

invaders. Innate immune cells recognize invading pathogens by engagement of 

pathogen recognition receptors (PRRs) that recognize a broad range of pathogen 

associated molecular patterns (PAMPs) (5, 6). These receptors are expressed in 

various compartments of the cell where pathogens can be detected, such as the 

plasma membrane, endosome or cytosol (7). PAMPs such as bacterial 

lipopolysaccharide (LPS) or viral double stranded ribonucleic acid (dsRNA) are 

uniquely expressed by pathogens and are not associated with the host, making 

them ideal targets for immune activation (5). PRRs such as Toll-like receptors 

(TLRs) are expressed on the plasma membrane (or endosomes), which allow 

them to detect extracellular pathogens (8). In contrast, PRRs expressed in the 
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cytosol, such as NOD (nucleotide-binding oligomerization domain receptors)-like 

receptors (NLRs) recognize intracellular pathogens (8). Engagement of PRRs 

leads to multiple signalling cascades, resulting in the expression of soluble 

proteins such as cytokines and chemokines to direct immune function and 

recruitment of immune cells to the site of infection respectively (8). Specialized 

sentinel cells such as macrophages have an enhanced capacity for proteolysis 

following recognition by TLRs and NLRs, and thus represent a critical population 

for early innate immune control of pathogenic burden. Furthermore, immune 

activation through PRR stimulation leads to critical antimicrobial functions such 

as expression of reactive oxygen species (ROS), acidification of the phagosome 

or secretion of antimicrobial peptides to eliminate invading pathogens (9). 

Pathogens that reside in the cytoplasm of infected cells can be detected by 

NLRs, which subsequently forms a multi-protein complex known as the 

inflammasome (10). Activation of the inflammasome results in the processing of 

pro-inflammatory cytokines and induction of inflammatory cell death (10). 

Innate immune control of invading pathogens can be dictated by PRRs 

expressed on the plasma membrane or in the cytosol of immune sentinel cells. 

TLRs are PRRs that survey the extracellular environment for pathogenic motifs. 

TLR-1/2, -4, -5 and -6 are expressed on the surface of the cell and recognize 

lipoproteins, LPS, flagellin and zymosan, respectively (8). In contrast, TLR-3, -

7/8, and -9 are expressed within the endosome or phaogosome, an environment 

where extracellular pathogens are captured and degraded, thus allowing for 

detection of dsRNA, viral single stranded ribonucleic acid (ssRNA) and bacterial 
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CpG ODN (CpG oligodeoxynucleotides) respectively (8). TLRs generally utilize 

two main signalling pathways: (i) TIR (Toll/IL-1R homologous region)-domain-

containing adapter inducing interferon-β (TRIF) dependent signalling pathway 

that leads to immune cell activation and (ii) myeloid differentiation primary 

response gene 88 (MyD88) dependent signalling resulting in inflammatory 

cytokines (11). Both signalling pathways in concert provide comprehensive 

inflammatory responses against pathogens. Inflammatory cytokines promote 

inflammation, which allows immune cells to activate effector functions and 

promote recruitment of immune cells to the site of infection (through chemotaxis 

and blood vessel dilation). TLR3 operates exclusively through the TRIF pathway, 

while all other TLRs can engage the MyD88 pathway (11). Interestingly, only 

TLR4 is capable of operating through both MyD88 and TRIF signalling pathways 

(11). Detection of pathogens through engagement of PRRs is a major 

mechanism of immune surveillance. 

Many intracellular pathogens reside and proliferate within the cytoplasm of 

infected cells, evading detection through TLR activation. In this case, PRRs such 

as NLRs are engaged to detect cellular stress or perturbations that originate from 

the cytoplasmic compartment of the cell (10). While TLRs detect mostly PAMPs, 

NLRs are capable of detecting ligands of both pathogenic and host origin, 

indicating their importance in detecting general stress within the cell. For 

instance, NLR family caspase activation and recruitment domain (CARD) 

containing 4 (NLRC4) receptor recognizes bacterial products such as flagellin 

(12) or rod proteins present in the cytoplasm (13). In comparison, NLR family 
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pyrin domain containing 3 (NLRP3) receptor can detect intracellular contents of 

either pathogen (bacterial, fungal, viral) or host origin (external adenosine 

triphosphate (ATP), uric acid, crystals) (10). Both NLRs lead to activation of a 

multimeric complex called the inflammasome leading to production of pro-

inflammatory cytokines such as Interleukin (IL)-1α, IL-1β and IL-18 and induction 

of inflammatory cell death through pyroptosis (10). 

Cellular stress induced by pathogens or injury can lead to cell necrosis, 

which results in the release of danger associated molecular patterns (DAMPs) 

normally sequestered within healthy cells (14). Indeed, detection of DAMPs 

released by infected cells has been proposed to be an important mechanism of 

immune surveillance (14). Common DAMPs released by damaged and infected 

cells include extracellular adenosine tri-phosphate (ATP), high-mobility group box 

1 (HMGB1), IL-1α, IL-1β and IL-18. Comprehensive detection of both PAMPs 

and DAMPs of various origins allows the innate immune system to respond to 

invading microbes. 

1.3 Antigen Processing Pathways 

Innate immune cells provide a rapid but broad defence against invading 

pathogens. Furthermore, specialized innate immune cells known as antigen-

presenting cells (APCs) process and present pathogen-derived antigen during 

the early stages of infection to shape a specific adaptive immune response to 

promote pathogen control. The process of acquiring pathogenic antigen through 

phagocytosis, proteolytic degradation of the acquired antigenic and loading the 
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generated peptides onto major histocompatibility complex (MHC) molecules on 

the surface of the cell leads to antigen presentation (15). Interestingly, DCs have 

been shown to be the most critical population of APCs that have the capacity to 

activate T cells in-vivo (16-18). 

A critical component to antigen presentation is the loading of peptides 

generated from pathogens onto MHC molecules. T cell receptors (TCRs) 

expressed on cluster of differentiation (CD)8+ and CD4+ T cell populations bind to 

peptides processed and presented onto MHC class-I and MHC class-II molecules 

respectively (19). CD8+ T cells are primed by peptides presented on MHC class-I 

molecules, which consists of three domains (α1α2α3) in complex with a β2-

microglobulin (β2m) molecule. MHC class-I molecules are expressed on all 

nucleated cells and allow recognition of the intracellular compartment (19). In 

contrast, antigens acquired from the extracellular environment are captured into 

vesicles (phagosomes) and loaded onto MHC class-II, which consists of two 

trans-membrane glycoproteins (α1α2 and β1β2), and are recognized by CD4+ T 

cells (19). MHC class-II expression is exclusive to APCs such as DCs and 

activated macrophages. Antigens from extracellular pathogens are acquired 

through phagocytosis, a function that is generally restricted to APCs, and the 

peptides generated by proteases at low pH in the phagosome are presented onto 

MHC class-II molecules to prime CD4+ T cells (Fig. 1) (19). In contrast, antigens 

that originate from intracellular pathogens that are localized in the cytosol of 

infected cells are readily degraded by proteasomes, which is common to all cell  
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Figure 1: Antigen presentation 

All nucleated cells are capable of presenting endogenous antigen onto MHC-I 

molecules while only APCs have the capacity to promote MHC class-II 

presentation of exogenous antigens. Antigen located in the cytoplasm can be 

processed by the proteasome and loaded onto MHC class-I molecules to activate 

CD8+ T cells. In contrast, antigen can also be captured from the extracellular 

environment through a process called phagocytosis and loaded onto MHC class-

II molecules. In certain cases, a CD8+ T cell response is required for immune 

protection against phagosomal antigen. In such cases, specialized CD8α DCs 

are capable of presenting phagosomal antigen onto MHC class-I molecules 

through a process called cross-presentation. 

Figure as originally published in Villadangos JA et al. (2007) Intrinsic and 

cooperative antigen-presenting functions of dendritic-cell subsets in vivo. Nat Rev 

Immunol 7:7.  
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types as all nucleated cells constantly present self and non-self antigens (Fig. 1) 

(19).  

While MHC class-I and –II molecules are specific for CD8+ and CD4+ T 

cell recognition respectively, CD8+ T cells can also be activated, in some 

instances, by an alternate pathway, referred to as cross-presentation, wherein 

phagosomal antigens are presented to CD8+ T cells in the context of MHC class-I 

molecules (Fig. 1) (20-22). This can be critical in cases where pathogens that do 

not infect APCs require a CD8+ T cell response (23). Phagosomal antigen has 

been described to be processed for cross-presentation through two distinct 

pathways: the cytosolic (proteasome dependent) and the vacuolar (endosomal 

protease dependent) cross-presentation pathways (22). 

Cross-presentation is a mechanism of presenting exogenous antigens on 

MHC class-I molecules to allow for priming of CD8+ T cells, which is often an 

essential component for comprehensive control of an invading pathogen (23). 

Following internalization of exogenous antigen in the phagosome, two main 

pathways have been described for cross-presentation: the cytosolic pathway and 

the vacuolar pathway (24). The dominant pathway utilized by cross-presenting 

APCs may depend on numerous factors, such as the cell type acquiring the 

antigen, the nature of the antigen (cellular debris or soluble protein) and the 

inflammatory conditions which the APCs were exposed to when acquiring the 

antigen (LPS, cytokines) (24). 

The cytosolic pathway requires transfer of antigen from the lumen of the 

phagosome to the proteasome for degradation and processing (25). Following 
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antigen processing by the proteasome, the peptides generated are either 

transferred to the endoplasmic reticulum (ER) by a mechanism dependent on 

transporter associated with antigen processing (TAP) proteins to shuttle peptides 

from the cytosol to the ER for MHC class-I loading or may also enter the 

endocytic compartment to be loaded onto an MHC class-I molecule (21, 24). In 

contrast, the vacuolar pathway is resistant to proteosomal inhibitors as it depends 

on lysosomal proteolysis of antigen captured in the phagosome, by proteases 

such as cathepsins (26). A study of particular interest administered exogenous 

cytochrome c into mice, which resulted in cell death of various DC populations 

(27). Cytochrome c is a protein generally sequestered in the mitochondria, which 

is released following pro-apoptotic signals and induces caspase mediated cell 

death. DCs are able to acquire cytochrome c through phagocytosis and allow 

access of cytochrome c to the cytoplasm as these DCs are engaging the 

cytosolic cross-presentation pathway resulting in cell death (27). Thus, evidence 

shows that the cytosolic pathway appears to be the more relevant pathway for 

cross-presentation in-vivo (28). 

1.4 Adaptive Immune Response 

The adaptive immune response consists of both cell mediated and 

humoral immunity. Cell mediated immunity is driven by cytotoxic CD8+ T cells, 

which recognize and kill abnormal or infected cells. CD8+ T cells express perforin 

(which polymerize to form pores in the plasma membrane) and granzymes 

(which induce apoptosis) to lyse target cells (29). Humoral immunity consists of B 

cells, which secrete high affinity neutralizing antibody against extracellular 
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pathogens and toxins (29). CD4+ T cells can promote either cell mediated or 

humoral immunity depending on the characteristics of the invading pathogen 

based on stimulation by either a CD4+ helper T (TH)1 or TH2 response (29). 

Intracellular pathogens generally promote TH1 cells, which secrete interferon 

(IFN)-γ and tumor necrosis factor (TNF)-α to promote macrophage anti-microbial 

functions and pathogen control (29). In the absence of inflammation during 

infection, CD4+ TH1 help can be required to promote CD8+ T cell priming through 

cytokine production and CD40 signalling (30, 31). In contrast, CD4+ TH2 cells 

promote B cell activation by secreting B cell growth factors such as IL-4, IL-5 and 

IL-13 (29). Comprehensively, CD4+ T cells can help dictate the most suitable 

immune response depending on the type of pathogen (intracellular or 

extracellular) and the inflammatory conditions, which the pathogen induces. 

CD4+ and CD8+ T cells are characterized by their unique ability for clonal 

expansion of antigen specific T cells, which can result in a 1000-10000 fold 

increase following DC priming (29). Depending on the nature of the pathogen, 

sometimes only a CD4+ T cell response is required for eradication of the 

pathogen, and in other cases both CD4+ and CD8+ T cells are required. Following 

resolution of the pathogen, CD4+ and CD8+ T cell response undergoes rapid 

contraction, following programmed cell death to limit the number of antigen 

specific T cells present in the host (29). Following control of the pathogen, 

contraction of the response results in elimination of ~ 90% of the activated cells, 

and survival of less than 10% cells as memory T cells, which are a population of 

antigen specific T cells maintained for long periods of time and play a critical 
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protective role during re-exposure to the pathogen (29). Contraction is also a 

mechanism that helps maintain homeostasis by creating more room for new 

naïve T cells that have to respond to other infections. 

Primed CD4+ and CD8+ T cells that survive contraction persist in the host 

as effector memory cells in non-lymphoid organs and central memory cells in 

lymphoid organs (32). Effector memory T cells are capable of rapidly mediating 

effector T cell functions and are capable of migrating to inflamed tissues. In 

contrast, central memory T cells have diminished effector functions but are 

capable of proliferating and differentiating into effector cells to mediate secondary 

immune responses (32). Memory T cells sustain homeostatic cell proliferation by 

maintaining low levels of cell proliferation and cell death to retain a small 

numbers of memory T cells prior to re-exposure to a pathogen (32). Interestingly, 

memory T cells are able to provide long term protective immunity by lowering 

their threshold of activation to induce a rapid and robust response upon re-

exposure (29). Changes in gene expression and surface protein expression helps 

maintain the transition from naïve to memory T cells. For instance, memory CD4+ 

and CD8+ T cells undergo reprogramming that is mediated by changes in 

chromatin structure and transcription factor expression (33). Furthermore, 

changes in expression of cell adhesion molecules and receptors for chemotaxis 

allow functional attributes unique to memory T cells. 

APCs such as DCs can dictate the type of adaptive immune response 

elicited against a particular pathogen by regulating antigen presentation. Naïve T 

cells are able to respond to pathogens by recognizing antigens presented onto 
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APCs, which induces clonal expansion of naïve T cells that express a specific 

TCR for the MHC-peptide complex presented (19). APCs also express co-

stimulatory molecules, which encourage activation of T cells upon binding of TCR 

to the MHC-peptide complex, allowing for activation and clonal expansion of the 

T cells (34). This induces T cell differentiation that results in the development of 

effector T cells, which expand to cytotoxic CD8+ T cells (CTLs) and CD4+ T cells 

(29). 

Efficient activation and proliferation of naïve T cells by DCs requires three 

types of signals: (i) TCR binding to MHC-peptide complex along with co-

receptors CD4 or CD8, (ii) signals from co-stimulatory molecules expressed by 

DCs and T cells (i.e. CD28 and CD80) and (iii) cytokine signalling (34). Signal 1 

is critical for T cell activation, mediated by TCR recognition of the MHC-peptide 

complex. Interestingly, APC-CD4+ T cell expansion can occur as quickly as 6 

hours, in comparison APC-CD8+ T cell expansion can start in 2 hours following 

priming (35-41). Signal 2 is mediated by a array of co-stimulatory molecules such 

as CD28-CD80 and CD40-CD154, which vary in signal strength depending on 

the type of infection and the type of T cell engaged (42-44). The presence of 

more abundant antigen generally results in a stronger CD8+ T cell response (45). 

However, this does not always lead to enhanced resolution of infection, as 

infected cells are sometimes not recognized by the CD8+ T cells due to virulence 

mechanisms employed by some pathogens (46). Furthermore, prolonged antigen 

levels due to chronic infection leads to slower proliferation, loss of function 

(termed exhaustion) and deletion (47, 48), which can result following lymphocytic 
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choriomeningitis virus (LCMV) infection. Signal 3 is provided by various APCs 

such as DCs, which secrete cytokines such as IL-12 and IFN-α to promote 

proliferation and effector function of primed T cells (49). 

1.5 Antigen Presenting Cells 

Mononuclear phagocytes is a collective term for myeloid cells that includes 

monocytes, macrophages and DCs (Fig. 2). These cells share various cell 

markers that were once thought to be unique to each subset. Consequently, the 

use of ontogeny and immune function is now preferred to differentiate between 

these various cell types (50). For instance, initially it was suggested that both 

macrophages and DCs were relevant APCs capable of activating an adaptive 

immune response within a given host. However, further analysis using ontogeny 

and immune function suggested that various DC subsets are most efficient at 

priming T cells in-vivo (50-52).  

Following phagocytosis of an extracellular antigen, DCs engage limited 

antigen degradation to preserve the integrity of the peptides generated (53, 54). 

Thus DCs are capable of maintaining environments with higher pH levels in the 

phagosome to maintain antigen integrity for both MHC class-I loading leading to 

effective priming of the adaptive immune response (53, 55). In contrast, 

macrophages are inherently more proteolytic as they express more proteases 

and maintain a lower pH in the phagosome (55). Furthermore, LPS induces 

maturation of DCs that leads to enhanced nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase activity, promoting its antigen presentation 

capabilities (56). This phenotype occurs exclusively in DCs and does not occur in  
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Figure 2: Mononuclear phagocytes 

The mononuclear phagocytes consist of mainly four groups of cells, monocytes, 

macrophages, conventional DCs and pDCs. Macrophages can be derived from 

either circulating monocytes or seeded cells from embryonic origin during birth. 

Macrophage development is dependent on M-CSF (CSF1) and GM-CSF (CSF2) 

and in some cases IL-34, while DC development is dependent on FLT3L. 

Common DC progenitors (CDPs) can give rise to Batf3-dependent CD8α DCs, 

IRF4-dependent CD11b DCs and E2-2-dependent plasmacytoid DCs (pDCs). 

Figure as originally published in Guilliams M et al. (2014) Dendritic cells, 

monocytes and macrophages: a unified nomenclature based on ontogeny. Nat 

Rev Immunol 14:8 doi: 10.1038/nri3712.  
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other mononuclear phagocytes such as macrophages (55). Maintaining such a 

harsh environment in the phagosome results in pathogen destruction yielding 

peptides that are not optimal for MHC presentation (57). 

In addition to enhanced capabilities for antigen presentation, DCs have 

additional characteristics that make them superior at priming T cells (51). DCs 

have also been shown to have superior capabilities to cross-present phagosomal 

antigens to CD8+ T cells (19). Expression of various receptors such as mannose 

receptors and DNGR-1 (CLEC9A), increases their ability for cross-presentation of 

soluble proteins and necrotic cells respectively (58-60). In addition, DCs express 

high levels of co-stimulatory molecules such as CD40, CD80 and CD86 that 

provide signal 2, which is critical for priming of naïve T cells (34). Furthermore, 

DCs have the capacity to migrate to draining lymph nodes, while macrophages 

generally remain localized to the site of infection (61). Chemokine signalling and 

even physical stress can induce rapid movement of DCs, underlining the 

enhanced ability of DCs to migrate to draining lymph nodes where naïve T cells 

are located (61). Ablation in the DC population results in impairment of the 

adaptive immune response (18). Collectively, research has shown that DCs are 

the most capable APC for antigen presentation and priming of T cells in-vivo. 

1.6 Monocytes and Macrophages 

Monocytes and macrophages are critical for innate immune control of 

invading pathogens (62). For instance, monocytes are critical for maintaining 

inflammation during microbial challenge, whereas macrophages maintain tissue 

homeostasis and resolve pathogen induced inflammation (63-65). Originally, it 
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was widely accepted that monocytes were circulating precursors of 

macrophages, which differentiate to replenish macrophage populations (62). 

However, recent insights have revealed that adult tissue macrophages can be 

seeded before birth into tissues from embryonic precursors from the yolk sac and 

fetal liver (64, 66-68). Furthermore, macrophages can self renew the resident 

populations independent of monocyte precursors (67, 69). Indeed, new insights 

that challenged the central dogma of monocyte to macrophage differentiation 

have had major implications for therapeutics against various pathogens (Fig. 2) 

(64). 

Macrophages are known as vacuolar cells that excel at pathogen control 

and uptake of cellular debris from lysed cells. These cells have been associated 

with expression of the cell surface marker F4/80 (64). However, expression of 

F4/80 can be variable depending on the tissue origin (64). Macrophages can 

arise from differentiated monocytes. However, monocytes themselves can also 

mediate pathogen control within inflammatory environments. Indeed both 

monocytes and macrophages represent distinct cell types critical for immune 

protection. Monocytes can be characterized into two distinct subsets: patrolling 

monocytes (Ly6Clow CX3CR1hi CCR2low) and inflammatory monocytes (Ly6Chi 

CX3CR1low CCR2hi) (64). Interestingly, monocytes originate from the bone marrow 

and have the potential to differentiate into both macrophages or DCs (62). 

Following infection, the majority of DCs migrating to the site of infection are 

derived from monocytes called monocyte derived DCs (MoDCs), which serve as 

a critical source of “emergency DCs” which are required at the site of infection 
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following encounter with a pathogen (70). MoDCs are classically known to 

upregulate maturation associated molecules and functions upon encounter with a 

pathogen or stress signal, which allows the DCs to migrate to the draining lymph 

nodes and initiate an adaptive immune response (70). 

Tissue resident macrophages are considered to promote anti-inflammatory 

functions and homeostasis along with maintaining tissue specific functions and 

tissue repair (64, 71). Tissue resident macrophages such as liver resident Kupffer 

cells acquire specific functions to aid in the development and function of the liver. 

For instance, Kupffer cells phagocytose and break down red blood cells in the 

liver sinusoids (72). However, following inflammatory stimulation macrophages 

become critical for host defence (65). Macrophages control bacterial burden early 

on during infection (63). Upon engagement of PRRs, macrophages quickly engulf 

extracellular pathogens and utilize ROS and nitric oxide species (NOS) to 

degrade foreign invaders (63). Macrophages have high capacity for catabolic 

activity, and thus represent a critical population for innate immune control of 

pathogen burden. 

1.7 Dendritic Cells 

DCs were first described as “large stellate” cells with distinct dendrite 

extensions isolated from adherent splenocytes (16). DCs were restricted to the 

integrin marker CD11c, which was used to isolate and characterize these cells. 

However, their autonomy from the closely related macrophage was initially in 

question as both myeloid cells were shown to have similar functional 

characteristics (50). Studies revealed that DCs are a highly unique and 
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specialized subset of myeloid cells that are capable of specialized antigen 

presentation, migration, and are developed from a subset of progenitor cells, all 

of which are distinct from macrophage (51). DCs are the most critical subset of 

antigen-presenting cells capable of orchestrating an appropriate T cell response 

against a pathogen. Without the presence of a DC population, the adaptive 

immune response is severely compromised (51). 

DCs represent a heterogeneous population consisting of various resident 

and migratory cells with unique functions and ontogeny (52). DCs are generally 

classified as either conventional DCs (cDCs) or plasmacytoid DCs (pDCs) (52). 

Interestingly, pDCs have a very distinct spherical morphology; an appearance 

that closely resembles plasma B cells. pDCs are specialized DCs that respond to 

viral infection by secreting large amounts of the anti-viral cytokine known as IFN-I 

(52). Expression of pDC markers such as B220, sialic acid-binding 

immunoglobulin-like lectin (Siglec)-H and bone marrow stromal cell antigen 2 

(Bst2) are commonly used to discriminate pDCs from cDCs (73, 74). Despite 

being classified as DCs, pDCs have not been shown to be efficient at mediating 

antigen presentation, partly due to the high turnover rate of MHC on the surface 

of the cell (75). Thus, the primary characterized function of pDCs has been 

shown to be cytokine production following viral infection. 

cDCs are specialized cells with high capacity to process captured antigens 

and pathogens for presentation to T cells (52). They are relatively short-lived with 

a half-life of about 3-5 days (76). As a consequence, they are constantly 

replenished by progenitors originating in the bone marrow following stimulation 
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with the growth factor FMS-related tyrosine kinase 3 ligand (FLT3L) (Fig. 2) (77-

79). cDCs are typically classified as tissue resident or lymphoid resident DCs 

(52). Tissue resident DCs include subsets such as Langerhans cells in the 

epidermal layer of the skin and intestinal CD103+CD11b+ DCs which survey the 

gut environment (80, 81). Lymphoid resident DCs include CD8α DCs and 

CD11b+ DCs in lymphoid organs such as the spleen and draining lymph nodes 

(82, 83). These DCs are capable of acquiring antigen that is present in lymphoid 

organs and process them for antigen presentation (52). 

DCs were first characterized in the epidermal layer of the skin (51). 

Langerhans cells are a special subset of DCs, characterized by the expression of 

langerin (CD207) and Birbeck granules and reside in the epidermal layer of the 

skin (84, 85). Langerhans cells survey the environment for any invading 

pathogens. Once a pathogen has been detected in the epidermal layer, 

Langerhans cells engulf the pathogen through phagocytosis (86). The antigens 

captured in the phagosome are processed through proteolysis and presented 

onto MHC molecules for antigen presentation (51). This process also allows the 

DC to transition from an immature patrolling DC to a mature DC capable of 

priming a T cell response (51, 87). Maturation also allows expression of co-

stimulatory molecules (ie. CD40, CD80, CD86), which are critical to prime and 

activate a CD4+ and CD8+ T cell response towards the invading pathogen (51). 

Immature DCs are known to be patrolling cells. In this state, they express low 

levels of co-stimulatory molecules, MHC-II molecules and are highly phagocytic, 

and constantly sampling the environment for self and non-self antigens (51, 87). 
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Upon recognition of a pathogen (ie. TLR or NLR activation), DCs transition to a 

mature phenotype, which down-regulates phagocytic capabilities, and up-

regulates MHC class-II and co-stimulatory molecules (51, 87). Furthermore, DC 

activation allows expression of key cytokine receptors such as CCR7 to allow 

proper migration to the T cell zones of the draining lymph nodes to allow 

interactions with naïve CD4+ and CD8+ T cells (88). 

Langerhans cells have been the DC subset that has helped shape the 

paradigm for DC activation and T cell priming (89). Despite their morphological 

similarities to other DC subsets, Langerhans cells may be more accurately 

characterized as macrophages. This clarification has been based on the findings 

that macrophage colony stimulating factor (M-CSF) receptor expression is critical 

for Langerhans cell development (90). Furthermore, Langerhans cell populations 

are normal in granulocyte-macrophage colony-stimulating factor (GM-CSF) and 

FLT3L-deficient mice, the latter of which lack all DC subsets (85). Indeed, DCs 

are innate immune cells, which excel at antigen capture and pathogen control, 

which in turn leads to DC maturation, migration and antigen presentation. 

However, under inflammatory conditions, or niche tissue environments, additional 

immune populations have evolved the capacity for antigen presentation and T 

cell priming (91). 

1.8 Batf3-Dependent DCs 

Cross-presentation is an alternative pathway of antigen presentation for 

exogenous antigen onto MHC-I molecules. Only a few subsets of DCs are 

capable of engaging cross-presentation and allowing phagosomal antigens to be 
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processed onto an MHC class-I molecule to prime cytotoxic CD8+ T cells (82, 83, 

92). Cross-presentation is especially critical in cases where pathogens have 

evolved to avoid infecting DCs, as a mechanism of immune evasion (23). 

Furthermore, cross-presentation is critical in situations where antigen is available 

as cellular debris following cell death, such as with certain non-haematopoietic 

cancers (23). DCs (93-95), macrophages (96, 97), B cells (98) and neutrophils 

(99) have some capacity to present exogenous antigen to MHC class-I molecules 

in-vitro. However, DCs are the only relevant population to cross-present in-vivo 

(95). For instance, the transgenic DTR-CD11c mouse strain depletes DCs upon 

diphtheria toxin administration in drinking water, which results in abrogation of 

CD8+ T cell response to cell associated antigen (18). Furthermore, DCs have 

been shown to be up to 1000 times more capable of cross-presentation than 

macrophages (55, 100). 

 Lymphoid resident CD8α DCs and tissue resident CD103+ DCs are 

subsets that specialize in cross-presentation (Fig. 3) (82, 101, 102). CD8α DCs 

expresses specialized processing machinery capable of cross-presentation (82). 

In comparison, another subset called CD11b DCs (also referred to as CD4+ DCs) 

process and present antigen mainly through direct-presentation (52, 83, 103). At 

steady state, CD8α DCs are strategically located in the T cell zone and marginal 

zone of lymphoid organs such as the spleen, which allows them to present 

captured antigens to naïve CD4+ and CD8+ T cells (104, 105). CD103+ DCs 

exhibit similar transcriptional signatures to CD8α DCs (106). However, during 

steady state, they are located in peripheral tissues. CD103+ DCs are critical for  
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Figure 3: Transcriptional regulation of dendritic cells 

Different DC subsets can develop from common DC progenitors (CDPs) in the 

bone marrow. Batf3 is a critical transcription factor required for the development 

of CD8α DCs (and CD103+ DCs in peripheral lymphoid tissues). Importantly, 

deficiency in Batf3 does not impact other DC subsets such as pDCs and CD11b 

DCs (also known as CD4+ DCs). It is important to note that both CD8α and 

CD103+ DCs are also dependent on interferon regulatory factor IRF-8; which also 

impacts pDC development. Thus Batf3-deficient mice and not IRF-8-deficient 

mice were used as an ideal model to study the impact of CD8α DCs during 

various immune responses. 

Figure as originally published in Murphy TL et al. (2013) Specificity through 

cooperation: BATF-IRF interactions control immune-regulatory networks. Nat Rev 

Immunol 13:7 doi: 10.1038/nri3470.  
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priming CD8+ T cells either as a source of antigen (107) or for mediating cross-

presentation of phagosomal antigens following activation and migration to the 

draining lymph nodes (106). CD8α DCs and CD103+ DCs express many PRR 

such as NLRs, TLRs and produce cytokines such as IL-12 and IFNs, which in 

certain cases are critical early on during an infection (108-111). CD8α and 

CD103+ DCs also express DNGR-1 (CLEC9A) receptor, which endows these 

DCs to pick up exposed F-actin from necrotic cells for cross-presentation (59, 

112). Cells that have engaged death following stress or infection can represent a 

critical source of antigen for priming the adaptive immune response against 

pathogens or tumor cells (94, 113, 114). All DC subsets to date are capable of 

acquiring fluorescent ovalbumin (OVA) in-vivo, yet only CD8α DCs are able to 

cross-present the antigen (82). CD8α DCs are a subset that is more capable of 

cross-presenting soluble antigen (115), viral antigen (116, 117), bacterial antigen 

(92) and apoptotic debris (118). Furthermore, CD8α DCs are needed for cross-

presentation of antigens in the spleen (115, 118) and lymph nodes (119). Other 

DC subsets have been shown to induce cross-presentation under specific 

inflammatory conditions, such as MoDCs, as a possible source of emergency 

cross-presenting DCs (120, 121). Nevertheless, CD8α DCs have been shown to 

be the most critical cross-presenting APC in-vivo (Fig. 3) (101). 

Basic leucine zipper transcription factor ATF-like (Batf)-3 is an activator 

protein-1 (AP-1) transcriptional factor critical for the development of CD8α DCs 

(Fig. 3) (52, 101). Batf3-deficient mice lack the splenic CD8α DC population 

while maintaining proper development of other DC subsets (101). Batf3-deficient 
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mice have been shown to have diminished cross-presentation capabilities in-vivo 

(101). Furthermore, Batf3-dependent DCs have been shown to be critical for a 

CD8+ T cell response following implantation of solid tumor models (101) or 

pathogenic challenge (101, 109, 122). Pathogens such as Listeria 

monocytogenes (LM) require Batf3-dependent DCs to transit from the blood to 

specific areas of the spleen to induce productive infection (122). Furthermore, 

CD8α DCs are a critical early source of IL-12 following Toxoplasma gondii 

infection. Infection of Batf3-deficient mice with Toxoplasma gondii leads to early 

host fatality (109). Indeed Batf3-dependent DCs mediate innate and adaptive 

immunity against various pathogens. 

1.9 Mononuclear Phagocyte Ontogeny 

Monocytes, macrophages and DCs develop from progenitor cells in the 

bone marrow from hematopoietic stem cells (50, 123-125). However, tissue 

resident macrophages can also develop from seeded cells in tissues capable of 

self-renewal (66). Development of both macrophages and monocytes is 

dependent on receptor signalling mediated by the colony stimulating factor 1 

receptor (CSF-1R) also known as M-CSF receptor (Fig. 2) (52). Deficiency in M-

CSF receptor results in a host that is unable to develop a monocyte population 

and develops monocytopenia (126-128). These mice are unable to respond to 

two key growth factors for monocyte and macrophage development, M-CSF and 

IL-34, both of which bind to M-CSF receptor (Fig. 2) (90). In the bone marrow, 

common myeloid progenitors (CMPs) and macrophage-DC progenitors (MDPs) 

maintain their ability to differentiate into either monocytes/macrophages or DCs 
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but the latter lose their ability to differentiate into neutrophils (Fig. 4) (129, 130). 

Circulating monocytes that are derived from MDPs can differentiate into either 

MoDCs or monocyte derived macrophages, which will depend on the stimulatory 

conditions present in the peripheral tissue (i.e. inflammation) (Fig. 4) (70, 131). 

Common DC progenitors (CDPs) maintain their potential to differentiate into 

conventional DCs and pDCs while maintaining high expression of M-CSF and 

FLT3L with low stem cell factor receptor c-Kit (CD117) (Fig. 4) (132, 133). Pre-

DC progenitors differentiate from CDPs and lose their ability to differentiate into 

pDCs but maintain their ability to become conventional DCs (Fig. 4) (134, 135). 

Pre-DCs seed into lymphoid and non-lymphoid organs and differentiate into 

CD8α and CD11b DCs (Fig. 4). Indeed, with such distinct lineages that 

distinguishes monocytes and macrophages from different DC subsets, the use of 

ontogeny to classify different mononuclear phagocytes has recently been 

proposed (50). 

Tissue resident macrophages have a longer half-life (20 days) in 

comparison to monocytes or DCs (3-5 days) (76, 136). This is in accordance with 

the fact that macrophages acquire tissue resident functions (137). In contrast, 

DCs are short lived and maintain a quiescent state (137). For instance, CD8α 

DCs and CD103+ DCs represent two distinct populations of DCs that reside in 

lymphoid organs or peripheral tissues respectively (52, 101, 106, 125). Despite 

residing in distinct tissues, both populations maintain similar transcriptional 

signatures and as a consequence have similar functional properties (137, 138). 

DCs and macrophages require FLT3L and M-CSF respectively for proper 
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Figure 4: Mononuclear phagocyte development 

DCs and monocytes/macrophages can arise from macrophage-DC precursor 

(MDPs) differentiated from hematopoietic stem cells (HSCs). MDP can further 

differentiate into monocytes (that can yield macrophages and monocyte derived 

DCs under various inflammatory conditions in the peripheral tissues) and CDPs 

to generate various DC subsets. CDPs can differentiate into two distinct lineages, 

which include pDC and pre-DCs. The latter will circulate from the bone marrow to 

peripheral tissues and differentiate into CD8α and CD11b DCs.  

Figure as originally published in Poltorak MP and Schraml BU (2015) Fate 

mapping of dendritic cells. Front Immunol 6:199 doi: 10.3389/fimmu.2015.00199.  



 

 30 

  



 

 31 

development from progenitor cells (52). Development of DC subsets from bone 

marrow progenitors is highly dependent on FLT3 receptor signalling and is 

independent of M-CSF receptor signalling (78, 79, 139). Furthermore, 

administration of FLT3L dramatically increases the number of DCs in-vivo (77, 

140). Other growth factors such as GM-CSF contribute to DC development and 

acquisition of DC function (141), however, FLT3 receptor signalling is the main 

determinant for DC development (139). 

The human subset of DCs has been recently characterized and murine 

counterparts have been discovered based on immune function, shared surface 

markers and transcriptional factors critical for development (142). Unfortunately, 

human DC subsets do not share many common markers with their murine 

counterparts (142, 143). However, DC subsets sharing common functional roles 

in the innate and adaptive immune response in humans have been uncovered 

(142, 143). Human DCs isolated from the blood are generally characterized as 

BDCA1+ DCs (also express CD1c), BDCA3+ DCs (also express CD141) and 

pDCs (144-146). BDCA3+ DCs express high levels of XCR1 and CLEC9A and 

maintain the ability to cross-present exogenous antigens such as cellular debris 

from dead cells (147-149). As a result, BDCA1+ DCs are considered homologous 

to murine CD8α and CD103+ DCs (148, 150). Additionally, human BDCA1+ DCs 

closely resemble murine CD11b DCs (142). Human skin resident DCs have also 

been characterized as Langerhans cells, CD1a+ dermal DCs and CD14+ dermal 

DCs (142). In stark contrast to their murine counterparts, both human 

Langerhans cells and CD1a+ dermal DCs have the capacity for cross-
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presentation (151, 152). Deciphering the roles of human subsets can provide 

insights into novel therapeutics and vaccine strategies for highly relevant 

pathogens and cancers. 

1.10 Salmonella Pathogenesis 

Phagosomal pathogens such as Salmonella, Mycobacteria and 

Leishmania engage an array of virulence factors to evade the immune response, 

resulting in a chronic infection (153). Salmonella promotes a wide range of 

diseases from enterocolitis and typhoid to even inflammatory bowel disease and 

cancers (154). Non-typhoidal Salmonella causes self-limiting colitis in most 

individuals and a fatal disease in immunocompromised individuals, such as HIV 

patients in sub-Saharan Africa. (155). Many typhoid strains of Salmonella are 

acquiring drug resistance, and there is no effective vaccine against many 

clinically relevant tyhpoidal and non tyhpoidal Salmonella strains (155), 

emphasizing the need for novel therapeutics and better understanding of the 

pathogen. 

Infection of susceptible mouse strains with Salmonella enterica subsp. 

enterica serovar Typhimurium (ST) causes a systemic disease that closely 

resembles typhoid fever in humans (156). Early immune control of ST infection is 

mediated by the innate immune system, particularly by mononuclear phagocytes 

(155). Innate control against ST depends on the engagement of PRRs such as 

TLRs (157), in addition to an appropriate pro-inflammatory response mediated by 

IFN-γ (158) and TNF-α (159). Susceptible strains of mice, such as C57Bl/6 (B6) 
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mice, succumb to infection within seven days while mouse strains such as the 

129SvJ maintain a chronic state of infection and the pathogen is never effectively 

eliminated (160, 161). Thus, the mouse model of ST is ideal for dissecting the 

mechanisms of immune failure against phagosomal pathogens. 

Following infection through the oral route, ST can penetrate the mucosal 

barrier of the gastrointestinal tract by actively infecting Microfold cells (M cells), 

which are specialized immune cells located in the mucosa-associated lymphoid 

tissue (MALT) such as in the Peyer’s patches (Fig. 5) (154). ST thrives in 

phagocytic cells such as epithelial cells, macrophages and DCs (154, 162). 

Macrophages and DCs are critical in controlling the bacterial burden of ST during 

the early phase of infection (Fig. 5). Following infection, macrophages and DCs 

are rapidly eliminated by the bacterium to promote immune evasion and 

pathogenesis (Fig. 5) (163, 164). ST utilizes a type-three secretion system 

(T3SS) apparatus to deliver virulence factors into the cytoplasm of host cells 

(165). Virulence factors located in the Salmonella pathogenicity island (SPI)-1 

induce uptake in epithelial cells, while relying on active phagocytosis for 

internalization by macrophages and DCs (166). Other virulence factors of 

Salmonella that are located in the SPI-2, and are also delivered through the 

T3SS, promote intracellular survival by creating a hospitable niche in the 

phagosome, allowing for bacterial survival and proliferation in an environment 

usually reserved for pathogen elimination (167, 168). Experiments utilizing 

various mutants of ST have demonstrated that intracellular replication within 

infected cells is essential for its virulence (169). 
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Figure 5: Salmonella Typhimurium 

Salmonella enterica serovar Typhimurium (ST) is a facultative intracellular 

bacterium that causes gastroenteritis in humans by infection through the oral 

route in cases of ingestion of contaminated food. ST can infect Microfold cells (M 

cells), which are special cells located in the Peyer’s patches of the intestinal tract 

that facilitate transfer of luminal antigens to phagocytic immune cells through a 

process called transcytosis. Specialized immune cells such as neutrophils, 

macrophages and DCs as well as adaptive immune cells are recruited to this 

microenvironment to eliminate the invading bacterium. In certain cases, ST can 

utilize immune cells such as DCs to spread systemically to the draining 

mesenteric lymph nodes (MLNs) and peripheral tissues (such as the gall bladder, 

liver, spleen, bone marrow) in the host leading to systemic salmonellosis (such 

as tyhpoid fever). Pro-inflammatory cytokines such as IFN-γ and TNF-α are 

critical for host protection against ST.  

Figure as originally published in Monack DM et al. (2004) Persistent bacterial 

infections: the interface of the pathogen and the host immune system. Nat Rev 

Microbiol 2:9.  
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1.11 Innate Immune Response against Salmonella 

TLR recognition of ST is critical for innate immune responses against the 

bacterium. Four TLRs recognize PAMPs associated with ST: TLR2 (lipoprotein), 

TLR4 (LPS), TLR5 (flagellin) and TLR9 (CpG ODN) (155). Amongst these TLRs, 

TLR4 signalling is critical for primary ST infection (157, 170). The impact of 

TLR2, TLR5 and TLR9 signalling on promoting ST immunity is apparent only 

when TLR4 is disabled (171). ST can also utilize TLR9 signalling in the 

phagosome to enable virulence factors and induce pathogenicity (171). Disabling 

all TLR signalling pathways (while maintaining MyD88 signalling for IL-1 

receptors) leads to defective intracellular replication of ST within macrophages, 

and enhanced extracellular replication subsequent to lack of TLR mediated 

recruitment of innate immune cells (172). Thus, TLR signalling mediates immune 

protection against ST. However, certain TLR signalling pathways are utilized by 

ST to promote the induction of virulence factors and bacterial dissemination (171-

173). 

Engagement of caspase mediated inflammation is an important 

mechanism of innate immune defence against ST (174). Activation of the 

multimeric protein complex, known as the inflammasome, is critical for activation 

and release of IL-1β, IL-18 through the induction of inflammatory cell death 

known as pyroptosis (174). Indeed, mice deficient in IL-18 show slightly 

enhanced susceptibility to ST infection (175). ST is also detected by multiple NLR 

receptors by binding to common ST motifs localized in the cytosol. For instance, 

neuronal apoptosis inhibitor protein (NAIP)5 and NAIP6, in combination with 
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NLRC4, detect cytosolic flagellin and T3SS rod protein PrgJ expressed by ST 

leading to activation of the inflammasome (13, 176, 177). Although the specific 

ligand is still unclear, ST can also engage NLRP3 activation leading to 

inflammasome activation (155). Some redundancy in NLR signalling against ST 

is apparent as enhanced susceptibility is only observed in mice deficient in both 

NLRC4 and NLRP3, in comparison to a modest susceptibility in single knockout 

mice (176). Therefore, NLR activation is critical for immune protection against ST 

by mediating inflammasome activation and the release of DAMPs and processed 

inflammatory cytokines. 

Natural resistance associated macrophage protein 1 (Slc11a1) is a key 

resistance gene that induces innate immune protection against various 

intracellular bacteria that reside in the phagosome as a mechanism of immune 

evasion, such as Mycobacteria and Salmonella (155, 178). Nramp1 is a protein 

expressed in macrophages and DCs associated with removal of ions from the 

phagosome (179). The difference in pathogenesis between B6 and 129SvJ mice 

strains is considered to be attributed to a mutation in the Nramp1 allele in the B6 

strain (180). Nramp1 encodes a lysosomal transmembrane protein which 

transports divalent cations across the phagosomal membrane in macrophages 

(181). Furthermore, Nramp1 expression induces the expression of the peptide 

lipocalin-2 (LCN2), a scavenger of bacterial siderophore that limits bacterial 

proliferation within the cell (182). Susceptible B6 mice have been shown to 

express a mutation in the Nramp1 gene (Nramp169D) which results in rapid host 

fatality (178-180). In contrast, resistant strains of mice express a functional copy 



 

 38 

of Nramp1 (Nramp169G), which allows them to survive infection during the initial 

stage (179, 183). However, other genes associated with host survival in resistant 

mice have been described (184, 185). B6 mice expressing a functional Nramp1 

allele survive for a longer period of time, but still succumb to ST infection (171). 

Nramp1 polymorphisms are also associated with disease susceptibility in the 

human population (155). 

1.12 Interferons 

In 1957, Isaacs and Lindenmann used heat-killed influenza to induce 

soluble factors that were shown to inhibit infection with live influenza virus, which 

were known as Interferon (IFN) (186). Overall, there are three types of IFNs: IFN-

I, IFN-II and IFN-III that are distinct in function, receptor recognition and 

intracellular signalling. There are 13 types of IFN-I in humans and 14 in mice, 

which include one IFN-β and numerous IFNα, all of which bind with different 

affinities to the receptor IFNAR (187). IFN-I promotes cells to engage an antiviral 

state by translating proteins that promote RNA degradation and induce cellular 

apoptosis in the infected cell (188). IFN-II consists of one cytokine: IFNγ while 

IFN-III includes IFNλ1, IFNλ2 and IFNλ3. Both IFN-I and IFN-II have receptors 

expressed on a broad range of cells, while IFN-III is restricted to a few types of 

cells such as epithelial cells (189). 

IFN-I include both IFNα and IFNβ, which generally act as anti-viral factors 

(190). All virally infected cells produce IFNβ. In contrast, IFNα is produced by 

pDCs and APCs such as macrophages and DCs. pDCs make the most IFNα on 
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a per cell basis (191). However, following depletion of pDCs, there is still 

production of IFNα which indicates that other cell types are able to compensate 

(192). Both IFNα and IFNβ bind to a heterodimer receptor IFNAR, composed of 

IFNαR1 and IFNαR2 that is ubiquitously expressed on most cells (190). IFNAR 

signalling is mediated by Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2), 

which is propagated through transcription factors signal transducer and activator 

of transcription (STATs) and interferon-regulatory factor (IRF)9 following viral or 

bacterial stimulation (through TLRs and NLRs) (190). 

Apart from mediating anti-viral immunity, IFN-I can also impact APC 

development, maturation and antigen presentation (193). Measles virus and 

LCMV evade immune surveillance by inhibiting DC development through 

interference with IFN-I mediated STAT2 signalling (194). In addition, transcription 

factors IRF4 and IRF8 have been shown to be critical for CD11b and CD8α DC 

development independent of IFN-I signalling (195). Furthermore, IFN-I has been 

shown to enhance immune function by acting synergistically with growth factors 

such as GM-CSF on DC (196, 197).  

IFN-I signalling can also influence DC maturation and function and can 

have major implications on T cell responses during infections (193). IFN-I has 

been shown to up-regulate activation markers and co-stimulatory molecules such 

as MHC-II, CD40, CD80, CD86, CCR5 and CCR7 (198, 199). Furthermore, IFN-I 

can act as a key activation signal (cytokine mediated signal 3) to promote T cell 

priming (200, 201). IFN-I also induces migration of primed cells to the draining 

lymph nodes through LFA-1 (199) and chemokine production such as CXCL9 
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and CXCL10 (202). IFN-I engages various STAT signalling homodimers and 

heterodimers which can result in different outcomes (203, 204). For instance, 

STAT1 promotes pro-inflammatory, anti-proliferative and pro-apoptotic pathways 

limiting viral spread. In contrast, STAT3/4/5 heterodimers promote cell survival, 

proliferation and differentiation (205, 206). 

IFN-I has been shown to enhance antigen processing and presentation 

(111, 207, 208) and increase priming of T cells in secondary lymphoid organs 

(209). Furthermore, when chronic pathogens induce prolonged exposure to IFN-I, 

DCs can acquire immunoregulatory functions through the expression of PD-L1 

and IL-10 to mediate immune suppression (210). In certain cases, immune cells 

respond to pathogens by shutting down IFN-I signalling to promote immune 

responses. For instance, ubiquitin-specific peptidases (USP)18 metallophilic 

macrophages (MMPs) promote acquisition of pathogenic antigen by turning off 

IFN-I signalling to allow viral replication, which can be transferred to other APCs 

to promote cross-presentation and CD8+ T cell priming (211). Furthermore, IFN-I 

enhanced antigen presentation in the specialized subset of CD8α DCs, indicating 

some impact on cross-presentation (28, 212). For instance, administration of IFN-

α with OVA protein boosts cross priming of OVA specific CD8+ T cells (208, 213). 

This has been shown to be mediated through delayed acidification of 

phagosomal content and routing proteolytic contents towards MHC class-I 

loading to promote cross-presentation of antigens (111, 214, 215). 
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1.13 Programmed Cell Death 

Programmed cell death is essential for many physiological processes, such 

as development, cellular renewal, regulation of immune populations as well as an 

important response to stress, tissue damage and infection (216). Engagement of 

an appropriate cell death pathway can mediate immune protection by limiting 

pathogenic dissemination, secretion of inflammatory cytokines as well as release 

of “alarmins” to alert neighbouring cells of a pending infection (216). However, 

many pathogens have evolved strategies to manipulate various cell death 

pathways to promote pathogenicity and dampen the immune response (217).  

Cell death is classically known to follow two distinct pathways: anti-

inflammatory cell death through apoptosis and inflammatory cell death through 

necrosis (217). Programmed cell death was thought to be non-inflammatory and 

occur through the apoptosis pathway, characterized by membrane blebbing and 

fragmentation (218, 219). Apoptosis has been shown to be critical during 

development and embryogenesis. Furthermore, apoptotic blebs and cellular 

debris are rapidly cleared by macrophages through a process known as 

“efferocytosis” (94, 113, 220, 221). In addition, DCs have been shown to also 

acquire antigenic blebs from cells that have engaged apoptosis to promote 

antigen presentation and T cell priming (113). Importantly, apoptosis does not 

appear to promote inflammation as cellular contents are contained within cellular 

membranes (113). Cell death, tissue damage and inflammation are often 

pervasive during virulent infections (222). In circumstances where cell death 

occurs accidentally, such as during stress or mechanical injury, cells die through 
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necrosis (223). Engagement of necrosis results in oncosis (cell death with 

swelling) and release of cytoplasmic contents into the extracellular milieu, 

resulting in the release of cellular contents, including DAMPs such as HMGB-1, 

IL-1α and ATP which is considered to be highly inflammatory (223).  

 Recently discovered alternative forms of cell death such as necroptosis 

and pyroptosis promote inflammation by facilitating the processing of various 

inflammatory cytokines and release of numerous intracellular DAMPs (Fig. 6) 

(217, 224, 225). Necroptosis is induced by phosphorylation of the receptor 

interacting protein kinase (RipK)1 following TNF-R, Interferon alpha receptor 

(IFNAR) or IFNγR engagement (226-231). Phosphorylated RipK1 leads to an 

interaction with RipK3 and the formation of the necrosome (232), which can 

result in phosphorylation of the pore-forming mixed lineage kinase domain-like 

(MLKL) trimer (233). The MLKL trimer then translocate to the plasma member to 

facilitate membrane rupture, cell lysis and the release of intracellular DAMPs 

leading to inflammation through necroptosis (Fig. 6) (234, 235). In addition to 

mediating necrosome formation, RipK3 can also facilitate processing of 

inflammatory cytokines such as IL-1β, providing a critical link between cell death 

and the induction of inflammation (236, 237). Pyroptosis is a cell death pathway 

engaged following the assembly of the inflammasome (Fig. 6) (238). The 

inflammasome consists of an NLR sensor, an oligomerization domain and an 

effector domain, which induces recruitment, autocleavage and subsequent 

activation of Caspase-1, which in turn cleaves inflammatory IL-1 cytokines such 

as pro-IL-1β and pro-IL-18 into their active forms (239). Pyroptosis also results in  



 

 43 

Figure 6: Pathways of cell death 

Salmonella Typhimurium (ST) is a virulent intracellular pathogen that is rapidly 

engulfed by macrophages and dendritic cells upon breaching the epithelial layer 

in the gut. Cell death by infected cells is a critical mechanism of pathogen control. 

The cell death pathway engaged by infected cells is critical for proper immune 

protection. Programmed cell death can occur through apoptosis (Casp3/7 

mediated cell death), necroptosis (RipK1/RipK3 mediated programmed necrosis) 

or pyroptosis (Caspase1 mediated inflammatory cell death) mediated by NOD-

like receptors such as NLRC4.  
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host cell lysis, facilitating the release of IL-1α and processed IL-1β and IL-18 

(238). Unlike most conventional cytokines and chemokines, IL-1 cytokines lack a 

signalling sequence and thus rely on cell death pathways such as pyroptosis that 

releases cytoplasmic content for secretion (240). However, other mechanisms of 

IL-1β secretion have been discovered but play a minor role in comparison to 

release following pyroptosis (241). 

1.14 Apoptosis 

The term Apoptosis was first coined by John Kerr in 1972 as a 

“mechanism of controlled cell deletion” (218). Apoptosis comes from the Greek 

word meaning “falling off”, pertaining to the bleb formation following engagement 

of apoptotic cell death. Apoptosis is a regulated form of cell death that is critical 

for proper development, homeostasis and immune regulation. By maintaining 

intracellular content within membrane blebs, apoptosis is considered to be non-

inflammatory (113). In fact, these apoptotic blebs have been shown to provide 

antigen to DCs to initiate an immune response (113). 

The molecular and genetic mechanism of apoptosis was first deciphered 

using the hermaphrodite worm model Caenorhabditis elegans. During the 

developmental stages leading to an adult worm, cellular divisions should yield a 

total of 1,090 somatic cells (242). However, the adult worm consists of 959 cells, 

indicating that 131 cells are deleted through programmed cell death (242). 

Genetic screens uncovered four proteins that are critical for programmed cell 

death, and proper development of the worm: Egl-1, Ced-4 and Ced-3 (243). The 
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mammalian homologues of these proteins are the pro-apoptotic BH3, the adapter 

apoptotic protease activating factor-1 (APAF)-1 and cysteine proteases known in 

other species as caspases, which are critical components to promote apoptosis 

in mammalian cells (243). 

Apoptosis is mediated by caspases, which exist as single chain inactive 

zymogens that are processed either through proximal activation or cleavage into 

their active forms (219, 244). Apoptotic caspases can be characterized into two 

groups: initiator caspases (Caspase-8, -9) that propagate intrinsic and extrinsic 

cell death signals and executioner caspases (Caspase-3, -6, -7) that mediate 

terminal processes of cell death (219, 245). Additionally, inflammatory caspases 

such as Caspase-1, -4, -5 and -11 are critical for inflammasome activation but do 

not play any characterized role in cell death through apoptotic mechanism (246, 

247). 

Apoptosis can be initiated through the intrinsic and extrinsic apoptotic 

pathways (219). The extrinsic pathway can be triggered by transmembrane death 

receptors such as FAS (CD95), TNFR1 and TNF-related apoptosis inducing 

ligand (TRAIL), which results in the activation of the initiator Caspase-8 in a 

complex known as the death-inducing singling complex (DISC) (216, 248). 

Caspase-8 then in turn cleaves the executioner Caspase-3, which results in 

apoptotic cell death (219, 249). Alternatively, apoptosis can be initiated by an 

intrinsic mechanism in which case DNA damage, infection or developmental 

signals results in the permeabilization of the mitochondrial membrane that results 

in the release of cytochrome c (250-252). This results in the formation of the 
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muliprotein complex known as the apoptosome, consisting of cytochrome c, 

APAF-1 and pro-Caspase-9 (253). Both Caspase-8 (extrinsic pathway) and 

Caspase-9 (intrinsic pathway) leads to cleavage and activation of Caspase-3, -6 

and -7 leading to apoptotic cell death (219, 245). 

1.15 Necroptosis 

Necroptosis, or programmed necrosis, was first described as a cellular 

response to TNF signalling (217, 254). Commonly, TNF signalling leads to 

nuclear factor-κB (NF-κB) activation and production of pro-inflammatory 

cytokines (230). However, in cases where cellular inhibitors of apoptosis proteins 

(cIAPs)-1/2 or Caspase-8 protein levels are limiting or their function is inhibited, 

the necroptosis death pathway is engaged (229, 254-258). Viral inhibitors of 

Caspase-8 such as cytokine response modifier A (CrmA) and baculovirus p35 

can limit induction of apoptosis but as a consequence induces necroptosis to 

mediate an alternative mechanism of pathogen control (259). Necroptosis can be 

induced by a variety of stimuli, such as cellular stress or infection (229, 230). 

Necroptosis has been shown to be critical in mediating immune protection 

against various pathogens. For instance, Mouse Cytomegalovirus (MCMV) 

encodes a viral protein M45 that has a receptor-interacting protein homotypic 

interaction motif (RHIM) domain that binds to RipK1 and RipK3, essentially 

inhibiting necroptosis and mediating immune evasion (260-262). Furthermore, 

Human Cytomegalovirus infection is shown to inhibit necroptosis through an 

unknown pathway by reducing RipK3 and MLKL activation (263). 
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Activation of TNFR1 leads to recruitment of a multi-protein survival 

complex known as complex-I, which includes TNF receptor associated factor 

(TRAF)-2 and TRAF-5, cIAP1/2 and RIPK (264). This complex is regulated by the 

ubiquitination of RipK1, TRAF-2 and TRAF-5 by cIAP1/2, leading to activation of 

NF-κB signalling and subsequent pro-survival state (264). Alternatively, 

deubiquitination of RipK1 by A20 or cylindromatosis (CYLD) can lead to complex 

II formation, which consist of TNF receptor type 1 associated death domain 

(TRADD), Fas-associated protein with death domain (FADD), RipK1 and RipK3 

and capsase-8 (264). This complex leads to Caspase-8 activation and cleavage 

of RipK1 and RipK3 resulting in the induction of apoptosis (264, 265). The 

presence of cellular FADD-like IL-1β-converting enzyme (cFLIP) in this complex 

leads to inhibition of Caspase-8 processing, cleavage of RipK1 and RipK3 and 

promotion of NF-κB and survival (266, 267). In the absence of Caspase-8 or 

cIAP1/2, both RipK1 and RipK3 are phosphorylated leading to the formation of 

the necrosome complex that leads to the induction of necroptotic cell death (268). 

Necroptosis is described as a pathway that is engaged following the 

formation of the necrosome, which consist of a dimerization complex between 

RipK1 and RipK3 (229). Under steady state conditions, Caspase-8 normally 

cleaves RipK1 and RipK3 to limit necroptosis (269). In conditions where 

Caspase-8 is limiting or inhibited, RipK1 can be auto-phosphorylated on the 

serine 161 residue, leading to phosphorylation of RipK3 and the formation of the 

necrosome (269, 270). Following RipK1-RipK3 dimerization, RipK3 can induce 

auto-phosphorylation and the formation of an amyloid structure (232). However, 
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the exact mechanism of necrosome formation and subsequent signalling that 

leads to necroptotic cell death is still under investigation (271). Necroptosis can 

be blocked by the RipK1 kinase inhibitor Necrostatin-1 (Nec-1), underlining the 

importance of RipK1 in initiating the necrosome complex (272). However, 

necroptosis has been shown to occur through RipK1 dependent and independent 

pathways (271, 273). Necrosome formation leads to the phosphorylation of the 

pseudokinase MLKL, leading to a conformational change that exposes the four 

helical bundle domains and subsequent cell lysis (274, 275). This can occur 

either through MLKL acting as a platform for recruiting ion channels inducing an 

influx of ions (233) or through MLKL directing pore complexes in the plasma 

membrane (276, 277), leading to the release of DAMPs and pro-inflammatory 

cytokines (IL-1α, IL-1β, IL-18 or HMGB1) (274, 278). 

1.16 Regulation of Apoptosis and Necroptosis 

Caspse-8 is an initiator caspase that, along with FADD and cFLIP 

participates in forming the multi-protein complex known as the DISC following 

engagement of the TNFR family of receptors (265). Caspase-8 has two death 

effector domains (DED), which can facilitate homotypic dimerization and 

subsequent proximal autocleavage (241, 279). Caspase-8, like all other 

caspases, exists as a zymogen. Activation of Caspase-8 requires cleavage at 

specific residues (D374, D384, D216) allowing the protein to stabilize following 

the removal of the amino acids that consist of the pro-domain, into the large (p18) 

and small (p10) subunit (241). Activated Caspase-8 can now proceed to cleave 

effector caspases such as Caspase-3 to induce apoptotic death (280, 281). 
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In addition to its critical role in dictating cell death pathways following TNF 

signalling, Caspase-8 has also been shown to play a role the activation of 

inflammatory cytokines by mediating pro-IL-1β processing (241). Proteases other 

than Caspase-1 are capable of cleaving IL-1β, such as elastase, collagenase, 

and cathepsins (282-284). Caspase-8 has been shown to cleave pro-IL-1β into 

its active form independent of Caspase-1 upon stimulation of TLR3 and TLR4 

following upregulation of TRIF (285). Overexpression of Caspase-8 leads to 

enhanced cleavage and processing of pro-IL-1β, at the same cleavage site as 

Caspase-1 (282, 285). Furthermore, pro-IL-1β processing following treatment 

with chemotherapeutic agents doxorubicin and staurosporine leads to robust IL-

1β release independent of Caspase-1, NLRP3 and NLRC4 (286). 

Caspase-8-deficient mice do not survive past the embryonic stage E10.5 

due to vascular abnormalities induced by unregulated necroptosis (287). This 

phenotype is similar in FADD-deficient and cFlip-deficient mice (288, 289). cFlip 

inhibits Caspase-8 autocleavage and in the process promotes cleavage of both 

RipK1 (preventing the formation of the necrosome) and CYLD (266, 290). Thus 

loss of Caspase-8 activity, through viral inhibitors or genetic deletion promotes 

necroptotic cell death (259, 264, 287). However, mice deficient in both Caspase-

8 and RipK3 in concert are viable due to the ablation of both apoptosis (Caspase-

8) and necroptosis (RipK3) pathways (269). As a result these mice eventually 

develop a lymphoproliferative disease due to the inability to delete immune cells 

(258). 
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Cellular inhibitors of apoptosis (cIAP)-1 (Birc2) and cIAP-2 (Birc3) and the 

X chromosome-linked IAP (XIAP, Birc4) are a family of proteins critical to 

regulating apoptotic cell death (291, 292). XIAPs can directly bind to Caspase-3, 

-7 and -9 to inhibit induction of apoptotic cell death (293, 294). In contrast, cIAPs 

inhibit apoptotic caspases by binding to specific conserved baculoviral IAP repeat 

motif and promote ubiquitination of the caspase substrate (295, 296). By utilizing 

their ubiquitin ligase properties, cIAP1/2 can promote ubiquitination through their 

RING domain finger E3 ligase domain and subsequent degradation through K48-

polyubiquitination linkages (297-299). In contrast, ubiquitination of targets 

through K63-polyubiquitination linkages such as RipK1, TRAF2 and TRAF5 

mediated by cIAP1/2 can also promote cell survival and NF-κB signalling 

pathways (300-302). Interestingly, a class of pharmacological agents known as 

second mitochondria-derived activator of caspases (SMAC)-mimetics are able to 

inhibit XIAP function and induce degradation of cIAP1 and cIAP2 (303). Genetic 

deficiency or pharmacological inhibition of cIAP1/2 leads to loss of cell survival 

and engagement of apoptosis (298, 299, 304). Many types of cancers rely on 

overexpression of cIAPs to limit induction of cell death and thus SMAC mimetics 

have been explored as a therapeutic avenue to treat cancer patients, which is 

currently in clinical trials (296). 

Interactions between different adapter proteins, whether it is for a transient 

interaction or for assembly of a functional complex, can occur through distinct 

domains expressed by each protein within a particular complex. These domains 

include: pyrin domains, CARD domain, death domains (DD), and DED (305-307). 
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RIP kinases are serine/threonine kinases that are critical for regulation of cell 

death (through necroptosis or apoptosis) and survival (NF-κB signalling) (230, 

308). The formation of the necrosome, the dimerization complex between RipK1 

and RipK3, is critical for engagement of necroptotic cell death (236). RipK1 

contains a death domain, which allows it to recruit large complex of proteins for 

signalling (309). For instance, during genotoxic stress and loss of XIAP, cIAP1 

and cIAP2; RipK1 interacts with FADD and Caspase-8 to form the ripoptosome, 

which promotes apoptosis independent of TNFR signalling (266, 267). Both 

RipK1 and RipK3 contain a RIP homotypic interaction motif (RHIM) domain, 

which allows both molecules to interact with each other to form the necrosome 

and mediate necroptosis (309). Nec-1 was an important tool that revealed the 

critical role of RipK1 kinases activity and its role in promoting necroptosis (272, 

310). RipK1-deficient mice are perinatal lethal and succumb to excessive 

inflammation (311). Interestingly, RipK1 deficiency in just the kinase region of the 

protein (RipK1-kinase dead) leads to normal development of the mouse, 

underlining the important structural roles, such as scaffolding properties of RipK1 

to promote cell survival (312-315). 

RipK3 is a critical component of the necrosome that, along with RipK1 

mediates necroptosis (309). RipK3-deficient mice are viable and show normal 

NF-κB signalling and are unable to induce necroptosis (316). Interestingly, RipK3 

kinase deficient (RipK3D161N-kinase dead) mice are embryonic lethal (due to 

excessive RipK1-FADD-Casp8 apoptosis) (315), but RipK3K51A are viable 

(317), emphasizing the complex regulation of cell death mediated by RipK3 
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kinase and scaffolding properties. The catalytic properties of RipK3 promotes 

necroptosis, while the scaffolding properties of RipK3 can promote apoptosis 

(315). Furthermore, RipK3 has been shown to also play a critical role in the 

activation of inflammatory cytokines such as IL-1β by promoting the Caspase-1 

inflammasome independent of necroptosis (237, 241, 318). 

1.17 Pyroptosis and Inflammation 

Pyroptosis is an inflammatory form of cell death that is triggered by 

pathogenic bacteria such as Salmonella (163, 225). Cell death through 

pyroptosis requires activation of Caspase-1 or Caspase-11 (to homologues 

Caspase-4 and -5 in humans) (319, 320). Caspase-1 mediated pyroptosis 

requires the assembly of the inflammasome (225). Formation of the 

inflammasome can be mediated by a variety of putative NLR sensors such as 

NLRP3, NLRC4, AIM2 and NLRP1 (238). NLR activation leads to ASC self-

association and the formation of a large complex of 1µm commonly referred to as 

a speck, which recruits pro-Caspase-1 (321). The inflammaosme is a group of 

multimeric protein complex consisting of an inflammasome sensor (NLRC4, 

NLRP3), an adapter protein (ASC) and Caspase1 (238). In addition, 

inflammasome activation can lead to pyroptosis (238). Interestingly, post 

translational modifications of NLRs, such as phosphorylation and ubiquitination 

have also been shown to regulate inflammasome activation (322-324).  

The ASC contains two death fold domains, one containing a pyrin domain 

and another consisting of a CARD domain (325). ASC interacts with the 
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inflammasome sensor using the pyrin domain (325). This leads to the assembly 

of ASC into a large protein spec of multimers of ASC dimers (326, 327). Through 

the CARD domain, ASC assembles with capase-1, bringing them in close 

proximity to induce capsase1 self cleavage and activation of Caspase-1, which 

then leads to activation of proteins such as pro-IL-1β and pro-IL1α (326, 327). 

Interestingly, Caspase-8 can also be associated with the inflammasome either 

with or without Caspase-1 (328). 

Historically, inflammation was characterized by the mechanisms that 

induce redness, heat, swelling and pain (329). The innate and adaptive immune 

system is capable of mediating inflammation by secreting pro-inflammatory 

cytokines and chemokines, which results in permeabilization of blood vessels 

and recruitment of other immune cells to the site of infection or injury (10). This 

response can leads to proper control of pathogens or in some cases, tissue injury 

(10). In certain cases, the inflammatory response is exacerbated, leading to 

immune mediated inflammatory diseases such as arthritis (330, 331). 

Inflammation is mediated by various PRRs expressed by immune cells such as 

TLRs and NLRs (10). These receptors recognize pathogenic (i.e. LPS, flagellin, 

viral DNA) or non-pathogenic (i.e. ATP, nigericin) ligands, leading to inflammatory 

responses against pathogens, sterile inflammation or tissue injury (10). 

Inflammasome recruitment and activation consist of putative sensory 

molecules (NLRs), adapter proteins (ASC) and Caspase-1 proximal activation 

leading to inflammatory cytokines and pyroptotic cell death (238). Interestingly, 

ASC assembly is not always required, as NLRC4 can activate Caspase-1 
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independently of ASC; however the association of ASC can greatly enhance IL-β 

production (332). Engaging the inflammasome pathway requires two distinct 

signals. Cellular sensors such as TLRs and NOD proteins trigger signal 1, 

resulting in the upregulation of NF-κB signalling and subsequent increase of pro-

IL-1β and pro-IL-18 transcripts (238). Signal 2, triggered by NLR ligands such as 

LPS, uric acid, nigericin, involves assembly and activation of the inflammasome 

complex, leading to cytokine processing and release through pyroptotic cell death 

(238). Irrespective of inflammatory cytokines, it is perceived that pyroptotic cell 

death is critical for release of bacteria from their intracellular niche to allow other 

immune cells to destroy them, contributing to a critical mechanism of immune 

defence (333). 

Inflammasome activation leads to processing and release of pro-

inflammatory cytokines such as IL-1 (238). The IL-1 family consists of 11 

cytokines that are either inflammatory (i.e. IL-1α, IL-1β, IL-18, IL-33) or anti-

inflammatory (ie. IL-1Ra) (334). Interestingly, IL-1 cytokines lack signal peptides 

that prevent them from being secreted by the traditional Golgi transport system 

(240). Pro-IL-1α is constitutively expressed as a 31 KDa protein, which can be 

further processed by calcium dependent proteases known as calpains into a 

18KDa protein (335). Pro-IL-1α is still bioactive and is capable of binding to IL-

1R. However, the mature form of IL-1α has several folds more affinity for its 

receptor (335, 336). Caspase-1 can also indirectly activate IL-1α by cleaving 

IL1R2, an inhibitor of IL-1α (337). IL-1β is expressed in its pro-form following NF-

κB signalling and is cleaved by active Caspase-1 following inflammasome 
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assembly (247, 338, 339). Additional proteases such as proteinase 3 (PR3) and 

elastases can also cleave IL-1β (284, 340). Similar to IL-1β, IL-18 is present in 

the cell in its pro-form which requires cleavage by capase-1 mediated 

inflammasome to be bioactive (341-343). IL-18 activates IFNγ production from 

cytotoxic CD8+ T cells, natural killer (NK) cells and NKT cells (344). Both IL-1α 

and IL-1β bind to IL-1R, while IL-18 binds to the heterodimeric receptor IL-

1R1/IL-1RAcP (345). Interestingly, IL-1Ra also binds to IL-1R but acts as an 

antagonist to limit IL-1α and IL-1β signalling and immune activation (334). 

Anakinra, a synthetic homologue to IL-1Ra is currently being used as a drug to 

treat inflammatory diseases such as rheumatoid arthritis (346, 347). 

1.18 Rationale 

Phagosomal pathogens such as Salmonella and Mycobacterium require a 

CD8+ T cell response to effectively eradication within a given host (348-350). 

Typically CD8+ T cells are activated through proteosomal degradation of antigen 

present in the cytosol of infected cells (19). However, in cases where the 

pathogen evades cytosolic residence, the cross-presentation pathway can be 

employed, allowing for phagosomal pathogens to enter the MHC class-I pathway 

to induce a proper CD8+ T cell response (23). CD8α DCs are the most relevant 

subset of DCs that mediate cross-presentation in-vivo (101). Therefore, I wanted 

to address the role of CD8α DCs during ST infection, and how modulation of both 

the host (Nramp1-dependent innate responses, dependence on Batf3, IFN-I 
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licencing of DCs) and pathogen (modifying antigen location within infected cells) 

can influence the adaptive immune response against ST. 

Furthermore, many forms of cell death release intracellular contents and 

activate inflammatory proteins that lead to induction of inflammation (216). Cell 

death adapters such as caspases and RipKs have been linked to cell death and 

inflammation (216). A key question in the field is how to uncouple the phenomena 

of cell death and inflammation and to examine the roles of these death adapter 

proteins in each context. Many inflammatory receptors also induce activation of 

cell death pathways, suggesting a strong link between the two distinct pathways 

(269). I wanted to study how ST evades both the innate and adaptive immune 

responses by studying the impact cell death and inflammation during infection.  

 

1.19 Purpose 

Dr. Sad’s laboratory has previously shown that antigen presentation to 

CD8+ T cells, a key mechanism that programs the development of adaptive 

immunity, is greatly delayed against ST (161). As a result, T cells are non-

engaged early on by the time susceptible hosts die, resulting in total immune 

failure (47, 160, 161). In the absence of early antigen presentation, the host is 

essentially dependent on innate immunity for protection, and any modulation of 

innate immunity, such as ageing or pregnancy, can be fatal (351). 
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1.20 Hypothesis 

Since DCs are critical for priming CD8+ T cells against intracellular 

bacteria (which is greatly delayed against ST), I wanted to address how ST 

modulates key DC functions to curtail the innate and adaptive immune response 

and maintain a chronic infection, which can result in rapid fatality of mice. I 

hypothesize that ST delayed a protective CD8+ T cell response, by modulating 

DC functions such as antigen presentation, induction of inflammation and the 

ability to induce appropriate cell death pathways. 

 

1.21 Objectives 

My overall objective is to understand why CD8+ T cell priming is critically 

delayed during infection with ST, and how this response can be facilitated to 

improve pathogen control. DCs are sentinel immune cells which readily 

phagocytose ST and are capable of processing phagosomal antigen. This 

characteristic allows DCs to: (i) initiate a CD8+ T cell response critical for immune 

protection against ST and (ii) mediate innate immune control by engaging 

pathogen receptors and induce appropriate inflammation and cell death to control 

ST burden. To address the role of DCs against ST, I modulated the host-

pathogen interaction to allow proper assessment of the CD8+ T cell response 

against ST. I have created a transgenic mouse that expresses a functional 

Nramp1 gene, which allows for prolonged survival against ST (171, 179). I have 

also utilized a recombinant strain of ST that deposits model antigen either in the 

phagosome (STOVA) or cytoplasm (STOVA-C) of infected cells (Fig. 7) (46). 
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Figure 7: Modulation of CD8+ T cell response by antigen location 

To monitor antigen processing and presentation during an ST infection, we 

utilized recombinants that express the model antigen ovalbumin (OVA). The 

recombinant strain ST-OVA maintains deposits OVA antigen in the phagosome 

of infected cells to induce a delayed CD8+ T cell response. In contrast, ST-OVA-

C deposits OVA antigen in the cytoplasm of infected cells to induce a rapid CD8+ 

T cell response.  
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1.21.1 Aim1 

To determine the role of DC subsets (particularly CD8α DCs) in mounting a 

robust CD8+ T cell response against systemic ST infection. 

1.21.2 Aim2 

To evaluate the impact of IFN-I signalling on DC licensing and its impact on 

priming CD8+ T cell response against ST 

1.21.3 Aim3 

To understand the influence of inflammatory cell death (Caspase-1 mediated 

pyroptosis and RipK3 mediated necroptosis) on the innate and adaptive immune 

control of ST. 
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2: MATERIALS AND METHODS 

 

 

2.1 Mouse Strains 

All mouse strains were bred and maintained in a specific pathogen free 

facility at the Animal Care and Veterinary Services (ACVS) at Roger Guindon 

Hall (University of Ottawa, Ottawa, Ontario). All procedures were done in 

compliance with the Canadian Council on Animal Care (CACC) guidelines. 

C57BL/6J (stock #000664), 129SvJ (stock #000691), B6.129P2(SJL)-

MyD88tm1Defr/J (stock #008888), C57Bl/6-Ticam1Lps2/J (stock #005037), C57Bl/6-

Tg(TcraTcrb)1100Mjb/J (stock #003831), 129S-Batf3tm1Kmm/J (stock #013596) 

and B6.129S(C)-Batf3tm1Kmm/J mice (stock #013755) were purchased from 

Jackson Laboratory (Bar Harbour, Maine) (Table 1). B6.IFNAR1-/- mice were 

provided by Kaja Murali Krishna (352) (Emory University, Atlanta) (Table 1). 

B6.RipK3-/- mice were provided by Vishva Dixit (Genentech, San Francisco) 

(Table 1) (316). B6.Caspase1/11-/- mice were provided by Richard Flavell (Yale, 

New Haven) (Table 1) (353). B6.NrampG169 mice were provided by Gregory 

Barton (University of California Berkley) (Table 1) (171, 179). 

To genotype various mice models, I isolated genomic DNA from ear tissue 

using the sodium hydroxide (NaOH) method. Ear tissue was collected during 
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Table 1: Mouse models 

This table outlines the various mouse models used to examine the innate and 

adaptive immune response employed during ST infection.  
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Mice Backgro
und 

Institution Reference 

C57Bl/6 C57Bl/6 JAX Stock #000664 

129SvJ 129Sv/J JAX Stock #000691 

B6.129P2(SJL)-
MyD88tm1Defr/J 

C57Bl/6 JAX Stock #008888 

C57Bl/6-Ticam1Lps2/J C57Bl/6 JAX Stock #005037 

C57Bl/6-
Tg(TcraTcrb)1100Mjb/J 

C57Bl/6 JAX Stock #003831 

129S-Batf3tm1Kmm/J 129Sv/J JAX Stock #013596 

B6.129S(C)-Batf3tm1Kmm/J C57Bl/6 JAX Stock #013755 

B6.IFNAR1-/- C57Bl/6 Emory Dr. Murali Krishna Kaja 

B6.RipK3-/- C57Bl/6 Genentech Dr. Vishva Dixit 

B6.Caspase1/11-/- C57Bl/6 Yale Dr. Richard Flavell 

B6.Nramp169G C57Bl/6 UC Berkley Dr. Gregory Barton 

B6.Nramp169G.Caspase1/11-

/- 
C57Bl/6 NRC Dr. Lakshmi Krishnan / 

Kristina Wachholz 

B6129.F1.N11.IFNAR1 129Sv/J uOttawa Dr. Subash Sad / 
Rajen Patel 

B6.Caspase1/11-/- RipK3-/- C57Bl/6 uOttawa Dr. Subash Sad / 
Bojan Shutinoski 

B6.Nramp169G.RipK3-/- C57Bl/6 uOttawa Dr. Subash Sad / 
Rajen Patel 

B6.Nramp169G.Batf3tm1Kmm/J C57Bl/6 uOttawa Dr. Subash Sad / 
Rajen Patel 
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tagging of mice in 1.5mL Eppendorf tubes and treated with 600µL of 50mM 

sodium hydroxide (NaOH) for 20 minutes at 95oC. Samples were mixed by 

vortexing in 5 minute intervals. Samples were then vortexed for 30 seconds, and 

neutralized by adding 50µL of 1M Tris (pH 7.0), which raises the pH of the 

sample to 8.3, an ideal pH for polymerase chain reaction (PCR). Samples were 

centrifuged for 5 minutes and then 400µL of the supernatants was transferred to 

a new tube without disturbing the unwanted pellet. 

B6 mice express a non-functional Nramp1 gene due to a missense 

mutation that results in a switch from glycine to aspartic acid on the 169th amino 

acid (in the fourth transmembrane domain) of the Nramp1 protein (179). 

B6.Nramp mice (homozygous for the functional Nramp1169G) were crossed with 

B6.RipK3-/-, B6.β2m-/- and B6.Batf3-/- to create the B6.Nramp.RipK3-/-, 

B6.Nramp.β2m-/- and B6.Nramp.Batf3-/- mice respectively. Various primer sets 

were used to verify the expression of RipK3, β2m and Batf3 (Table 2). To 

determine the expression of Nramp1169G in the progeny of different mating 

scenarios, I isolated DNA from ear tissue and amplified Nramp1 gene by PCR 

using a primer set specific for Nramp1 (Table 2). PCR products were then 

sequenced to determine the presence of either homozygous or heterozygous 

combinations of the 129 allele for NrampG169 or the B6 allele for Nramp169D. Using 

this approach, B6.Nramp.Caspase1/11-/- mouse strain was created in the lab of 

Lakshmi Krishnan (National Research Council of Canada, Ottawa, ON). All 

experiments pertaining to the B6.Nramp.Caspase1/11-/- mice strain were  
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Table 2: PCR primers 

The sequences of various primer sets used to create different mouse models for 

assessment of immune responses against ST.  
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Genotyping Primers Primer Sequence 

β2m WT primer 5'-CTGAGCTCTGTTTTCGTCTG-3’ 

Common primer 5'-TATCAGTCTCAGTGGGGGTG-3’ 

Mutant primer 5'-TCTGGACGAAGAGCATCAGGG-3’ 

Batf3 WT primer 5'-GTTGTGAGTCGAAACCTCGC-3’ 

Common primer 5'-TGCTATGCACAAACCACAAAC-3’ 

Mutant primer 5'-CGTTGGCTACCCGTGATATTGC-3’ 

Nramp1 FW primer 5'-TCATCGGGACGGCTATCTCCT-3’ 

RV primer 5'-TTGCGCAAACCTAGGGGTACAGGGA-3’ 

Caspase1 WT primer 5’-GAGACATATAAGGGAGAAGGG-3’ 

Common primer 5’-ATGGCACACCACAGATATCGG-3’ 

Mutant primer 5’-TGC AAAGCGCATGCTCCAGACTG-3’ 

RipK3 WT FW primer 5’-GGAGCCATTCTCCATGAATC-3’ 

RV primer 5’-AATCGTTCCTGGATGGTGAG-3’ 

RipK3 KO FW primer 5’-GATCCTGATCCTGACCCTGA-3’ 

RV primer 5’-ATCGACAAGACCGGCTTCCATCCGA-3’ 

IFNAR1 WT FW primer 5'-TCAGCGCAGGGGCGCCCGGTTCTTT-3’ 

RV primer 5'-ATCGACAAGACCGGCTTCCATCCGA-3’ 

IFNAR1 KO FW primer 5'-
AAGATGTGCTGTTCCCTTCCTCTGCTCTG
A-3' 

RV primer 5'-
ATTATTAAAAGAAAAGACGAGGCGAAGT
GG-3' 
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performed by Kristina Wachholz (National Research Council of Canada, Ottawa, 

ON). 

B6.Caspase1/11-/- mice were crossed with B6.RipK3-/- mice to create the 

B6.Caspase1/11-/-RipK3-/- triple knockout mouse strain. To verify that the 

resultant progeny maintained the disrupted gene of Caspase1, DNA from ear 

tissue was analysed by PCR for wild type or knockout Capsase1 (Table 2). 

Similarly, DNA from ear tissue was analysed by PCR for wild type RipK3, (Table 

2) and knockout RipK3 (Table 2). The B6.Nramp.RipK3-/- mouse strain was 

created by crossing B6.Nramp with B6.RipK3-/- mice. The progeny of this mating 

was screened for the expression of a disrupted RipK3 gene and Nramp1 gene 

using PCR amplification. Nramp1 PCR products were sequenced for the 

expression of 169G or 169A as described above. 

The 129.IFNAR1-/- (B6129.F1.N11.IFNAR1neo/neo) congenic mouse strain 

expresses a non-functional IFNAR1 gene disrupted with a Neomycin cassette 

inserted into exon 2-3 onto the 129SvJ mouse background. This mouse was 

created by crossing the B6.IFNAR1-/- mouse with the 129SvJ mouse to create a 

hybrid B6129.F1.IFNAR1wt/neo mouse. These F1 progeny were then crossed back 

to 129SvJ mouse strain while screening for the mutated IFNAR1neo/neo gene. The 

resultant progeny was then backcrossed for 11 generations to 129SvJ 

background. The progeny from the 11th generation was then crossed with each 

other to create the B6129.F1.N11.IFNAR1wt/neo mouse strain. To ensure that the 

progeny maintained the disrupted IFNAR1 gene, DNA from ear tissue was 
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analysed by PCR for neomycin cassette, (Table 2). Similarly, DNA from ear 

tissue was tested for the expression of IFNAR1wt/wt (Table 2). 

2.2 Bacteria and Infections 

Salmonella enterica serovar Typhimurium (ST, SL1344), a recombinant of 

ST that expresses model antigen OVA (ST-OVA); Listeria monocytogenes (LM) 

and a recombinant of LM that expresses OVA (LM-OVA) were all used for in-vitro 

and in-vivo infection models. All bacterial strains were used from frozen stock 

and diluted in 0.9% sodium chloride (NaCl) for in-vivo administration. In-vivo 

infections were performed by injecting various doses of bacteria in a total volume 

of 100µl for intravenous (i.v.) injections through the lateral tail vein or 200µL for 

sub-cutaneous (s.c.) injections at the base of the tail. Generation of LM-OVA 

(354) and ST-OVA (161) has been previously reported. Recombinant strain ST-

OVA is hereafter referred to as ST-OVA for the purpose of this publication. 

Recombinant ST strain (SL1344) that translocates antigen (OVA) from the 

phagosome to the cytosol is referred to as ST-OVA-C and has been previously 

described (46). Briefly, truncated OVA protein was incorporated into a plasmid 

expressed by ST encoding the translocation domain of YopE and the chaperone 

protein SycE. The fusion protein YopE-OVA is translocated from the phagosome 

to the cytosol using the type III secretion system of ST, which translocates YopE-

OVA protein from the phagosome into the cytoplasm. Mutant strain of ST that 

lacks expression of flagellin (STΔFliF) was also used in various studies. Bacterial 
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burdens were evaluated by plating serial dilutions of spleen and lymph node 

homogenates onto brain heart infusion (BHI) plates. 

2.3 Antibodies and Flow Cytometry 

For cell surface staining, anti-CD8α (53-6-7), anti-CD11b (M170), anti-

CD11c (HL3), anti-CD19 (1D3), anti-CD45.1 (A20), anti-CD45.2 (104), anti-

CD103 (42D2), anti-CD205 (205yekta), anti-B220 (RA36B2), anti-TCRβ (H57-

597), anti-Ly6C (HK1.4), anti-Ly6G (RB6-8C5) and anti-CD49b (DX5) antibodies 

were purchased from eBioscience (San Diego, CA). Anti-mouse-IA/IE 

(M5/114.15.2) antibody was purchased from Bio Legend (San Diego, CA). Anti-

mouse CD16/CD32 was purchased from BD Bioscience (San Diego, CA). Cell 

surface staining was performed in phosphate buffered saline (PBS) solution 

containing 1% BSA at a concentration of 106 cells/tube. Cells were treated with 

anti-mouse CD16/CD32 for 10 minutes at 4oC followed by 0.5µL of the surface 

staining antibodies for 30 minutes at 4oC. H2-Kb-OVA257-264 Dextramer (Immudex, 

Copenhagen, Denmark) staining was performed, for 10 minutes prior to surface 

staining at room temperature shielded from light. 

Anti-CD4 (GK1.5) and anti-CD8 (2.43) antibodies were purified from 

supernatants of hybridoma cell lines and injected into mice (100 µg/i.p.) twice a 

week following infection, to deplete CD4+ and CD8+ cells respectively. Anti-asialo 

GM1 from eBioscience (San Diego, CA) was injected into mice (100 µg/i.p.) twice 

a week to deplete NK cell populations. Control mice were injected with rat IgG at 

a similar frequency. Recombinant mouse IL-1α and IL-1β were obtained from 
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R&D Systems (Minneapolis, MN). Recombinant mouse IL-18 was obtained from 

MBL (Woburn, MA). Recipient mice were injected with either IL-1α and IL-1β 

(100ng/mouse s.c.) or IL-18 (1mg/mouse s.c.) at -1, 0, 1 and 2 days post 

infection. All recombinant cytokines were diluted in sterile PBS. 

2.4 Inhibitors and other Reagents 

Various inhibitors were used diluted from stocks in dimethyl sulfoxide 

(DMSO). Control cells were maintained in media containing comparable amounts 

of DMSO. The pan-Caspase inhibitor zVAD-fmk was obtained from Calbiochem 

(San Diego, CA). Caspase-1 inhibitor YVAD was obtained from Calbiochem (San 

Diego, CA). Caspase-8 inhibitor IETD was obtained from Biovision (San 

Francisco, CA). RipK1 inhibitor Necrostatin-1 was obtained from Sigma (St Louis, 

MO). RipK3 inhibitor Debrafenib and SMAC mimetic Birinapant (Bir, cIAP1/2 and 

XIAP inhibitor) were obtained from Selleckchem (Houston, TX). 

2.5 CFSE Staining 

Carboxyfluresceine succinimidyl ester (CFSE) was obtained from Sigma (St 

Louis, MO). To assess cell proliferation, CD8+ T cell were labeled with 0.125µM 

CFSE in PBS at 37oC for 8 min at a concentration of 2x107 splenocytes per mL. 

The reaction was stopped by adding equal volume of equine serum and placed 

on ice for 5 minutes, followed by numerous washes with PBS. 
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2.6 ELISPOT 

Enzyme-linked immunospot assays (ELISPOT) were performed to quantify 

the number of IFN-γ producing cells in various organs harvested from mice 

challenged with OVA expressing pathogens (161). Cells from either the spleen or 

draining lymph nodes were isolated from naïve and infected mice at various time 

points following infection. Cells were enumerated and resuspended in Rosswell 

Park Memorial Institute (RPMI) media-1640 with 8% fetal bovine serum (FBS) 

known as (R8%) in a Multiscreen IP plate purchased from Milipore (Billerica, 

MA). Cells were plated at various concentrations of 5x105, 1x105 or 2x104 cells 

per well. All wells maintained a total number of 5x105 cells, thus the remaining 

cells were supplemented with naïve feeder cells to maintain a total number of 

5x105 cells in each well. All cells are treated with the grown factor IL-2 (0.1ng/mL) 

to promote T cell growth. Wells are designated as either stimulated with peptide 

(OVA257-264, 5µg/mL) or incubated with media alone for 48 hours on plates coated 

with a primary anti-IFNγ antibody (clone R46A2 in NaHC03 buffer). Wells were 

washed with 0.05% PBS-Tween20 buffer and incubated with a biotinylated anti-

IFNγ antibody (clone XMG1.2) for two hours. Following a few stringent washes, 

wells were washed and incubated with streptavidin-horse radish peroxidase 

(HRP) from Sigma (St. Louis, MO) for 1 hour. After HRP treatment, wells were 

washed and incubated with 3-amino-9-ethylcarbazole (AEC) substrate to quantify 

IFNγ producing spots in each well. 



 

 73 

2.7 In-vivo CTL 

In-vivo cytotoxic T lymphocyte (CTL) assays were used to assess target cell 

killing by endogenous CD8+ T cells within a given infected mouse. Briefly, 

splenocytes from syngeneic naïve mice were harvested and divided into two 

groups: naïve (non-target) cells and antigen coated (target) cells. The model 

antigen utilized was OVA. Target cells were resuspended to 10 million cells/mL 

and treated with OVA257-264 peptide at 10mg/mL in R8% media for 30 minutes. 

This procedure allows for external peptide loading of OVA257-264 peptide onto 

MHC class-I molecules, making them targets for OVA257-264 specific CD8+ T cells. 

As a control, naïve (non-target) cells were incubated in R8% media alone for 30 

minutes at a similar cell concentration of 10 million cells/mL. Both target and non-

target cells were then washed, resuspended to 20 million cells/mL and labeled 

with either 2mM or 0.2mM of CFSE respectively for 30 minutes. CFSE labeling 

was stopped by treating cells with equine serum on ice for 5 minutes. Target and 

non-target cells were resuspended to a final concentration of 100 million cells/mL 

in Hank’s balanced salt solution (HBSS) and mixed in a ratio of 1:1. A total 

volume of 200µL of target/non target cells were injected into each recipient 

mouse (i.v.), which are either naïve or previously infected with bacteria 

expressing OVA (ie. ST-OVA-P, ST-OVA-C, LM-OVA) to induce a cytotoxic CD8+ 

T cell response. Sixteen hours following injection of target and non-target cells, 

mice were sacrificed; spleens and lymph nodes were collected and assessed for 

CFSEhi target and CFSElo target cells by flow cytometry. Percent killing of target 

cells was calculated as follows: 
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2.8 Adoptive Transfer 

CD8+ OT-1 cells were purified from spleens harvested from OT-1 mice 

(CD45.1+CD45.2+) using a CD8+ negative selection kit from Stemcell 

Technologies (Vancouver, BC). OT-1 CD8 T cells express a transgenic TCR that 

is specific for H2-Kb-OVA257-264 and thus provides an ideal model for tracking 

pathogens expressing the model antigen OVA (355, 356). One day prior to 

bacterial infection, 105 CD8+ OT-1 cells were injected (resuspended in 200µL i.v.) 

into recipient mice (CD45.1-CD45.2+). Blood samples were collected using 

saphenous bleeding at different time points post infection and treated with 

ammonium-chloride-potassium (ACK) lysis buffer from Sigma (St. Louis, MO). To 

determine the number of adoptively transferred OT-1 CD8+ T cells present in 

each sample, cells were stained for CD45.1 and CD45.2 and assessed using 

flow cytometry to determine relative percentages of endogenous CD8+ T cells 

(CD45.1-CD45.2+) and adoptively transferred OT-1 CD8+ T cells 

(CD45.1+CD45.2+). 

2.9 Isolation of DCs and other cells 

To isolate cells from spleen and draining lymph nodes, organs were 

harvested and mechanically disrupted using frosted glass slides. To isolate 

leukocytes from the spleen, cells were treated with ACK lysis buffer for 1 minute, 
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followed by washing with R8% media. To isolate cells from lymph nodes, 

homogenates were spun down and supernatant containing any fat was removed. 

Finally, cells were strained using a 70µm cell strainer and used for experiments. 

To isolate DC subsets, spleens were harvested, mechanically dissociated 

using a sterile blade and treated with dissociation media (Stemcell, Vancouver, 

Canada) for 30 minutes. CD11c cells were purified using a PE-CD11c positive 

selection kit (Stemcell). Briefly, cells were treated with FcR blocker, CD11c PE 

labeling reagent, PE selection cocktail and magnetic nanoparticles as per 

manufacturer’s protocol. Cells of interest were purified using magnetic isolation 

as CD11c cells labeled with PE antibodies bound to magnetic particles through 

positive selection. Cells were verified to be ~90% positive for CD11c using a 

CyanADP flow cytometry analyzer (Beckman Coulter, Mississauga, Ontario). 

Cells were also stained for additional surface markers to characterize DC subsets 

such as CD8α DCs (B220-CD11c+MHCII+CD11b-CD8α+), CD11b DCs (B220-

CD11c+MHCII+CD11b+CD8α-) and pDCs (B220lo/+CD11c+). Cells were also 

sorted for different DC populations using the MoFlo Astrios Sorter (Beckman 

Coulter, Mississauga, Ontario) and assessed for purity by flow cytometry. 

2.10 Bone Marrow Derived Macrophages and DCs 

Bone marrow DC (BMDC) cell cultures were grown in-vitro using bone 

marrow progenitors and various growth factors to mimic DC populations found in-

vivo. Bone marrow derived dendritic cells grown with GM-CSF (GMCSF-DC), 

which mimic MoDCs (357-359), were grown by culturing bone marrow 

progenitors isolated from the femur and tibia of representative mouse strains 
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(360, 361). Cells were cultured at a concentration of 2 million cells/mL in R8% 

medium in the presence of the growth factor GM-CSF from Empire Genomics 

(Buffalo, NY) at a concentration of 5ng/mL for 7-8 days in T25 flasks at 37oC. 

Media was replaced at day 2 and 4 to remove any floating cells. By day 7-8, 

GMCSF-DCs differentiate from adherent cells (macrophages) and become 

floating cells that can be collected from the supernatant (Fig. 8). These cells 

were collected at this time and used for experiments. To grow FLT3L-derived 

DCs (362), bone marrow progenitors were cultured with FLT3L (300ng/mL) in 6 

well plates at a concentration of 2 million cells/mL. Following 9-12 days of 

incubation at 37oC, cells differentiate into CD8α DCs (362). Interestingly, these 

cells do not express CD8α but express other cell surface markers (ie. CD24) and 

have functional characteristics related to CD8α DCs found in-vivo (Fig. 8) (362). 

To grow induced CD103+ DCs in-vitro (CD103i DCs) (363), bone marrow 

progenitor cells were cultured at a concentration of 2 million cells/mL with FLT3L 

(50ng/mL) and GM-CSF (2ng/mL) in petri dishes at 37oC. Following 5-6 days of 

incubation, 5mL of fresh R8% medium was added to each petri dish to prevent 

cell death. At day 9, cells were harvested and resuspended at a concentration of 

3 million cells/mL in petri dishes with additional growth factors (50ng/mL FLT3L 

and 2ng/mL GM-CSF). Cells were grown at 37oC for an additional 7 days (for a 

total of day 16). At this point, cells should be floating and clustering with many 

foci and resemble CD103+ DCs found in-vivo (Fig. 8). To culture BMMs, bone 

marrow progenitors were isolated from the femur and tibia of respective mouse 

strains. Cells were counted, resuspended at 1 million cells/mL and grown in R8%  



 

 77 

Figure 8: In-vitro cultures of dendritic cells 

DCs can be cultured in-vitro with the use of various growth factors such as FLT3L 

and GM-CSF. (A) Five major subsets of DCs can be grown in-vitro: pDCs, 

CD11b DCs, CD8α DCs, CD103+ DCs (which are all found in the lymphoid and 

peripheral tissue in-vivo) and moDCs (which are monocyte derived DCs under 

inflammatory conditions such as infection found exclusively in the periphery). (B) 

Bone marrow cultures grown in the presence of GM-CSF yields in-vitro moDC 

equivalents called GMCSF-DCs. Bone marrow cells incubated with FLT3L can 

result in the differentiation of CD24 (CD8α equivalent DCs), CD11b DCs and 

pDC, generally termed FLT3L-DCs. Finally, bone marrow progenitors grown in 

the presence of FLT3L and GM-CSF can yield CD103i DCs (CD103+ DC 

equivalents). 

Figure as originally published in van de Laar L and Lambecht BN (2014) How to 

generate large nu,bers of CD103+ dendritic cells. Blood 124:20 doi: 

10.1182/blood-2014-08-595298.  
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in the presence of the growth factor M-CSF (5ng/mL) from R&D Systems 

(Minneapolis, MN) for 6 days (Fig. 8). 

2.11  In-vitro Infection Assay 

For in-vitro direct presentation assays, spleens were harvested from mice, 

treated with dissociation media from Stemcell (Vancouver, BC) for 30 minutes 

and purified for CD11c DCs cells using a PE-CD11c positive selection kit 

(Stemcell). Cells were plated at 5x104 cells per well in a round bottom 96-well 

plate in R8%. Cells were infected with bacteria for 30 min followed by three 

washes and a two hour treatment with high gentamycin (50µg/ml). These cells 

were then incubated with 5x104 CFSE labeled, OT-1 CD8+ T cells (purified using 

a negative selection kit) in gentamycin containing R8% medium (10mg/mL). 

For in-vitro cross-presentation assays, splenocytes were harvested from 

mice, treated with dissociation media and purified for CD11c DCs cells using a 

PE-CD11c positive selection kit. Cells were plated at 5x104 cells per well in a 

round bottom 96-well plate in R8% and infected with bacteria for 30 minutes in 

the presence of β2m-deficient splenocytes loaded with OVA protein through 

osmotic shock (101). Briefly, cells were incubated in a hypertonic medium (0.5M 

sucrose, 10% wt/vol polyethylene glycol 1000 and 10mM HEPES in RPMI) 

containing OVA protein for 10 minutes. This allows for loading of OVA into β2m-/- 

splenocytes through osmotic pressure. Cells were then incubated in a hypotonic 

solution (40% H20 and 60% RPMI) for two minutes to recuperate from the 

previous treatment. Cells were then treated with 1350 RAD of radiation to prevent 
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growth of β2m-/- splenocytes following incubation with CD11c DCs. Cells were 

washed and treated for two hours with gentamycin (50µg/ml). These cells were 

then incubated with 5x104 CFSE labeled, purified OT-1 CD8+ T cells using a 

negative selection kit in gentamycin treated R8% media (10mg/mL). Following 72 

hours of incubation, CFSE dilution of OT-1 CD8+ T cells is assessed using flow 

cytometry. Since the β2m-deficient splenocytes do not express an MHC-I 

molecules on the surface of the cell, the only way OVA can be presented to 

activate OT-1 CD8+ T cells is if CD11c DCs acquire OVA loaded β2m splenocytes 

during ST infection through phagocytosis and cross-present the cellular antigens 

onto MHC-I. 

2.12  LPS Treatment 

For in vitro experiments, cells were plated into 96 well plates and treated 

with 100ng/mL of LPS from Sigma (St. Louis, MO) for 24 hours. Supernatants 

were collected and assessed for cytokine and chemokine production. For in-vivo 

experiments, mice were injected (i.p.) with 50 mg/kg of LPS from Sigma (St. 

Louis, MO). Mice were monitored for general health using body temperature 

measurements. Generally, mice were euthanized at 6 hours following LPS 

injections and serum samples were collected for cytokine and chemokine 

analysis. 

2.13  Cell Death Assays 

Cell death was measured using neutral red uptake assay. Cells were plated 

into 96 well plates at a concentration of 105 cells per well. Following various 
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stimulations or infections, neutral red dye was added to each well at a 

concentration of 0.17g/mL diluted in R8% media for 5-10 minutes at 37oC. Once 

cells had taken up the dye and were visibly red, (determined by viewing under 

the light microscope), all wells were washed with PBS. Solubilization solution 

(50% ethanol, Et-OH; 50% water, H2O and 1mL glacial acetic acid, CH3COOH) 

was added to each well. Absorbance was measured at 570-650nm using the 

FilterMax F5 microplate reader from Molecular Devices (Sunnyvale, CA). 

2.14  Cytokine and Chemokine Quantification 

Supernatants from in-vitro experiments and serum samples from in-vivo 

experiments were collected and analyzed for the presence of cytokines and 

chemokines. Cytokines IL-1α, IL-1β, IL-6, TNF, IL-10 and the chemokines 

macrophage inflammatory protein (MIP)-1α, MIP-1β, regulated on activation 

normal T cell expressed and secreted (RANTES), keratinocyte-derived cytokine 

(KC), monocyte induced by gamma interferon (MIG) and monocyte 

chemoattractant protein-1 (MCP-1) were analyzed using cytokine bead array 

(CBA) kits from BD Bioscience (San Diego, CA). In some cases, expression of 

cytokines and chemokines were detected using a Mouse Proteome Array kit from 

R&D Systems (Minneapolis, MN). Expression of cytokines/chemokines in the 

proteome array was quantitated by chemiluminescence detected using a 

Fluorochem 8900 imager (Alpha Innotech). Densitometric expression values 

were enumerated using either AlphaEase software and were corrected to the 
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internal positive controls and expressed as mean fold change over uninfected 

samples. 

2.15  Histology 

Spleens harvested from infected mice were fixed in neutral buffered 10% 

formalin for 48 hours followed by treatment in 70% ethanol. Spleens were then 

embedded in paraffin and vertical sections were stained with hematoxylin and 

eosin (H&E) to assess pathology. Histology sections were scored by Dr. Manijeh 

Daneshmand from the Pathology Department at the University of Ottawa. 

2.16  Western Blot 

Samples were lysed in sodium dodecyl sulfate (SDS) β-mercaptoethanol 

(β-ME) buffer, and subjected to SDS-polyacrylamide gel electrophoresis (PAGE). 

Samples were transferred onto polyvinylidene fluoride (PVDF) membranes, 

probed with antibodies of interest and developed using enhanced 

chemiluminescent (ECL) or Femto substrates from Life Technologies (Carlsbad, 

CA) on X-ray films. The following antibodies were obtained from Cell Signaling 

Tech. (Beverly, MA): Rabbit anti-p65 NF-kB (D14E12), rabbit anti-pp65 NF-kB 

(93H1), rabbit anti-p38 MAPK (D13E1), and rabbit anti-pp38 MAPK (T180/Y182). 

Additional antibodies were purchased from the following sources: Mouse anti-

Rip1 (38/RIP) from BD Biosciences (San Jose, CA), Rat anti-Caspase-8 (1G12) 

from Enzo (Farmingdale, NY), Rabbit anti-Ipaf/NLRC4 (06-1125) from EMD 

Milipore (Bilerica, MA), Rat anti-NLRP3 (768319) from R&D System, 

(Minneapolis, MN), Rabbit anti-IL-18 (5180R-100) from Biovision (Milpitas, CA), 



 

 83 

Mouse anti- β-actin (ACTBD11B7) from Santa Cruz (Dallas, TX), Rabbit anti-

RipK3 (2283) from ProSci (Poway, CA) and Rabbit anti-cIAP1/2 (CY-P1041) from 

Cyclex (Nagano, Japan). Densitometric expression values were enumerated 

using either ImageJ software by comparing the expression of the house keeping 

gene b-actin to the expression of various proteins. Densitometric values were 

calculated as a ratio of expression of the target protein expression over the 

expression of β-actin. 

2.17  Statistical Analysis 

Statistics were done using GraphPad Prism (GraphPad Software, 

California, USA). In general, statistical significance was determined by unpaired 

student t-test. The statistical significance of survival data was evaluated by 

Gehan-Breslow-Wilcoxon test. 
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3: RESULTS 

 

 

3.1 CHAPTER 1: IFN-I signalling is critical to mount a CD8+ T 
cell response against ST 

3.1.1 CD8+ T cells mediate immune protection against ST 

C57BL/6J (B6) and 129SvJ (129) mice represent two inbred strains of mice that 

have varying immune defenses against ST, which greatly impacts host survival 

(160, 161). To validate my model, I first infected susceptible B6 and resistant 129 

mice with virulent ST (102 CFU i.v.) strain SL1344, and assessed bacterial 

burden in the spleens at various time points following infection. As previously 

reported, B6 mice succumb to infection at an early stage (within 10 days) (161). 

In stark contrast, 129 mice maintain a chronic infection that lasts about 120 days; 

at which point ST is no longer detectable in the spleen (Fig. 9A) (161). CD4+ T 

cells have been considered to be critical cell subset that mediates protection 

against ST (364-366), and the role of CD8+ T cells has been unclear. Since MHC 

class-I deficient mice are available only on B6 background, the role of CD8+ T 

cells against virulent ST has not been evaluated due to premature death of B6 

mice. Thus, I generated β2m-deficient mice onto the 129 background and tested 

their survival against ST infection. I infected MHC class-I deficient  
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Figure 9: CD4+ and CD8+ T cells mediate control of chronic ST in resistant 

mice 

(A) Susceptible B6 and resistant 129 mice were infected with ST (102 i.v.) and 

assessed for bacterial burden at various time points following infection with ST. 

Mice were sacrificed at various time points, spleens were harvested and 

assessed for bacterial burden by serial dilution onto brain heart infusion (BHI) 

plates. (B) MHC class-I deficient (B6.129.β2m-/-) mice and wild-type littermates 

were infected with ST (103 i.v.) and assessed for survival. (C) MHC class-II 

deficient (H2dlAb1-Ea-/-) mice and wild-type controls, both on the 129 strain, were 

infected with ST (103 i.v.) and assessed for survival. (D) Resistant 129 mice were 

infected with ST (102 i.v.) and treated with depleting anti-CD4, anti-CD8 and 

control IgG antibodies during the late (day 100-120) stage of infection. Bacterial 

burdens were assessed at day 20 (for early stage depletion) and day 120 (for late 

stage depletion) by serial dilution on BHI plates. Representative data is shown as 

mean ±SEM from 2-3 experiments. Experiments examining bacterial burden 

utilize a minimum of three mice per group. All data points represent an n=3 

unless otherwise stated. Statistical significance on survival data was determined 

by the Gehan-Breslow-Wilcoxon test (**p<0.01, ***p<0.001). 
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(F3.B6129.β2m-/-) mice, which effectively lack any CD8+ T cells (367), with ST 

(103 CFU i.v.) to test their survival following systemic infection. While majority of 

WT mice survived ST infection, MHC class-I deficient mice displayed poor 

resistance to infection (Fig. 9B). MHC class II-deficient mice were available on 

the 129 background, and I therefore tested the role of CD4+ T cells against 

infection with virulent ST. MHC class II-deficient displayed poor survival following 

infection with ST (Fig. 9C). Decreased host survival can be attributed to the fact 

that MHC class II-deficient mice are devoid of CD4+ T cells (368), which can also 

impact the humoral immune and provide help to the CD8+ T cell response. To 

specifically evaluate the role of CD4+ versus CD8+ T cells during the late stage of 

infection, when the bacterial burden is undetectable, I depleted CD4+ versus 

CD8+ T cells with antibodies from day 100 to day 120, and measured the impact 

on bacterial burden at day 120 post-infection. Control mice that were treated with 

isotype IgG antibody had no detectable bacterial burden at day 120 following 

infection (Fig. 9D). In contrast, treating mice with anti-CD4 and anti-CD8 

depleting antibody result in an increase in splenic bacterial burden at late stages 

of infection (Fig. 9D). These results indicate that both of these subsets mediate 

immune surveillance against ST and depletion of these cells results in 

resurgence of bacteria. Furthermore, it appeared that CD4+ T cells play a more 

protective role in comparison to CD8+ T cells. However, my data suggests that 

the depletion of CD4+ T cells also compromises the CD8+ T cell response against 

ST (unpublished data). 
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B6 mice succumb to virulent ST infection at early stages of infection. 

Consequently, the role of CD8+ T cells in the context of ST infection in B6 mice 

has been evaluated only in attenuated mutants of ST (lack key virulence factors) 

or auxotrophic strains of ST (lacking metabolic genes) that do not induce a fatal 

infection in susceptible mice (349, 366, 369). Thus the role of CD8+ T cells 

against ST in susceptible hosts remains to be elucidated with relevant virulent 

(pathogenic) strains of ST, which can impact host survival and provide insight 

into immune evasion. Nramp1 is a critical innate resistance gene that promotes 

immune defense against ST and other intracellular pathogens (179, 370). It 

encodes a membrane protein that allows efflux of divalent ions out of the 

phagosomal lumen, contributing to the harsh anti-microbial environment in the 

phagosome resulting in pathogen control (179). B6 mice express a mutation in 

the Nramp1 gene (Nramp1D169), which contributes to host susceptibility against 

ST. In contrast, 129 mice express a functional Nramp1 gene (Nramp1G169) which 

results in host resistance to ST infection (Fig. 10A) (178, 179, 183). Following 

infection with ST, B6 mice succumbed to infection rapidly, in contrast to the 129 

strain that controlled the chronic infection and survived past 4 months (Fig. 10B). 

I used B6 mice expressing transgenic wild-type Nramp1 gene (henceforth 

referred to as B6.Nramp mice) and noted enhanced survival in comparison to 

wild type mice (Fig. 10B). However, all mice succumbed to infection by day 30, 

implying that the resistance of the 129 strain must involve additional genetic 

factors besides the functional Nramp1 gene (185). 
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Figure 10: CD8+ T cells mediate immune control of ST in Nramp1 

expressing mice 

(A) Inbred mouse strains express different polymorphisms of the Nramp1 gene. 

Susceptible B6 mice express the polymorphism NrampD169 resulting in a non 

functional Nramp1 protein (resistant mice maintain a chronic infection with 

prolonged host survival >120 days). In contrast, resistant 129 mice express the 

polymorphism NrampG169 resulting in a functional Nramp1 protein (susceptible 

mice die rapid rapidly following infection within 10 days). (B) B6, B6.Nramp and 

129SvJ mice were challenged with ST (103 i.v.) and assessed for host survival. 

B6.Nramp and B6.Nramp.β2m-/- were infected with ST (103 i.v.) and assessed for 

(C) host survival and (D) splenic bacterial burden. (E) To deplete CD8+ cells, 

B6.Nramp mice were administered with anti-CD8 depleting antibody (clone 2.43) 

two days before infection twice a week for two weeks. Mice were infected with ST 

(103 i.v.) and assessed for splenic bacterial burden at day 13. Representative 

data is shown as mean ±SEM from 2-3 experiments. All data points represent an 

n=3 unless otherwise stated. Statistical significance on survival data was 

determined using Gehan-Breslow-Wilcoxon tests (*p<0.05, **p<0.01).  
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Prolonging the survival of B6 against ST in the B6.Nramp mouse model 

(>20 days) allowed us to evaluate the impact of CD8+ T cells against ST on the 

susceptible background. Accordingly, I generated MHC class-I deficient (β2m-/-)  

mice on the B6.Nramp background to evaluate the impact of CD8+ T cell  

responses against ST during the first few weeks of infection. I noted that MHC 

class-I deficient mice were more susceptible to ST infection compared to their 

wild type counterparts, as shown by decreased survival (Fig. 10C) and enhanced 

bacterial burden (Fig. 10D). Additionally, depletion of CD8+ cells (most likely 

CD8+ T cells) in B6.Nramp mice following administration of anti-CD8 depleting 

antibody resulted in a significantly higher bacterial burden at early stages of 

infection (Fig. 10E). Taken together, these results indicate that CD8+ T cell 

response against virulent ST is important in both resistant and susceptible strains 

of mice at early and later stages of infection. 

3.1.2 ST infected DCs fail to mediate early antigen presentation 

Host cells infected with the cytosolic pathogens such as LM induce early 

antigen presentation, which results in rapid development of a CD8+ T cell 

response against these pathogens (35, 39, 40). Pathogen derived antigens 

expressed in the cytosol are readily degraded by the proteasome and processed 

by the classical MHC class-I pathway to activate CD8+ T cells (96, 371, 372). 

Infection of splenic DCs with recombinant ST expressing the model antigen OVA 

failed to induce any proliferation of CFSE-labeled CD8+ T cells from OT-1 mice 

(expressing a transgenic TCR specific for OVA257-264 peptide) (Fig. 11A-B). In  
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Figure 11: Rapid antigen-presentation is not induced by DCs infected with 

ST 

(A) To measure the differential capability of direct-presentation of different 

intracellular bacteria, 5x104 B6 CD11c cells (purified by CD11c+ Stemcell kit) 

were plated into a 96 well plate and infected with LM-OVA or ST-OVA for 30 

minutes. Following infection, cells were washed three times with R8 media and 

incubated for 2h with gentamycin (50ug/ml) to eliminate any extracellular 

bacteria. CFSE labelled CD8+ T cells isolated from OT-1 mice were added and 

the CFSE dilution was assessed after 72h as an indication of proliferation. (B) 

Representative FACS plot of CFSE dilution in OT-1 cells cultured at an MOI of 10 

is shown. (C) B6129F1 mice were infected intravenously with LM-OVA or ST-

OVA (103 CFU). At various time intervals, frequency of IFN-γ+ OVA-specific CD8+ 

T cells was enumerated by ELISPOT assay from spleens harvested from infected 

mice. Representative data of 2 experiments is shown. All data points represent 

an n=3 unless otherwise stated. Statistical significance was determined by 

unpaired student t-test (**p<0.01, ***p<0.001, ***p<0.0001).  
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contrast, infection of DCs with the cytosolic pathogen, LM-OVA resulted in rapid 

antigen presentation (Fig. 11A-B). This stark difference in antigen presentation 

between LM and ST could be attributed to their intracellular lifestyle. The 

antigens of LM are available in the cytosol for degradation by the proteasome, 

whereas ST derived antigens are sequestered in the phagosome (46, 154, 373-

375). I infected 129SvJ mice with LM-OVA and ST-OVA and noted that there was 

a significant delay in the CD8+ T cell response against ST-OVA (Fig. 11C). In 

contrast, the response against LM-OVA peaked within 7 days of infection (Fig. 

11C). However, the response that was induced later on against ST-OVA was 

potent in magnitude, presumably by the cross-presentation pathway (Fig. 11C). 

3.1.3 Poor CD8+ T cell response in IFNAR1-deficient mice following ST 
infection 

IFN-I signalling has been shown to be critical for many aspects of innate 

and adaptive immunity to promote protection against viral infections (186). More 

recently, the impact of IFN-I signalling has also been described to encompass 

aspects of bacterial immunity, induction of cell death, antigen processing and 

antigen presentation (111, 193, 207, 231). In particular, IFN-I signalling has been 

shown to dictate cross-presentation by modulating antigen processing in the 

phagosome (111, 208, 213). Cross-presentation of cellular antigen can be 

measured in-vitro by loading β2m-deficient splenocytes with OVA protein and 

incubating these cells with splenic CD11c DCs. CD8+ T cell priming of CFSE 

labelled CD8+ OT-1 T cells can be measured by monitoring CFSE dilution (T cell 

proliferation). This is indicative of cross-presentation of cellular OVA antigen. I 



 

 95 

utilized this experimental protocol to confirm the impact of IFNAR signalling on 

cross-presentation of cellular antigen by showing that IFNAR1-/- DCs have a 

diminished capacity to cross-present OVA antigen in comparison to the wild type 

DCs (Fig. 12A). Furthermore, treatment with TLR agonists augmented the cross-

presentation of cell associated OVA (Fig. 12B). Infection with pathogenic 

bacteria induces pro-inflammatory cytokines, which can impact antigen 

presentation. To examine the impact of IFNAR signalling on cross-presentation in 

the context of ST infection, I incubated OVA loaded β2m-deficient cells with wild 

type and IFNAR1-deficient CD11c DCs infected with ST (Fig 12C). Even in this 

model, IFNAR signalling promoted cross-presentation of OVA. Furthermore, 

MyD88 signalling was critical in mediating ST-induced cross-presentation (Fig. 

12D). 

I then tested the impact of IFNAR signalling on CD8+ T cell priming in-vivo. 

I used a localized infection model, where ST was subcutaneously administered at 

the base of the tail along with soluble OVA. As sentinel immune cells such as 

DCs acquire a combination of ST and OVA in the phagosome, they can induce 

cross-presentation of OVA protein in the context of the inflammatory response 

mediated by ST. I measured the CD8+ T cell response against OVA in the 

draining inguinal lymph nodes using the in-vivo CTL killing assay, where 

endogenous OVA257-264 specific CD8+ T cell mediated elimination of target cells 

was measured. I observed killing of OVA257-264 pulsed target cell in wild type mice 

(Fig. 13). In contrast, the IFNAR1-deficient mice had a greatly diminished CTL 

killing of target cells, indicating CD8+ T cell priming was defective in IFNAR1- 
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Figure 12: Cross-presentation during ST infection is partially dependent on 

IFN-I during inflammatory conditions induced by ST 

(A) Wild type and IFNAR1-/- DCs purified from splenocytes were plated onto 96 

well plates, and co-incubated with β2m cells loaded with OVA protein for 30 

minutes. Cells were then washed and incubated with CFSE labeled OT-1 CD8+ T 

cells for 72 hours and assessed for proliferation (CFSE dilution) by flow 

cytometry. (B-D) DCs from various genetic knockout mice were plated with β2m 

cells loaded with OVA protein in the context of an ST infection for 30 minutes, 

followed by 2 hour treatment with gentamycin to eliminate any extracellular 

bacteria. CFSE labeled CD8+ OT-1 cells were incubated for 72 hours and 

assessed for proliferation (CFSE dilution) by flow cytometry. Representative data 

is shown as mean ±SEM from 2-3 experiments. All data points represent an n=3 

unless otherwise stated. Statistical significance was determined by unpaired 

student t-test (*p<0.05, ***p<0.001, ****p<0.0001).  
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Figure 13: Priming of CD8+ T cells against OVA protein in the context of an 

ST infection requires IFN-I signalling 

Wild type and IFNAR1-/- mice were injected with 103 CFU ST and 1mg of OVA 

protein subcutaneously at the base of the tail. On day 6 post infection, mice were 

injected with CFSE labeled target cells (1 million cells/i.v.). Sixteen hours after, 

mice were sacrificed; draining inguinal lymph nodes were collected and assessed 

for the presence of target cells by flow cytometry. Representative data is shown 

as mean ±SEM from 2-3 experiments. Statistical significance was determined by 

unpaired student t-test (**p<0.01).  
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deficient mice (Fig. 13). This impact requires an inflammatory stimulus, as 

injection of OVA alone induced poor CD8+ T cell response. However, ST in 

combination with OVA induces stronger CD8+ T cell response in the wild type 

mice and diminished response in the IFNAR1-deficient mice (Fig 13). 

ST-OVA sequesters antigens in the phagosome of infected cells and 

induces rapid host fatality, similar to ST, thus not allowing sufficient time to 

assess the CD8+ T cell response. To test the impact of IFNAR signalling on CD8+ 

T cell response, I generated IFNAR1-deficient mice on 129 background and 

measured the endogenous CD8+ T cell response in the draining inguinal lymph 

nodes following subcutaneous ST infection. IFNAR1-deficient mice displayed 

decreased accumulation of cells in the lymph node at day 25 post-infection in 

comparison to wild type mice, indicating poor inflammatory response (Fig. 14A). I 

then assessed the priming of CD8+ T cells in the draining lymph nodes following 

subcutaneous ST infection using the ELISPOT assay but was unable to detect 

any difference in CD8+ T cell response between wild type and IFNAR1-deficient 

mice (Fig. 14B). However, enumeration of IFN-γ producing cells by ELISPOT 

was not sensitive, thus I utilized the in-vivo CTL assay. In this case, In-vivo killing 

of peptide loaded target cells indicated poor CD8+ T cell response in IFNAR1-

deficient mice at 20 days post infection (Fig. 14C). Interestingly, the impact of 

IFNAR is only observed when ST is injected subcutaneously and the response is 

measured in the draining lymph node, as ST-OVA administered through the 

intravenous route did not show any impairment in CD8+ T cell response in the 

IFNAR1-deficient mice (Fig. 15). 
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Figure 14: IFNAR is critical for localized infection of ST 

129 and 129.IFNAR1-/- mice were infected with ST-OVA (103 CFU s.c.) and 

assessed for CD8+ T cell response by in-vivo CTL. AT day 20 post infection, (A) 

The draining lymph nodes were harvested and assessed for cell numbers. 

Furthermore, (B) IFN-γ producing cells were enumerated from the draining lymp 

nodes of infected mice at day 20 post infection. (C) Recipient mice were injected 

with CFSE labeled (OVA coated) target cells on day 20. Following 16 hours after 

administering target cells, mice were sacrificed; draining lymph nodes were 

harvested as assessed for the presence of CFSE labeled target cells. 

Representative data is shown as mean ±SEM from 2 experiments. All data points 

represent an n=3 unless otherwise stated. Statistical significance was determined 

by unpaired student t-test (*p<0.05).  
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Figure 15: IFNAR signalling is not required for systemic ST infection 

129 wild type and IFNAR1-/- mice were infected with ST-OVA (103 CFU i.v.). At 

various time points following infection, mice were sacrificed and spleens were 

harvested to assess for (A) IFN-γ producing cells by ELISPOT assay. All data 

points represent an n=3 unless otherwise stated. Representative data is shown 

as mean ±SEM from 2 experiments. All data points represent an n=3 unless 

otherwise stated. Statistical significance was determined by unpaired student t-

test (*p<0.05).  
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3.1.4 Critical role of IFNAR signalling in CD8+ T cell priming is independent 
of antigen location within the infected cell 

ST utilizes SPI genes to create a hospitable niche in the phagosome of 

infected cells (166). As a consequence, all ST antigens are located in the 

phagosome and are sequestered from cytosolic processing of antigen. Thus the 

APC that acquires ST relies on cross-presentation to process the phagosomal 

bacteria to prime a CD8+ T cell response. Next I wanted to address whether the 

location of antigen in the context of ST infection would have an impact on the role 

of IFNAR in priming CD8+ T cells. Dr. Sad’s laboratory has previously reported a 

recombinant of ST called ST-OVA-C, which resides in the phagosomes of 

infected cells but deposits recombinant OVA protein directly in the cytoplasm of 

infected cells through the bacterial type III secretion system (T3SS) (Fig. 16A). 

OVA deposited in the cytoplasm by ST-OVA-C engages proteasome dependent 

antigen processing which results in rapid priming of CD8+ T cells (46). Both ST-

OVA and ST-OVA-C display similar infectivity on various types of immune cells 

(46). Following infection of DCs, both ST-OVA and ST-OVA-C induce similar 

cytokine and chemokine responses (Fig. 16B) as well as expression of MHC-II 

and co-stimulatory molecules (Fig. 16C). Therefore, I wanted to utilize the 

recombinant ST-OVA-C to evaluate the role of IFNAR on antigen presentation 

and CD8+ T cell priming when ST antigen engages accelerated cytosolic 

processing. Splenic DCs infected with ST-OVA-C engage rapid antigen 

presentation as measured by the proliferation of CFSE labeled OT-1 cells in-vitro  
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Figure 16: ST-OVA and ST-OVA-C are both virulent recombinant strains of 

ST 

(A) ST-OVA maintains all antigens in the phagosome of infected cells whereas 

ST-OVA-C deposits antigen to the cytoplasm of infected cells. Splenic DCs were 

isolated from wild type mice and infected with ST, ST-OVA or ST-OVA-C for 30 

minutes, followed by a 2 hour treatment with gentamycin to eliminate any 

extracellular bacteria. Following 24 hours post infection, cells were assessed for 

expression of (B) production of cytokines and chemokines using a proteome 

assay and (C) MHC-II and co-stimulatory molecules by flow cytometry. 

Representative data is shown as mean ±SEM from 2 experiments. Experiments 

outlined in panel A, B and C were performed by Dr. Fanny Tzelepis.  
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(Fig. 17A, B). In contrast, ST-OVA, which maintains OVA antigen in the 

phagosome (46, 161), fails to induce rapid antigen presentation and subsequent 

activation of OT-1 CD8+ T cells (Fig 17A, B). Both these recombinants express 

OVA at similar levels and both are virulent (46). Rag1-deficient mice, devoid of 

any T or B cell populations, succumb to infection with ST, ST-OVA or ST-OVA-C 

infection (103 CFU i.v.) (Fig. 17C). 

I then addressed the impact of IFNAR signalling on CD8+ T cell response 

against ST-OVA-C. I observed a greatly reduced CD8+
+ T cell response in 

IFNAR1-deficient mice at day 7 post-infection (Fig 18A) as measured by 

ELISPOT assay. At day 15, the CD8+ T cell response between wild type and 

IFNAR1-deficient mice was similar in magnitude (Fig. 18A). The early impact of 

IFNAR signalling on the CD8+ T cell response against ST-OVA-C was further 

confirmed by in-vivo CTL killing at day 7 post-infection (Fig. 18B). Moreover, I 

observed diminished recruitment of DCs and immune cells to the draining lymph 

nodes of IFNAR1-deficient mice (Fig. 18C, D). Similar to ST-OVA, IFNAR 

deficiency had no impact on the CD8+ T cell response when ST-OVA-C was 

administered intravenously (Fig. 19). Taken together, these results indicate that 

IFNAR signalling promotes the development of early CD8+ T cell response only in 

a localized model, irrespective of the relative location of antigen within the APC. 

3.1.5 Impact of IFNAR on CD8+ T cell priming is pathogen dependent 

To determine if the impact of IFNAR signalling on CD8+ T cell priming is 

restricted to ST, or if this impact is observed during immune responses against  
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Figure 17: Recombinant strain of ST that deposits OVA into the cytoplasm 

of infected cells induces rapid CD8+ T cell response 

(A) CD11c splenic DCs were plated into a 96 well plate and infected with ST-

OVA or ST-OVA-C at various MOIs. CFSE labeled CD8+ T cells from OT-1 mice 

were added to control and infected DCs, and the dilution of CFSE stain was 

assessed 72 hours later. (B) Representative FACS plots are shown. (C) 

B6.Rag1-/- mice were infected with ST, ST-OVA or ST-OVA-C (102 CFU i.v.) and 

assessed for host survival. Representative data is shown as mean ±SEM from 2 

experiments. All data points represent an n=3 unless otherwise stated. Statistical 

significance was determined by unpaired student t-test (**p<0.01, ****p<0.0001). 

Experiments outlined in panel C were performed by Dr. Fanny Tzelepis.  
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Figure 18: IFNAR1-deficient mice exhibit delayed CD8+ T cell kinetics 

against localized infection with ST-OVA-C 

Wild type and IFNAR1-/- mice were infected with ST-OVA-C (103 CFU s.c.). (A) 

On day 7 and 15 following infection, mice were sacrificed; the draining lymph 

nodes were harvested and analyzed for IFN-γ producing cells by ELISPOT 

assay. (B) CD8+ T cell response was also assessed by in-vivo CTL by injecting 

mice infected with ST-OVA-C (103 CFU s.c.) with CFSE labeled (SIINFEKL 

peptide coated) target cells on day 6. Following 16 hours after administering 

target cells, mice were sacrificed, spleen and draining lymph nodes were 

harvested as assessed for the presence of CFSE labeled target cells. (C-D) At 

various time points following infection with ST-OVA-C (103 CFU s.c.), draining 

lymph nodes were harvested and assessed for the number of CD11c cells and 

total cell numbers. Representative data is shown as mean ±SEM from 2-3 

experiments. All data points represent an n=3 unless otherwise stated. Statistical 

significance was determined by unpaired student t-test (*p<0.05).  
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Figure 19: IFNAR signalling has no impact on CD8+ T cell response against 

systemic ST-OVA-C 

Wild type and IFNAR1-/- mice were infected with ST-OVA-C (103 CFU i.v.). At 

various days post infection, mice were sacrificed and the spleen was harvested 

and analyzed for IFN-γ producing cells by ELISPOT assay. All data points 

represent an n=3 unless otherwise stated. Representative data is shown as 

mean ±SEM from 2-3 experiments.  
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other bacteria, I examined the CD8+ T cell response against another intracellular 

pathogen, LM in wild type and IFNAR1-deficient mice. LM is an intracellular 

bacterium which, following phagocytosis, escapes the phagosome using the 

virulence factor Listeriolysin (LLO) which encodes a pore-forming protein (376). 

LM induced a potent CD8+ T cell response in both wild type and IFNAR1-

deficient mice as shown by ELISPOT assay (Fig. 20A) and in-vivo CTL response 

(Fig. 20B) following subcutaneous infection of LM-OVA. Furthermore, there was 

no noticeable influx of DCs or immune cells following LM infection in comparison 

to steady state levels (Fig. 20C, D). The CD8+ T cell response during systemic 

infection of LM-OVA was also not impacted in IFNAR1-deficient mice (Fig. 21). 

Therefore, the impact of IFNAR signalling on CD8+ T cell priming seems to be 

specific to ST infection, and is not a common phenotype observed with all 

intracellular bacteria. 

3.1.6 Migratory DCs lacking IFNAR expression are defective in 
inflammatory responses and cell death 

Thus far, my data suggests that IFNAR signalling may be impacting DC numbers 

and function independent of antigenic location. IFNAR signalling can potentially 

impact production of inflammatory cytokines and chemokines, which may be 

critical to prime a CD8+ T cell response and promote pathogen control of ST. To 

examine this, I generated BMDCs using progenitor cells from bone marrow 

harvested from wild type and IFNAR1-deficient mice. Bone marrow progenitors 

grown in the presence of GM-CSF for 8 days give rise to GMCSF-DCs, which 

closely resemble monocyte derived DCs in-vivo (Fig. 8) (360). Bone Figure 20: 
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Figure 20: IFNAR signalling is not required for CD8+ T cell responses 

against localized LM infection 

Wild type and IFNAR1-/- mice were infected with LM-OVA (104 CFU s.c.). (A) On 

day 7 and 15 following infection, mice were sacrificed; the draining lymph nodes 

were harvested and analyzed for IFN-γ producing cells by ELISPOT assay. (B) 

CD8+ T cell response was also assessed by in-vivo CTL by injected mice infected 

with LM-OVA (103 CFU s.c.) with CFSE labeled (OVA257-264 coated) target cells 

on day 6. Following 16 hours after administering target cells, mice were 

sacrificed; draining lymph nodes were harvested as assessed for the presence of 

CFSE labeled target cells. (C-D) At various time points following infection with 

ST-OVA-C (103 CFU s.c.), draining lymph nodes were harvested as assessed for 

the number of CD11c cells and total cell numbers. All data points represent an 

n=3 unless otherwise stated. Representative data is shown as mean ±SEM from 

2 experiments.  
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Figure 21: IFNAR has no impact on CD8+ T cell response against systemic 

LM 

Wild type and IFNAR1-/- mice were infected with LM-OVA (104 CFU i.v.). At 

various days post infection, mice were sacrificed and the spleen was harvested 

and analyzed for IFN-γ producing cells by ELISPOT assay. All data points 

represent an n=3 unless otherwise stated. Representative data is shown as 

mean ±SEM from 2 experiments. 
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marrow progenitors grown in the presence of the growth factors FLT3L and GM-

CSF for 8 days in-vitro, promote the growth of a migratory subset of DCs called 

CD103i DC (Fig. 8) (363). Lastly, bone marrow progenitors grown in the 

presence of FLT3L for 10 days promotes the growth of an in-vitro culture of DCs 

(called FLT3L-DCs) that closely resembles CD8α DC, which specializes in cross-

presentation (Fig. 8) (362). However, bone marrow FLT3L cultures also promote 

the growth of pDCs and CD11b DCs (Fig. 8) (362). 

To determine the specific impact of IFNAR signalling on different subsets of 

DCs, I infected each in-vitro subset of DCs with ST and examined the importance 

of IFNAR on cell survival and its impact on the production of cytokines and 

chemokines. I infected wild type and IFNAR1-deficient CD103i DCs and 

measured cell death at 24 h post infection using the neutral red assay, and noted 

substantial resistance of IFNAR1-deficient CD103i DCs to cell death following ST 

infection (Fig. 22A). A similar impact was observed with FLT3L-DCs (Fig. 22B). 

Interestingly, both wild type and IFNAR1-deficient GMCSF-DCs were highly 

susceptible to cell death upon ST infection (Fig. 22C). 

 I measured a panel of inflammatory cytokines and chemokines from the 

supernatants of infected DCs collected at 24 hours. I observed that IFNAR1-

deficient CD103i DCs had a diminished ability to produce inflammatory cytokines 

such as IL-1β, TNF and IL-6 at multiplicity of infection (MOI) where cell death was 

not different between wild type and IFNAR1-deficient CD103i DCs (Fig. 23A). 

Similarly, inflammatory chemokines such as MIP-1α, MIP-1β and MIG were also 

diminished in IFNAR1-deficient CD103i DCs as compared to wild type CD103i   
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Figure 22: CD103i DCs require IFNAR to induce ST mediated cell death 

(A-C) Wild type and IFNAR1-/- CD103i DCs, FLT3L-DCs and GMCSF-DCs were 

infected with ST at various MOIs for 30 minutes, followed by 2 hour treatment 

with gentamycin to eliminate any extracellular bacteria. Cells were incubated for 

24 hours and then assessed by cell viability by neutral red assay. Representative 

data is shown as mean ±SEM from 2 experiments. All data points represent an 

n=3 unless otherwise stated. Statistical significance was determined by unpaired 

student t-test (*p<0.05, **p<0.01).  
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Figure 23: CD103i DCs require IFNAR signalling for optimal cytokine and 

chemokine production following ST infection 

Wild type and IFNAR1-/- CD103i DCs were infected with ST at various MOIs for 

30 minutes, followed by 2 hour treatment with gentamycin to eliminate any 

extracellular bacteria. Cells were incubated for 24 hours, supernatants were 

collected and assessed for (A) cytokine and (B) chemokine production. 

Representative data is shown as mean ±SEM from 2 experiments. All data points 

represent an n=3 unless otherwise stated. Statistical significance was determined 

by unpaired student t-test (*p<0.05, **p<0.01, ***p<0.001).   
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DCs (Fig. 23B). However, IFNAR deficiency had no impact on the production of 

RANTES and IL-10 following ST infection (Fig 23A, B). KC was significantly 

higher in IFNAR1-deficient CD103i DCs following ST infection, which agrees with 

reports that suggest KC is inhibited by IFNαR1 signalling (Fig. 23B) (377). 

Furthermore, I examined the impact of IFNAR signalling on cytokine and 

chemokine production in wild type and IFNAR1-deficient GMCSF-DCs following 

ST infection. IFNAR1-deficient GMCSF-DCs expressed diminished levels of 

cytokines IL-10, IL-6, IL-1β, TNF-α and chemokines such as MIP-1α and MIP-1β 

following ST infection (Fig. 24A-B). 

To evaluate the impact of IFNAR signalling on DC migration, I assessed DC 

recruitment to the draining lymph nodes following ST infection at various time 

intervals post infection. Interestingly, there was a minimal impact during the early 

stages of infection. I observed high influx of DCs and other immune cells in the 

draining lymph nodes of wild type mice at day 7, whereas the IFNAR1-deficient 

mice exhibited minimal influx of cells in the draining lymph nodes (Fig. 25A-C). 

This may be a consequence of IFNAR1-deficient cells expressing reduced levels 

of inflammatory cytokines (Fig. 23, 24), which results in poor recruitment of 

immune cells to the draining lymph nodes (Fig. 18, 25) that may diminish an 

optimal CD8+ T cell response. 

Overall, my data indicates that IFNAR signalling is critical to mount a CD8+ 

T cell response against localized ST infection. IFNAR signalling in DCs was 

required for cytokine and chemokine as well as cell death following ST infection. 

Interestingly, this impacted the recruitment of migratory and resident DCs to the  



 

 126 

Figure 24: GMCSF-DCs require IFNAR signalling for cytokine and 

chemokine production following ST infection 

Wild type and IFNAR1-/- GMCSF-DCs were infected with ST at various MOIs for 

30 minutes, followed by 2 hour treatment with gentamycin to eliminate any 

extracellular bacteria. Cells were incubated for 24 hours, supernatants were 

collected and assessed for (A) cytokine and (B) chemokine production. 

Representative data is shown as mean ±SEM from 2 experiments. All data points 

represent an n=3 unless otherwise stated. Statistical significance was determined 

by unpaired student t-test (*p<0.05, **p<0.01, ***p<0.001).  



 

 127 

  



 

 128 

Figure 25: Reduced infiltration of migratory and resident DCs in the 

draining lymph nodes of IFNAR1-deficient mice following ST-OVA-C 

infection 

Wild type and IFNAR1-/- mice were infected with ST-OVA-C (103 CFU s.c.). (A) At 

various days post infection, mice were sacrificed, the draining lymph nodes was 

harvested and analyzed for different DC populations by flow cytometry (B-C) 

Total number of migratory and resident DC subset populations were assessed by 

flow cytometry and total cell numbers. All data points represent an n=3 unless 

otherwise stated. Representative data is shown as mean ±SEM from 2 

experiments.  
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draining lymph nodes of infected mice. This impact was restricted to ST, as 

infection with another intracellular bacterium, LM, was not attenuated in IFNAR1-

deficient mice. However, when the response was measured in a systemic 

infection model, the CD8+ T cell response was not dependent on IFNAR 

signalling, even in the ST infection model. Overall, these results indicate that  

IFNAR signalling was required to mount an early CD8+ T cell response against 

ST in the draining lymph nodes (Fig. 26).  
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Figure 26: Visual Abstract I: IFNAR signalling is required for protective 

CD8+ T cell response against ST 

IFNAR signalling is critical for innate and adaptive immune responses against a 

variety of pathogens. Our data suggests that IFNAR signalling is critical to mount 

a CD8 T cell response against recombinants of ST in the draining lymph nodes of 

infected mice. IFNAR signalling is critical for inflammatory cytokine and 

chemokine production following ST infection. Furthermore, IFNAR signalling 

mediates the cell death in migratory CD103+ DC following ST infection, which 

may be a critical source of cellular antigen in the draining lymph nodes to 

promote antigen-presentation and promote a robust CD8+ T cell response. 

Collectively, our data suggests that IFNAR signalling is critical for immune 

protection against ST by mediating inflammation, cell death and antigen-

presentation to mount a protective CD8+ T cell response.  
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3.2 CHAPTER 2: Batf3-dependent DCs are critical for 
development of CD8+ T cell responses against Salmonella 
Typhimurium regardless of the location of antigen 

3.2.1  CD8α DCs display increased uptake of ST antigen 

Since ST derived antigens are sequestered into the phagosome of infected 

APCs, CD8+ T cell response against phagosomal pathogens are most likely 

primed through the cross-presentation pathway, which allows for MHC class-I 

presentation of phaogsomal antigen (378). CD8α DCs have been shown to be 

the most important population of DCs that promotes cross-presentation (52, 101, 

125, 379). Therefore, I evaluated the role of CD8α DCs against the immune 

response against ST. Following infection of sorted CD8α DC, CD11b DC and 

pDC populations in-vitro, I observed increased uptake of ST by CD8α DCs in 

comparison to other DC subsets at 2 hours post-infection (Fig. 27A-B). Due to 

the limited incubation time of 2 hours, the increased bacterial burden in CD8α 

DCs can be attributed to enhanced uptake of ST in contrast to enhanced 

bacterial proliferation within CD8α DC populations (the intracellular doubling time 

of ST is 7 hours). I also utilized the B6.Batf3-deficient mouse model, which lacks 

Batf3, a key AP-1 transcription factor required for development of CD8α DCs 

during steady state (101). Furthermore, I crossed the B6.Batf3-deficient mice with 

B6.Nramp mice to create the B6.Nramp.Batf3-deficient mouse strain. This would 

allow me to assess the impact of Batf3-dependent DCs on the CD8+ T cell  
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Figure 27: ST is selectively acquired by Batf3-dependent DCs 

(A) Splenic DCs were quantified by flow cytometry using cell surface staining. 

DCs were characterized by gating onto singlet cells based on forward and side 

scatter. DCs were gated as CD11c+B220-MHC-IIhi cells. Splenic DCs were 

quantified as CD8α DCs and CD11b DCs. (B) Splenic DCs were sorted into 

CD8α DCs, CD11b DCs and pDC (CD11c+B220lo/+). Each DC subset was 

infected with ST at an MOI of 10 for 30 min, followed by gentamycin treatment for 

2 hours. Cells were lysed using lysis buffer and plated onto BHI plates to assess 

the bacterial counts in each DC subset. (C) Batf3-/- mice backcrossed onto the 

Nramp background were virtually devoid of any CD8a DCs. Representative 

FACS plots of CD8α and CD11b DC populations from B6.Nramp and 

B6.Nramp.Batf3-/- mice are show. (D) CD11c DCs isolated from wild type and 

Batf3-/- spleens were plated into 96 well plates and infected with 10 MOI of ST for 

30 min followed by gentamycin treatment. Bacterial counts in the cells were then 

evaluated following 2 hours post infection following treatment with lysis buffer. 

Representative data is shown as mean ±SEM from 3 experiments. Statistical 

significance was determined by unpaired student t-test (*p<0.05, **p<0.01).  
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response against ST as the mice will not rapidly succumb to infection. As 

expected, B6.Nramp.Batf3-deficient mice lack CD8α DC in the spleen (Fig 27C). 

To determine the ability of different DC populations to acquire ST antigens, I 

purified splenic wild type and Batf3-deficient DCs and infected them with ST in-

vitro. As expected, wild type DCs acquired more ST bacteria than Batf3-deficient 

DCs following 2 hours of infection (Fig. 27D). 

3.2.2 Poor CD8+ T cell response in Batf3-deficient mice 

Pathogens such as LM can induce a strong CD8+ T cell response towards 

highly immunogenic epitopes. For instance, the pore forming toxin Listeriolysin O 

(LLO) is a highly immunogenic antigen which induces a strong CD4+ and CD8+ T 

cell response following infection with LM (380). In stark contrast, ST induces a 

delayed CD8+ T cell response in-vivo (161), possibly due to the sequestration of 

ST antigens in the phagosome. Consequently, there are no reports of a highly 

immunogenic CD8+ T cell epitope derived from ST, which can be used to track a 

cytotoxic T cell response. Thus, I utilized recombinants of ST that express the 

highly immunogenic model antigen OVA to evaluate the CD8+ T cell response 

against ST. 

To determine the impact of the transcription factor Batf3 on antigen 

presentation against ST DCs in mounting a CD8+ T cell response against ST, I 

first assessed the capacity of wild type and Batf3-deficient DCs to cross-present 

OVA antigen in-vitro (Fig 28A). As expected, Batf3-deficient DCs had reduced 

capacity to cross-present cellular antigen in the context of an ST infection. To  
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Figure 28: Delayed CD8+ T cell kinetics against ST infection in Batf3 

deficient mice 

(A) B6.Nramp and B6.Nramp.Batf3-/- DCs were plated into 96 well plates at a 

concentration of 105 cells per well. DCs were co-incubated with β2m-/- cells 

loaded with OVA protein and ST at various MOIs for 30 minutes, followed by a 2 

hour gentamycin wash. CFSE labelled OT-1 CD8+ T cells were added and 

proliferation of OT-1 cells was evaluated following 72h of infection by flow 

cytometry as a measure of cross-presentation of cellular antigen (B) CD8+ OT-1 

cells (CD45.1+CD45.2+) were injected (105 i.v.) into B6.Nramp and 

B6.Nramp.Batf3–deficient mice (endogenous cells expressing CD45.1-CD45.2+). 

Two days following infection, mice were infected with ST-OVA (103 i.v.). (C) 

Blood was collected from recipient mice through saphenous bleeding at various 

time points and assessed for the numbers of OT-1 (CD8+CD45.1+CD45.2+) CD8+ 

T cells using flow cytometry and cell surface staining. (D) Representative FACS 

plots are shown. Representative data is shown as mean ±SEM from 2-4 

experiments. All data points represent an n=3 unless otherwise stated. Statistical 

significance was determined by unpaired student-t test (*p<0.05, **p<0.01).   
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further assess the impact of Batf3 on CD8+ T cell responses against ST, I 

adoptively transferred purified OT-1 transgenic CD8+ T cells (with a transgenic 

TCR that can bind H-2Kb-OVA257-264) onto Nramp and Nramp.Batf3-deficient 

mice (Fig. 28B). Recipient wild type and Batf3-deficient mice express CD45.1-

CD45.2+ while the OT-1 CD8+ T cells express CD45.1+CD45.2+. Following 

infection with ST-OVA, I monitored the expansion of endogenous CD8+ T cells or 

adoptively transferred OT-1 CD8+ T cells using differential expression of CD45 

(Fig. 28C). Wild-type mice generated a delayed, but robust CD8+ T cell response 

within 21 days post infection. In contrast, the response in Batf3-deficient mice 

was significantly attenuated (Fig. 28C,D). The CD8+ T cell response in Batf3-

deficient mice was significantly reduced at all the time points tested. By 

monitoring OT-1 CD8+ T cell proliferation in wild type and Batf3-deficient hosts, 

these results suggest that the impact of Batf3 in CD8+ T cell priming is not cell-

intrinsic to CD8+ T cells and is most likely an impact within the APCs. 

To determine if Batf3 is also required to prime CD8+ T cells during a 

chronic ST infection in resistant mice, I infected 129 and 129.Batf3-deficient mice 

with ST-OVA (103 CFU i.v.) and evaluated the CD8+ T cell response at various 

time points post infection by ELISPOT assay. As expected, CD8+ T cell response 

was reduced in Batf3-deficient mice throughout the duration of the infection (Fig. 

29A). Evaluation of CD8+ T cell response by H-2Kb-OVA257-264 tetramer staining 

further indicated that Batf3 promoted the development of a potent CD8+ T cell 

response against ST-OVA (Fig. 29B). Furthermore, 129.Batf3-deficient mice had  
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Figure 29: Batf3 promotes CD8+ T cell response against chronic ST 

infection 

129.WT and 129.Batf3-/- mice were infected with ST-OVA (103 i.v.) and monitored 

for 60 days. (A) Spleens were harvested and assessed for the numbers of 

OVA257-264-specific, IFN-γ producing cells at various time points by ELISPOT 

assay. (B) At day 40, the peak of response, we also evaluated the numbers of H-

2Kb-OVA257-264 tetramer positive cells within the CD8+ T cell gate by flow 

cytometry. (C) Bacterial burden in the spleens of 129.WT and 129.Batf3-/- mice 

was also assessed at various time points. Representative data is shown as mean 

±SEM from 2-3 experiments. All data points represent an n=3 unless otherwise 

stated. Statistical significance was determined by unpaired student-t test 

(**p<0.05, **p<0.01).  
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higher bacterial burden at time periods following the peak of CD8+ T cell 

response in comparison to wild type mice (Fig. 29C). 

Next I wanted to address whether antigenic location would have an impact 

on the role of the transcription factor Batf3 in priming CD8+ T cells. Thus, I 

addressed the impact of Batf3 on antigen presentation against ST-OVA-C. 

Interestingly, both wild type and Batf3-deficient DCs were able to induce potent 

antigen presentation against ST-OVA-C in vitro (Fig. 30A), suggesting that lack 

of the subset of CD8α DCs does not impact direct presentation of cytosolic OVA 

in-vitro. Surprisingly, infection of Batf3-deficient B6.Nramp mice with ST-OVA-C 

(103 CFU i.v.) resulted in delayed CD8+ T cell response during the early stage of 

infection (Fig. 30B-C). At later time points (15 days post infection), the CD8+ T 

cell response between wild type and Batf3-deficient mice was similar. This effect 

of Batf3 on cytotoxic CD8+ T cell activation was not cell intrinsic to CD8+ T cells 

as OT-1 CD8+ T cells transferred to Batf3-deficient hosts displayed poor 

proliferation during the initial phase of ST-OVA-C infection (Fig. 31A-C). An 

interesting result that emerges from my studies in Batf3-deficient mice is that 

during infection with ST-OVA, where antigen is confined to the phagosomal 

location, CD8+ T cell response is blunted throughout the duration of infection in 

Batf3-deficient mice, whereas in case of the cytosolic antigen, ST-OVA-C, Batf3 

is critical only during the initial phase of infection. 
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Figure 30: Batf3 is important for early CD8+ T cell priming against ST when 

antigen is translocated to the cytoplasm 

(A) B6.Nramp and B6.Nramp.Batf3-/- DCs were plated onto 96 well plates at a 

concentration of 105 cells per well and infected with ST-OVA-C at various MOIs 

for 30 minutes, followed by a 2 hour gentamycin wash. CFSE labeled OT-1 CD8+ 

T cells were added and evaluated at 72h post infection by flow cytometry. (B) 

B6.Nramp and B6.Nramp.Batf3-/- mice were infected with ST-OVA-C (103 CFU 

i.v.) and assessed for the numbers of OVA257-264-specific, IFN-γ-secreting cells at 

various time points by ELISPOT assay using splenic cells. (C) Representative 

ELISPOT wells used to quantify IFN-γ producing cells are shown. Representative 

data is shown as mean ±SEM from 2-3 experiments. All data points represent an 

n=3 unless otherwise stated.   
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Figure 31: Delayed proliferation of OT-1 CD8+ T cells following ST-OVA-C 

infection in Batf3-deficient hosts 

(A) B6.Nramp and B6.Nramp.Batf3-/- mice (with endogenous cells expressing 

CD45.1-CD45.2+) were injected with WT OT-1 (CD45.1+CD45.2+) CD8+ T cells 

(105 i.v.). Two days later, mice were infected with ST-OVA-C (103 CFU i.v.). (B) 

At various time intervals, blood was collected from mice using saphenous 

bleeding and assessed for the numbers of proliferating OT-1 cells by flow 

cytometry. (C) Representative data is shown as mean ±SEM from 3 experiments. 

All data points represent an n=3 unless otherwise stated. Statistical significance 

was determined by student t test (**p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).  
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3.2.3 CD8+ T cell response in Batf3-deficient mice correlates with the 
number of CD8α DCs 

Batf3 is a critical transcription factor for the development of CD8α DCs 

during steady state (101). Interestingly, under inflammatory conditions mediated 

by a pathogenic challenge, Batf3 independent mechanisms of CD8α DC 

development are employed that utilize other transcription factors, which include 

Batf1 and Batf2 (379, 381). To assess the impact of such mechanisms, I 

evaluated the kinetics of CD8α DCs in wild type and Batf3-deficient mice 

following infection with ST-OVA-C. During steady state and early stages of 

infection, the numbers of CD8α DCs were greatly reduced in Batf3-deficeint mice 

(Fig. 32A, B). However, Batf3-deficient mice developed a population of CD8α 

DCs that emerged following 7 days of infection (Fig. 32A, B). Furthermore, Batf3-

deficient mice had higher bacterial burden at later stages of infection (Fig. 32C). 

The delayed kinetics of the subsequent CD8+ T cell response against ST-OVA-C 

in Batf3-deficient mice correlated with the re-emergence of CD8α DCs following 

the inflammation induced by higher burden of ST that emerges during later 

stages of infection (Fig 32A-C). These data indicate that the delayed CD8+ T cell 

response measured in Batf3-deficient mice following ST-OVA-C challenge (Fig. 

30, 31) is mediated by the re-emergence of CD8α DCs following ST challenge 

(Fig 32A-B). Furthermore, impaired CD8+ T cell priming in Batf3-deficient mice 

had a great impact on host survival when OVA antigen was translocated to the 

cytosol, which is only apparent in the Nramp mouse model due to prolonged 

survival of wild type mice (Fig. 33). 
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Figure 32: CD8α DCs re-emerge in Batf3-deficient mice following ST 

infection 

(A-B) B6.Nramp and B6.Nramp.Batf3-/- mice were infected with ST-OVA-C (103 

CFU i.v.) and assessed for splenic CD8α and CD11b DC populations at day 0, 3 

and 7 following infection. Splenic bacterial burden was also assessed on various 

time points following infection. All data points represent an n=3 unless otherwise 

stated. Statistical significance was determined by student t test (***p<0.001).  
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Figure 33: Batf3 impacts host survival against recombinant ST-OVA-C 

Wild type and Batf3-/- mice were infected with ST-OVA-C (103 CFU i.v.) and 

assessed for host survival. Representative data is shown as mean ±SEM from 2 

experiments. Statistical significance on survival data was determined using 

Gehan-Breslow-Wilcoxon tests (***p<0.001).  
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3.2.4 Batf3-dependent DCs are critical to mount a CD8+ T cell response 
against ST in the draining lymph nodes 

Thus far, my data suggests that Batf3-dependent DCs are critical in 

mounting a CD8+ T cell response against a systemic challenge model of ST 

(intravenous infection). However, the impact on localized ST challenge, which 

employs Batf3-dependent migratory CD103+ DCs and CD8α DCs in the draining 

lymph nodes, was unclear. To address this issue, I utilized a localized challenge 

model of ST and injected ST-OVA-C subcutaneously. CD8+ T cell response was 

assessed in the draining inguinal lymph nodes at days 7 and 15 post- infection, 

the (Fig. 34A). CD8+ T cell response in the draining lymph nodes was poor in 

Batf3-deficient mice at day 7, but not day 15 post-infection (Fig. 34A, D). 

Reduced CD8+ T cell response in Batf3-deficient mice correlated with lower influx 

of cells in the lymph nodes (Fig. 34B), as well as higher bacterial burden (Fig. 

34C). Interestingly, bacterial burden was significantly higher in Batf3-deficient 

mice, which indicates that ST is able to traffic to the draining lymph nodes 

independent of CD8α DCs. However, delayed CD8+ T cell kinetics may also 

contribute to higher bacterial burden (Fig. 34A, C). These results suggest that 

Batf3-dependent DCs are critical for priming CD8+ T cell following infection in 

both systemic and localized challenge models of ST. 

3.2.5 Batf3-dependent DCs are a critical source of inflammatory cytokines 
and chemokines during ST infection 

Different DC subsets express a variety of PRRs and thus have varying 

capabilities to respond to an array of pathogens, which may also impact antigen 

presentation and CD8+ T cell priming. For instance, cytokines and chemokines  
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Figure 34: Batf3 promotes early CD8+ T cell priming in a localized ST 

infection model 

B6.Nramp and B6.Nramp.Batf3-/- mice were infected with ST-OVA-C (104 s.c.) at 

the base of the tail. Following 7 and 15 days of infection, the draining (inguinal) 

lymph nodes were harvested and assessed for (A, D) OVA257-264-specific, IFN-γ 

producing cells by ELISPOT assay, (B) total numbers of cells in the lymph nodes, 

and (C) bacterial burden in the combined inguinal lymph nodes. Representative 

data is shown as mean ±SEM from 2-3 experiments. All data points represent an 

n=3 unless otherwise stated. Statistical significance was determined by student t 

test (*p<0.01, **p<0.01).  
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can also be critical in priming CD8+ T cells against pathogens by providing signal 

3, which promotes migration and proliferation of primed cytotoxic T cells against 

ST. Splenic Nramp and Nramp.Batf3-deficient DCs were infected with ST in-vitro 

and the expression of various cytokines and chemokines was evaluated from the 

supernatants collected 24 hours after infection. Interestingly, chemokines that are 

important for T cell recruitment such as MIP-1α and MIP-1β were significantly 

diminished in Batf3-/- DCs following ST infection (Fig. 35A). Batf3-dependent 

DCs expressed higher levels of inflammatory cytokines, such as IL-1α, IL-6 and 

TNF-α following ST infection (Fig. 35B). Anti-inflammatory cytokine IL-10 had no 

dependency on CD8α DCs (Fig. 35B). I also generated DCs from the bone 

marrow of wild type and Batf3-deficient mice and noted a similar impairment in 

cytokine production in Batf3-deficient GMCSF-DCs as compared to wild type 

(Fig. 36). These results suggest that Batf3-dependent CD8α DCs promote the 

expression of inflammatory cytokines and chemokines following ST challenge, 

which impacts priming of CD8+ T cells in-vivo. 

Overall my data suggests that Batf3-dependent DC populations such as 

CD8α DCs and CD103+ DCs, are critical for immune protection against ST, 

mediated by priming CD8+ T cells in both systemic and localized challenge 

model. Furthermore, this impact was observed in both recombinant strains of ST 

that induce either cross-presentation or direct-presentation. This indicates that, 

CD8α DCs and CD103+ DCs also provide a critical source of essential cytokines 

and chemokines that are required for protective immunity against ST irrespective 

of antigenic location within the infected APC (Fig. 37). 
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Figure 35: Reduced production of inflammatory cytokines and chemokines 

in Batf3-deficient DCs following ST infection 

DCs were infected with ST at various MOIs for 30 min, followed treatment with 

gentamycin for 2 hours. 24 hours following infection, the supernatant was 

collected and the expression of (A) chemokines: MIP-1α, MIP-1β, RANTES and 

(B) cytokines: TNFα, IL-6, IL-10 and IL-1α was evaluated. Representative data is 

shown as mean ±SEM from 2-3 experiments. All data points represent an n=3 

unless otherwise stated. Statistical significance was determined by unpaired 

student t-test (*p<0.05, **p<0.01, ***p<0.001, ***p<0.0001).  
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Figure 36: Impaired cytokine production in Batf3-deficient bone marrow 

derived cells following ST infection 

GMCSF-DCs were plated into a 96-well plate and infected with ST at various 

MOIs, followed by a 2 hour treatment of gentamycin to eliminate extracellular 

bacteria. Following 24 hours post-infection, supernatants were collected and 

analyzed for cytokine secretion of IL-1α, IL-1β, IL-6 and TNF-α. Representative 

data is shown as mean ±SEM from 2-3 experiments. All data points represent an 

n=3 unless otherwise stated. Statistical significance was determined by unpaired 

student t-test (*p<0.05, **p<0.01). 
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Figure 37: Visual Abstract II: Batf3-dependent DCs are required for immune 

protection against ST independent of the location of immunogenic antigen 

Batf3 is a critical transcription factor that is required for proper development of 

CD8α and CD103+ DCs at steady state. By utilizing recombinant strains of ST, 

that either deposit model antigen in the phagosome (ST-OVA) or cytoplasm (ST-

OVA-C) of infected cells, I was able to determine the critical role of Batf3-

dependent CD8α and CD103+ DCs against ST infection. Interestingly, Batf3-/- 

mice succumb to infection with a high dose of ST-OVA-C. Furthermore, 

production of inflammatory cytokine such as TNF-α, MIP-1α and IL-6 requires 

Batf3-dependent DCs following infection with ST recombinants. Collectively, our 

data suggests that Batf3-dependent DCs are required to mediate a CD8+ T cell 

response against ST recombinants, critical for comprehensive immune protection 

and host survival. Batf3-dependent DCs are critical for host survival against the 

recombinant ST-OVA-C, which maintains antigen in the cytoplasm, indicating that 

the requirement for CD8α DCs is independent of their ability for cross-

presentation.  
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3.3 CHAPTER 3: Synergism of Caspase1/11 and RipK3 
signalling pathways in control of intracellular bacteria 

3.3.1 Early antigen presentation is necessary to reveal the protective role 
of inflammatory cell death pathways 

Virulent ST induced rapid death of infected cells, and it is not clear what 

influence the rapid cell death of infected cells has on the development of CD8+ T 

cell response. Death of infected cells in various infection models has been shown 

to promote uptake of apoptotic bodies by surrounding DCs, which promotes 

cross-presentation of antigen (94, 113, 382). However, death of infected 

macrophages and DCs following infection with ST has been shown to be 

mediated mainly by inflammasome signalling, which results in cell death by 

pyroptosis, a pathway distinct from apoptosis (225). Caspase1/11 is a critical 

component of the inflammasome, which mediates the processing of IL-1 family of 

cytokines and cell death by pyroptosis, which results in release of intracellular 

DAMPs and exacerbates inflammation. Since pyroptosis is the dominant 

mechanism of cell death following ST infection (224, 383), I evaluated whether 

pyroptotic death in APCs modulates CD8+ T cell priming. I infected wild type and 

Caspase1/11-deficient DCs with ST-OVA, which expresses antigen in 

phagosomes (Fig. 38A). Wild type DCs as expected failed to induce early 

antigen presentation due to phagosomal location of antigen. Interestingly, there 

was no induction of antigen presentation with Caspase1/11-deficient DCs (Fig. 

38A), implying that premature death of infected DCs is not the reason for the lack  
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Figure 38: Caspase1/11 signalling provides minimal impact on immune 

protection against phagosomal ST infection 

ST-OVA is a recombinant strain of ST (SL1344) that deposits OVA into the 

phagosome of infected cells. (A) WT and Caspase1/11-/- CD11c cells were plated 

into a 96-well plate and infected with ST-OVA at various MOIs, followed by 

gentamycin treatment for 2 hours to remove any extracellular bacteria. Cells were 

then incubated with CFSE labeled OT-1 transgenic (OVA257-264 specific) CD8+ T 

cells. After 72 h, CFSE-dilution (indicative of proliferation) was assessed by flow 

cytometry on the CD8+ T cells. (B) WT and Caspase1/11-/- mice were infected 

with ST-OVA (103 CFU i.v.). Numbers of OVA-specific CD8+ T cells in the 

spleens were evaluated by OVA-tetramer staining at day 7. (C) Splenic bacterial 

burden and (D) host survival was evaluated. Data is shown as mean ±SEM and 

is representative of 2-3 separate experiments. The cross symbol indicates that 

mice were euthanized before the time-point assessed was reached. All data 

points represent an n=3 unless otherwise stated.  
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of detectable antigen presentation early during infection. Following intravenous 

infection with ST-OVA in wild type and Caspase1/11-deficient mice, there was no 

detectable CD8+ T cell response at day 7 (Fig. 38B), and there was a slight 

increase in the bacterial burden of Caspase1/11-deficient mice at all the time 

points tested (Fig. 38C). However, this had no implication on host survival as 

both groups of mice succumbed to infection at similar rates (Fig. 38D).  

 Recombinants of ST that express antigen in the phagosome induce a 

delayed CD8+ T cell response (161). In contrast, ST-OVA-C is a recombinant that 

translocates antigen into the cytoplasm and engages proteasomal antigen 

processing (46). As a result ST-OVA-C induces a robust CD8+ T cell response 

within 7 days of infection (46). I tested the impact that Caspase1/11 has on 

antigen presentation, host survival and priming CD8+ T cell responses against 

this recombinant strain of ST. As expected, ST-OVA-C induced robust antigen 

presentation in-vitro (Fig. 39A). Interestingly, OT-1 proliferation was similar 

between wild type and Caspase1/11-deficient DCs infected with ST-OVA-C at 

various MOIs, indicating that Caspse-1/11 has little impact on the ability of DCs 

to engage antigen presentation (Fig. 39A). The endogenous CD8+ T cell 

response measured at day 7 was significantly higher in Caspase1/11-deficient 

mice (Fig. 39B-C), which correlated with increased bacterial burden, up to 1000 

fold higher than wild type mice (Fig. 39D). Increased bacterial burden at day 7 in 

Caspase1/11-deficient mice (Fig. 39D) may be the reason I observe a stronger 

endogenous CD8+ T cell response in comparison to wild type mice (Fig. 39B-C). 

Furthermore, Caspase1/11-deficient mice succumbed to infection rapidly, in  
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Figure 39: Engaging early antigen-presentation reveals the protective role 

of Caspase1/11 signalling against ST infection 

ST-OVA-C is a recombinant strain of ST (SL1344) that deposits OVA into the 

cytosol of infected cells. (A) WT and Caspase1/11-/- CD11c cells were plated 

onto a 96-well plate and infected with ST-OVA-C at various MOIs. Extracellular 

bacteria were removed by gentamicin treatment, and cells were incubated with 

CFSE labeled OT-1 transgenic (OVA257-264 specific) CD8+ T cells. After 72 h, 

CFSE-dilution (indicative of proliferation) was assessed by flow cytometry on the 

CD8+ T cells. (B-C) WT and Caspase1/11-/- mice were infected with ST-OVA-C 

(103 CFU i.v.). Numbers of OVA-specific CD8+ T cells in the spleens were 

evaluated by OVA-tetramer staining at day 7. (D) Splenic bacterial burden and 

(E) host survival was evaluated. Data is shown as mean ±SEM and is

representative of 2-3 separate experiments. All data points represent an n=3 

unless otherwise stated. Statistical significance was determined by unpaired 

student t-test (*p<0.05) or the Gehan-Breslow-Wilcoxon test for survival data 

(**p<0.01). 
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comparison to wild type mice, some of which survived the course of infection 

(Fig. 39E). 

Necroptosis is an inflammatory form of cell death that is engaged by 

sentinel immune cells during ST infection and may have implications on antigen 

presentation and host survival. RipK3 is the critical kinase that mediates cell 

death by necroptosis (229, 269). Thus, I proceeded to analyze the impact of 

RipK3 dependent necroptosis on CD8+ T cell response during infection with ST-

OVA and ST-OVA-C recombinants of ST. Wild type and RipK3-deficient mice 

rapidly succumbed to infection following infection with ST-OVA (Fig. 40A). 

Accordingly, bacterial burdens in both mice were similar at time points tested 

(Fig. 40B). As expected, endogenous CD8+ T cell responses were undetectable 

in both wild type and RipK3-deficient mice (Fig. 40C). These results indicate that 

RipK3 signalling pathway of cell death is not responsible for the delayed CD8+ T 

cell response observed against ST-OVA. Interestingly, challenging wild type and 

RipK3-deficient mice with ST-OVA-C revealed that RipK3 signalling promotes 

host survival when antigen presentation is engaged early during infection (Fig. 

40D). Enhanced fatality in RipK3-deficient mice correlated with increased 

bacterial burden (Fig. 40E). CD8+ T cell response against ST-OVA-C was higher 

in RipK3-deficient mice than wild type, possibly as a consequence of higher 

bacterial burden observed in Caspase1/11-deficient mice (Fig. 40F).  
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Figure 40: RipK3 plays a protective role only when antigen-presentation is 

engaged early during infection 

WT and RipK3-/- mice were infected with ST-OVA (103 CFU i.v.) and assessed for 

(A) host survival and (B) bacterial burden at day 5 post infection. (C) 7 days 

following infection, OVA-specific CD8+ T cell response against ST-OVA was 

evaluated in the spleens of infected mice by ELISPOT assay. Similarly, wild type 

and RipK3-/- mice were infected with ST-OVA-C (103 CFU i.v.) and assessed for 

(D) host survival and (E) bacterial burden at day 5 post infection. (F) OVA-

specific CD8+ T cell response against ST-OVA-C was evaluated in the spleens of 

infected mice at day 7 by ELISPOT assay. Data is shown as mean ±SEM and is 

representative of 2-3 separate experiments. All data points represent an n=3 

unless otherwise stated. Statistical significance was determined by Gehan-

Breslow-Wilcoxon test for survival data (**p<0.01).  
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3.3.2 Expression a functional Nramp1 gene reveals the critical role of 
Caspase1/11- and RipK3-signalling during ST infection 

I did not observe any significant differences in host survival between wild 

type mice and Caspase1/11- or RipK3-deficient mice following infection with ST-

OVA, however ST-OVA-C infection yielded significant differences (Fig. 38-40). 

Since ST-OVA induces rapid fatality in susceptible mice, this may not allow 

sufficient time to reveal the protective roles of Caspase1/11 and RipK3 during 

infection with ST-OVA. Rapid fatality following ST infection is partly attributed to a 

non-functional Nramp1 gene expressed by susceptible mice (179). I therefore 

tested the impact of Caspase1/11 and RipK3 against ST-OVA in B6 mice 

expressing a functional Nramp1 gene. I observed that Nramp mice deficient in 

either Caspase1/11 or RipK3 succumb to infection earlier than their wild type 

counterparts (Fig. 41A). Caspase1/11-deficient mice exhibited a significantly 

higher bacterial burden as compared to wild type and RipK3-deficient mice at day 

8 post-ST-OVA infection (Fig. 41B). Furthermore, the bacterial burden was 

significantly higher in RipK3-deficient mice as compared to wild type mice at day 

16 post-infection (Fig. 41C). Thus, these results indicate that even when antigen 

presentation is delayed, Caspase1/11 and RipK3 signalling promotes protection 

against infection when Nramp1 gene is functional. Furthermore, results indicated 

that Caspase1/11 signalling has a greater impact than RipK3 on survival against 

ST (Fig. 41A). 

To further evaluate the impact on CD8+ T cell response, I performed an 

adoptive transfer experiment by injecting OT-1 CD8+ T cells into recipient mice 

deficient in Caspase1/11 or RipK3 signalling followed by infection with ST-OVA  
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Figure 41: Expression of Nramp1 enhancing the survival of B6 mice reveals 

the critical role of Caspase1/11 and RipK3 signalling with phagosomal ST 

B6.Nramp, B6.Nramp.RipK3-/- and B6.Nramp.Caspase1/11-/- mice were infected 

with ST-OVA (103 CFU i.v.) and evaluated for (A) host survival and (B) bacterial 

burden at (B) day 8 and (C) day 16 following infection. (D-E) To assess the role 

of Caspase1/11 and RipK3 on antigen-presentation and CD8+ T cell priming 

against ST-OVA-C, we adoptively transferred OT-1 CD8+ T cells 

(CD45.1+CD45.2+) expressing a transgenic TCR that recognizes H2-Kb-OVA257-

264 into B6.Nramp, B6.Nramp.Caspase1/11- and B6.Nramp.RipK3-deficient mice 

(CD45.1-CD45.2+) to assess for OT-1 proliferation from blood samples received 

by saphenous bleeding by flow cytometry collected at various days post-infection. 

Data is shown as mean ±SEM and is representative of 2-3 separate experiments. 

The cross symbol indicates that mice were euthanized before the time-point 

assessed was reached. All data points represent an n=3 unless otherwise stated. 

Statistical significance was determined by Gehan-Breslow-Wilcoxon test for 

survival data (**p<0.01). Experiments involving Caspase1/11-deficient mice in 

panel A-C were performed by Kristina Wachholz.  
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(Fig. 41D). There was no detectible CD8+ T cell response in wild type, 

Caspase1/11- or RipK3-deficient mice at day 7 post infection (Fig. 41E), 

indicating that delayed CD8+ T cell response against ST is not due to APCs 

engaging Caspase1/11 or RipK3 mediated pathways of cell death. As expected, 

Caspase1/11 succumbed to infection at an early time point (<10 days) (Fig. 

41E). Following this time point, I did not observe any significant differences in 

CD8+ T cell priming among wild type or RipK3-deficient mice at all time-points 

measured (Fig. 41E). By utilizing the Nramp1 transgenic model, I was able to 

recapitulate the dependence on Caspase1/11 and RipK3 on host survival against 

both ST-OVA and ST-OVA-C. 

3.3.3 Disruption of both Caspase1/11 and RipK3 results in accelerated 
host fatality 

Next I examined whether Caspase1/11 and RipK3 are complementary 

signalling pathways that promote death of infected cells and control of ST 

bacterial burden and whether this impacts CD8+ T cell response. To achieve this 

I created Caspase1/11 and RipK3 double deficient mice and infected them with 

ST (102 CFU i.v.). I observed a significant increase in bacterial burden in 

Caspase1/11-RipK3 double deficient mice as compared to Caspase1/11-

deficient, RipK3-deficient or wild type mice (Fig. 42A). Due to early lethality of 

mice following infection with ST, I evaluated the impact in mice following infection 

with ST-OVA-C (103 CFU i.v.) and monitored bacterial burden and host survival. 

Caspase1/11-RipK3 double deficient mice succumbed to infection rapidly (< 7 

days) following ST-OVA-C infection (Fig. 42B). In comparison, Caspase1/11-  
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Figure 42: Synergism of Caspase1/11 and RipK3 signalling during ST 

infection 

(A) WT, RipK3-/-, Caspase1/11-/- and Caspase1/11-/-RipK3-/- mice were infected 

with ST (103 CFU i.v.). At day 5 post infection, mice were sacrificed and splenic 

bacterial burden was assessed for each mouse group. WT, RipK3-/-, 

Caspase1/11-/- and Caspase1/11-/-RipK3-/- mice were infected with ST-OVA-C 

(103 CFU i.v.). (B) Each group was evaluated for host survival, as well as splenic 

bacterial burden at (C) day 3, day 5 and (D) day 7 post infection. (E) Spleens 

were harvested at day 7 post infection, treated with 10% formalin and vertical 

sections were stained for hematoxylin and eosin (H&E). Sections were analyzed 

and graded by a pathologist. Data is shown as mean ±SEM and is representative 

of 2-3 separate experiments. All data points represent an n=3 unless otherwise 

stated. Statistical significance was determined by unpaired student t-test 

(*p<0.05, **p<0.01, ***p<0.001). Histology sections were assessed and scored 

by Dr. Manijeh Daneshmand from the Pathology Department at the University of 

Ottawa.  
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and RipK3-deficient mice exhibited increased mortality than wild type mice, at a 

median time of 15 and 20 days respectively (Fig. 42B). It was apparent that 

Caspase1/11 deficiency was detrimental against ST-OVA-C as Caspase1/11- 

and Caspase1/11-RipK3-deficient mice exhibited higher bacterial burden than 

wild type and RipK3-deficient mice at day 3 and day 5 following infection (Fig. 

42C). Accordingly, the bacterial burden of Caspase1/11-RipK3-double deficient 

mice was significantly higher than all the other groups of mice at day 7 post-

infection (Fig. 42D). Significant number of Caspase1/11-RipK3-deficient mice 

had to be sacrificed even before day 7, suggesting that the impact of double-

deficiency is underestimated in Fig. 42D. These results indicate that that both 

Caspase1/11 and RipK3 play a synergistic protective role against ST, which is 

more apparent at later stages of infection (Fig. 42B-D). 

To further study the synergistic impact of Caspase1/11 and RipK3 signalling 

on protection against ST, I performed histological examination of spleen sections 

at day 7 post-infection and noted a graded impact on splenic pathology 

(Caspase1/11-/-RipK3-/- > Caspase1/11-/- > RipK3-/- > WT) (Fig. 42E). The splenic 

tissue in infected RipK3-deficient mice exhibited small foci of necrosis and 

hyperactive follicles (Fig. 42E). Caspase1/11-deficient mice exhibited increased 

signs of cell death with the white pulp being segmented and smaller (Fig. 42E). 

Finally, Caspase1/11-RipK3-deficient mice showed major signs of cell death and 

atrophia (wasting away) (Fig. 42E). At 7 days post infection, analysis using flow 

cytometry revealed elimination of various immune cell compartments in 

Caspase1/11-RipK3-double deficient mice (Fig. 43A-E) in addition to drastic  
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Figure 43: Diminished immune cell subsets following infection of RipK3, 

Caspase1/11 and double deficient mice with ST 

WT, RipK3-/-, Caspase1/11-/- and Caspase1/11-/-RipK3-/- mice were infected with 

ST-OVA-C (103 CFU i.v.). Spleens were harvested and evaluated for different 

immune cell subset at various time points at day 0, 3 and 7 post-infection. (A-C) 

Representative gating strategies are shown to quantify neutrophils, DCs, 

monocytes, macrophages, NK cells, CD4+ T cells, CD8+ T cells and B cells. (D-E) 

Total cell numbers from harvested spleens as well as total number of immune 

cells was analyzed at various time points. All data points represent an n=3 unless 

otherwise stated. Data is shown as mean ±SEM and is representative of 2-3 

separate experiments.  
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reduction in cell numbers (Fig. 43D). Surprisingly, disabling of Caspase1/11 and 

RipK3 dependent death pathways did not have an impact on CD8+ T cell 

responses against ST-OVA-C as wild type and Caspase1/11-RipK3-double 

deficient mice promoted a similar CD8+ T cell response 7 days post infection 

(data not shown).  

3.3.4 Synergistic impact of Caspase1/11 and RipK3 in inflammasome 
activation and cell-death 

To further investigate the mechanism behind the synergistic impact of 

Caspase1/11 and RipK3 on control of ST, I tested cell death, activation, cytokine 

production in macrophages (BMMs) and DCs (GMCSF-DCs) in-vitro. I observed 

a graded impact on the ability of WT and knockout cells to engage cell death in 

BMM (Fig. 44A) and GMCSF-DCs (Fig. 44C) in-vitro (WT > RipK3-/- > 

Caspase1/11-/- > Caspase1/11-/-RipK3-/-) following 24 hours of infection with ST. 

Interestingly, GMCSF-DCs were more sensitive to ST induced cell death than 

BMMs. For instance, an MOI of 10 was required to induce potent cell death in 

wild type GMCSF-DCs (Fig. 44C). In comparison, an MOI of 50 was required to 

induce cell death in BMMs (Fig. 44A). 

 Next I examined cytokine production in both BMMs and GMCSF-DCs 

following ST infection. To ensure that differences in cell death did not impact 

cytokine production, I measured cytokine levels following infection at MOI levels 

that did not induce cell death in any of the groups tested (MOI of 1 for GMCSF-

DCs and MOI of 10 for BMMs) (Fig. 44A, C). IL-1 inflammatory cytokine, such as 

IL-1α and IL-1β are considered to be DAMPs, which do not express a signal  
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Figure 44: Caspase1/11 and RipK3 are critical to mediate ST induced cell-

death and inflammasome activation following infection of macrophages 

and DCs 

BMMs (A) and GMCSF-DCs (C) grown from WT, RipK3-/-, Caspase1/11-/- and 

Caspase1/11-/-RipK3-/- mice were infected with ST for 30 minutes followed by a 2 

hour treatment with gentamycin to eliminate any extracellular bacteria. Following 

24 hours post-infection, cell were evaluated for viability by neutral red assay. 

Additionally, supernatants were collected to assess for cytokine production from 

infected (B) macrophages and (D) DCs 24 hours following ST infection. Data is 

shown as mean ±SEM and is representative of 2-3 separate experiments. All 

data points represent an n=3 unless otherwise stated. Statistical significance was 

determined by unpaired student t-test (*p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001).  
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sequence for secretion though the Golgi, and thus are mainly released by dead 

or dying cells (240). Production of IL-1α was greatly reduced in Caspase1/11, 

RipK3 and double deficient BMMs and GMCSF-DCs (Fig. 44B, D). Additionally, 

IL-1β and IL-18 were also reduced in Caspase1/11-and RipK3-deficient BMMs 

and GMCSF-DCs (Fig. 44B, D). Defective cytokine production by Caspase1/11- 

and RipK3-deficient cells was specific to IL-1 cytokines as other inflammatory 

cytokines and chemokines were produced at normal levels (Fig 45A, B). IL-1β 

levels were also reduced in BMMs and GMCSF-DCs stimulated with LPS in-vitro 

(Fig. 46A, B). Similarly, IL-1β was lower in serum samples collected from 

Caspase1/11- and RipK3-deficient mice challenged with LPS for six hours (Fig. 

47). In stark contrast, cytokine levels in serum collected from Caspase1/11- and 

RipK3-deficient mice had higher levels of pro-inflammatory cytokines following 

infection with ST-OVA-C, most likely due to enhanced bacterial burden, with the 

exception of IL-18, which was impaired in Caspase1/11- and Caspase1/11-

RipK3-deficient mice (Fig. 48). I then examined the activation of NF-κB and 

mitogen-activated protein kinase (MAPK) following ST infection in BMMs (Fig. 

49A) and GMCSF-DCs (Fig. 49B), which is critical for promoting transcription of 

pro-IL1α and pro-IL-1β as part of the signal 1 for inflammasome activation (384). 

Caspase1/11 or RipK3 signalling did not have an impact on the activation of NF-

κB and MAPK as measured through phosphorylation of these signal mediators 

(p65 NF-κB and p38 MAPK) (Fig. 49A-B). This data indicates that the impact of 

Caspase1/11 and RipK3 on IL-1 cytokine production is observed during  
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Figure 45: Induction of cytokine production in Caspase1/11- and RipK3-

deficient macrophages and DCs following ST infection 

(A) BMMs and (B) GMCSF-DCs were grown from WT, RipK3-/-, Caspase1/11-/- 

and Caspase1/11-/-RipK3-/- mice were infected with ST at an MOI of 10 for 

macrophages and 1 for DCs for 30 minutes to limit induction of cell death 

respectively. Cells were then washed and treated with gentamycin for 2 hours to 

eliminate any extracellular bacteria. Cells were incubated for 24 hours, at which 

point the supernatants were collected and assessed for cytokine production. All 

data points represent an n=3 unless otherwise stated. Data is shown as mean 

±SEM and is representative of 2 separate experiments.  
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Figure 46: Induction of cytokine production in Caspase1/11- and RipK3-

deficient macrophages and DCs following LPS treatment 

 (A) BMMs and (B) GMCSF-DCs were treated with LPS treatment (100ng/ml) for 

24 hours and assessed for cytokine production. Data is shown as mean ±SEM 

and is representative of 2 separate experiments. All data points represent an n=3 

unless otherwise stated.  
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Figure 47: In-vivo LPS treatment reveals deficiency in cytokine production 

in Caspase1/11- and RipK3-deficient mice 

WT, RipK3-/-, Caspase1/11-/- and Caspase1/11-/-RipK3-/- mice were injected with 

LPS in-vivo (50 mg/kg LPS i.p.). Six hours following administration of LPS, mice 

were euthanized and serum samples were collected to be assessed for cytokine 

and chemokine production. Data is shown as mean ±SEM and is representative 

of 2 separate experiments. All data points represent an n=3 unless otherwise 

stated.  
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Figure 48: Caspase1/11- and RipK3-deficient mice exhibit attenuation of IL-

18 response following ST infection 

WT, RipK3-/-, Caspase1/11-/- and Caspase1/11-/-RipK3-/- mice were infected with 

ST-OVA-C (103 CFU i.v.). Serum was collected at 5 days post-infection and 

cytokine production measured by C.B.A assay. Data is shown as mean ±SEM 

and is representative of 2 separate experiments. All data points represent an n=3 

unless otherwise stated. Statistical significance was determined by unpaired 

student t-test (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).  
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Figure 49: Caspase1/11- and RipK3-deficient macrophages and DCs are 

able to promote NF-κB (p65) and MAPK (p38) signalling following ST 

infection 

BMMs (A) and GMCSF-DCs (B) grown from WT, RipK3-/-, Caspase1/11-/- and 

Caspase1/11-/-RipK3-/- mice were infected with ST for 30 minutes followed by a 2 

hour treatment with gentamycin to eliminate any extracellular bacteria. Cells were 

infected with ST at an MOI of 10 for 0, 10 and 30 minutes and assessed for NF-

κB (p65) and MAPK (p38) signalling as evaluated in cell lysates by western blot 

analysis. Each Western blot is a representative of three separate experiments.   
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processing of IL-1 cytokines (Signal 2) and not promoting transcription of the pro-

forms of IL-1 cytokines (Signal 1). 

3.3.5 Caspase-1, Caspase-8 and RipK3 mediate processing of IL-1 
cytokines 

Processing of IL-1α and IL-1β requires two signals to promote secretion 

(238). The first signal is mediated through PRRs such as TLRs that promote 

transcription of pro-IL-1β (385). The second signal is mediated through 

inflammasome activation, which processes pro-IL-1β into its active form (385). 

Pro-IL-1α is bioactive and is not processed by the inflammasome, instead 

proteases such as calpains and granzymes can process IL-1α to increase its pro-

inflammatory activity (337). I observed a graded impact of Caspase1/11 and 

RipK3 on the reduction of IL-1α and IL-1β  in both BMMs (Fig. 50A-C) and 

GMCSF-DCs (Fig. 50D-F). The inhibition of IL-1α and IL-1β production in 

Caspase1/11 and RipK3-deficient cells is further demonstrated by comparing fold 

reduction of Caspase1/11-RipK3-deficient cells as compared to wild type cells 

(Fig. 50G). Interestingly, Caspase-8 has recently been shown to process pro-IL-

1β into its active form following TLR stimulation (285). To evaluate the impact 

that Caspase-8 has on Caspase1/11 and RipK3 independent processing of IL-1 

cytokines, I utilized chemical inhibitors of Caspase-8 (IETD) and Caspase-1 

(YVAD) on BMMs and GMCSF-DCs. I examined the critical role of Caspase-1 

and Caspase-8 on the secretion of IL-1 cytokines at low MOIs of ST where cell 

death was not engaged by BMMs (Fig. 50A) or GMCSF-DCs (Fig. 50D). 

Interestingly, even at low MOIs of ST, the pan-Caspase inhibitor (zVAD) was able  
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Figure 50: Caspase1/11, Caspase-8 and RipK3 are critical signalling 

pathways to mediate IL-1β production in macrophages and DCs in 

response to ST infection 

(A-C) BMMs and (D-F) GMCSF-DCs were infected with ST at an MOI of 1 and 

10 respectively to prevent cell death for 30 minutes followed by 2 hour treatment 

with gentamycin. Cells were also treated with various inhibitors, including 

Caspase-8 inhibitor (25µM IETD), Caspase-1 inhibitor (25µM YVAD) and pan-

Caspase inhibitor (25µM zVAD). Supernatants were collected following 24 hours 

of incubation and assessed for cytokine production by CBA assay. Following 24 

hours post-infection, (A) BMMs and (D) GMCSF-DCs were evaluated for viability 

by neutral red assay. Additionally, supernatants were collected to assess for 

cytokine production from infected (B-C) BMMs and (D-E) GMCSF-DCs 24 hours 

following ST infection. (G) Using the data from experiments outlined above, fold 

reduction of IL-1 cytokines as compared to the wild type group was calculated for 

IL-1α and IL-1β for macrophages and DCs infected with ST. Data is shown as 

mean ±SEM and is representative of 2 separate experiments. All data points 

represent an n=3 unless otherwise stated. Statistical significance was determined 

by unpaired student t-test (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).  
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to induce cell death in wild type and Caspase1/11-deficient BMMs and GMCSF-

DCs, indicating the engagement of RipK3 dependent necroptosis (Fig. 50A, D) 

since treatment of cells with pan-Caspase inhibitor has been shown to induce 

necroptosis (386). As expected, cell death induced by zVAD treatment followed 

excessive release of IL-1α in the supernatant (Fig. 50B, E). Inhibition of 

Caspase-1 using the chemical inhibitor YVAD greatly reduced the production of 

IL-1β by wild type and RipK3-deficient BMMs and GMCSF-DCs, but not in 

Caspase1/11- or Caspase1/11-RipK3-deficient BMMs and GMCSF-DCs (Fig. 

50C, F). Inhibition of Caspase-8 by IETD reduced the levels of IL-1β in all groups 

tested, with the greatest impact observed in Caspase1/11-RipK3-deficient cells 

(Fig. 50C, F). This suggests that both Caspase-8 and Caspase-1 promote 

complementary processing of IL-1β. Furthermore, Caspase-1 mediated 

processing of IL-1β is more dominant than that mediated by Caspase-8. When 

Caspase1/11 and RipK3 pathways were shut down, such as the case with 

Caspase1/11-RipK3-deficient cells, IL-1β processing was solely reliant on 

Caspase-8 processing. 

Critical mediators of inflammasome activation such as RipK1, NLRP3, 

NLRC4, pro-IL-1β and pro-IL-18 were not reduced in any of the BMMs (Fig. 51) 

and GMCSF-DCs (Fig. 52) examined following ST infection or even at naïve 

state. Interestingly, I observed processing of Caspase-8 in BMMs (Fig. 51B) and 

GMCSF-DCs (Fig. 52C) following ST infection only in Caspase1/11-deficient and 

Caspase1/11-RipK3-deficient cells. This indicates that Caspase-1, the dominant 

mediator of inflammasome signalling, may be inhibiting the processing of  
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Figure 51: Macrophages deficient in Caspase1/11 and RipK3 signalling 

pathways express normal level of proteins critical for inflammation  

(A-B) BMMs were infected with ST (at an MOI of 10) for 30 minutes, followed by 

gentamycin treatment to eliminate any extracellular bacteria. Cell lysates 

collected from WT, RipK3-/-, Caspase1/11-/- and Caspase1/11-/-RipK3-/- BMMs 

following infection with ST for 0, 2 and 4 hours post infection and assessed by 

Western blot analysis for the expression of various cytokine precursors and cell 

death signalling pathways. Each Western blot is a representative of three 

separate experiments.   
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Figure 52: DCs deficient in Caspase1/11 and RipK3 signalling pathways 

express normal level of proteins critical for inflammation 

(A-C) GMCSF-DCs were infected with ST (at an MOI of 10) for 30 minutes, 

followed by gentamycin treatment to eliminate any extracellular bacteria. Cell 

lysates collected from WT, RipK3-/-, Caspase1/11-/- and Caspase1/11-/-RipK3-/- 

GMCSF-DCs following infection with ST for 0, 2 and 4 hours post infection and 

assessed by Western blot analysis for the expression of various cytokine 

precursors and cell death signalling pathways. Each Western blot is a 

representative of three separate experiments.   
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Caspase-8. However, since the Caspase-8 inhibitor IETD was able to 

reduce IL-1β levels in all groups tested, I believe wild type and RipK3-deficient 

cells are able to induce Caspase-8 cleavage which is not detectable in the 

western blot analysis. In comparison, Caspase1/11 and Caspase1/11-RipK3-

deficient cells are producing very large quantities of processed Caspase-8 (p18) 

as shown by western blot (Fig. 51, 52). 

 ST expresses many PAMPs such as flagellin that engages TLR signalling 

and transcription of pro-IL1β transcripts that are essential for inducing an 

appropriate inflammatory response (385). Thus I evaluated the inflammatory 

response mediated by STΔFliF (inactivated flagellin) in Caspase1/11- and RipK3- 

deficient cells. Wild type and RipK3-/- BMMs did not exhibit any attenuation in IL-

1β production following STΔFliF infection (Fig 53A). In starck contrast, IL-1β 

production was greatly reduced following infection of GMCSF-DCs with STΔFliF 

in comparison to wild type ST (Fig. 53B). Furthermore, the greatest reduction 

observed was in the Caspase1/11-RipK3-deficient GMCSF-DCs, indicating that 

the double knockout cells are highly reliant on flagellin detection for induction of 

IL-1β production (Fig. 53B). Treatment with IETD revealed that inhibition of 

Caspase-8 yielded a greater reduction in IL-1β production by RipK3-deficient 

GMCSF-DCs following STΔFliF infection (Fig. 53C). 

3.3.6 Regulation of inflammasome activation by RipK3 kinase activity 

RipK3 can mediate regulation of multiple signalling pathways by either its 

kinase activity or its scaffolding properties (269). For instance, RipK3-deficient  
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Figure 53: In the absence of Caspase1/11, Caspase-8 and RipK3 are critical 

signalling pathways to mediate IL-1β production against flagellin in DCs 

(A) BMMs and (B) GMCSF-DCs were infected for 30 minutes with ST and 

STΔfliF, a mutant of ST that lacks expression of flagellin. To limit cell death, 

BMMs were infected at an MOI of 1 and GMCSF-DCs were infected with an MOI 

of 10. Following a 2 hour gentamycin was and 24 hour incubation, supernatants 

were collected and analyzed for IL-1β production. (C) GMCSF-DCs were also 

infected with ST and STΔfliF in the presence or absence of Caspase-8 inhibitor 

(25mM IETD). The production of IL-1β was measured in the supernatant 

following 24 h incubation. (Data is shown as mean ±SEM and is representative of 

2-3 separate experiments. All data points represent an n=3 unless otherwise 

stated. Statistical significance was determined by unpaired student t-test 

(***p<0.001, ****p<0.0001).  
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mice are viable, however deletion of the kinase region of RipK3 results in 

embryonic lethality, due to overt activation of apoptotic cell death (315). I utilized 

Dabrafenib (Dbn), an inhibitor of RipK3 kinase activity which selectively binds to 

the ATP-binding pocket of RipK3 (387), to determine whether the scaffolding 

property or the kinase activity of RipK3 was regulating IL-1 cytokine production. 

Surprisingly, treatment of GMCSF-DCs with Dbn during infection with low MOIs 

of ST resulted in high levels of cell death only in wild type and Caspase1/11-

deficient GMCSF-DCs, while RipK3- and RipK3-Caspase1/11-deficient GMCSF-

DCs were unaffected (Fig. 54A). Consequently, Dbn promoted excessive 

processing of IL-1α and IL-1β in wild type and Caspase1/11-deficient DCs, 

indicating that the kinase region of RipK3 plays an inhibitory role in IL-1β 

production, independent of the processing activity of Caspase1/11 (Fig. 54B-D). 

Furthermore, the massive induction of IL-1β by Dbn treatment was dependent on 

Caspase-8 activation, as co-treatment with IETD greatly diminished these levels 

(Fig. 54E). In comparison, the kinase activity of RipK1 plays a modest, but 

important role in IL-1β production as GMCSF-DCs treated with Nec1 (RipK1 

kinase inhibitor) induced lower levels of IL-1β in all groups tested. This data 

indicates a dual functionality of RipK3. Accordingly, its scaffolding properties 

promote inflammasome activation while its kinase region inhibits it. Additionally, 

inhibiting RipK3 kinase activity induces potent inflammasome activation that is 

dependent on RipK3’s scaffolding properties and Caspase-8 dependent 

pathways. 
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Figure 54: Inhibition of RipK3 kinase activity potentiates IL-1β cytokine 

production in DCs 

GMCSF-DCs from WT, RipK3-/-, Caspase1/11-/- and Caspase1/11-/-RipK3-/- mice 

were infected with ST at 1 MOI for 30 minutes and treated with with RipK3 

inhibitor Dabrafenib (25µM, Dbn), RipK1 inhibitor Necrostatin (25µM, Nec-1) and 

Caspase-8 inhibitor (25µM, IETD). Cells were then treated with gentamycin for 2 

hours, followed by a 24 hour incubation. Inhibitor concentrations were maintained 

throughout the entire experiment subsequent to each wash. (A) Cells were 

assessed for viability using the neutral red assay. Additionally, supernatants were 

collected 24 hours post infection and assessed for (B) IL-1α and (C-E) IL-1β 

cytokine production. Data shown is representative of 2-3 separate experiments. 

All data points represent an n=3 unless otherwise stated. Statistical significance 

was determined by unpaired student t-test (*p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001).  
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3.3.7 Regulation of inflammasome activation by cellular inhibitors of 
apoptosis proteins 

Cellular inhibitors of apoptosis (cIAPs) are critical regulators of apoptotic cell 

death and have also been shown to impact inflammation following various stimuli 

(222). However, their role in regulating IL-1β production remains controversial 

(388, 389). Thus, I tested the role of cIAPs in inflammasome activation to 

determine how cIAP can regulates RipK3 and Capase-1/11 signalling pathways. I 

infected GMCSF-DCs at low MOI of ST, which does not normally induce cell 

death. Interestingly, treatment with SMAC mimetic (inhibitor of cIAP1/2) at these 

low levels of ST infection was able to induce death in all groups tested, albeit to a 

lesser degree in RipK3-deficient GMCSF-DCs (Fig. 55A). Treatment of SMAC 

mimetic also correlated with increased production of IL-1α and IL-1β (Fig. 55B, 

C). This indicates that cIAPs negatively regulate Caspase1/11 and RipK3 

dependent inflammasome pathways. Furthermore, regulation of IL-1β production 

mediated by cIAPs was most evident in Caspase1/11-Rip3-deficient GMCSF-

DCs (Fig. 55D). This data indicates that cIAPs mediate dual regulation of 

Caspase1/11 and RipK3 pathways of IL-1β secretion (Fig. 55D). Furthermore, 

inhibition of cIAPs can also promote IL-1β processing through Caspase-8 

activation, as treatment with IETD greatly diminishes IL-1β levels induced by 

cIAP inhibition (Fig. 55E). Interestingly, cIAP1/2 proteins levels were augmented 

in Caspase1/11-deficient GMCSF-DCs (Fig. 56A, B) and BMMs (Fig. 56B). This 

suggests that Caspase1/11 down-regulates cIAP levels. Thus, ablation of  
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Figure 55: cIAP1/2 negatively regulates IL-1β cytokine production in DCs 

GMCSF-DCs from WT, RipK3-/-, Caspase1/11-/- and Caspase1/11-/-RipK3-/- mice 

were infected with ST at an 1 MOI for 30 minutes, incubated with SMAC mimetic, 

Birinapant (5µM, Bir) and (E) Caspase-8 inhibitor (25µM, IETD). Cells were then 

treated with gentamycin for 2 hours, followed by a 24 hour incubation. Inhibitor 

concentrations were maintained throughout the entire experiment subsequent to 

each wash. (A) Cells were assessed for viability using the neutral red assay. 

Additionally, supernatants were collected 24 hours post infection and assessed 

for (B) IL-1α and (C-E) IL-1β cytokine production. Data shown is representative 

of 2-3 separate experiments. All data points represent an n=3 unless otherwise 

stated. Statistical significance was determined by unpaired student t-test 

(**p<0.01, ***p<0.001).  
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Figure 56: In the absence of Caspase1/11, cIAP1/2 expression is increased 

Western blot analysis was performed on cell lysates collected following infection 

of WT, RipK3-/-, Caspase1/11-/- and Caspase1/11-/-RipK3-/- GMCSF-DCs with ST 

at an MOI of 10) at 0, 2 and 4 hours following infection. (A) Densitometry analysis 

of cIAP1/2 expression following ST infection was assessed for GMCSF-DCs. (B) 

Representative Western blot analysis is shown for cIAP1/2 expression in 

GMCSF-DCs and BMMs following ST infection. Data shown is representative of 

3 separate experiments. All data points represent an n=3 unless otherwise 

stated. Each Western blot is a representative of three separate experiments. 

Statistical significance was determined by unpaired student t-test (*p<0.05).  
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Caspase1/11 results in increased levels of cIAP1/2. These results suggest that 

Capase1/11 modulates both Caspase-8 processing and cIAP expression levels, 

which maintains the dominance of the Caspase-1 pathway to promote 

inflammasome activation. 

3.3.8 Administration of IL-18 reduces the ST bacterial burden in 
Caspase1/11 and RipK3-deficient mice 

My data indicates that RipK3, Caspase1/11 and Caspase-8 promote the 

processing of IL-1. Furthermore, Caspase1/11-RipK3-deficient mice rapidly 

succumbs to infection with recombinants of ST that induces minimal lethality in 

wild type mice (Fig. 42B). I also observe increased mortality in Caspase1/11- 

and to a lesser extent in RipK3-deficient mice (Fig. 42B). To test the impact of 

reduced levels of IL-1 cytokines on ST infection, I injected recombinant murine 

IL-1β and IL-18 in Caspase1/11- and Caspase1/11-RipK3-deficient mice 

following infection with ST (ST-OVA-C) (Fig. 57). Administration of exogenous IL-

18 reduced the bacterial burden in both Caspase1/11- and Caspase1/11-RipK3-

deficient mice. In stark contrast, administration of exogenous IL-1β exacerbated 

ST infection (Fig. 57). This result is most likely due to the fact that IL-1β can act 

as a DAMP, which can induce overt inflammation and immune pathology. 

My results indicate that there are several checkpoints that regulate 

inflammasome activation. While RipK3 promoted Caspase-8-dependent 

inflammasome activation, this interaction was regulated by the kinase region of 

RipK3. There are conflicting reports regarding activation (388) or regulation (389) 

of Caspase-1 by cIAPs. My results indicate that cIAPs regulate inflammasome  
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Figure 57: IL-18 plays a protective role in Caspase1/11- and RipK3-deficient 

mice following ST infection 

Mouse recombinant protein IL-1α (100 ng/mouse, i.p.), IL-1β (100 ng/mouse, i.p.) 

and IL-18 (1000 ng/mouse, i.p. was injected into Caspase1/11-/- and 

Caspase1/11-/-RipK3-/- mice daily from day -1 to 2 post-infection with ST-OVA-C 

(103 CFU, i.v.). Spleens were harvested from infected mice on day 6 following 

infection and the bacterial burden was evaluated for each mouse group. Data 

shown is representative of 2-3 separate experiments. All data points represent an 

n=3 unless otherwise stated. Statistical significance was determined by unpaired 

student t-test (*p<0.05, **p<0.01, ****p<0.0001).  
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activation at various steps (Fig. 58), and interestingly, Caspase-1 appears to 

regulate the expression of cIAPs and Caspase-8-processing, thereby explaining 

why Caspase-1 plays a dominant role in inflammasome activation (Fig. 58). 

Overall, I have revealed the various pathways through which Caspase-1, 

Caspase-8 and RipK3 participate in inflammasome activation, and how it impacts 

host survival against an infection with a virulent intracellular bacterium (Fig. 59A-

C). 
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Figure 58: Visual Abstract III-A: Caspase1/11, Caspase-8 and RipK3 

promote comprehensive inflammasome activation against ST 

Protective immune defenses against ST can be mediated by inflammasome 

activation and processing of inflammatory cytokines pro-IL-1β and pro-IL-18 into 

their active forms. Four distinct pathways can engage inflammasome activation 

against ST: (1) a Caspase1-Caspase-8 co-dependent pathway, (2) a Caspase-1 

dependent pathway, (3) a Caspase8-RipK3 dependent pathway, (4) a Caspase-8 

dependent pathway, which requires detection of flagellin. Interestingly, RipK3 

promotes inflammasome activation independent of its kinase activity. 

Furthermore, cIAP1/2 and RipK3 kinase activity can promote or inhibit 

inflammasome activation by regulating Caspase-1 and Caspase-8 activity. 

Caspase-1 can regulate the expression of cIAP1/2, which then prevents 

processing of Caspase-8. The kinase activity of RipK3 can negatively regulate 

activation of Caspase-8. When RipK3 kinase inhibitors are used in the context of 

an ST infection, we observe optimal inflammasome activation independent of 

Caspase1/11. Comprehensively, Caspase1/11, Caspase-8 and RipK3 promotes 

optimal inflammasome activation against ST, which is regulated by cIAP1/2 and 

RipK3 kinase activity.  
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Figure 59: Visual Abstract III-B: Impact of Caspases and RipK3 on 

inflammasome activation and host survival against ST 

(A) Flagellin and other bacterial PAMPs are able to induce inflammasome 

activation through Caspase-1, Caspase-8 and RipK3-dependent signalling 

pathways. Flagellin mediated inflammasome activation against ST becomes a 

critical pathway when both Caspase1/11 and RipK3 signalling platforms are shut 

down. (B) Caspase-1 is a dominant pathway for mediating inflammasome 

activation following ST infection. Caspase-8 represents an additional pathway to 

engage inflammasome activation against which is critical only when Caspase-1 

and RipK3 is absent. (C) Both RipK3 and Caspase1/11 signalling pathways 

promote inflammation and subsequent DAMP release. Interestingly, engagement 

of cell death pathways and inflammation promotes host survival against virulent 

ST, as our data suggests a graded exacerbation in bacterial burden following 

infection of mice with different recombinants of ST (Caspase1/11-/-RipK3-/- > 

Caspase1/11-/- > RipK3-/- > WT).  
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4: DISCUSSION 

 

 

 

DCs provide a critical link between the innate and adaptive immune 

response to promote a comprehensive control of a variety of pathogens by 

limiting pathogenic burden and inducing an acquired immune response that 

provides sustained surveillance against pathogens (2, 51). Initially, their in-vivo 

relevance and cellular autonomy from the closely related macrophage population 

was under intense debate (50, 137, 390). However, seminal studies following the 

initial study of Ralph Steinman and Zanvil Cohn have utilized a variety of 

approaches to conclusively demonstrate the critical impact of DCs on mediating 

immunity (125, 137, 358, 391-395). Various subsets of DCs have been identified 

that promote immune protection against a variety of pathogens (52). My studies 

show that CD8α DCs and CD103+ DCs play an important role in inducing a CD8+ 

T cell response against ST (Fig 28-31, 34), which is required for effective 

clearance of virulent ST. Furthermore, my studies indicate that IFN-I signalling in 

APCs is critical in mounting a robust CD8+ T cell response against ST (Fig. 18). 

Indeed, IFN-I signalling promotes secretion of inflammatory cytokines and 

chemokines in DCs infected with ST (Fig. 23, 24). In addition, ST mediated cell 
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death was diminished in IFNAR1-deficient DCs that are dependent on Batf3 

(FLT3L-DCs and CD103i DCs) (Fig. 22). I also observed enhanced recruitment 

of immune cells to the draining lymph nodes of ST infected mice, which 

correlated with a robust CD8+ T cell response (Fig. 18, 25-26). 

In addition, my studies reveal that DCs mediate immune protection against 

ST by engaging appropriate cell death pathways to limit dissemination of ST and 

promote host survival (Fig 38-41). Cell death pathways mediated by RipK3 and 

Caspase1/11 can promote inflammation through the release of various DAMPs 

such as ATP, uric acid, and HMGB1, which is limited following induction of 

apoptosis and sequestered in healthy cells (216). Furthermore, RipK3 and 

Caspase1/11 can also promote processing of IL-1 inflammatory cytokines such 

as proIL-1β and pro-IL-18 into their bioactive forms (237, 396, 397). Furthermore, 

by engaging cell death, DCs can mediate antigen availability to promote cross-

presentation of cellular antigen by neighbouring DC to induce an adaptive CD8+ 

T cell response (113, 220, 382). Pathogen can utilize an array of virulence factors 

to subvert engagement of appropriate cell death pathways to limit inflammation, 

antigen availability and antigen presentation to limit both the innate and adaptive 

arms of the immune response (398). 

Following infection with ST, susceptible inbred mouse strains (B6, Balb/c) 

rapidly succumb to infection, while resistant mice (129, CBA, C3H) maintain a 

chronic infection that lasts for months (161, 179). For instance, ST induces rapid 

host fatality in B6 mice (<7 days) (161). Although many genetic differences are 

present between resistant and susceptible mice strains, one key determinant for 
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host survival against ST has been identified as Nramp1 (179). Susceptible mice 

express a mutation in the Nramp1D169 gene, resulting in a missense mutation on 

the fourth transmembrane resulting in a non-functional protein (179). In contrast, 

resistant mice express a functional NrampG169 gene, limiting pathogen replication 

in the phagosome and subsequent elimination of phagosomal pathogens, such 

as Mycobacteria, Leishmania and Salmonella (179). B6 mice are the general 

background of choice for many relevant knockout models. However, this makes it 

difficult to study the impact of various genetic deficiencies during ST infection due 

to premature death of B6 mice. In order to assess multiple facets of the innate 

and adaptive immune responses against ST, I utilized the B6 mouse model that 

expresses a functional NrampG169 gene (171). Interestingly, transgenic 

expression of functional Nramp1 protein extends the survival of susceptible mice, 

albeit only by 2-3 weeks (Fig. 10B). In comparison, F3.B6129 mice expressing 

functional NrampD169/D169 maintain a chronic infection that lasts for months (Fig. 

9B). This data suggest that resistant strain of mice express additional genes that 

promote protection against ST. Indeed, other resistance genes have been 

associated with protection against ST (399). Nevertheless, utilizing the B6.Nramp 

mouse model allowed us an additional time frame to assess the impact of 

adaptive immune response against ST to decipher critical components of the 

immune response against ST that are still under debate. 

It is critical that both the innate and adaptive immune responses work in 

concert to mediate immune protection against ST (364, 400). Interestingly, both 

CD4+ and CD8+ T cell responses are greatly delayed following ST infection (161, 
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401, 402). Furthermore, neutralization of IFN-γ has been shown to result in 

resurgence of ST during later stages (370). The protective role of CD4+ T cells 

during infection with attenuated strains of ST has previously been characterized 

(366, 402, 403). In comparison, the role of CD8+ T cells against attenuated ST 

has been somewhat controversial and has been shown to be secondary to CD4+ 

T cells (365, 369, 403). However the role of CD8+ T cells against primary 

infection with virulent ST remains to be elucidated. This is partly due to the 

necessity of using auxotrophic or attenuated strains of ST to extrapolate the role 

of CD8+ T cells during ST infection as pathogenic strains induce rapid lethality in 

relevant mouse models (bred onto susceptible mouse strains) (349, 366, 369). 

Indeed CD8+ T cells play a key protective role during infection of mice with other 

virulent intracellular bacteria such as M. tuberculosis, as MHC class-I-deficient 

mice become moribund within the first month of infection (348). Other groups 

have depleted CD8+ T cells using anti-CD8 antibodies (404) or used β2m-

deficient mice lacking MHC class-I (349), to assess the importance of CD8+ T 

cells against avirulent strains of ST. These studies indicated that CD8+ T cells 

play a limited role during infection with ST. 

My study indicates that both CD4+ and CD8+ T cells play an important role 

during primary infection with virulent ST. Pathogen virulence is expected to 

induce significant pathology, and all the facets of the immune response must 

therefore be engaged for host survival. My study found that CD8+ T cells mediate 

protection against virulent ST in both the susceptible (B6.NrampG169) and 

resistant (129) strains of mice. Use of the B6.Nramp mouse model allowed us to 
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evaluate the critical role of CD8+ T cells against virulent ST infection (Fig. 10, 

41). In the absence of any CD8+ T cells, mice succumb faster to systemic ST 

infection in comparison to wild type controls (Fig. 9C, 10C). Furthermore, 

antibody mediated depletion of CD8+ cells resulted in higher bacterial burdens as 

compared to isotype controls (Fig. 9CD, E). Continuous surveillance by T cells 

against chronic pathogens and resurgence of the pathogen owing to immune 

suppression during later stages of life seems to be a common paradigm during 

infection with phagosomal pathogens (405). I have also observed that the CD8+ T 

cell response against ST is dependent on CD4+ T cells (data not shown), so it is 

likely that in case of CD4+ T cell depletion, CD8+ T cell response is also 

compromised. These observations need to be kept in perspective when 

interpreting the results of CD4+ versus CD8+ cell depletions. 

ST is an intracellular bacterium that is capable of sequestering itself within 

the phagosome of infected cells. Normally, the phagosome maintains a harsh 

environment to facilitate pathogen destruction, allowing sentinel cells, such as 

macrophages and DCs, to eliminate pathogens following phagocytosis. ST 

utilizes virulence genes encoded in SPI genes to induce pathogen uptake and 

create a niche in the phagosomal environment (166). Infection of mice with ST 

results in activation of CD8+ T cells as revealed by the increase in the numbers of 

CD44hi, CD62Llow cells by flow cytometry (160). Further characterization of 

specific CD8+ T cell responses are challenging, as the endogenous epitopes of 

ST that are presented by APCs to CD8+ T cells are not known. Thus 

recombinants of ST have been used that express foreign proteins, such as OVA, 
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to measure the response against ST. I utilized two virulent recombinants of ST 

expressing the model antigen OVA that is either expressed in the phagosome 

(ST-OVA) or translocated to the cytoplasm (ST-OVA-C) of infected cells (Fig. 16, 

17). My results indicate that CD8+ T cell responses against ST are critical for 

immune protection against the bacterium irrespective of the location of antigen 

(Fig. 9-11, 28-31) (369). ST-OVA maintain all antigens in the phagosome (46). 

Thus CD8+ T cell priming requires cross-presentation of phagosomal antigens for 

antigen presentation to CD8+ T cells, which perceived to be delayed during ST 

infection (46, 161). In contrast, priming of CD8+ T cells against ST-OVA-C is 

more rapid as OVA antigen is deposited in the cytoplasm of infected cells, which 

can engage direct proteosomal antigen processing and allows for robust 

activation of CD8+ T cells (46). Interestingly, infection with ST-OVA-C results in a 

rapid CD8+ T cell response, and survival of susceptible mice strains, which would 

otherwise succumb to infection following ST-OVA (46). Cross-presentation can 

also occur when phaogsomal antigens are shunted into the cytoplasm for 

proteosomal antigen processing (22, 25). By utilizing the ST-OVA-C model, I may 

be facilitating the cross-presentation pathway. However, further molecular 

characterization is required to confirm this. By modulating the location of antigen 

during infection (phagosomal vs cytoplasmic) I was able to modulate the kinetics 

of antigen processing, presentation and subsequent CD8+ T cell response. Both 

strains of ST have similar virulence factors, express similar levels of OVA, and 

infect APCs similarly (46) (Fig. 16, 17). By utilizing both recombinants of ST 
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expressing OVA, I was able to determine the impact of antigen location and 

antigen presentation on DC function. 

DCs are highly phagocytic sentinel immune cells that acquire invading 

pathogens in various tissue environments, allowing them to engage inflammation, 

antigen presentation and even cell death to promote immune protection. Thus 

DCs represent an important immunological link between pathogen detection and 

induction of protective adaptive immune response (51). DCs exist in two states; 

immature patrolling cells acquiring pathogenic antigen or mature APCs 

presenting processed antigen (406). DCs also have the ability to engage different 

pathways of cell death to facilitate an appropriate inflammatory or non-

inflammatory environment for proper immune control of a pathogen. DCs also 

specialize in various mechanisms of antigen presentation by favouring antigen 

presentation over pathogen destruction (28). CD8α DCs maintain a higher pH in 

the phagosome (111, 214). This promotes processing of phagosomal antigens 

through the cross-presentation pathway and loading onto MHC class-I molecules 

(111). Interestingly, when the number of CD8α DCs are increased within the host 

by administration of FLT3L, the host can succumb to infection following 

intravenous injection of LM (407). This can be a consequence of CD8α DCs 

favouring antigen presentation over pathogen elimination (407). By allowing 

pathogens to persist in the phagosome, CD8α DCs can also be critical for 

mediating inflammatory cytokine and promote antigenic availability. Pathogen 

recognition and enhanced uptake through phagocytosis facilitates DCs to mature 

into professional APCs, allowing them to migrate into draining lymph nodes and 
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activate naïve T cells (406). In stark contrast, macrophages maintain a harsh 

environment in the phagosome, rapidly destroying pathogens and protecting the 

host from an escalation in pathogenic burden (55). However, macrophages are 

highly capable of pathogen elimination through innate mechanisms and are 

critical for immune control of bacterial burden (53, 55). Indeed my data indicates 

that BMMs infected with ST require a higher MOI than GMCSF-DCs before cell 

death is induced, which is indicative of their higher capacity of pathogen control 

(Fig. 44). Thus, to address the impact of various immunological processes such 

as antigen presentation, inflammation and cell death on immune protection 

against ST, I focused on DCs because they are the most effective APC 

population that induces a robust CD8+ T cell response. 

IFN-I is a pleiotropic cytokine expressed ubiquitously by most cells. Its 

primary role was thought to be an anti-viral cytokine that is critical for immunity 

against various viral pathogens (408). The role of IFN-I in cellular immunity has 

since expanded to include antigen-processing, migration, cell death, adaptive 

immunity and also immune exhaustion (190, 193). IFNAR has been shown to be 

critical for cross-presentation against soluble, viral and tumor antigens in DCs 

(190, 409). Thus the impact of IFNAR on antigen presentation and priming CD8+ 

T cells against ST was a question of high interest. My results indicate that IFN-I 

signalling is critical to mount a CD8+ T cell response against ST (Fig. 14, 18). 

However, this impact was independent of cross-presentation as both ST-OVA 

and ST-OVA-C yielded lower CD8+ T cell responses in IFNAR1-deficient mice 

(Fig. 14, 18). The impact of IFN-I signalling on cross-presentation was to 
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promote antigen retention and maintaining antigenic integrity for MHC class-I 

cross-presentation (111, 410). DCs can also promote antigen presentation and T 

cell immunity by providing antigen load to lymphoid organs to promote antigen 

transfer and processing by other resident DCs (107). Batf3-dependent CD8α and 

CD103+ DCs have been shown to be the major cross-presenting APCs in-vivo 

(82, 101, 106, 411). Furthermore, both resident CD8α and migratory CD103+ 

DCs have been shown to be paramount during infection with various pathogens 

by promoting early cytokine production, cross-presentation and priming of CD8+ 

T cells (101, 107, 109, 122, 409, 412, 413). My data indicates that migratory 

CD103+ DCs are able to engage ST mediated cell death following infection with 

high MOI, which is reduced in IFNAR1-deficient DCs (Fig. 22). IFNAR signalling 

has been shown to mediate necroptosis following ST infection in macrophages 

through engagement of TLR4 and ISGF3 signalling pathways (231, 414). In 

addition, IFN-I signalling can also lead to apoptotic cell death (415). Therefore, 

IFN-I signalling can impact many facets of immunity, and examining the impact of 

IFN-I on modulating immunity against ST was an area of high interest. 

My results indicate that IFNAR mediated signalling is critical for DCs to 

promote CD8+ T cell responses against ST (Fig. 14, 18). This impact was not 

observed with systemic ST infection (Fig. 15, 19), which indicates that IFN-I 

signalling is critical when APC have to migrate and transport the antigen to the 

draining lymph nodes. The ability of IFNAR signalling to promote CD8+ T cell 

responses in the draining lymph nodes is most likely attributed to its influence on 

inflammation and cell death (Fig. 22-24), and less on its impact to modulate 
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antigen presentation (Fig. 12, 15, 19). Furthermore, my data suggests that 

IFNAR signalling is critical for CD8+ T cell responses against ST in the lymph 

nodes (Fig. 18, 25). Indeed, it would be tempting to speculate that migratory DCs 

capture ST antigen from peripheral tissue and migrate to the draining lymph 

nodes, effectively transporting antigen to the T cell zones and promoting CD8+ T 

cell responses. In this environment, antigen would be transferred from migratory 

CD103+ DCs to resident DCs, a phenomenon observed with other pathogens 

(416, 417). This can be achieved by promoting IFN-I mediated cell death in 

CD103+ DCs, which would ultimately be a source of cellular antigen capable of 

engaging cross-presentation and priming of CD8+ T cell responses (94, 113, 

418). An alternative mechanism of antigen transfer may occur through cross-

dressing, whereas intact MHC class-I-peptide complexes are transferred 

between cells without the requirement of further antigen-processing (419, 420). 

Following arrival in the lymph nodes, my data suggests that infected migratory 

DCs must engage IFN-I mediated inflammation, cytokine release (Fig. 23-24) 

and cell death (Fig. 22) to promote antigen presentation and engage a protective 

CD8+ T cell response against ST (Fig. 18). 

Migratory subsets of DCs transit from the site of infection and lymphoid 

organs to mount a CD8+ T cell response against invading pathogens. My results 

suggest that cross-presenting CD103+ DCs are critical for immune protection 

against ST (Fig. 34). However, their particular role in the kinetics of mounting a 

CD8+ T cell response is still unclear. CD103+ DCs can acquire ST from the site of 

infection, activate and migrate to lymphoid organs (107). However, it is not clear 
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if this population of migratory DCs are the ones that mediate antigen presentation 

to CD8+ T cells. Alternatively, these infected migratory DCs can undergo 

appropriate cell death in the draining lymph nodes, and transfer antigen to other 

resident DCs, through a process called efferocytosis (94, 113, 221). In contrast, 

some pathogens require DCs to turn off cell death mechanisms to promote 

antigen presentation (107). For instance, influenza uptake by migratory CD103+ 

DCs is favoured during pulmonary infection, due to the enhanced uptake and 

intracellular replication within CD103+ DCs, which allows this by turning off 

interferon signalling, a critical antiviral cytokine (107). CD103+ DCs allow 

persistent intracellular replication of influenza while these migratory DCs traffic to 

the draining lymph node (107). CD103+ DCs can induce cell death due to high 

viral load, which allows availability of influenza antigens in the lymph nodes that 

can be transferred to resident DC subset in the lymph nodes that can mediate 

antigen presentation to naïve CD8+ T cells (107). Similar function has also been 

associated with a specialized subset of macrophages called CD169 

macrophages against vesicular stomatitis virus (VSV) infection (211). 

IFN-I mediated death of ST infected DCs may be critical to mount a CD8+ 

T cell response. My data suggests that migratory DCs undergo inflammatory cell 

death in a process that is dependent on IFNAR signalling (Fig 22). IFNAR1-

deficient CD103+ DCs are unable to engage cell death (Fig. 22), which correlated 

with the lack of an effective CD8+ T cell response (Fig. 18). This may be the 

result of antigen transfer from migratory CD103+ DCs to resident CD8α DCs in 

the lymph nodes. By allowing ST infected DCs to migrate to the lymph nodes 
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(Fig 25), and subsequently engage in IFN-I mediated cell death (Fig. 22), ST 

antigen becomes available in relevant compartments of lymphoid organs. In this 

environment, transfer of antigen from infected cells to CD8α DCs, which are 

highly capable of mounting a CD8+ T cell response through cross-presentation, 

can facilitate antigen acquisition and antigen presentation to CD8+ T cells. 

Furthermore, this impact was more apparent with migratory CD103+ DC subsets 

and less with resident CD8α DCs. This indicates that cell death of migratory DCs 

may influence antigen uptake by CD8α DCs and promote antigen presentation. 

Furthermore, CD8α DCs are maintained in areas of the lymph nodes that are in 

close proximity to naïve CD8+ T cell, thereby further facilitating a cytotoxic CD8+ 

T cell response (421). Altering the ability to undergo cell death or engaging an 

inappropriate cell death pathway can influence the kinetics of the CD8+ T cell 

response against ST and subsequent cell death. Thus, my data suggests that 

DCs regulate both inflammation and cell death to mediate immunity against ST. 

DCs represent a heterogeneous group of immune cells, each with a 

distinct ontogeny and immune function during a variety of immune responses 

against pathogens (52). CD8α DCs are specialized cross-presenting APCs that 

are highly relevant against pathogens and tumour cells in-vivo (101). Batf3 is an 

AP-1 transcription factor critical for the development of CD8α DCs (101). Batf3-

deficient mice are devoid of any CD8α DCs at steady state, while maintaining 

proper development of all other DC subsets (101). Previously, mice deficient in 

other key transcription factors, such as IRF8 were used to evaluate the role of 

CD8α DCs (195, 422). Interestingly, Batf3 has been shown to potentiate the 
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impact of IRF8 to maintain the development of the CD8α DC lineage (423). Using 

the Batf3-deficient mouse model, CD8α DCs have been shown to be critical for 

early production of IL-12 cytokine, which mediates immune production against 

Toxoplasma gondii (109). Other intracellular pathogens such as Leishmania 

major also require CD8α DCs for protective immunity (412). Interestingly, LM, an 

intracellular Gram-positive bacterium, utilizes CD8α DCs to traffic within the 

spleen (122). CD8α DCs are critical for LM induced pathology, as LM is unable to 

induce systemic infection in Batf3-deficient mice (122). My data suggests that 

CD8α DCs are critical for immune protection against ST. Both resistant and 

susceptible mouse strains deficient in Batf3 exhibit delayed CD8+ T cell 

responses (Fig. 28-31). This resulted in higher bacterial burden and enhanced 

mortality of Batf3-deficient mice (Fig. 33). This impact was also shown with a 

localized infection of ST, whereas Batf3-dependent CD103+ DCs play a similar 

role in the periphery (Fig. 34). Interestingly, ST did not utilize CD8α DCs to traffic 

into different lymphoid organs as Batf3-/- mice had enhanced bacterial burden 

(Fig. 34). This is in stark contrast to LM, which does not induce an effective 

infection in mice that lack CD8α DCs (122). Indeed CD8α DCs have multiple 

immune mediated roles against a variety of pathogens from cytokine production 

to antigen availability. Certain pathogens such as ST can eliminate CD8α DCs 

during infection (Fig. 27) (424). However, backup mechanisms such as those 

mediated by Batf and Batf2 are in place to maintain CD8α DC numbers, which 

are critical for immune protection against a variety of pathogens (Fig. 32) (381). 
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DCs can phagocytose particulate matter, and therefore can efficiently pick 

up ST even in the absence of virulence factors (425). The key question I wanted 

to address was why CD8α DCs are so critical for immune protection against ST. 

Are they more capable of acquiring antigen from ST or are they more specialized 

at antigen presentation of pathogens such as ST. I noted that CD8α DCs had 

higher ST infection at 2 hours post-infection in comparison to CD11b DCs. This 

can be due to the delayed acidification of phagosomes to limit protease activity 

within CD8α DCs, a mechanism used by this cell type to process antigens for 

cross-presentation (215). Alternatively, it is conceivable that the CD8α DCs are 

endowed with a better mechanism of phagocytosis of ST. Studies have shown 

that both CD8α and CD11b DCs are able to pick up similar amounts of antigen, 

however processing of antigen varies greatly amongst the two subsets of 

conventional DCs (426). However, other studies have shown that CD8α DCs 

display enhanced uptake of particulate antigen such as dead cells (118), but not 

inert beads (426). It is also possible that enhanced uptake of ST by CD8α DCs 

can be the result of unique host receptor mediated mechanism. My results 

indicate that CD8α DC is necessary for early CD8+ T cell priming of phagosomal 

bacteria irrespective of the antigenic location (phagosome or cytosol) (Fig 28-31). 

Furthermore, CD8α DCs are an important source of inflammatory cytokines and 

chemokines, which facilitate DC maturation and chemo-attraction of various 

immune cells (Fig. 16, 23, 24, 35, 36, 44-46). MIP-1α is a critical chemokine for 

recruitment of DC precursors into circulation and activation of immature DCs by 

binding to CCR1 and CCR5 expressed on DCs (427). IL-1, TNFα and IL-6 are 
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critical inflammatory cytokines that induce DC maturation and consequent 

expression of inflammatory chemokines such as MIP-1α (428). By virtue of these 

soluble factors, other DC subsets can become readily activated (429) and help 

control bacterial burden in-vivo. 

Furthermore, I wanted to address how antigen location can modulate the 

function of Batf3-dependent DCs to promote CD8+ T cell responses against ST. 

The impact of Batf3 was profound when utilizing the recombinant bacteria that 

translocate antigen into the cytoplasm (ST-OVA-C) (Fig 30-31) as opposed to 

when antigen remains in the phagosome (ST-OVA) (Fig 28-29). These results 

can be explained by the relative timing of antigen presentation that occurs upon 

infection with the two recombinants. In case of phagosomal antigen, the CD8+ T 

cell response is delayed (Fig. 9-11), and hosts die even before the impact of 

Batf3 can be realized (Fig. 28C-D) (161). On the other hand, cytosolic antigenic 

delivery results in better survival of wild-type mice due to induction of potent 

CD8+ T cell response (46), and any delay in this activation compromises host 

survival (Figure 33). This recombinant strain of ST that deposits antigen in the 

cytoplasm of infected cells (ST-OVA-C) is readily degraded by the proteosome 

and processed for presentation to CD8+ T cells (direct-presentation) (46). This is 

an interesting result as it suggests a critical role for CD8α DCs against 

cytoplasmic antigen with inflammatory signals originating from the phagosome, 

which are relevant for pathogens that shed toxins (antigens) into the cytoplasm 

from the phagosome such as Salmonella or Shigella (430). This can also suggest 

that ST-OVA-C is cross-presented in CD8α DCs by the cytosolic pathway that 
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requires proteosomal processing (28). My study also highlights that the impact of 

Batf3 is not universal in all intracellular bacterial infection models as LM induced 

poor infection in Batf3-deficient mice (122), whereas in the case of ST the 

infection is exacerbated (Fig. 29, 32, 33). Furthermore, CD8α DCs are critical for 

trafficking of LM in the spleen and inducing a productive infection (122). My 

results indicate that ST does not need to actively infect CD8α DCs to initiate 

infection as the ST burden in the spleens was similar in wild type and Batf3-

deficient mice during the initial time points that are critical for antigen 

presentation (Fig. 32C). Batf3 has been shown to promote CD8+ T cell response 

in a viral and solid tumour model (101). I have shown that Batf3 plays an 

important role in promoting CD8+ T cell response against a phagosomal 

pathogen, but the significance of the impact is realized only when antigen 

processing is rapidly induced through the cytosolic pathway. Collectively, these 

results provide significant insights into vaccine development approaches wherein 

engagement and activation of CD8α DC is important irrespective of the nature of 

the vaccine such as live, subunit, cytosolic or phagosomal. 

The induction of cell death has been shown to promote antigen 

presentation, in particularly cross-presentation mediated by DCs through a 

process called efferocytosis (94, 113, 221, 431). Classically, apoptosis has been 

viewed as a form of cell death that induces limited inflammation and provides 

antigenic cargo in the form of apoptotic bodies or blebs (432). Following the 

release of apoptotic bodies, the apoptotic cell releases soluble factors such as 

fractalkines, ATPs and uridine triphosphates (UTPs) to promote clearance of the 
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antigenic cargo, essentially a “find-me” signal to recruit phagocytes (432-434). 

Furthermore, apoptotic bodies expose phosphatidylserine on the surface to 

promote phagocytosis, and thus indirectly providing antigen to phagocytic cells 

that also act as APCs (432, 435, 436). This is in stark contrast to necrosis, which 

is a form of accidental cell death engaged following trauma or infection, which 

results in the release of cellular contents and the induction of inflammation (437). 

Cells that have undergone apoptosis following Bacillus Calmette-Guérin (BCG) 

infection have been shown to provoke a robust CD8+ T cell response by 

providing antigen through availability of apoptotic bodies to nearby circulating 

DCs (382). Interestingly, RipK3 has also been shown to promote antigen 

presentation following cell death that relies on an NF-κB dependent pathway 

(438). My results indicate that during ST infection of macrophages and DCs, cell 

death is engaged preferably through RipK3 mediated necroptosis and 

Caspase1/11 mediated pyroptosis (Fig. 44). Furthermore, my data suggest 

apoptosis may not be a critical pathway engaged during ST infection as inhibition 

of pan-Caspases by treating cells with zVAD-fmk actually potentiates RipK3 

mediated necroptosis and release of inflammatory cytokines (Fig. 50). 

Furthermore, even at higher MOIs of infection, RipK3-Caspase1/11-deficient 

macrophages and DCs cannot engage cell death following ST infection (Fig. 44). 

This suggests both Caspase1/11 and RipK3 mediate critical cell death pathways 

that are engaged following ST infection. 

When approaching the central question of how Caspase1/11 and RipK3 

impact CD8+ T cell responses against ST, I considered the strong possibility that 
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cell death can provide both antigen availability and inflammation, which would 

induce a robust CD8+ T cell response. Thus mice lacking either Caspase1/11 or 

RipK3 cell death pathways would induce a muted CD8+ T cell in response to ST 

infection. To my surprise, there was no impact on priming of CD8+ T cell 

responses against ST when disabling Casase1/11 (Fig. 39C) and RipK3 (Fig. 

40F) cell death pathways. Albeit, there was even slightly higher CD8+ T cell 

responses in Caspase1/11-deficient mice following ST infection (Fig. 40F), which 

is most likely a result of increased bacterial burden (and increased antigen 

availability) at day 7 when the CD8+ T cell response was measured (Fig. 39D, 

42A, 42D). Thus I was able to take a novel approach at deciphering the critical 

role of Caspase1/11 and RipK3 during ST infection by utilizing ST-OVA-C. The 

recombinant strain ST-OVA-C induces a potent CD8+ T cell response within the 

first week of infection (46). By engaging early CD8+ T cell response against ST, I 

was able to reveal the critical role of Caspase1/11 and RipK3 in promoting 

bacterial clearance through inflammation and cell death. Engaging a robust CD8+ 

T cell response within the first week of infection also allowed the mice to survive 

long enough to decipher the impact of cell death pathways on bacterial burden 

and host mortality following ST infection. This was somewhat paradoxical as in 

most cases; the innate immune response promotes adaptive immune responses. 

In my study, the adaptive immune response (mediated by the CD8+ T cell 

response) allowed for the ideal conditions to decipher the critical role of 

Caspase1/11 and RipK3 in promoting innate immune defences against ST. 
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Engagement of proper cell death pathways following infection is critical to 

the host defense against various pathogens. For instance, RipK3 mediated 

necroptosis and Caspase-1 mediated pyroptosis have been shown to be 

employed as a defense mechanism to impede viral dissemination within a given 

host (216, 255, 320). Despite these findings, the role of inflammatory cell death 

such as necroptosis and pyroptosis during virulent ST infection is still unclear, 

partly due to the rapid fatality of RipK3- and Caspase1/11-deficient mice, which 

are bred onto the B6 background (175, 439, 440). The molecular mechanisms 

that govern the induction and execution of pyroptosis and necroptosis are quite 

distinct (320, 441). However, activation of both cell death pathways results in the 

release of various DAMPs following membrane rupture, which leads to excessive 

inflammation (216, 442). Induction of inflammation has become synonymous with 

engagement of pyroptotic cell death (443), as Caspase-1 cleavage of 

inflammatory cytokines precedes cell lysis (320). However, the association of 

RipK3 mediated necroptosis in promoting inflammation is a new area of interest 

(216, 269, 444). 

Caspase1/11-signalling is an important mechanism of cell-death to 

mediate immune protection following ST infection (163, 175, 333, 440). 

Furthermore, it was shown that RipK3-deficient macrophages also undergo 

reduced cell-death following infection with ST (231). Previously, the increase in 

bacterial burden in NLRC4-NLRP3 double-deficient mice was shown to be similar 

to Caspase1/11-deficient mice, suggesting that NLRC4 and NLRP3 

inflammasomes play a redundant role in promoting the control of ST (176). 
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However, my results indicate that Caspase1/11 and RipK3 play synergistic roles 

in facilitating inflammasome activation, as Caspase1/11-RipK3 double deficient 

mice exhibit increased susceptibility to systemic ST infection in comparison to 

wild type or single Caspase1/11 and RipK3 knockout mice (Fig. 42A-E). This 

data was surprising, as it suggests that both Caspase1/11 and RipK3 signalling 

molecules synergize to mediate comprehensive control of the bacterium. Thus, 

RipK3 must mediate protection by mechanisms that are in addition to NLR 

activation in order for Caspase1/11-Rip3-double deficient mice to show enhanced 

susceptibility in comparison to Caspase1/11-deficient mice. Furthermore, my 

data provides in-vivo evidence for the critical role of Caspase1/11 (Fig. 39) and 

RipK3 (Fig. 40D-F) during systemic ST infection by utilizing the recombinant ST-

OVA-C. In addition, I also backcrossed both Caspase1/11 and RipK3 on the 

B6.NrampG169 mouse strain to best address the role of the aforementioned cell 

death adaptors during ST-OVA infection. I observed a similar requirement of 

Caspase1/11 and RipK3 for protection against ST-OVA (Fig. 41A-C). Thus my 

data suggests that both Caspase1/11 and RipK3 cell death adapters are critical 

for immune protection against ST irrespective of antigen location during ST 

infection.  

The inflamamsome can be engaged by both the canonical and non-

canonical mechanisms of activation (238, 343, 445, 446). Canonical activation of 

inflammosome is mediated when Caspase-1 employs the recruitment of NLRs, 

ASC to form the multiprotein complex, which processes IL-1 cytokines into their 

active form (238). Pyroptosis is also engaged by Caspase-1 mediated canonical 
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inflammasome activation, which facilitates release of processed IL-1 cytokines, 

which act as DAMPs following release from the cell (320). Kayagaki et al. had 

recently shown that the original Caspase-1 deficient mice also have a deficiency 

in Caspase-11 as a result of generating the original knockout mouse by utilizing 

129 embryonic stem cells, which maintains a 5 base pair deletion within the 

Caspase-11 gene, resulting in a premature stop codon and a non-functional 

Caspase-11 protein (445). Since both Caspase-1 and Caspase-11 are encoded 

in close proximity in chromosome 9, both mutations were co-segregated during 

backcrossing onto the B6 background. Interestingly, Kayagatki et al. generated a 

Caspase-1 deficient mouse by restoring expression of Caspase-11 using a 

bacterial artificial chromosome to confirm Caspase-1 is critical for IL-1β 

production following canonical inflammasome activation (445). Interestingly, 

Caspase-11 deficiency resulted in protection against LPS shock, when 

administered at lethal doses, indicating non-canonical Caspase-11 mediated 

inflammasome is critical for inflammatory responses against LPS (445). 

Additionally, Broz et al. utilized Caspase-11-deficient and Caspase-1-/-Caspase-

11Tg and determined the role of various inflammatory caspases during ST 

infection (447). The authors show that Caspase-1-deficient mice are more 

susceptible to ST infection than Caspase1/11-deficient mice (447). However, 

since the authors utilized B6 inbred mice (which rapidly succumb to infection 

following ST infection) the differences in bacterial burden was quite modest 

(447). Furthermore, recent studies have shown that Caspase-11 mediated non 

canonical activation of inflammasome rely on IFN-I signalling for guanylate 
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binding protein (GTPases) to detect Gram negative bacteria (448, 449). 

Interestingly, Caspase-11 can engage lysis of the cell that is independent of 

processed IL-1 cytokine production, which is reserved for Caspase-1 mediated 

inflammasome activation (450). Paradoxically, while Caspase-1 mediated 

pyroptosis is protective against ST, engaging Caspase-11 mediated cell death is 

detrimental for host survival (445, 450). This indicates that Caspase-11 mediated 

lysis acts in concert with pyroptosis to promote immune defense while Caspase-

11 mediated lysis, when engaged alone is detrimental to host defenses (445). In 

my model, I utilized the Caspase1/11-deficient mouse model which disables both 

canonical and non-canonical pathways of inflammasome activation to evaluate 

the role of these inflammatory cytokines during ST infection (353, 445). I have 

shown that canonical and non-canonical pathways of inflammation are critical for 

immune protection against ST (Fig. 39, 41). Furthermore, Caspase1/11 was 

critical for control of bacterial burden and production of IL-18 (Fig. 39, 41), which 

was protective when administered during ST infection (Fig. 57). Indeed, my 

approach utilized the original Caspase-1 mouse model (353), which disables both 

Caspase-1 and Caspase-11 mediated inflammasome activation to decipher the 

mechanism of immune protection against ST (445). 

Inflammation often precedes induction of cell death. Furthermore, there is 

growing evidence suggesting a complex link between the induction of cell death 

and processing of pro-inflammatory cytokines (216, 442). Since Caspase1/11 

and RipK3-deficient mice were more susceptible to ST infection (Fig. 39-42), the 

mechanism of this susceptibility may be due to an impairment of inflammation as 
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opposed to their defects in cell death. To investigate this further, I utilized in-vitro 

cultures of BMMs and GMCSF-DCs and examined the role of Caspase-1, 

Caspase-8 and RipK3 in the processing of pro-inflammatory cytokines during ST 

infection. My results indicate that cell-death by Caspase1/11 is more dominant in 

comparison to that induced by RipK3 (Fig. 44A, C). Furthermore, Caspase1/11-

RipK3 double-deficient macrophages are even more resistant to cell death (Fig. 

44A, C). Lower IL-1 cytokine production in Caspase1/11- and RipK3-deficient 

mice following ST infection further corroborated these results. I showed that 

BMMs and GMCSF-DCs deficient in RipK3 and Caspase1/11 secreted reduced 

levels of IL-1α, IL-1β and IL-18 following ST infection (Fig. 44B, D). By disabling 

distinct cell death pathways in RipK3-/- and Caspase1/11-/- cells, secretion of IL-1 

cytokines (such as IL-1β) will be hampered as these “alarmins” are released from 

dying cells (396). Immune cells deficient in RipK3 and Caspase1/11 are unable to 

induce cell death upon ST infection (Fig. 44A, C). This suggests alternative cell 

death pathways such as apoptosis are not generally engaged following ST 

infection. Furthermore, by utilizing pan-Caspase inhibitor zVAD, I was able to 

induce significant levels of RipK3 mediated cell death (217) in ST infected BMMs 

and GMCSF-DCs, suggesting necroptosis as a major mechanism of cell death 

following ST infection (Fig. 50A, D). As expected, this impact was not evident in 

RipK3-/- cells (Fig. 50A, D). 

Caspase-1 mediated processing and release of IL-1β and IL-18 has been 

shown to promote protection against various pathogens (175). Furthermore, 

Caspase-1 mediated cell death also promotes immune protection by releasing 
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intracellular bacteria within infected cells for uptake and degradation by 

neutrophils, independent of IL-1β and IL-18 production (333). Following cell 

rupture, any non-processed pro-IL-1β and pro-IL-18 could also be potentially 

processed by extracellular proteases (282). Furthermore, RipK3 also promotes 

IL-1β processing through various mechanisms involving Caspase-8 and cIAPs 

(237, 389, 451). Thus it was of great interest to evaluate the impact of 

inflammatory IL-1 cytokines IL-1β and IL-18 on inflammation and immune 

responses that promote protection against ST. To address this issue, I 

administered recombinant murine IL-1α/β and IL-18 in-vivo to ST infected 

Caspase1/11-/- and RipK3-/-Caspase1/11-/- mice (Fig. 57) that generally exhibit 

high bacterial burden within the first week of infection (Fig. 42C, D). My results 

indicate that secretion of processed IL-18 is the critical protective mechanism 

following Caspase1/11-Rip3 signalling (Fig. 57). In addition, cells deficient in 

Caspase1/11 and RipK3 were not able to produce any IL-18 in both in-vitro and 

in-vivo models following ST infection (Fig. 44, 47). Caspase1/11-Rip3-deficient 

mice are unable to process pro-IL-18 into its bioactive form (Fig. 47), which may 

explain the exacerbation in ST infection in-vivo at late stages of infection (Fig. 

42C, D). In addition, bacterial burden in Caspase1/11-Rip3-deficient mice was 

significantly reduced by administering recombinant IL-18 in-vivo (Fig. 57). My 

results also revealed an interesting observation where Caspase1/11-deficient 

mice treated with recombinant IL-1β led to exacerbation, rather than control of 

infection (Fig. 57). The reason for this paradoxical impact of IL-1β in 

Caspase1/11-deficient mice is not clear. It is possible that IL-1β acts as a potent 
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DAMP, which may have a deleterious impact selectively in Caspase1/11-deficient 

mice, where the bacterial burden and consequent inflammation is already high 

(Fig. 42). By shutting down two critical death pathways engaged following ST 

infection, I drive the system to necrosis at late stages of infection, resulting in 

uncontrolled release of DAMPs (IL-1α/β) that results in massive inflammation. 

My results have revealed that there is significant redundancy in 

inflammasome activation by different bacterial PAMPs, and that there are 

significant differences between macrophages and DCs in terms of their 

dependence on flagellin for inflammasome activation (Fig. 53). While Caspase-1 

was identified initially as the principal driver of inflammasome activation, recent 

reports have suggested that Caspase-8 signalling also mediates the activation of 

inflammasomes (285, 387, 452, 453). Recently, members of the Ripoptosome 

complex have been shown to promote inflammasome activation (389, 452). In 

contrast to this, Caspase-8 was shown to limit NLRP3 inflammasome activation, 

which was dependent on various members of the necrosome (451). Indeed, 

regulation of RipK3-dependent necrosis by Caspase-8 has been considered as 

an essential mechanism for maintenance of homeostasis, as RipK3-deficiency 

rescues the embryonic lethality of Caspase-8-deficient mice (257, 258). My data 

suggests that Caspase-1 negatively regulates Caspse-8 (Fig. 52) to promote its 

dominance in inflammasome activation and IL-1 cytokine production. 

Furthermore, my results have uncovered significant redundancy in 

inflammasome signalling, as Caspase-8 signalling becomes critical only in 

response to flagellin in the absence of Caspase1/11 and RipK3 (Fig. 53, 58, 59). 
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Processing of IL-1β was initially thought to rely on Caspase-1 mediated 

activation of the inflammasome (238). However recent publications had indicated 

a critical role of RipK3 (237) and Caspase-8 (451) in cytokine processing of IL-

1β. Thus I examined the regulation of IL-1β during ST infection by utilizing 

various inhibitors of caspases and RipKs. My results revealed that there are 

several checkpoints that regulate inflammasome activation (Fig. 58). RipK3 

promoted Caspase-8-dependent inflammasome activation, however, this 

interaction was regulated by the kinase region of RipK3 (Fig. 54). Surprisingly, 

inhibition of the RipK3 kinase region unleashed massive Caspase-8 dependent 

inflammasome activation and produce excessive amounts of IL-1β (Fig. 54). 

There are conflicting reports regarding activation (388) or inhibition (389) of 

Caspase-1 and IL-1β production by cIAPs. My results indicate that cIAPs 

regulate inflammasome activation at various steps (Fig. 59), and interestingly, 

Caspase-1 appears to regulate the expression of cIAPs and Caspase-8-

processing, thereby explaining why Caspase-1 plays a dominant role in 

inflammasome activation (Fig. 58). Regulation of ST mediated IL-1β production is 

critical for an optimal immune response against ST, which can be exploited for 

therapeutic use by regulating cell death or IL-1β processing checkpoints. 

Overall, my data shows that ST can promote inflammatory cell death through 

pyroptosis and necroptosis, which can lead to the release of danger signals and 

inflammatory cytokines. Furthermore, cellular antigen becomes more readily 

available following the death of ST infected cells, which can promote antigen 

processing and presentation. Additionally, inflammatory cytokines and 
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chemokines are secreted following infection with ST, which can result in an influx 

of additional immune cells to facilitate pathogen control and promote DCs to 

prime the adaptive immune response against ST. Indeed my data suggest that 

CD8+ T cells are critical for host immune protection against ST, which can be 

mediated by CD8α DCs. Modulation of antigen presentation, inflammation and 

cell death can promote better pathogen control and host survival following ST 

infection, which can have implications for better vaccine design against chronic 

intracellular bacteria (Fig. 60). 

There are no efficient therapeutics against phagosomal pathogens 

(Salmonella, Mycobacteria, Leishmania). Overall, my study unravels novel 

pathways that are exploited by ST such as antigen presentation, inflammation 

and cell death to induce immune evasion. The insights gained from the study 

outlined above may bear implication on the development of novel therapeutics 

and effective vaccine design against intracellular bacteria. 



248 

Figure 60: Thesis Overview 

DCs are sentinel immune cells which mediate immune protection against ST. 

CD8α and CD103+ DCs are specialized subsets that have enhanced capabilities 

of acquiring ST antigen and promoting cross-presentation and priming of CD8+ T 

cells. My data shows that ST can promote inflammatory cell death through 

pyroptosis and necroptosis, which can lead to the release of danger signals and 

inflammatory cytokines. Under inflammatory conditions, Batf and Bat2 

transcription factors can be employed to work in concert with Batf3 and promote 

development of additional CD8α DCs. Furthermore, cellular antigen becomes 

more readily available following the death of ST infected cells, which can promote 

antigen processing and presentation. Additionally, inflammatory cytokines and 

chemokines are secreted following infection with ST, which can result in an influx 

of additional immune cells to facilitate pathogen control and promote DCs to 

prime the adaptive immune response against ST. Indeed my data suggest that 

CD8+ T cells are critical for host immune protection against ST, which can be 

mediated by CD8α DCs. Modulation of antigen-presentation, inflammation and 

cell death can promote better pathogen control and host survival following ST 

infection, which can have implications for better vaccine design against chronic 

intracellular bacteria. 
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