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ABSTRACT 

Infectious diseases are the leading cause of illness worldwide, leading to over 20 

million hospitalizations each year in the United States alone. Although numerous diseases 

are treatable with vaccines and pharmacological agents, including antibiotics, a large 

fraction of infections remain poorly controlled, mainly due to lack of effective therapies 

and/or vaccines. Two such infectious agents are influenza A virus and the bacterium 

Salmonella enterica. Influenza A virus is transmitted through the aerosol route and 

infects lung epithelial cells, while Salmonella is transmitted via the fecal-oral route and 

infects the cells lining the intestine of the host. In each case, the first lines of defense 

against these infectious agents are non-phagocytic cells. How these pathogens are 

controlled in non-phagocytic cells dictates the overall outcome of infection; however 

there are significant gaps in our knowledge of how non-phagocytic cells respond to 

influenza A virus and Salmonella. Therefore, studying the fate of these cells during the 

course of infection is of crucial importance to disease outcome. 

In each case, the regulated (or programmed) death of the infected cell may 

represent an important pathogen clearance mechanism. Programmed cell death can be 

non-inflammatory (e.g., apoptosis) or pro-inflammatory (e.g., necroptosis and pyroptosis). 

In this dissertation, I outline experiments carried out to identify the pathways of 

programmed cell death activated by Salmonella and influenza A virus in their respective 

target non-phagocytic cells, both in vitro and in vivo. 

My work outlines new pathways of cell death activated by these pathogens and 

new mechanisms of both viral and bacterial clearance. This will have broad implications 
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in the clearance of pathogens, and new therapeutic avenues to pursue upon treating 

infections.  
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PREFACE 

Both the mammalian innate and adaptive immune responses are critical in the 

clearance of pathogens. The innate immune response is the first line of defense early in 

infection, but is relatively non-specific. Innate immunity activates phagocytic cells, such 

as macrophages and dendritic cells, which can both directly kill pathogens, and stimulate 

the adaptive immune response. In higher vertebrates, the adaptive immune response 

consists primarily of T and B cells, which are specific to individual pathogens. These 

cells can eliminate pathogens by directly killing infected cells and producing antibodies 

that bind to and promote killing of the infectious agent. Programmed cell death is central 

to both innate and adaptive immune clearance of pathogens (1). 

  The purpose of this dissertation is to demonstrate the mechanism and role of 

programmed cell death in the control of two pathogens, Salmonella enterica and 

influenza A virus, with an emphasis on non-phagocytic cells. As non-phagocytic cells are 

the initial sites of infection for most pathogens, examining how these cells clear infection 

is of vital importance to the disease outcome. These experiments will elucidate both how 

non-phagocytic cells die after infection and the importance of these pathways in 

controlling infection in vivo.   
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CHAPTER 1 
 

INNATE IMMUNITY AND CELL DEATH 
 

Interferons are a family of cytokines with well-recognized antiviral and 

immunomodulatory properties (2). There are three recognized types of interferon (IFNs) 

[types I,II, III], classified based on the receptors they use and the cells that produce them.  

Type I interferons (IFN) are predominantly IFN alpha (IFN-α) and IFN beta (IFN-β). 

Type I IFNs are produced by most cell types, and receptors for these IFNs are found on 

all cell types tested (3-5). A dominant feature of type I IFNs is that they are rapidly 

produced at the site of viral infections. Multiple classes of both DNA and RNA viruses 

activate distinct intracellular sensing and signaling pathways that result in rapid induction 

of interferon genes (6). Although the upstream sensors and adaptors differ between 

pathways that respond to RNA viruses versus DNA viruses, all these pathways trigger the 

common activation of three families of transcription factors, IRFs, NF-κB and AP-1 (7-9). 

These three transcription factors cooperatively assemble on IFN alpha/beta promoters to 

stimulate high levels of IFN production in infected cells (10). IFNs produced in this 

manner are then secreted and signal both in an autocrine manner on the infected cell itself, 

as well as by paracrine signaling on surrounding cells to induce an anti-viral transcription 

program in these cells. Type I IFNs initiate signaling via a heterodimeric transmembrane 

receptor, termed the interferon−alpha/beta receptor (IFNAR). IFNAR has two major 

subunits, IFNAR1 and IFNAR2 (11) (12). IFNAR1 is the low affinity subunit that is 

often thought of as the rate-limiting step in the activation if the IFN-signaling cascade. 

IFNAR2 is the high affinity subunit that contains three distinct subunits due to alternative 
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splicing: IFNAR2a, IFNAR2b, and IFNAR2c. IFNAR2c is membrane bound and 

required for signaling to occur (13) (14). IFNAR signaling is initiated by recruitment of 

JAK1 and TYK2 to the cytoplasmic tails of IFNAR1/2 subunits. Here, these kinases 

undergo auto-activation and in turn, phosphorylate signal transducer and activator of 

transcription 1/2 (STAT1/2) (11, 15). Phosphorylated forms of STAT1 and STAT2 

undergo heterodimerization by direct binding of activated SH2 domains. 

Heterodimerization of STAT1/2 activates a nuclear localization signal that allows them to 

translocate into the nucleus. Once in the nucleus, STAT1 and STAT2 assemble with 

interferon-regulatory factor 9 (IRF9) to form a trimeric complex called IFN-stimulated 

gene factor 3 (ISGF3). ISGF3 binds specific DNA sequences termed IFN-stimulated 

response elements (ISREs), found in the promoters of >500 genes. Genes induced by 

IFNs, called IFN-Stimulated Genes (ISGs), encode proteins with a wide variety of 

immune functions, including those with potent antiviral and antibacterial activity, as well 

as those that link innate and adaptive immunity by promoting the recruitment and 

activation of T- and B cells (6, 15, 16).   

As type I IFN is a potent activator of the immune response, it must be effectively 

constrained and regulated in order to avoid auto-immune-induced damage to the 

underlying tissue. There are various mechanisms to decrease type I IFN signaling, such 

as down-regulation of IFNAR expression, the activation of negative regulators of IFN 

signaling (which are also ISGs), such as SOCS and USP18, and the production of 

miRNAs that turn off IFN signaling. SOCS1, SOCS3 and USP18 are induced by type I 

IFNs as a negative feedback loop, which controls the duration of interferon activation. 

Although they are all produced by IFNs, they act on different components of the IFN-
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driven inflammatory pathway. SOCS proteins can efficiently outcompete STATs in 

binding to IFNAR. SOCS proteins can also directly turn off JAK signaling. USP18 

directly displaces JAK1 from IFNAR, preventing downstream activation (17, 18).  

IFN-γ,  the only type II interferon, is produced by a more-restricted subset of cell 

types, including T cells, NK cells, endothelial cells, and neutrophils. Unlike type I IFNs, 

IFN-γ is not virus-inducible. IFN-γ is primarily produced at the later contexts of bacterial 

and viral infections by Th1 cells, cytotoxic T-cells, macrophages, and natural killer (NK) 

cells (19, 20). The production of IFN-γ leads to rapid induction of major 

histocompatibility class II (MHC-II) on immune cells, which promotes antigen 

presentation and pathogen-specific adaptive immune responses (21). Other cytokines can 

also lead to the production of IFN-γ from immune cells. IL-12 is naturally produced by 

dendritic cells, macrophages, neutrophils and B-cells, and stimulates IFN-γ production in 

T-cells and NK cells. IL-18 is produced primarily by macrophages and synergizes with 

IL-12 to stimulate the production of IFN-γ (22-24).  

IFN−γ binds to its receptor, interferon−γ receptor (IFNGR). IFNGR is composed 

of two-ligand−binding IFNGR1 chains, which are associated with two signal-transducing 

IFNGR2 chains. IFNGR recruits Jak2 to a docking site found on the receptor. Upon 

binding, Jak2 autophosphorylates, which in turn recruits and phosphorylates Jak1. 

Phosphorylated Jak1 phosphorylates IFNGR, which creates docking sites for STAT1. 

STAT1 is phosphorylated by Jak2, which causes it to homodimerize (25-27). STAT1 

homodimers then translocate to the nucleus of the cell, where they bind to specific DNA 

regions, termed gamma-activated sequences (GAS) in the promoters of >500 genes (28). 
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A key GAS-containing ISG is the gene encoding IRF-1.  Induction of IRF-1 by IFN-γ can 

drive the production of a number of ISGs by directly binding to DNA regions called IRF-

E sites. There are numerous anti-viral and anti−bacterial genes that require activation by 

IRF-1, and therefore IRF-1 is considered an important transcription factor in IFN-γ 

signaling (29). Type II signaling is tightly regulated by SOCS genes, and signaling is shut 

off very quickly after it is initiated. SOCS-1 is specifically induced by IFN−γ and can 

directly associate with Jak1/2, effectively turning off these proteins and hence stopping 

IFN−γ signaling (30, 31). Further, a group of protein tyrosine phosphatases (PTPs) called 

Shp1 and Shp2 can dephosphorylate Jak proteins, effectively turning off IFN signaling 

(32).  

Interferon-lambdas (IFN-λ1-4) are the only members of class III interferons, and 

whose functions are only beginning to be elucidated (33). IFN-λs are produced by a wide 

variety of cell types, most prominently by dendritic cells (34). Upon release, IFN-λ binds 

to a heterodimeric IFN-λ receptor (IFNLR), which consists of two subunits: α and β. 

Each IFN-λ has a different affinity for IFNLR, with IFNλ1 having the highest and IFNλ3 

the lowest, which dictates the response activated during the course of infection. Binding 

of IFN-λ to IFNLR promotes dimerization of the receptor subunits (35). The dimerized 

receptor recruits and leads to subsequent phosphorylation of Jak1 and Tyk2. Phoshpho-

Jak1 and Tyk2 subsequently recruit and phosphorylate STAT1/2, resulting in 

heterodimerization, translocation to the nucleus, and activation of IFN-λ specific genes 

that result in pathogen clearance (36). 
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The immune response has both a cell intrinsic and extrinsic defense against 

pathogens that aide in their clearance and host survival. Depending on the stimuli, 

inflammation may be harmful or beneficial to pathogen clearance, therefore both pro- and 

non-inflammatory mechanisms are in place that will help control infection. Cell death is 

one such mechanism in which infected or damaged cells may be cleared in either a pro- 

or non-inflammatory manner. Interferons are one such driver of cell death (37).  

Numerous studies have demonstrated that in the absence of key survival proteins, 

interferons can lead to programmed cell death. Such death is essential for proper 

development of the organism (38, 39). Further, numerous death proteins are themselves 

ISGs. Such death proteins will be further discussed in the upcoming sections of this 

dissertation.  

In this chapter, three cell death pathways will be discussed: apoptosis, necroptosis 

and pyroptosis. Both the mechanism of cell death and effect on the host immune response 

will be discussed. The focus of this chapter will be to highlight the importance of each 

cell death pathway and overall impact on the control of both infection and the host 

immune response.  

Introduction to Apoptosis 

 Apoptosis is a non-immunogenic form of cell death characterized by the ordered 

dismantling of the cells carried out by caspases (40). Caspases are characterized into two 

types: executioner caspases (caspases 3/6/7), which induce nuclear fragmentation, 

chromosome condensation, and DNA fragmentation, and effector (caspases 1/8/9) 

caspases, which link cellular death signals to the executioner caspases to initiate cell 

death signaling. Caspases exist as inactive pro-enzymes that must be cleaved to form an 
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active enzyme (41). There are two primary classes of pathways that induce apoptosis, cell 

intrinsic, which arises within the cell after damage or stress, and cell extrinsic that arises 

from an extracellular signal, such as a cytokine (40). Members of the B cell lymphoma 2 

(Bcl-2) family regulate intrinsic apoptosis, acting both to promote and block apoptosis. 

One such family member is Bid. Bid is cleaved by capsase-8 upon death receptor 

(examples of which will be further discussed) signaling. The cleavage of Bid promotes 

loss of mitochondrial membrane potential, triggering release of cytochrome c and second 

mitochondria-derived activator of caspases (SMAC) from the mitochondria into the 

cytosol of the damaged cell (42, 43). This process requires Bax and Bak, which create a 

membrane pore for the efflux of cytochrome c out of the damaged mitochondrion (44). 

Cytosolic cytochrome c forms a complex with apoptotic protease activating factor 1 

(Apaf-1) and caspase-9, called the apoptosome. In parallel, SMAC binds to and inhibits 

inhibitors of apoptosis (IAPs), such as XIAP and cIAPs, releasing their inhibitory hold on 

caspases, allowing for caspase localization to the apoptosome. The apoptosome targets 

and activates caspase-3, leading to death of the damaged cell (45). Other pro-apoptotic 

members of the Bcl-2 family that can act in a similar manner are Bad, Nova and Puma. 

Bcl-2 is anti-apoptotic, binding to and directly inhibit the pro-apoptotic members of the 

Bcl-2 family (46). The possession of a Bcl-2 homology 3 (BH3) domain determines 

whether a member of the Bcl-2 family is pro or anti-apoptotic.(47). Members of the Bcl-2 

family with a BH3 domain are pro-apoptotic, while members lacking a BH3 domain are 

anti-apoptotic (46).  
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Cytokines such as TNF−α or Fas ligand (FasL) are common examples of 

extracellular signals that can induce apoptosis. Upon stimulation, TNF-α binds to TNFR1 

which leads to recruitment of TNF-α receptor associated death domain-containing 

protein (TRADD). TRADD is responsible for relaying the TNF-activated signal. TRADD 

binds to TRAF2 during contexts of cell survival, which promotes activation of NF-κB 

(48). During the contexts of cell death, TRADD binds to an adaptor protein, FADD, 

which bridges TRADD to caspase-8, promoting subsequent cleavage of caspase-8 and 

apoptosis (49). The ubiquitination of receptor-interacting serine/threonine-protein kinase 

1 (RIPK1) determines which protein TRADD binds to. During contexts of cell survival, 

RIPK1 is heavily ubiquitinated by cIAPs and NEMO, promoting recruitment of TRAF2 

to TNFR1, allowing for binding between TRADD and TRAF2, and subsequent activation 

of NF-κB. Under conditions of cellular damage, cIAPs are inhibited by SMACs, and 

RIPK1 is deubiquitinated by CYLD, promoting dissociation of RIPK1 from TNFR, 

allowing for RIPK1 and TRADD binding to FADD/Caspase-8, promoting apoptosis (50, 

51) (Figure 1). FasL can directly bind to the Fas receptor (FasR), forming the death-

inducing signaling complex or DISC, consisting of the ligand, FADD and caspase-8. 

Activated DISC leads to caspase-8 cleavage and subsequent apoptosis (52, 53). Other 

examples of cytokines that can activate the DISC are TNF superfamily members, such as 

TRAIL and GITRL (54).  

Apoptosis and Infection 

 Apoptosis is a powerful defense mechanism against both bacterial and viral 

infections. Viruses have been shown to activate both intrinsic and extrinsic pathways of 
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apoptosis. Therefore, apoptotic death is considered a host mechanism designed to 

eliminate the infected cell and prevent it from becoming a “viral factory”. Apoptosis in 

response to infections may arise from both the cell intrinsic and extrinsic pathways (55). 

Viral infections often lead to mitochondrial damage that causes the release of cytochrome 

c or SMACs, which lead to formation of the apoptosome and activation of apoptosis. 

Viral infections may also promote the release of cytokines, including TNF−α, which 

promotes formation of the DISC complex and activation of apoptosis. However, viruses 

may overcome apoptosis by blocking essential apoptotic signaling proteins, promoting 

cell survival and viral replication (56). Compelling evidence in support of this came from 

Marie Hardwick and colleagues, who showed that blocking apoptosis could convert a 

lytic infection to a persistent one (57). Given the obvious benefits of prolonging the 

lifespan of an infected cell on viral replication and progeny output, it is unsurprising that 

several viral families encode proteins that interfere with the apoptotic machinery. These 

include the cowpox virus protein CrmA, the baculovirus protein p35, and the cFLIP-

mimicking proteins of herpesviruses. These proteins will be discussed in further detail 

below. Viruses may overcome apoptosis by either directly blocking caspases or by 

mimicking anti−apoptotic proteins. A prominent example of a viral family that can 

directly block caspases are poxviruses, where CrmA inhibits caspase-8 (58). Another 

viral family that can block caspases are baculovirues, which encode a caspase inhibitor 

called P35 (59). Herpesviruses such as Epstein−barr Virus encode proteins that mimic the 

function of Bcl-2 and cFLIPs to prevent the activation of apoptosis (60, 61) 
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 Apoptosis also has a prominent role in controlling bacterial infections. There are 

strains of intracellular bacteria that rely on host cells for both replication and avoidance 

of the immune system. Therefore, apoptotic mechanisms are in place to clear bacterial 

infections, both intrinsic, through the sensing of cellular damage induced by the 

bacterium, and extrinsic, through TNF−α or IL-18 signaling (62-64). However, bacteria 

can also prevent the induction of apoptosis for survival. Yersinia pestis, the causative 

agent of plague, can directly cleave FasL, preventing extrinsic apoptosis (65). Another 

pathogenic bacteria, enteropathogenic E coli (EPEC) releases a protein that can block 

FADD to prevent extrinsic apoptosis signaling downstream of FasL (66). 

However, unlike viruses, there are strains of bacteria that can survive 

extracellularly, and therefore the induction of non-immunogenic cell death may actually 

benefit the pathogen. One such pathogen is Yersinia pseudotuberculosis. Yersinia utilizes 

an effector protein called YopJ to promote apoptosis by activating caspase-8 in infected 

cells without promoting an immune response, allowing the bacterium to infect more cells 

and replicate freely extracellularly without host immune interference (67, 68). However, 

the host can counteract YopJ through the activation of RIPK1 dependent cell death, 

activating NF-κB and clearing the bacterium (69, 70). This cell death is mediated by 

TNF/TRIF/RIPK1 axis (71). Therefore, apoptosis can both positively and negatively 

regulate the control of bacterial infections. Finding the right balance between killing the 

infected cell but not allowing unabated bacterial replication outside of the cell is essential 

for the clearance of bacteria (64).  

Introduction to Necroptosis 
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 Necroptosis was originally discovered after the surprising observation that upon 

the blockade of caspases (some of which are viral proteins previously listed), certain 

stimuli, such as IFN−γ and TNF−α, dramatically killed cells in a morphologically distinct 

manner from apoptosis. Along with cellular stimuli, viral stimuli such as double stranded 

RNA (PolyI:C) can activate necroptosis, indicating that necroptosis can help counteract 

the viral blockade of caspases (72-76).  

The entire necroptosis pathway was elucidated by a number of labs over the 

course of a decade. In 2000, the Tschopp laboratory determined that RIPK1 was essential 

to the induction of necroptosis (77). A chemical screen conducted by the Yuan lab in 

2008 determined that a group of small molecules called necrostatins, which inhibit the 

kinase function of RIPK1, was able to prevent the induction of necroptosis, 

demonstrating the requirement of RIPK1 kinase activity in the activation of necroptosis 

Figure 1. TNF signaling and activation 
of cell death 
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(78, 79). In 2009, three labs found that Receptor-interacting serine/threonine-protein 

kinase 3 (RIPK3) was required for the induction of necroptosis (80-82). It was later  

determined that when caspases are inhibited during TNF or FasL signaling, RIPK1 binds 

to and induces the phosphorylation of RIPK3 (the complex of RIPK1 and RIPK3 is 

termed the “necrosome”) which leads to the induction of necroptosis (Figure 1). RIPK1 

and RIPK3 bind through domains called RIP homotypic interaction motifs (RHIMs). 

RHIM-RHIM mediated interactions are essential for the activation of RIPK3 (80, 83). 

Along with RIPK1 and RIPK3, there are two other proteins with RHIM domains, 

DNA−activator of interferons (DAI) and TIR-domain-containing adaptor-inducing IFN-β 

(TRIF) (84, 85).  

The next step was to identify the downstream target of RIPK3, which was 

determined by two different labs to be mixed lineage kinase domain-like protein (MLKL), 

a pseudokinase (86, 87). MLKL has two essential domains, a pseudokinase domain and 

an N−bundle domain. The pseudokinase domain is inhibitory, binding to and preventing 

the dimerization and subsequent activation of the bundle domain region. Upon 

phosphorylation by RIPK3, the pseudokinase domain disassociates from the bundle 

region, allowing the bundle to oligomerize and translocate to the plasma membrane. Once 

oligomerized, the bundle region physically associates with and punches holes into the 

plasma membrane, creating membrane permeabilization, disrupting osmotic balance and 

triggering cell death (88-90). 

Unlike apoptosis, death of the infected cell promotes a robust immune response to 

the site of the necroptotic event, due to the vast amount of damage associated molecular 
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patterns (DAMPs) released by the dying cell. The DAMPs released consist of histones, 

nucleic acids, ATP or nuclear proteins. These signals are initially recognized by 

macrophages, which release chemoattractant cytokines that are recognized by T cells, 

promoting localization to the infected area (91). The next section will discuss how this 

response to the damaged cell may help to control infection. 

Necroptosis and Infection 

Pathogens have in place mechanisms to subvert necroptosis in order to survive 

and replicate in the host cell. By preventing necroptosis, the pathogen can replicate in the 

cell unaffected by the host immune response. Although less is known about the role of 

necroptosis in controlling pathogens than apoptosis, it is still essential for the control of 

numerous different pathogens. A prominent example is the cowpox family of viruses. 

CrmA produced by cowpox viruses encodes an inhibitor of apoptosis than can bind 

directly to caspases. Upon infection, poxviruses produce a large amount of TNF−α, 

which activates the necrosome to promote necroptotic death of the infected cell and viral 

clearance (58).  

There are numerous pathways that can activate RIPK3; such as direct binding by 

a RHIM-RHIM mediated interaction, or by promoting formation of the necrosome. Three 

sensors that can activate RIPK3 will be discussed further: TRIF, DAI, and Protein Kinase 

R (PKR). TRIF is a toll-like receptor 3 (TLR3) and toll-like receptor 4 (TLR4) adaptor 

protein that is activated by double-stranded RNA (dsRNA) and lipopolysaccharide (LPS) 

(92). In certain settings, such as caspase inhibition, both synthetic dsRNA (polyI:C) and 

LPS are able to activate RIPK3-driven necroptosis via a TRIF-dependent mechanism (93). 
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In contrast, the Degterev lab demonstrated that both polyI:C and LPS are able to activate 

RIPK1 and RIPK3 in the absence of caspase-8 in macrophages, but instead of activating 

cell death, promotes a robust inflammatory response, dependent on the kinase function of 

RIPK1. Activating RIPK3 in the absence of RIPK1 does not lead to cytokine production. 

This inflammatory signaling cascade acts through ERK1/2, however it is unknown if the 

pro-inflammatory RIPK1/3 complex is structurally different than the death-promoting 

necrosome that induces necroptosis (94).  

A wide variety of pathogens can block necroptotic signaling by directly inhibiting 

proteins essential for the necroptotic response through post-translational modifications or 

by producing inhibitors of the necroptotic machinery. Examples of each will be discussed 

in this section. The first virus found to subvert necroptosis is a class of DNA viruses 

termed cytomegaloviruses (CMVs). A screen conducted in murine CMV (MCMV) found 

that a panel of viruses promoted cell death before a complete viral replication cycle could 

be finished (95). These mutant viruses were deficient in a viral protein called M45. After 

sequencing M45, it was discovered that the protein has conserved residues consistent 

with a RHIM domain. The Mocarski lab demonstrated that M45 is able to interact with 

both RIPK1 and RIPK3, blocking their interaction and subsequently abolishing 

necroptosis. In viruses lacking M45, RIPK1 and RIPK3 interact, promoting necroptosis 

and clearance of viral infection. As RIPK1 and RIPK3 are not viral sensors, there had to 

be an MCMV sensor capable of activating RIPK1 and RIPK3 to kill the infected cell. An 

unbiased screen determined that sensor was DAI. DAI was the first viral sensor linked to 

the activation of necroptosis (84). DAI will be discussed in greater detail in Chapters 4 
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and 5. Bacteria can also inhibit necroptosis. EPEC can GlycNAclyate the DED region of 

RIPK1, blocking potential activation of necroptosis (66).  

Necroptosis can be directly activated by cytokines, as interferons can activate 

necroptosis in the absence of FADD. It was previously discovered that cells lacking 

FADD died upon IFN treatment, but it was unknown what triggered cell death. The 

Balachandran lab demonstrated that in the absence of FADD, IFNs trigger RIPK3-

dependent necroptosis dependent on the kinase activity of RIPK1. They further 

demonstrated that PKR, an ISG, phosphorylates and subsequently activates RIPK1, 

which in turn activates RIPK3 to promote necroptosis (37).  

Introduction to pyroptosis 

Pyroptosis is a highly immunogenic form of cell death characterized by the 

release of IL-1β from the dying 

cell. Caspases-1 and -11 are 

required for pyroptosis (96). A 

wide variety of stimuli can 

activate pyroptosis, but this 

pathway is most commonly 

activated to clear bacterial 

infections (97, 98). Pyroptosis 

appears to be cell type specific, 

as this pathway was first 

discovered and most commonly Figure 2. Pathway of NLRP3-
activated pyroptosis 
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seen in phagocytic cells such as macrophages and dendritic cells, however, emerging 

evidence is demonstrating the importance of this pathway in primary epithelial cells (99-

101). 

Canonical pyroptosis is activated when ‘inflammasome’ signaling complexes are 

assembled in response to pathogenic challenge. At minimum, inflammasomes comprise a 

sensor protein (such as Nod-like Receptors), the scaffold protein ASC, unprocessed 

caspase-1/11 and IL-1β. When the inflammasome is activated, for example when 

NLRC3/NLRC4 senses bacterial components, or AIM2 binds to cytoplasmic dsDNA, 

caspase-1 is recruited by ASC, promoting cleavage of caspase-1 (102). Cleaved caspase-

1 then directly cleaves gasdermin D (GasD) into 31 and 22 kDa fragments, which have 

strikingly different functions. The 31 kDa fragment localizes to and directly binds the 

plasma membrane, punching holes in the membrane, killing the infected cell (103, 104) 

(Figure 2). The dying cell releases IL-1β and IL-18, trafficking macrophages and T cells 

to the infected region, promoting pathogen clearance (105, 106).  

Non-canonical pyroptosis is caspase-1 and ASC independent, and occurs by direct 

sensing of LPS by caspase-11. This process occurs when cytosolic LPS activates caspase-

11 oligomerization and auto-processing. Activated caspase-11 can directly cleave GasD, 

resulting in pyroptosis of the infected cell (107-109).  

Pyroptosis and Infection 

 Due to the highly immunogenic manner in which cells die after pyroptosis, it is 

essential for the control of infections. The most common pathogens that pyroptosis 

activate pyroptosis are bacteria, in which specific bacterial components such as LPS and 
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flagellin can be directly sensed by NLRs. Pyroptosis was originally discovered during 

Salmonella infection and the exact mechanism of Salmonella-induced pyroptosis will be 

discussed in greater detail in Chapter 3. Some examples of other bacteria activate 

pyroptosis are Francisella tularensis (110), Shigella flexneri (111), Listeria 

monocytogenes (112), and Bacillus anthritis (113). Further, pyroptosis can be activated 

during both viral and fungal infections. The activation of the inflammasome and 

pyroptosis has been linked to numerous viruses, such as: West Nile (114), Parovirus 

(115) and influenza A virus (116), which will be discussed in greater detail in Chapter 2. 

Fungal infections can lead to pyroptosis, as Aspergillus fumigatus (117), Candida 

albicans (118) and Paracoccidiodes brasiliensis (119) have worsened disease outcomes 

in mice lacking the capability to activate pyroptosis.  

 Although pyroptosis is extremely efficient in clearing pathogens, there are a 

variety of mechanisms in which pathogens prevent activation of pyroptosis. Examples of 

which include repressing components that are directly sensed by the inflammasome, 

avoiding the cytosol of the infected cell and producing proteins that can directly inhibit 

essential components of the inflammasome. The remainder of this section will describe a 

few examples of ways in which pathogens avoid pyroptosis.  

 The first examples are Legionella pneumophila and Listeria monocytogenes. In 

the context of in vitro infection, the flagellin of these bacteria are recognized by a nod-

like receptor termed NLRC4, activating pyroptosis in the infected macrophage. However, 

during in vivo contexts of infection, these bacteria repress flagellin, preventing detection 

by NLRC4 (120). Salmonella, like Legionella and Listeria, can repress expression of 

flagellin to escape NLRC4 detection in vivo, and this mechanism will be described in 
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greater detail in Chapter 3 (121, 122). Legionella and Francisella novicida can form a 

protective vacuole, preventing entrance into the cytosol of the infected cell. Avoiding the 

cytosol prevents activation of non-canonical or AIM2-dependent pyroptosis (123, 124). 

Intriguingly, a recent study demonstrates that while the non-pathogenic strain of 

tuberculosis (M. smegmatis) activates the inflammasome in vitro, the pathogenic 

Mycobacterium tuberculosis does not, suggesting a mechanism of AIM2 evasion (125). 

Bacteria can directly inhibit inflammasome machinery by directly blocking essential 

signaling components. Two examples are Yersinia pseudotuberculosis and Shigella 

flexerni. Each of these bacteria encode inhibitors that bind directly to capase-1 or 

caspase-4 respectively, preventing activation of pyroptosis (126, 127). As this chapter 

demonstrated, cell death and the immune response are vitally linked. Hindering the 

activation of cell death will alter disease outcome and render hosts susceptible to an array 

of different diseases.  
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CHAPTER 2 

INFLUENZA PATHOGENESIS 

Each year the influenza A virus (IAV) infects 5-20% of the U.S population, 

causing on average 200,000 hospitalizations and 49,000 fatalities (128). IAV is a 

negative-sense, enveloped, single-stranded RNA (ssRNA) virus. IAV contains 8 RNA 

segments that encode 11 different viral proteins that aide in viral invasion, replication, 

persistence inside the host, and eventual budding from the host cell (129). Influenza A 

virus produces both seasonal outbreaks and pandemic outbreaks. Illnesses caused by 

seasonal outbreaks manifest as fever, sore throat and coughing, and usually resolve 

without therapeutic intervention within 3-7 days in healthy individuals.  Pandemic 

outbreaks such as the 1918 Spanish flu and 2009 swine flu have similar symptoms to 

seasonal outbreaks, but are much more severe in nature due to high amounts of lung 

damage sustained during the course of infection. Further, mucous produced from 

damaged lung cells can trap bacteria, resulting in secondary bacterial pneumonia (130).  

The structure of viral proteins dictates the spread and lethality of the circulating 

virus. Pandemic outbreaks occur relatively infrequently, but with devastating 

consequences. The 1918 Spanish flu (H1N1) is the most prominent example, killing over 

20 million people worldwide. The majority of the lives lost were from secondary 

bacterial infections accrued from lung damage associated with mucous produced after 

viral-induced cell death (131). Viral-induced cell death will be explained in greater detail 

in subsequent sections. More recent pandemic strains include the 1957 Asian H2N2, 1968 

Hong Kong H3N2, 1977 Russian H1N1 and 2009 Swine H1N1 (132). 
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Influenza A virus is inhaled via the aerosol route and rapidly infects cells lining 

the lung. IAV invades cells by hemagglutinin (HA) binding to host sialic receptors. The 

structure of HA helps to determine IAV host-species restriction. Humans have α(2,6) 

sialic acid linkages while birds have α(2,3), and this difference determines which HA 

molecules can bind to and invade cells. Interestingly, pigs have both α(2,6) and α(2,3) 

linkages and therefore can be infected by all strains of IAV. For this reason, pigs often act 

as reservoirs for IAV (133). As both avian and human IAV can infect pigs, an exchange 

of proteins can occur between different strains, promoting IAV cross species infectivity. 

Once HA binds to the sialic acid receptor, the virus is endocytosed into the host cell. 

Upon endocytosis, the lower pH of the endosome triggers a conformational change in HA 

that allows this protein to insert into and disrupt the endosomal membrane (134, 135). In 

parallel, the M2 ion channel lowers the pH of the endosome, resulting capsid disassembly 

(136). Upon disruption of the endosome, viral genomic material as ribonculeoprotein 

complexes (vRNPs) traffic into the nucleus via nuclear localization signals (NLS) found 

on viral proteins (137) (Figure 3). 

 Once vRNPs enter the nucleus, the negative-sense viral genomic RNA serves as 

template for synthesis of positive sense RNAs which provide two functions. First, these 

_+ sense RNAs serve as antigenome template for the generation of new genomes, and 

second, they can function as mRNAs for the translation of viral proteins.  The viral 

polymerase, consisting of the viral proteins PA, PB1 and PB2, is essential for production 

of both positive sense antigenomic material/mRNA precursors, as well as for subsequent 

synthesis of new vRNA genomes from antigenomic templates (129). Host pre-mRNAs 
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are used as primers to transcribe viral mRNA. This process requires “cap-snatching” by 

the PB2 subunit of the IAV polymerase. Host pre-mRNAs are bound by the PB2 subunit, 

cleaved by the PA subunit, and used to prime mRNA synthesis by the PB1 subunit. Thus 

IAV does not need to encode an mRNA capping enzyme (138). The newly made viral 

mRNAs are exported into the cytosol to be translated into proteins, which localize to the 

host ER for glycosylation and folding (137). After new viral mRNA is translated into 

viral proteins, the newly synthesized proteins, such as NS1, can alter host cell processes. 

To promote viral replication, NS1 dampens the host immune response (by decreasing 

RIG-I mediated production of ISGs) and sequesters host immunogenic RNAs (139-141). 

Viral proteins can further traffic back into the nucleus of the infected cell and become 

packaged with newly 

made vRNPs. The viral 

protein NEP allows for 

export of these newly 

formed vRNPs out of 

the nucleus and into the 

cytosol of infected cells 

(142). The final step in 

the viral replication 

cycle is the protease 

neuraminidase (NA) 

cleavage of the sialic acid bond, promoting viral budding and the infection of a new cell 

(Figure 3). Like HA, NA can dictate virulence of the virus. The conformation of NA can 

Figure 3. IAV Life Cycle 
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determine which sialic acid receptors it cleaves, fostering completion of the viral 

replication cycle (143, 144). 

IAV encodes a number of proteins that can counteract the host immune response. 

As previously stated, NS1 is a non-structural protein that inhibits host IFN production, by 

sequestering RNA that can be recognized by the cytosolic RNA sensors, such as RIG-I. 

Viruses lacking NS1 trigger a robust interferon response during the course of infection 

and are therefore strongly attenuated (141). Certain virulent strains of IAV also express 

PB1-F2, which inhibits IFN-β production and promotes apoptosis in the infected cell 

prior to the release of antiviral factors. Further, PB1-F2 can block TRIM25 and PKR, 

inhibiting host antiviral responses (145). IAV can generate mutations in PB2 that boosts 

infectivity by increasing the ability of the virus to replicate in the host upper respiratory 

tract (146). 

  The completion of the IAV life cycle often results in the death of the infected cell. 

Cell death can help clear virus, but can also promote sustained lung damage. Therefore, 

cell death can both help and hinder IAV disease outcome depending on the strain and 

severity of the virus (147). Cases of H1N1 from 2009 demonstrated large amounts of 

lesions in the lower lung, indicative of severe epithelial damage (148-150). Dying cells 

release DAMPs that recruit macrophages and dendritic cells, which further increases IAV 

associated lung damage. Dying cells can also promote the entrance of fluid into the lung, 

which decreases lung function. These inflammatory responses associated with IAV can 

lead to robust “cytokine storms” that is a common cause of mortality during pandemic 

IAV outbreaks in immunocompetent individuals (151, 152).  
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However, when controlled, death of the infected cell aids in clearance of the virus. 

Infected cells are targeted by both NK cells and CD8+ T cells that express HA antigen on 

the surface of the cell (153). NK cells or CD8+ T cells that find a cell displaying an HA 

antigen release perforin, or promotes Fas/FasL or TRAIL which engages with its 

respective receptor, effectively killing the infected cell. This process is essential for the 

control of viral spread (154, 155). There appears to be a tipping point where too robust of 

a cell death response can lead to severe lung pathology, but too weak of a cell death 

response will prevent viral clearance, leaving the host susceptible to unmitigated viral 

burdens.  Studies find that up to 10% of damaged or dead Type I alveolar cells is 

survivable after infection. The “tipping point” lies in how much cellular damage a lung 

can sustain prior to shutting down. Levels that extend beyond 10% will prevent efficient 

gas exchange in the lung cells, resulting in an inability to breathe and eventual death 

(156).  

There are numerous ways to treat influenza, however there is no surefire way to 

prevent infection. Each year, IAV vaccines in the US are produced by egg-based 

manufacturing and are produced based off the IAV strains currently circulating in the 

Southern Hemisphere. However, IAV mutates frequently, and often the strains are not 

identical upon reaching the Northern Hemisphere, preventing efficient targeting by the 

seasonal vaccine (157). There are therapeutic alternatives to the vaccine that target 

specific IAV proteins to prevent viral replication (157). One such example is oseltamivir 

(Tamiflu), which targets NA to prevent viral budding. While this drug is effective in 

preventing viral budding, it does not prevent influenza virus infection, and cells that are 

infected can still become viral factories and experience dramatic lung damage (158). 
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Therefore, new alternatives to these current IAV treatments must be discovered in order 

to completely control infection.  

 

 
  



 
 

24 

CHAPTER 3 

SALMONELLA PATHOGENESIS 

Salmonella enterica is a facultative intracellular bacterium implicated in a variety 

of illnesses, from gastric disorders to cancer, and is the leading cause of food borne 

illnesses in humans (159, 160). S. enterica infects over 90 million people worldwide, 

including 1.2 million annually in the United States (161). There are many serovars of S. 

enterica, but this chapter will primarily focus on Typhi and Typhimurium, as these are the 

best-characterized in terms of their interactions with host cells in culture in and in vivo. 

Both serovars infect epithelial cells of the small intestine but differ in the nature and 

magnitude of illnesses they cause. S. Typhi is a major health concern in developing 

countries, where it infects over 21 million people each year, primarily via the fecal-oral 

route following ingestion of contaminated food and, more commonly, drinking water 

(162, 163). S. Typhi is efficient in evading the host immune response, and causes a 

systemic severe disease, called typhoid fever, that is often fatal (164). S. Typhimurium is 

also spread through contaminated food and drinking water, but is efficiently controlled by 

host immunity and typically only causes self-limiting gastroenteritis in humans (165). 

Notably, S. Typhimurium is pathogenic in mice, where infection leads to systemic disease, 

and promotes many of the same symptoms as S. Typhi infection does in humans (166). In 

contrast, S. Typhi is unable to infect or cause disease in mice, for which reason S. 

Typhimurium is often used as an experimental model of systemic salmonellosis (167) 

(168). S. Typhimurium can also be used as a model to study Salmonella-induced 

gastroenteritis, if mice are first treated with streptomycin to alter their gut microbiota 

(169). Thus, infecting mice with S. Typhimurium can either induce a typhoid fever-like 
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disease or colitis-like disease depending on the mouse model used, which allows for 

broad study of Salmonella pathogenesis. In this chapter, we will summarize new insights 

into innate host defense against S. Typhimurium induced fever or colitis, with a focus on 

emerging roles for IFN-γ in controlling Salmonella pathogenesis.  

Upon ingestion, Salmonella travels through the stomach into the small intestine, 

where it begins its pathogenesis cycle.  The initial cells targeted by Salmonella are those 

of the intestinal epithelium (170). Invasion of intestinal epithelial cells is mediated by a 

chromosomal genetic island called Salmonella Pathogenicity-Island 1 (SPI-1) (171-174). 

SPI-1 encodes a Type III secretion system (T3SS) that injects dozens of effector proteins 

into the cytosol of epithelial cells (175). A subset of these effectors, most notably the Sop 

proteins SopB, SopE, and SopE2, remodel host actin, allowing ingress of Salmonella into 

the host cytosol (176-179). In parallel, SipA and SipC inhibit actin depolymerization, 

thus maintaining the sustained polymerization required to move plasma membrane 

around the bacterium until it is fully engulfed (180-182). Once Salmonella is engulfed, 

another SPI-1 protein, SptP, deactivates the actin polymerization proteins Cdc42 and 

Rac1, allowing for the closure of the membrane “ruffle” and formation of a vacuole 

around the bacterium. This vacuole is called the Salmonella containing vacuole, or SCV 

(183).  

Although most Salmonella remain enclosed in the SCV, occasional bacteria are 

able to escape and replicate freely in the cytosol of non-phagocytic cells, eventually 

disseminating through the intestinal lining into the underlying lamina propina, which 

houses macrophages, dendritic cells and polymorphonuclear cells that can phagocytose 

the bacterium (184). Salmonella can also invade and disseminate through M cells into 
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Peyer Patches, where it is phagocytosed by dendritic cells (DCs). DCs then carry the 

bacterium to mesenteric lymph nodes, allowing spread to distal organs such as the liver 

and spleen, via lymphatic ducts. Alternatively, Salmonella can be phagocytosed by 

CD18+ monocytes in the intestinal lumen and spread to distal organs through the 

bloodstream without having to first travel to mesenteric lymph nodes (185).   

Normally, the acidic environment of the phagocyte is toxic to bacteria, but 

Salmonella has evolved to combat this environment through the use of another plasmid-

encoded pathogenicity island, SPI-2 (186). SPI-2 induces the manipulation of vesicle 

trafficking to prevent the phagocyte SCV from rupturing or fusing with the lysosome 

(187). SPI-2 encoded proteins of the Sif family are essential for the maintenance of SCV 

integrity. Of these, SifA is best studied, and interacts with host adaptor proteins 

Pleckstrin homology domain containing, family M member 1 (PLEKHM1), Rab7, and 

Homotypic fusion and protein sorting protein (HOPS) (188). These proteins normally act 

to stabilize the interaction between autophagosomes and lysosomes to help degrade 

damaged proteins or pathogens in mitophagy and xenophagy, respectively (189). 

However, Salmonella has co-opted these proteins to stabilize the SCV by preventing 

lysosomal fusion as well as by maintaining SCV pH balance and optimal membrane 

dynamics (188, 189). Like SifA, the T3SS protein SseJ also cooperates in these activities 

(190). SseJ and SifA also interact with an adaptor protein called SifA kinesin interacting 

protein (SKIP), which binds to microtubule−based motor kinesin-1, recruiting it to the 

vacuole, and promoting efficient interaction between the SCV and the microtubule 

network of the cell (190). SCV forming proteins aid retention of early endosome markers, 
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including Rab5, transferrin receptor (TnfR) and early endosome associated antigen 1 

(EEA1) on the SCV, which prevent the SCV from fusing with lysosomes (191).  

These and other immune-evasion mechanisms enable the SCV in phagocytes to 

serve not only as a replicative niche for Salmonella, but also as a protective barrier 

against cytosolic anti-microbial effector mechanisms (187). Within the SCV, Salmonella 

remains well-contained (170), but Salmonella that escape the SCV can enter the cytosol 

of non-phagocytic cells and replicate well in this environment. Hyper-replicating 

Salmonella eventually lyses the infected cell and spreads to surrounding cells (192). The 

SCV in non-phagocytic cells thus protects the host by limiting the spread of Salmonella 

to uninfected neighboring cells, and such cells have in place mechanisms that maintain 

the integrity of the SCV (99, 192). 

A key mechanism by which the non-phagocytic cell maintains SCV integrity 

involves the host kinase TBK1. Although TBK1 is best known for its role in antiviral 

innate immunity, where it functions as an IRF3/7 kinase and is a pivotal player in the 

induction of type I IFNs (193), recent studies have revealed a distinct function for this 

protein in regulating the SCV (194). TBK1 regulates levels of aquaporin-1 (AQP1), 

which controls the osmotic balance of the SCV and prevents it from expanding or 

collapsing (195). TBK1 deficient MEFs, which cannot form a stable SCV, are thus 

hypersensitive to Salmonella replication, as are cells overexpressing AQP1 (196). 

In cases where Salmonella is able to escape the SCV and enter the cytosol, it can 

be ubiquitinated and targeted for degradation, via the host cell’s autophagy machinery. 

Ubiquitination of Salmonella is mediated by an E3 ubiquitin ligase called Leucine Rich 

Repeat and Sterile Alpha Motif Containing 1 (LRSAM1) (197). Nuclear dot protein 52 
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kDa (NDP52) recognizes ubiquitinated Salmonella and binds to TBK1, allowing for 

autophagosome formation around the bacterium (196). The adaptor proteins optineurin 

and p62 (also called SQSTM1), which are activated by TBK1-mediated phosphorylation, 

can recognize poly-ubiquitinated Salmonella (198). Upon activation, these proteins bind 

to the autophagosome marker LC3, linking the autophagosome machinery to 

ubiquitinated Salmonella and targeting the bacterium for degradation (199). Parkin can 

also ubiquitinate Salmonella, leading to autophagic clearance, although how LRSAM1- 

and Parkin-driven ubiquitination mechanisms differ from each other await elucidation 

(200). Autophagosomes engulf and subsequently degrade the bacterium, controlling, to 

some extent, Salmonella infection in the cytosol of cells. It is noteworthy, however, that 

cytosolic mechanisms for control of Salmonella in non-phagocytic cells may not be very 

efficient, as TBK1-deficent cells, or cells infected with mutant SifA Salmonella that 

cannot form an SCV and directly enter the cytosol of cells, display increased Salmonella 

replication compared to controls (201). Interestingly, while phagocytic cells produce high 

levels of anti−bacterial proteins, such as defensins, that combat Salmonella, these 

proteins are produced at much lower levels in non-phagocytic cells, providing an 

explanation for the differences in cytosolic replication between the two cell types (185).  

When Salmonella infects a macrophage, it “hides” in SCVs. This allows the 

bacterium to both survive the harsh environment of the macrophage and replicate without 

interference from cytosolic antimicrobial factors (202). However, at least two 

mechanisms are in place to eliminate Salmonella from the macrophage, both of which 

require IFN-γ at crucial steps to mediate bacterial clearance. First, IFN-γ activates 
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transcription of a group of proteins called Guanylate Binding Proteins (GBPs) that 

localize to the SCV, inducing its lysis and subsequently releasing Salmonella into the 

cytosol (203). Second, IFN-γ “primes” the macrophage through induction of reactive 

oxygen species, which activates the NLRP3 inflammasome, leading to pro-inflammatory 

cell death and eventual clearance of the bacterium (204). Each of these anti-Salmonella 

strategies will be discussed next.  

Recently, an IFN-γ-driven mechanism has come to light that ruptures the 

macrophage SCV, preventing Salmonella from hiding within the protective confines of 

this vacuole. The drivers of release of Salmonella into the cytosol are a group of small 

interferon-inducible GTPases called Guanylate Binding Proteins (GBPs) (205). There are 

11 genes encoding GBPs in mice and seven in humans, of which, at least five are critical 

for Salmonella clearance (206). GBPs are diffusely cytosolic proteins that are recruited to 

the SCV in infected macrophages. Recruitment of GBPs to the SCV requires 

dimerization and subsequent prenylation of these proteins, the latter step of which is 

mediated by the interferon-stimulated gene Immunity-related GTPase family M protein 1 

(IRGM1), a GTPase (207). Upon sensing ubiquitinated bacterial structures, IRGM1 

activates farnesyltransferase-I and geranylgeranyltransferase-I that prenylate GBPs on 

conserved CaaX sequences in their C-termini (208). This prenylation step induces their 

localization to the Salmonella-containing vacuole (209). Once at the SCV, GBPs insert 

into and puncture the vacuolar membrane, rupturing the SCV and releasing Salmonella 

into the cytosol (210).  
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IFN-γ is critical to the function of GBPs at multiple distinct steps in this process. 

First, IFN-γ is required for the induction of GBP-encoding genes.  IFN-γ induces 

expression of GBPs in a two-step mechanism: IFN-γ-mediated JAK/STAT1 signaling 

first induces rapid expression of the transcription factor IRF-1, which then transactivates 

GBP-encoding genes (211, 212). Second, IFN-γ is necessary for activating GBPs in the 

cytoplasm, as well as for localizing these GTPases to the SCV (213). Details of how IFN-

γ promotes the activation of GBPs and how IRGM1 mediated prenylation sites recruit 

GBPs to the SCV are currently unclear. Notably, simply overexpressing GBPs does not 

mimic their induction by IFN-γ, demonstrating the requirement for IFN-γ signaling at 

additional post-transcriptional steps in the biology of these intriguing enzymes (214).  

Besides facilitating the rupture of SCVs, IFN-γ promotes the destruction of 

Salmonella and other intracellular microbes by inducing the production of reactive 

oxygen species (ROS) and reactive nitrogen species (RNS) in phagocytes (215). ROS, 

besides being directly toxic to Salmonella, can also promote Salmonella clearance by 

other means. For example, ROS promotes expression of NF-κB, a transcription factor 

that induces expression of a variety of anti−bacterial immune factors, including NLRP3 

(216). ROS can also initiate autophagy to control Salmonella in phagocytic cells. This 

process is mediated by the enzyme NOX2, which recruits LC3 to phagosomes by sensing 

ROS mediated cellular damage (217). 

Upon rupture of the SCV, Salmonella is released into the cytosol of macrophages, 

which can trigger pyroptosis, a rapid pro-inflammatory form of cell death. The rupturing 

of membranes and the release of IL-1β from the cell, producing robust inflammation, 
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characterize pyroptosis (218). Activation of caspase-1 (the driver of IL-1β release) and 

secretion of IL-1β are mediated by cytoplasmic signaling complexes called 

inflammasomes (219). All canonical inflammasomes contain Nod-like (NLR) proteins, 

but differ in the pathogen−associated molecular patterns (PAMPs) they recognize (220). 

Salmonella is detected by two canonical inflammasomes, NLRC4 and NLRP3 (221) 

(222). The NLRC4 inflammasome senses the PAMP flagellin, as well as components of 

the Salmonella T3SS, specifically, the SPI-1-encoded needle proteins PrgJ and PrgI, to 

activate caspase-1 and trigger pyroptosis (223). What triggers NLRP3 inflammasome 

activation during Salmonella infection is less known, although extracellular ATP is 

required for this process (224, 225). Interestingly, Salmonella also can evade detection by 

the NLRP3 

inflammasome by 

down-regulating levels 

of citrate production 

(226).  

Pyroptosis can 

be induced non-

canonically, through a 

mechanism reliant on 

recognition of Salmonella LPS by caspase-

11. In this pathway, caspase-11 directly senses cytosolic LPS as a signal to release IL-1α, 

mediating cell death without need for NLRC4 and NLRP3 (109). Notably, caspase-11 is 

Figure 4. Salmonella-induced cell 
death in phagocytic cells 
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also needed for caspase-1 induced cleavage of IL-1β by canonical inflammasomes (227). 

Once activated, caspase-1/11 then cleaves a protein called gasdermin D. Upon cleavage, 

the N-terminus of gasdermin D translocates to the membrane, triggering rupture of the 

cell and release of IL-1β (103, 104, 228). This process is represented in Figure 4. What is 

less well known is whether this process or a similar process occurs in non-phagocytic cell 

types.  

This work was reproduced with permission from Elsevier from the manuscript 

referenced (229). 

The rise of antibiotics helped combat the spread of Salmonella in developed 

countries. However, antibiotic resistance is beginning to hinder the way in which 

Salmonella infection is treated. Studies show that while Salmonella can still be treated 

with antibiotics, taking combinations of different antibiotics or less often used “last resort” 

antibiotics are required to completely clear infection (230). As the rate in which new 

antibiotics are discovered dramatically declines, there is reason to believe that Salmonella 

will become resistant to both combinations of antibiotics and “last resort antibiotics 

(230).” Salmonella can also avoid antibiotics while still inside the host cell. Salmonella 

can persist inside of host macrophages, effectively turning off pathways that are targeted 

by antibiotics. After a few days/weeks, Salmonella turns these processes back on in order 

to replicate and infect more cells, avoiding targeting by antibiotics (202). Therefore, 

killing cells that house Salmonella is housed in is vital for discovering new ways to 

combat infection.  
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Specific Aims 

 The proposed study seeks to examine the interplay between the immune response 

and cell death, in particular the role of cell death in the control of pathogens. This study 

will first seek to elucidate how the immune system and cell death interact, and how this 

interaction affects the development of a viable organism. Secondly, this study will focus 

on the role of cell death in the control of a viral pathogen, influenza A virus. The final 

focus of this study will determine the role of non-phagocytic cell death in the control of a 

bacterial pathogen, Salmonella typhimurium. Collectively, this study will advance our 

knowledge of how cell death is regulated, and how cell death can clear infections. 

Applications of this study will explore how to target cell death as a therapeutic treatment 

in both viral and bacterial pathogenesis. 

Aim 1: Determine the mechanism of interferon-driven cell death in cells lacking 

ripk1.  

The mechanism of interferon-driven cell death in ripk1-/- cells will be elucidated by first 

examining the mode of cell death, then to determine the key components in IFN-signaling 

that are regulating cell death. The role of IFN-driven cell death will be determined in vivo 

by knocking out the key components of IFN-signaling in mice lacking ripk1 to determine 

the overall effect of lifespan. We hypothesize that in the absence of RIPK1, RIPK3 is 

activated and kills the cells by both apoptosis and necroptosis following treatment with 

IFNs. We further hypothesize that the activator of RIPK3 is an ISG that is robustly 

induced after IFN treatment. We expect deleting functional IFN signaling to prolong the 

lifespan of mice lacking ripk1, however it will not fully rescue these mice from lethality.  

Aim 2: Examining the mechanism of IAV-driven cell death in non-phagocytic cells. 
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Our lab has previously shown that IAV induces RIPK3-driven parallel pathways of 

apoptosis and necroptosis to kill the infected cell and clear virus. However, how RIPK3 is 

activated after IAV infection remains to be elucidated. We therefore want to determine 

what activates RIPK3, and how RIPK3-driven cell death is activated after IAV infection. 

We further want to test how RIPK3 is activated in vivo, and whether this pathway is 

required for viral clearance. We hypothesize that a sensor which is able to bind to both 

IAV and RIPK3 is the driver of IAV mediated cell death. Further, deleting this sensor 

will render mice hypersusceptible to IAV.  

Aim 3: Elucidating the mechanism of Salmonella-driven cell death in non-

phagocytic cells. 

Although it is well known that phagocytic cells die by pyroptosis after Salmonella 

infection, how non-phagocytic cells die remains relatively unknown. We will determine 

if/how non-phagocytic cells die after Salmonella infection, and whether this form of cell 

death is any known form of programmed cell death. We will further test what 

components of Salmonella are required for the induction of cell death in non-phagocytic 

cells. Finally, we will test the in vivo relevance of Salmonella-driven cell death in non-

phagocytic cells. We hypothesize that Salmonella is able to kill non-phagocytic cells, 

albeit a different mechanism than it kills phagocytic cells. Additionally, we hypothesize 

that this cell death will be beneficial for Salmonella clearance in vivo.    
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CHAPTER 4 

ROLE OF DAI IN IFN-INDUCED CELL DEATH 

RIPK1 was discovered as a serine/threonine kinase that interacted with the 

cytoplasmic tails of death receptors Fas/CD95 and TNFR1 and induced potent apoptotic 

cell death when overexpressed (50). Subsequently RIPK1 was also found to regulate NF-

κB activation and mediate cell survival responses downstream of the TNFR1 (231). In 

support of a survival function for RIPK1, germline ablation of the ripk1 gene resulted in 

perinatal lethality and demonstrated a requirement for this kinase in the activation of NF-

κB and protection against apoptosis following stimulation by TNF-α (232).  

The perinatal lethality of ripk1-deficient mice remained largely unexplained for 

fifteen years, until three groups reported the full rescue of this phenotype by concurrent 

ablation of both FADD/caspase-8-mediated apoptosis and RIPK3-driven necroptosis 

pathways (38, 39, 233). Thus, mice triply-deficient in ripk1, ripk3 and either fadd or 

caspase-8 were born at normal Mendelian frequencies, developed into adulthood, were 

fertile, and mounted surprisingly robust immune responses to virus challenge (39). 

Subsequent studies demonstrated roles for TNFR1, TLR3/TRIF, and type I IFNs as 

upstream activators of apoptosis and necroptosis signaling in ripk1-deficient mice (39, 

93). As these pathways are activated during innate-immune responses to microbes, a 

current model explaining the postnatal lethality of ripk1-deficient mice suggests that 

RIPK1 restrains death signaling by cytokine (e.g., TNF-α, type I IFNs) and pattern-

recognition receptor (e.g., TLR3) pathways upon exposure to microbes during and after 

the process of mammalian parturition. Moreover, as RIPK1 is essential for TNFR1-

induced necroptosis, we have previously suggested that it is type I signaling that drives 
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the necroptosis signal when RIPK1 is absent, while TNF-α instead initiates inopportune 

FADD/caspase8-mediated apoptosis in ripk1-deficient mice (39). Currently unclear is 

how IFNs lead to activation of RIPK3 in the absence of RIPK1. We therefore wanted to 

focus our attention to sensors activated by IFNs that have been previously shown to 

activate RIPK3. Here we show that DAI is required for IFN-induced activation of RIPK3 

in cells lacking RIPK1. In wild-type cells, RIPK1 effectively acts as a “molecular tether,” 

preventing the interaction of RIPK3 with other RHIM domain containing proteins. In the 

absence of RIPK1, IFN robustly up-regulates DAI, promoting DAI binding and 

activation of RIPK3 to induce parallel pathways of apoptosis and necroptosis to kill the 

cell.  

Methods and Materials from Chapter 4 Experiments 

Cells and reagents.  Early passage ripk1-/- (232), ripk1-/- ripk3-/- (38, 39), zbp1-/- (234) 

and ripk1-/- zbp1-/- mouse embryonic fibroblasts (MEFs) were generated in-house from 

E14.5 embryos and used within five passages in all experiments. Cell viability was 

determined trypan blue exclusion or on an Incucyte Kinetic Live Cell Imaging System. 

Cytokines and chemicals were from the following sources: murine IFN-γ (R&D Systems), 

z-VAD-fmk (Calbiochem); Cycloheximide (Sigma); Actinomycin D (MD biochemical), 

RIPK3 inhibitor (GSK’843, GlaskoSmithKline); z-IETD-fmk (R&D Systems), JAK 

Inhibitor I (Calbiochem), mTRAIL (R&D Systems), GITRL (Sigma), TNF-α (R&D 

Systems). Antibodies were purchased from Millipore (MLKL, JAK1), BD Biosciences 

(STAT1 and RIPK1), ProSci, Inc. (RIPK3), Santa Cruz Biotechnology (MnSOD, PKR), 

Cell Signaling (Caspase-8, cleaved Caspase-8 and p-STAT1), Abcam (p-MLKL), 
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AdipoGen (DAI), and Sigma (β-actin). HRP-conjugated secondary antibodies were 

obtained from Jackson ImmunoResearch (Bar Harbor, ME). All other reagents were from 

Sigma-Aldrich, unless otherwise noted. All cells were cultured in high-glucose 

Dulbecco’s modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS) 

and antibiotics.  

RNAi. For acute RNAi, Wild-type MEFs (5 X 105 per condition) were seeded into six-

well plates and transfected with pools of four proprietary siRNAs (SMARTpool; 

Dharmacon) to the specific target mRNA at 25nM using Oligofectamine (Invitrogen) as a 

transfection reagent. Nontargeting (scrambled) siRNAs were used as controls. Cells were 

used 72 hours postinfection for experiments. For stable RNAi, prepackaged shRNA-

expressing lentiviral particles (Sigma) were used. At least four distinct shRNAs per target 

were texted for knockdown efficiency by immunoblot analysis. The most efficient 

shRNAs were used to generate at least two individual stable populations of MEFs for 

experimental use. 

Co-immunoprecipitation. MEFs (5 X 105 per condition) were harvested in lysis buffer 

[1% (vol/vol) Triton X-100, 150mM NaCl, 20mM Hepes (pH 7.3), 5mM EDTA, 5mM 

NaF, 0.2mM NaVO3(ortho), and Complete protease inhibitor mixture (Roche)]. After 

clarification of lysates (via centrifugation), 2ug of antibody was added to each sample 

followed by rotating incubation at 4°C overnight. Samples were then supplemented with 

protein A/G agarose slurry (40uL) and incubated for 2h, followed by 4 washing steps 

with cold lysis buffer and eluded by boiling in SDS sample buffer, resolved by 

SDS/PAGE and analyzed by immunoblotting.  
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Immunoblot Analyses. Whole-cell extracts from cells (5.0 X 105 per condition) were 

prepared in lysis buffer (as previously described) and clarified by centrifugation. Sample 

were denatured by boiling in Laemmli buffer (0.1 % [v/v] 2-mercaptoethanol, 0.0005% 

[w/v] bromophenol blue, 10% [v/v] glycerol, 2% [w/v] SDS, 63mM Tris-HCL [pH 6.8]) 

for 5 minutes and separated by 12% SDS-PAGE. Protein gels were transferred onto 

PVDF membranes (Millipore) and blocked in blocking buffer (0.1% [v/v] Tween20, 5% 

[w/v] non-fat dry milk in PBS) at room temperature for 1 hr. Blots were incubated 

overnight at 4°C with primary antibody. Blots were incubated with secondary antibody 

for at least 2 hr room temperature. Blots were incubated in enhanced chemiluminescence 

substrate (Pierce ECL Plus Western Blotting Substrate, Pierce) for one minute. Proteins 

were detected by chemiluminescence using x-ray film (Denville Scientific. Inc.). 

DNA microarray expression analysis. MEFs (2x106 cells/condition in duplicate) were 

treated with IFN-β or IFN-γ (10ng/ml) for 3 or 6 hours. RNA was isolated in TRIzol 

reagent (Invitrogen) and purified using the RNeasy kit (Qiagen). 200ng RNA was 

amplified and labeled using the Agilent Low Input QuickAmp labeling kit. 1.65ug of Cy-

3 labeled cRNA target was hybridized onto Agilent 4x44k whole genome arrays for 17h 

at 65°C and washed using the manufacturer’s instructions (Agilent). Hybridized slides 

were scanned at 5um resolution on Agilent scanner 2505B and fluorescent intensities of 

hybridization signals were extracted using Agilent Feature Extraction Software (v9.5.3). 

Identification of differentially expressed genes was performed using the limma package 

in the R/Bioconductor platform (235). Heatmaps were generated using code written in R. 
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Statistics. Statistical significance was determined by use of a Student’s t-test. P-values of 

0.05 or lower were considered significant. Significance of in vivo survival data was 

determined by the log-rank (Mantel-Cox) test. Graphs were generated using GraphPad 

Prism 6.0 software. 

Results from Chapter 4 Experiments 

IFN-γ activates RIPK3-driven parallel pathways of necroptosis and apoptosis in 

ripk1-/- MEFs. We and others have previously demonstrated that IFN-γ is toxic to 

primary MEFs lacking RIPK1 (38, 39). Thirty-six hours post-treatment with mIFN-γ 

(10ng/ml), ripk1-/- MEFs were mostly dead, while wild-type MEFs were largely 

unaffected (Fig. 5A). Death was evident by 24 h post IFN-γ exposure, and potently 

triggered (~70%) by doses of IFN-γ as low as 1 ng/ml (Fig. 5B). Similar results were 

observed with type I IFNs (IFN-α/β, Data not shown). Acute siRNA-mediated knock-

down of RIPK1 expression in wild-type MEFs sensitized these cells to IFN-γ-induced 

cell death at levels comparable to those seen in ripk1-/- MEFs (Fig. 5C). Neither caspase 

inhibition nor RIPK3 kinase blockade were singly capable of fully rescuing ripk1-/- MEFs 

from IFN-γ-induced cell death; only combined inhibition of caspase activity and RIPK3 

kinase function protected ripk1-/- MEFs from IFN-γ (Fig. 5D). In agreement with these 

observations, IFN-γ was found to simultaneously activate both caspase-8 and MLKL in 

ripk1-/- MEFs (Fig. 5E). zVAD on its own efficiently prevented caspase-8 activation and 

a RIPK3 kinase inhibitor blocked MLKL phosphorylation; expectedly, the combination 

of these agents prevented both activation of both caspase-8 and MLKL  (Fig.5E). Notably, 

fadd -/- MEFs are also very susceptible to IFN-induced cell death, but in these cells,  
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Figure 5. IFN kills ripk1-/- MEFs in a RIPK3 dependent manner. (A) Ripk1+/+ and  ripk1-/- 

murine embryo fibroblasts (MEFs) were treated with recombinant murine IFN-γ (10ng/ml) for 36 
hours and photomicrographs were taken after crystal violet staining of cells. (B) Ripk1+/+ and 
ripk1-/- MEFs were treated with the indicated doses of mIFN-γ and cell viability was determined 
after 36 hours by trypan blue exclusion analysis. RIPK1 protein expression was confirmed by 
immunoblotting (inset). (C) Ripk1+/+ MEFs were electroporated by amaxa nucleofection 
technique and transfected with nonspecific or RIPK1-specific siRNAs. After 48 hours of 
transfection, cells were treated with IFN-γ (10ng/ml) and cell viability was determined 36 hours 
post-treatment by trypan blue exclusion analysis. Knockdown of RIPK1 expression was 
confirmed by immunoblotting (inset). (D) Ripk1-/- MEFs were treated with IFN-γ (10ng/ml) in the 
presence or absence of pan-caspase inhibitor z-VAD (25µM) or/and 1µM of RIPK3 kinase 
inhibitor (GSK843). After 36 hours of treatment, cell viability was determined by trypan blue 
exclusion analysis. (E) Ripk1-/- MEFs treated with IFN-γ (10ng/ml)  in the presence of zVAD 
(50µM), GSK’843 (5µM), or both inhibitors together were examined for cleaved caspase-8 (CC8) 
p18 subunit or phosphorylated MLKL (pMLKL) by immunoblot analysis at the indicated times. 
(F) Ripk1 -/- and ripk1 -/- ripk3 -/- double knock-out MEFs were treated with IFN-γ (10ng/ml) and 
cell viability was determined after 36 hours. In parallel, ripk1 -/- MEFs were treated with IFN-γ in 
the presence of pan-caspase inhibitor zVAD (50µM) or the caspase 8 inhibitor zIETD (50µM) 
and 5µM of RIPK3 kinase inhibitor (GSK’843). (G) Whole cell lysates extracted from IFN-γ 
treated ripk1 -/- and ripk1 -/- ripk3 -/- double knock-out MEFs were examined for pMLKL or CC8 
(p18 subunit) by immunoblot analysis at the indicated times. (H) Schematic of IFN-γ-induced 
RIPK3-dependent dual caspase-8 mediated apoptosis and MLKL-driven necroptosis in the cells 
lacking RIPK1 protein. 
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RIPK3 kinase blockade was singly capable of fully protecting against IFN-γ (Data not 

shown). 

While it is well-established that necroptosis downstream of IFNs requires RIPK3, 

whether apoptosis also relies on RIPK3 is not known (37-39). In other scenarios, for 

example upon IAV infection, RIPK3 can simultaneously activate both apoptosis and 

necroptosis. To test if RIPK3 was upstream of both cell death modalities in ripk1-/- MEFs 

exposed to IFN-γ, we treated primary MEFs doubly-deficient in RIPK1 and RIPK3 with 

IFN-γ and evaluated their capacity to undergo cell death over a 36 h timeframe. Ripk1-/- 

ripk3-/- double-knockout MEFs were almost completely (~80%) protected from IFN-γ-

induced cell death; their viability was comparable to ripk1-/- single knockouts treated with 

a RIPK3 kinase inhibitor and either zVAD or the caspase-8 inhibitor zIETD (Fig. 5F). 

Co−ablating RIPK3 effectively nullified both IFN-γ-induced phosphorylation of MLKL 

and cleavage of caspase-8 (Fig. 5G).  Of note, diminished basal levels of MLKL are seen 

in ripk1-/- MEFs, as was observed by us in fadd-/- MEFs, likely a compensatory response 

to unrestrained RIPK3 activity. In agreement with this idea, co-deleting RIPK3 in ripk1-/- 

MEFs restored MLKL expression. Together, these results demonstrate that IFN-γ induces 

both apoptosis and necroptosis in the absence of RIPK1, and that RIPK3 dives both 

pathways of cell death. Apoptosis relies on caspase-8 and is independent of the kinase 

activity of RIPK3, while necroptosis is mediated by MLKL and relies on RIPK3 kinase 

activity (Fig. 5H). 

 Induction of cell death by IFN-γ in ripk1-/- MEFs requires active transcription and 

translation. IFN-γ typically mediates its cellular effects by activating a Jak/STAT-driven 
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transcriptional program that induces the expression of hundreds of genes, called 

interferon-stimulated genes (ISGs). After verifying that activation of Jak-STAT signaling, 

as measured by immunoblotting for pSTAT1, was normal in ripk1-/- MEFs  (Fig. 6A), we 

tested if this signaling axis was necessary for IFN-γ-driven cell death responses in these 

cells. Pharmacological inhibition of Jak kinase activity (Fig. 6B) or RNAi-mediated 

ablation of Jak1 or STAT1 expression efficiently protected ripk1-/- cells from IFN-γ-

triggered death (Fig 6C). In agreement with a role for ongoing transcription and 

translation in IFN-induced cell death, pretreatment with the RNA Polymerase II inhibitor 

Actinomycin D or the translation elongation inhibitor cycloheximide also rescued ripk1-/- 

MEFs from IFN-induced death (Fig 6D). These results strongly indicate that IFNs, in 

contrast to TNF-α, do not activate RIPK3 directly, but rather do so by inducing the 

expression of gene(s) that are then capable of triggering RIPK3 in ripk1-/- cells. These 

findings are consistent with our previous observations in the setting of FADD deficiency, 

where IFN-induced Jak/STAT-mediated transcription and consequent activation of PKR 

served to initiate RIPK1/3-dependent necroptosis (37). 

As IFNs induce expression of select members of the TNF superfamily (TNFSF) 

of cytokines, and as some TNFSFs (including TNF-α and TRAIL) are known activators 

of RIPK3, we next asked if IFNs-induced RIPK3 activation was mediated by specific 

TNFSFs (236). To test this possibility, we first carried out DNA microarray analyses to 

identify which TNFSFs were inducible by IFNs in MEFs. From this analysis, we 

determined that only TRAIL (encoded by Tnfsf10) and GITR Ligand (Tnfsf18) were 

induced to any significant extent by either IFN-γ or IFN-β (Fig. 6E). Exposure of ripk1-/- 

MEFs to recombinant TRAIL or GITR Ligand, however, did not induce any appreciable 
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cell death in these cells, at a dose (10ng/ml) at which IFN-γ was potently cytotoxic (Fig. 

6F). IFN-triggered cell death in ripk1-/- MEFs is thus unlikely to be mediated by an IFN-

inducible member of the TNF superfamily.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. IFN-induced death is independent of TNF-signaling. (A) Ripk1+/+ and ripk1-/- MEFs were 
treated with IFN-γ (10ng/ml) for 0.5,1 or 2 hours and were examined for pSTAT1 and STAT1 by 
immunoblot analysis. β-actin was used as a loading control. In parallel, ripk1+/+ and ripk1-/- MEFs 
were treated with IFN-γ (10ng/ml) for 12, 24 or 36 hours and were examined for STAT1 and PKR by 
immunoblot analysis. β-actin was used as a loading control. (B) Ripk1 -/- MEFs were pre-treated with 
increasing concentrations (250nM, 500nM) of JAK inhibitor I for 1h prior to IFN-γ treatment 
(10ng/ml) and cell viability was determined after 36 hours. (C) Ripk1-/- MEFs were electroporated by 
amaxa nucleofection technique and transfected with nonspecific (control), JAK1 or STAT1-specific 
siRNAs. After 48 hours of transfection, cells were treated with IFN-γ (10ng/ml) and cell viability was 
determined 36 hours post-treatment by trypan blue exclusion analysis. Knockdown of JAK1 and 
STAT1 expression was confirmed by immunoblotting (inset). (D) Ripk1-/- MEFs were treated with 
IFN-γ (10ng/ml) in the presence of a transcription inhibitor actinomycin D (ActD 25ng/ml) or a 
translation inhibitor cycloheximide (CHX 250ng/ml) and cell viability was determined 36 hours post 
treatment. (E) TNF superfamily genes induced at least twofold by IFN-γ within 6 h of treatment in 
ripk1-/- MEFs. Heat bar= log2 scale. Signal in untreated MEFs was normalized to 1 (yellow). (F) 
Ripk1+/+ and ripk1-/- MEFs were treated with TRAIL (1ug/ml), GITRL (1ug/ml) or IFN-γ (10ng/ml) 
and cell viability was determined after 36 hours.  
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DAI activates RIPK3 after IFN stimulation of ripk1-/- MEFs. Having implicated 

JAK/STAT-driven transcription of ISGs as necessary for death of ripk1-/- MEFs, and 

having ruled out ISG-encoded TNF superfamily members as possible drivers of IFN-

induced cell death, we then examined if innate-immune sensor pathways known to 

stimulate RIPK3 were responsible for activating this kinase upon exposure to IFNs. 

Besides TNFSFs, multiple innate pathways have been shown to activate necroptosis, 

including TLR3/4-TRIF, cGAS-STING, RLR-MAVS, ZBP1/DAI and PKR. Notably, 

signaling nodes in each of these pathways were ISGs (Fig. 7A).  We therefore screened 

each of these pathways to test if they accounted for RIPK3 activation in ripk1-/- MEFs. 

From this analysis, we found that elimination of PKR (encoded by eif2ak2) was able to 

partially protect ripk1-/- MEFs from IFNs, in agreement with our previous results 

implicating this kinase in IFN−activated necroptosis in fadd-/- MEFs. However, we 

discovered that deletion of zbp1 was able to almost-fully prevent IFN-induced cell death 

ripk1-/- MEFs (Figs. 7B,D). Zbp1-/-;ripk1-/- MEFs from two separate crosses remained 

~90% viable 48h after exposure  to IFN-γ or IFN-β, while <40% ripk1-/- MEFs were alive 

at this time.  Zbp1-/-;ripk1-/- MEFs remained susceptible to TNF-α-mediated apoptotic 

death (Fig. 7B).  RIPK1 and DAI protein levels in MEFs are shown in Fig. 7C. While 

IFN-γ induced MLKL phosphorylation in ripk1-/- cells, Zbp1-/-;ripk1-/- double-knockout 

MEFs had almost-undetectable levels of pMLKL following IFN treatment.  The deletion 

of zbp1 did not have a significant impact on the levels of MLKL or RIPK3 (Fig. 7E). In 

ripk1-/- cells, IFN-γ robustly promoted association of DAI with RIPK3; this association 

was not seen in ripk1+/+ cells. Instead, in cells containing RIPK1, a basal RIPK1-RIPK3 
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complex was observed 

that did not alter in 

abundance with IFN 

treatment (Fig. 7F). 

Together, these results 

demonstrate that DAI 

mediates cell death in 

IFN-exposed cells lacking 

RIPK1, and that RIPK1 

functions to inhibit such 

death by complexing with 

RIPK3 and preventing its 

association with DAI.  

 

Discussion on Chapter 4 

experiments 

We have 

previously shown that 

IFNs can activate RIPK3-

dependent cell death in the 

absence of RIPK1, but the 

molecular mechanisms by 

which IFN signaling stimulates RIPK3 activity have remained unclear. In this study, we 

Figure 7. DAI is required for IFN-driven cell death. (A) 
Interferon stimulated genes induced by at least twofold by IFN-γ 
within 6 h of treatment in ripk1+/+ MEFs. Heat bar=log2 scales. 
Signal in untreated MEFs was normalized to 1 (yellow). (B) Wild-
type, ripk1-/-, zbp1-/-, and two different ripk1-/-;zbp1-/- MEFs were 
treated with IFN-γ (50ng/ml), IFN-β (10ng/ml) or TNF-α (10ng/ml) 
and cell viability was determined 36 hours post-treatment. (C) Wild-
type, ripk1-/-, zbp1-/-, and two different ripk1-/-;zbp1-/- MEFs were 
treated with IFN-γ (50ng/ml) for 24 hours and were examined for 
DAI and RIPK1 by immunoblot analysis. β−actin was used as a 
loading control. (D) Photomicrographs of Wild-type, ripk1-/-, zbp1-/-, 
and two different ripk1-/-;zbp1-/- MEFs treated with IFN-γ (50ng/ml) 
or IFN-β (10ng/ml) for 36 hours. (E) Ripk1-/- and ripk1-/-;zbp1-/- 
MEFs were treated with IFN-γ (10ng/ml) for 18 or 24 hours or 
TNF-α for 24 hours and were examined for pMLKL by immunoblot 
analysis. β−actin was used as a loading control. (F) Anti-RIPK3 
immunoprecipitates from IFN-γ (50ng/ml) treated ripk1+/+ and 
ripk1-/- MEFs were examined for the presence of DAI. Whole-cell 
extract (5% input) was examined in parallel for RIPK1, DAI and 
RIPK3 proteins. β−actin was used as a loading control. 
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identify DAI/ZBP1 as the dominant upstream instigator of IFN-induced RIPK3-

dependent cell death in settings of RIPK1 deficiency. IFNs, via canonical Jak/STAT 

signaling, induce the expression of DAI, which, if RIPK1 is absent, associates with 

RIPK3 and triggers cell death signaling. Under steady-state conditions in wild-type MEFs, 

a basal association between RIPK1 and RIPK3 keeps RIPK3 in check and prevents it 

from associating with DAI. Even when DAI levels are boosted by IFN stimulation, 

RIPK1 prevents DAI from associating with RIPK3 and the cells survive IFN exposure. 

When RIPK1 is absent (or when its RHIM is deleted), however, RIPK3 is no longer 

restrained and is licensed to associate with DAI. Under these conditions, elevation of 

DAI protein levels following exposure to IFNs results in formation of a DAI-RIPK3 

complex that induces both necroptosis, mediated by MLKL, and apoptosis, via caspase-8.  

How does DAI activate RIPK3 in the absence of RIPK1? The simplest 

explanation is that merely elevating DAI levels in ripk1-/- MEFs is enough promote 

association with ‘free’ RIPK3 (i.e., RIPK3 no longer held in check by RIPK1), and this 

association now clusters sufficient amounts of RIPK3 to trigger its activation and induce 

cell death. The next questions that arises is how is DAI activated after IFN-signaling? 

The most logical explanation arises from “free nucleic acids” that are present in the cell. 

As previous studies demonstrated that DAI can directly sense both DNA and RNA, 

having the presence of these nucleic acids in the cell will be enough to activate DAI-

driven-RIPK3-dependent cell death in a similar mechanism as IAV (237).  Another 

possible explanation arises from IFN-induction of DAI. With robust IFN-stimulation, the 

extremely high amounts of DAI protein could auto−activate (i.e. self oligomerize) and 
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bind to RIPK3 to promote cell death in a similar manner as the auto−activation of RIPK3 

(measured by pRIPK3) in the absence of RIPK1 (238).   

Downstream of RIPK3 activation, we were surprised to observe that, in addition 

to necroptosis, a pathway of apoptosis reliant on caspase-8 was also induced in ripk1-/- 

MEFs. Although RIPK3 has been previously shown to activate caspase-8, such activation 

was found to require RIPK1 as a bridging adaptor protein necessary for recruitment of 

caspase-8 to RIPK3. How RIPK3 can activate caspase-8 in the absence of RIPK1 is 

currently unclear, but suggests the involvement of as-yet unidentified adaptor(s) that 

substitute for RIPK1 in linking RIPK3 to caspase-8.  

In summary, our findings demonstrate that IFNs are able to promote DAI-

dependent-RIPK3-driven cell death, which promotes perinatal lethality in mice lacking 

ripk1. This pathway represents a developmental checkpoint that prevents cells from being 

“pathogen factories,” unable to activate a RIPK1-dependent NF-κB inflammatory 

response to clear the infection. 

This work was performed together with Roshan J. Thapa, a post doctorate 

member of the lab.  
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CHAPTER 5 

ROLE OF DAI IN IAV-INDUCED CELL DEATH 

Influenza A virus (IAV) replication in cultured cells and in vivo is typically 

accompanied by the death of the infected cell. This cell death was thought to be either 

unprogrammed cell death triggered by viral replication or by caspase-dependent 

apoptosis. Surprisingly, studies on the mechanism of cell death induced by IAV were 

performed primarily in A549 cells, which lack essential components of programmed cell 

death pathways (239). Nogusa et al therefore tested if cell death was dependent on RIPK3. 

Interestingly, they found that, in IAV kills cells in a RIPK3 dependent manner (240). 

Upon IAV infection, RIPK3 promotes both necroptosis, mediated by MLKL, and 

apoptosis, via a RIPK1-FADD-caspase-8 axis. This study mechanistically proved that 

formation of the RIPK3 necrosome and consequent activation of cell death requires 

active IAV replication, but how RIPK3 is activated upon IAV infection was not 

demonstrated in this study. However, this study has ruled out known RNA virus sensors, 

such as PKR, RIG-I, IFNAR, and TLR3/4 as the activators of RIPK3, indicating that 

some as-yet unknown host- or virus-encoded factor bridges replicating IAV to RIPK3 

activation (240).  

While conducting experiments to identify this factor, we discovered that the host 

protein DAI (also known as ZBP1/DLM-1) was required for RIPK3 activation and cell 

death in IAV-infected murine cells. DAI is one of four known proteins that contains Z-

form nucleic−acid binding domains (Zα domains; Zα1 and Zα2) towards its N-terminus. 

Z-form nucleic acid is a left-handed (compared to the right handed B-form nucleic acid) 
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double helix which winds in a zig zag conformation (241, 242). DAI was first implicated 

in host antiviral innate-immune responses as a cytosolic DNA sensor in the pathway 

leading to production of type I IFNs (243). However, DAI is not essential for the type I 

IFN response to most DNA viruses (234); instead, as previously described in Chapter 1, 

DAI is a potent activator of necroptosis following infection of cells with MCMV, when 

its virus-encoded inhibitor of necroptosis, vIRA, is disabled (84, 244).  

Here, we show that DAI recognizes IAV RNA by a mechanism requiring the second 

of its Zα domains, and nucleates a RHIM-dependent RIPK3-containing necrosome. DAI 

also mediates IAV-induced RIPK3-independent apoptosis. Consequently, cells lacking 

DAI are remarkably resistant to IAV-triggered lysis, and DAI-deficient mice are hyper-

susceptible to lethal infection by this virus.  These findings identify DAI as a central 

mediator of IAV-driven cell death, and implicate this protein as a sensor of RNA viruses. 

Materials and Methods for Chapter 5 Experiments 

Mice, cells, viruses, and reagents. Zbp1-/- (234), ripk3-/- (245), mlkl-/-fadd-/- (240) and 

ripk1-/-ripk3-/- double knock out (38) cells and mice have been described previously. Mice 

were housed in SPF facilities at the Fox Chase Cancer Center and the University of Texas, 

Austin, and all in vivo experiments were conducted under protocols approved by the 

Committee on Use and Care of Animals at these institutions. Primary MEFs were 

generated from E14.5 embryos and used within five passages in experiments. For stable 

reconstitution studies, FLAG-DAI constructs were cloned into the pQCXIH retroviral 

vector (Clontech), and retrovirus  production, infection, and selection of DAI-expressing  

zbp1-/- MEFs, immortalized by passaging on a 3T3 protocol for these studies, were 

performed as previously described (84). LET1 cells have been described before (246). 



 
 

50 

Zbp1 was targeted for CRISPR/Cas9-mediated ablation in MEFs and LET1 cells using 

the sgRNA sequences 5’-TCTGGAGTCACACAAGAGTCCCCT-3’ (CRISPR 1) or 

5’−ACTCAGTACATCTACATGGACAAGTCCTTG-3’ (CRISPR 2). Cell viability was 

determined by trypan blue exclusion or by the Cell Titer Glo kit (Clontech). Influenza 

virus A/Puerto Rico/8/34 (PR8) was generated by reverse genetics as previously 

described (247). All IAV and IBV strains were propagated by allantoic inoculation of 

embryonated hen's eggs with diluted (1:106) seed virus. Stock virus titers were 

determined as 50% egg infectious dose (EID50). Recombinant PR8−GFP virus has been 

described before (248). Plaque-purified VSV (Indiana) was propagated in BHK-21 cells. 

Cell culture, in vivo infections, and lung virus titers were performed as described 

previously (240). For detection of IL-1β, bone marrow derived macrophages (BMDMs) 

plated in six-well plates were primed with E.coli LPS (10ng/ml; Sigma) for 24 hr. 

Following priming, BMDMs were infected with PR8 (MOI=2) for 18 hr, and 

supernatants from these cells were examined for IL-1β by ELISA (R&D Systems). Anti-

murine DAI antibody (clone Zippy-1) was obtained from Millipore and Adipogen. All 

other biological and chemical reagents were obtained from sources described previously 

(240).  

Molecular modeling. The murine DAI Zα2:Z-RNA complex was modeled based on the 

template of human ADAR Zα1 bound to Z-RNA (PDB code 2GXB, 33% identity, 53% 

similarity).  DAI Zα2 was aligned with the HHpred portion of the MPI bioinformatics 

Toolkit (249), and a model built using MODELLER (250). Mouse DAI Zα2 dimers were 

superposed on the corresponding domains of the ADAR1 Zα1:Z-RNA structure using the 
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UCSF Chimera software (251), and the Z-RNA co-ordinates were copied over to make 

the final model.  Side chain rotamers were also considered using the SCWRL4 frame 

option (252) to account for steric packing to RNA.  

Purification and analysis of DAI−associated IAV RNA. HEK 293T cells seeded in 10 

cm dishes and transfected with FLAG-tagged RIG-I or DAI constructs for 24 hr were 

infected with PR8 (MOI=2) for 12 hr and  disrupted in 1 mL lysis buffer (50 mM HEPES, 

150 mM KCl, 2 mM EDTA, 1mM NaF, 0.5% NP40, 0.5 mM DTT, protease inhibitor 

cocktail, 25 units RNasin). Aliquots of lysates were saved for total RNA input control 

and immunoblot analysis. Lysates were then incubated with 30 µL/sample anti-FLAG 

agarose bead slurry (Clone M2, Sigma−aldrich) overnight with rotation at 4oC.  Beads 

were collected by centrifugation, washed ten times with NT2 buffer (50 mM Tris pH 7.4, 

150 mM NaCl, 1 mM MgCl2, 0.05% NP40), resuspended in 250 µL of DNase digestion 

buffer (40 mM Tris pH 8.0, 10 mM MgSO4, 1 mM CaCl2) and treated with 25U RNasin 

(Promega) and 2U DNAse I (NEB) at 37°C for 20 min.  Beads were again collected by 

centrifugation, washed with NT2, and resuspended in 100 µL NT2 buffer.  10% of each 

sample was removed for immunoblot analysis.  Samples were treated with 4 units 

proteinase K at 55°C for 30 minutes.  1 mL Tri-reagent (Sigma−aldrich) was added to 

each sample, and RNA was harvested according to the manufacturer’s instructions. For 

RNA Seq analyses, RNA was prepared using the TruSeq Stranded Total RNA Library 

Prep Kit (Illumina).  Briefly, total RNA was depleted of ribosomal RNA (Ribo-Zero 

rRNA removal kit, Illumina), fragmented, and reverse transcribed into cDNA using 

reverse transcriptase and random primers. Following second strand cDNA synthesis by 
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DNA Polymerase I in the presence of RNase H, an adenine was added to the 3'-end and 

specific Illumina adapters were ligated to cDNAs.  The ligation products were purified 

and enriched by PCR to create the final cDNA library, which was loaded on the MiSeq 

platform (Illumina) with Illumina-provided indexed primers.  Bowtie2 was used to map 

reads to the PR8 genome. For PCR detection of DI particle genomes, RNA was reverse 

transcribed into cDNA using reverse transcriptase (SuperScript® II RT, 

ThermoFisher) with a universal genomic viral RNA (vRNA) primer 

(5−ΑGCAAAAGCAGG-3), per manufacturer's instructions. PCR was then performed 

using the following primers PB2: 5'−ΑTGGAAAGAATAAAAGAACTAAG-3', and 

5'CTAATTGATGGCCATCCGAATTC-3'. For detection of individual vRNA segments 

by RT-qPCR, RNA was reverse-transcribed into cDNA using the iScript Select cDNA 

Synthesis kit (Bio-Rad) and the following vRNA specific-primers: NP: 5' -

 GGCCGTCATGGTGGCGAATGAATGGACGAAAAACAAGAATTGC - 3' and NA: 

5' - GCCGTCATGGTGGCGAATACTATAATGACTGATGGCCC - 3') (253). For 

qPCR, the following segment-specific primers were used: NP: 

5’−GGCCGTCATGGTGGCGAAT-3’, 5’- CTCAATATGAGTGCAGACCGTGCT-3’. 

NA: 5’−GCCGTCATGGTGGCGAAT-3’, 5’- ACATCACTTTGCCGGTATCAGGGT-

3’.  Fold difference in segment-specific vRNA levels relative to RIG-I were determined 

using the following equation: 2-ΔΔCt = [(Ct sample pulldown – Ct sample input)] – [(Ct RIG-I pulldown – 

Ct RIG-I input)] (254).  

Cellular Fractionation. Cells were plated in duplicate in a 12-well plate, then 

trypsanized after the indicated time points and centrifuged to form a cellular pellet. The 
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cellular pellet was resuspended in CSK buffer (10mM PIPES pH 6.8, 100mM NaCl, 

300mM sucrose, 3mM MgCl2, 1mM EDTA, 1mM Dithriothreitol, 10mL H2O, 500mL 

TritonX-100, 1x Protease Inhibitor) for 10 minutes on ice. The resuspended material was 

centrifuged at 5000g for 3 minutes. The cytosolic supernatant was removed and 1X 

volume of 2X SDS buffer was added. The nuclear pellet was resuspended in 2X volume 

of 1X SDS buffer. The samples were boiled at 95°C for 10 minutes. The samples were 

then run according to the previously listed Western Blot protocol.  

Statistics. Statistical significance was determined by use of either Student’s t-test or 

ANOVA.  Significance of in vivo survival data was determined by the log-rank (Mantel-

Cox) test. P-values of 0.05 or lower were considered significant.  Graphs were generated 

using GraphPad Prism 6.0 software.  

Results from Chapter 5 Experiments 

DAI is required for IAV-induced cell death.  In a focused screen for mediators of 

IAV−activated cell death, we discovered that murine embryo fibroblasts (MEFs) from 

DAI-deficient (zbp1-/-) animals were extraordinarily resistant to death triggered by this 

virus. When evaluated over a period of 24 hr, near-confluent monolayers of primary, 

early-passage MEFs from two separately-housed zbp1-/- mouse colonies uniformly 

displayed >85% viability when infected with the IAV strain A/Puerto Rico/8/1934 (PR8, 

H1N1), while similarly-infected zbp1+/+ MEFs manifested extensive cell death by this 

time (Fig. 8A, B). Notably, zbp1-/- MEFs were also resistant to cell death activated by 

seasonal H1N1 and H3N2 strains of IAV, as well as by influenza B virus (IBV), but not 

by another virus with a negative-sense RNA genome (vesicular stomatitis virus; 
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Rhabdoviridae) (data not shown). Zbp1-/- MEFs displayed levels of death effector 

proteins equivalent to controls (data not shown), and remained susceptible to necroptosis 

induced by the combination of TNF-α, cycloheximide, and zVAD (TCZ) (Fig. 8A,B). 

IAV entry, as measured by GFP-positivity 18 hr post-infection (p.i.) with recombinant 

PR8 expressing GFP [PR8−GFP; (248)], was equivalent between wild-type and zbp1-/- 

MEFs (Fig. 8C). Virus proteins NP and NS1 were also produced at similar levels and 

with equivalent kinetics in PR8-infected wild-type and zbp1-/- MEFs (Fig. 8D). 

While immortalized zbp1-/- MEFs were resistant to IAV-induced cell death, 

reintroduction of wild-type DAI, but not a mutant of DAI (DAI mutRHIM), carrying a 

tetra−alanine substitution of the core RHIM sequence IQIG (aa 192-195) (241)  into these 

cells fully restored susceptibility to IAV-mediated death (Fig. 8E). In a corollary 

experiment, CRISPR/Cas9−based ablation of zbp1 expression in wild-type MEFs 

rendered these cells resistant to IAV-induced cell death (Fig. 8F). In neither case was 

susceptibility to TNF-α-induced necroptosis affected (Data not shown). 

To extend these findings to a cell type relevant to IAV replication in vivo, we 

ablated zbp1 expression in murine LET1 cells and infected them with IAV. The LET1 

cell line (246) is derived from type I alveolar epithelium, a primary early target of IAV in 

the lung. These cells, unlike MEFs, support the complete IAV lifecycle, and produce 

progeny virions upon infection (246). Two distinct sgRNAs to murine zbp1 both reduced 

IAV-triggered cell death by ~60% in LET 1 cells (Fig. 8G, left), comparable to the 

protection afforded by ablation of ripk3 itself (240). LET1 cells lacking zbp1 also 

produced significantly more progeny IAV than controls over a 30 hr timeframe (Fig. 8G, 
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right). Notably, unlike cells lacking ripk3 (240), zbp1−ablated LET1 cells were still 

susceptible to TNF-α-induced necroptosis (Data not shown). 

 

DAI associates with RIPK3 and mediates both apoptosis and necroptosis in IAV-

infected cells. IAV, uniquely among viruses studied thus far, activates both apoptosis and 

Figure 8. DAI is essential for IAV-induced cell death in MEFs and alveolar epithelial cells. 
(A) Zbp1+/+ or zbp1-/- MEFs from two separately-maintained colonies (MEF 1 and  MEF 2)  were 
infected with PR8 (MOI=2 and 5), or treated with the combination of  TNF-α [50ng/ml] + 
cycloheximide [250ng/ml] + zVAD [50uM] (TCZ) and cell viability was determined 24 hr p.i. (B) 
Photomicrographs of zbp1+/+ and zbp1-/- MEFs infected with PR8 (MOI=2) or treated with TCZ for 
24 hr. (C) FACS analysis of zbp1+/+ and zbp1-/- MEFs infected with PR8-GFP (MOI=2) for 18 hr. The 
y-axis shows side scatter.  Mock-infected cells showed negligible (<0.1%) GFP-positivity. (D) 
Lysates from zbp1+/+ and zbp1-/- MEFs infected with PR8 (MOI=2) were examined for expression of 
NS1, NP, and DAI. (E) Immortalized zbp1-/- MEFs reconstituted with empty vector (Vec), full-length 
murine DAI (DAI), or murine DAI with mutant RHIM domain (amino acids 192-195 IQIG to AAAA) 
(DAI mutRHIM) were infected with PR8 (MOI=2) and cell viability was determined 24 hr p.i. 
Expression of WT or mutant DAI in these cells is shown to the right. (F) WT MEFs in which DAI 
expression was ablated by CRISPR/Cas9 targeting were infected with PR8 (MOI=2) and cell viability 
was determined 24 hr p.i. Ablation of DAI expression was confirmed by immunoblotting (right). (G) 
LET1 cells in which DAI expression was ablated by CRISPR/Cas9 targeting were infected with PR8 
(MOI=2) and cell viability was determined 12 hr p.i. (left). In parallel, progeny virion output from 
these cells was determined 30 hr p.i. (right). Viability data shown in this figure are representative of at 
least three independent experiments. Error bars represent mean +/- SD. *p<0.05, **p<0.005, 
***p<0.0005. 



 
 

56 

necroptosis downstream of RIPK3 (240). It does so by nucleating a RIPK3-containing 

‘necrosome’ complex that also comprises MLKL, which mediates necroptosis, as well as 

RIPK1 and FADD, which activate apoptosis (240). We found that IAV infection induced 

the robust association of DAI with RIPK3, and that DAI was essential for recruitment of 

both MLKL and RIPK1 to RIPK3 (Fig. 9A). Strikingly, zbp1-/- MEFs were completely 

defective in both MLKL and caspase-8 activation upon IAV infection (Fig. 9B), although 

necrosome assembly (not shown) and activation of MLKL (Fig. 9B) in response to TNF-

α occurred normally in the absence of DAI. LET1 cells in which expression of zbp1 was 

ablated by CRISPR/Cas9 gene-targeting also failed to support either MLKL or caspase-8 

activation following infection by IAV, although activation of MLKL by TNF-α was 

unaffected (data not shown). Loss of RIPK3, expectedly, resulted in abolishment of 

MLKL activation in both MEFs and LET1 cells following either infection by IAV or 

exposure to TNF-α (Figs. 9B). Reintroduction of wild-type DAI, but not DAI mutRHIM, 

into immortalized zbp1-/- MEFs restored both phosphorylation of MLKL and cleavage of 

caspase-8 in response to IAV (Fig. 9C). In accordance with these findings, wild-type 

DAI, but not DAI mutRHIM, robustly complexed with RIPK3 following IAV infection 

(Fig. 9D). Together, these results demonstrate that DAI is essential for activation of 

RIPK3 in the pathways leading to stimulation of MLKL and caspase-8, and requires its 

RHIM to associate with RIPK3 and activate these pathways.  

We have previously shown that IAV triggers a delayed RIPK3-independent 

pathway of apoptosis that relies on FADD and caspase-8 and is activated between 24-36 

hr p.i (240). Cells deficient in both RIPK3 and FADD, RIPK3 and caspase-8, or MLKL 

and FADD, continue to survive past 36 hr, whereas >50% of ripk3-/- MEFs die by this 
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time point. In fact, these double knockout MEFs (e.g., fadd-/-mlkl-/- MEFs) survive for up 

to 60 hr p.i with no obvious abatement of virus replication (240) (Fig. 9E). We noticed 

that zbp1-/- MEFs were significantly more resistant to IAV than ripk3-/- MEFs, 

phenocopying the resistance of MEFs doubly-deficient in apoptosis and necroptosis 

pathways (Fig. 9E) and suggesting that DAI may lie upstream of RIPK3-independent 

apoptosis as well. In such a scenario, we reasoned that, when RIPK3 is absent, DAI may 

instead employ RIPK1 as a RHIM-containing adaptor to link replicating IAV to FADD 

and caspase-8; thus, co−ablation of RIPK1 with RIPK3 would be needed to abrogate all 

major pathways of IAV-triggered programmed cell death. To test this idea, we evaluated 

the kinetics of IAV-induced cell death in ripk1-/-ripk3-/- double knockout MEFs, and 

found that these cells were as resistant to IAV-induced death as zbp1-/- MEFs or fadd-/- 

mlkl-/- double knockout MEFs, each of which survived IAV beyond 36 hr p.i. (Fig. 9E). 

Moreover, delayed caspase-8 activity seen in ripk3-/- MEFs and completely absent in 

zbp1-/- MEFs was largely abolished in ripk1-/-ripk3-/- double knockout MEFs (Fig. 9F). In 

agreement with these findings, RIPK1 associated with DAI in IAV-infected ripk3-/- 

MEFs between 24 and 36 hr p.i. (data not shown).  

DAI senses IAV genomic RNA. As DAI can bind nucleic acids (243), we theorized it 

may directly sense viral RNAs and link proliferating IAV to RIPK3. DAI possesses two 

tandem nucleic acid-binding Zα domains towards its N-terminus which, for convenience, 

we call Zα1 (a.a. 8-72) and Zα2 (aa 84-147) (Fig. 10A). Zα2 is sometimes referred to as  

‘Zβ’ in previous studies, but Zα2 is a more authentic descriptor of this domain that 

distinguishes it from the functionally-distinct Zβ domain of ADAR1 (255).  
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Figure 9. DAI is required for IAV induced formation of RIPK3-containing necrosome and 
activation of MLKL and caspase-8. (A) Wild-type (WT), zbp1-/-, and ripk3-/- MEFs were 
infected with PR8 (MOI=2) and anti-RIPK3 immunoprecipitates were examined for DAI, RIPK1 
and MLKL. Whole-cell extract (5% input) was examined in parallel for RIPK3, DAI, RIPK1, 
MLKL and IAV NS1 proteins. (B) WT, zbp1-/-, and ripk3-/- MEFs were infected with PR8 
(MOI=2) and examined for phosphorylated (p) MLKL and cleaved caspase-8 (CC8) p18 subunit 
at the indicated times p.i. In parallel, WT, zbp1-/-, and ripk3-/- MEFs were treated with TCZ and 
examined for phosphorylated MLKL. (C) Zbp1-/- MEFs reconstituted with empty vector (Vec), 
full-length murine DAI (DAI), or DAI with a mutated RHIM domain (DAI mutRHIM) were 
infected with PR8 (MOI=2) and examined for phosphorylated MLKL and cleaved caspase-8 at 
the indicated times p.i. In parallel, reconstituted cells were treated with TCZ and examined for 
expression of phosphorylated MLKL. (D) Anti-RIPK3 immunoprecipitates from PR8 (MOI=2)-
infected zbp1-/- MEFs reconstituted with DAI or DAI mutRHIM were examined for presence of 
DAI. Whole-cell extract (5% input) was examined in parallel for RIPK3, DAI and IAV NS1 
proteins. (E) Kinetics of cell death after PR8 infection (MOI=2) of WT, zbp1-/-, ripk3-/- , ripk1-/-

ripk3-/- double knockout and mlkl-/- fadd-/- double knockout MEFs. Data are representative of three 
independent experiments. (F) Whole cell extracts from WT, zbp1-/-, ripk3-/- and ripk1-/-ripk3-/- 
double knockout MEFs infected with PR8 (MOI=2 or 5) were examined for cleaved caspase-8 
(CC8). Error bars represent mean +/- SD. *p<0.05, **p<0.005. 
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These domains are followed by the RHIM (aa 184-200) and a C-terminal half containing 

a region (aa 314-411) shown to interact with TBK-1/IRF-3 in the pathway leading to 

production of type I IFNs (243) (Fig. 10A). While this  manuscript was in revision, 

Kuriakose and colleagues (116) reported an association between DAI and the IAV 

proteins NP and PB1 that also mapped to a section of DAI (a.a. 311-377) almost 

completely contained within its TBK-1/IRF-3 binding region. Deletion of the C-terminal 

TBK-1/IRF-3/NP/PB-1 binding module of DAI did not significantly diminish the 

magnitude of cell death (Fig. 10B) or capacity of RIPK3 to phosphorylate MLKL (Fig. 

10C) in IAV-infected cells at 24 hr. Similarly, singly deleting Zα1 had little effect on the 

extent of IAV-induced cell death (Fig. 10B) or RIPK3 activation (Fig 10C). Each 

deletion, however, modestly impeded the kinetics with which IAV killed the infected cell 

over this time course (Data not shown). In contrast, deleting both the Zα1 and Zα2 

domains abolished cell death and RIPK3 activity (Fig. 10B,C). Indeed, point mutations in 

two amino acids (N122 and Y126) in Zα2 of DAI, shown to be essential for binding to Z-

DNA (256), and analogous to residues in ADAR1 Zα known to contact Z-RNA (257), 

completely nullified the ability of DAI to induce cell death (Fig. 10B) or stimulate RIPK3 

(Fig. 10C) upon IAV infection. Each of these mutants was expressed at levels 

comparable to wild-type DAI (Data not shown), and none of the mutations affected TNF-

α-induced necroptosis signaling in these cells (Fig. 10C). Caspase-8 activity downstream 

of RIPK3 also required a functional Zα2 domain (not shown). Together, these results 

implicate the second Zα domain of DAI as critical for IAV-driven cell death responses, 

and strongly suggest that this domain interacts with IAV RNA to initiate activation of 

DAI and subsequent signaling to RIPK3.  
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 To our knowledge, DAI has not previously been shown to recognize RNA. But 

earlier studies have revealed that the Zα domain, although first identified as a 

DNA−binding module (258), can also bind dsRNA in its left-handed (Z-) conformation 

(257, 259). As a prelude to determining if DAI bound RNA, we first modeled a putative 

interaction between DAI Zα2 and RNA using as templates the published co-crystal 

structures of Zα domains bound to Z-form DNA or RNA. The Zα:Z-DNA and Zα:Z-

RNA structures bear remarkable similarity to each other (Fig 10D, left two panels). The 

conserved residues in these structures that correspond to N122 and Y126 in the nucleic 

acid recognition helix of mDAI Zα2 are in identical positions, and very similar rotamers 

make contact with both Z-DNA and Z-RNA (Fig. 10D, two left panels).  

Correspondingly, our model of mDAI Zα2 complexed with Z-RNA strongly indicates 

that N122 and Y126 of mDAI Zα2 are capable of making identical contacts to either Z-

form nucleic acid (Fig. 10D, third panel).  Indeed, when we superimposed our mDAI 

Zα2:RNA model (orange) over the known structure of hDAI Zα2:DNA (green), both 

N122 and Y126 and were in comparable rotamer conformations to the analogous residues 

in the hDAI Zα2:DNA structure (Fig. 10D, fourth panel). Our models are in general 

agreement with previous comparisons of Zα domains bound to Z-DNA or Z-RNA (256, 

257), indicating that the DAI Zα2 domain is similarly suited to bind either left-handed Z-

form nucleic acid. To test if DAI bound IAV RNA, and to identify these RNAs, we 

eluted RNA co-precipitating with FLAG-tagged DAI from IAV-infected cells, and 

examined eluates for the presence of IAV RNA. In parallel, we evaluated RNA co-

precipitating with FLAG-RIG-I, a known sensor of IAV RNA, as a positive control. 



 
 

61 

  

Figure 10. DAI senses IAV genomic RNA. (A) Schematic of DAI and its mutants used in this 
figure. (B) Immortalized zbp1-/- MEFs reconstituted with wild-type (WT) DAI or with the 
indicated mutants were infected with PR8 (MOI=2) and cell viability was measured 24 hr p.i. 
Data are representative of three independent experiments. (C) Immortalized zbp1-/- MEFs 
reconstituted with WT DAI or with the indicated mutants were infected with PR8  for 12 hr 
(MOI=2, top) or treated with TCZ for 6 hr (bottom) and examined for phosphorylated (p) MLKL. 
(D) Similarity of Zα1 and Zα2 domains bound to either Z-DNA or Z-RNA substrates.  The known 
structures of human DAI Zα2 dimers (green ribbons) bound to Z-DNA (PDB code 3EYI, first 
panel) and ADAR1 Zα1 dimers (green ribbons) bound to Z-RNA (PDB code 2GXB, second 
panel).  A homology model of murine DAI Zα2 dimers (orange ribbons) bound to Z-RNA, based 
on the above co-crystal structures, is shown in the third panel, with the location of N122 and Y126 
depicted by arrows. A superposition of mDAI Zα2 (orange ribbons) bound to Z-RNA (cyan and 
blue ribbons) compared to the known structure of hDAI Zα2 (green ribbons) bound to Z-DNA 
(gray ribbons) is shown in the fourth panel.  The conserved N and Y residues of the mDAI Zα2:Z-
RNA complex are shown in ball-and-stick representation, while the corresponding residues in the 
hDAI Zα2:Z-DNA complex are displayed as sticks.  (E) Integrated Genome Viewer 
representation of captured IAV genomic (negative polarity) reads from FLAG-
immunoprecipitations of PR8-infected 293T cells expressing either FLAG-DAI (top) or FLAG-
RIG-I (bottom).  Each horizontal blue bar represents a single 150nt read and the position where it 
aligns relative to an IAV gene segment, schematically shown as light green rectangles.  The grey 
histogram is a synopsis of total coverage in any given position.  Error bars represent mean +/- SD. 
*p<0.05, **p<0.005. 
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We readily detected IAV-specific vRNA mapping to all eight IAV gene segments 

in DAI immunoprecipitates (Fig. 10E, top), in a pattern that bore striking resemblance to 

the spectrum of vRNAs co-precipitating with RIG-I (Fig. 10E, bottom) and previously 

shown to be enriched in IAV genomic material packaged into defective interfering (DI) 

particles (260).  

 It is noteworthy that, while we were able to obtain significant RNA yields from 

IAV-infected cells expressing wild-type (or mutRHIM) DAI, the amount of eluted RNA 

from similarly-infected cells expressing Zα2 mutants of DAI was far lower, and 

comparable to background yield from vector controls (Data not shown), despite 

equivalent expression of each FLAG-tagged DAI construct (Data not shown). 

Importantly, only wild-type DAI and DAI mutRHIM, but not DAI Zα2 mutants, 

associated with IAV sub−genomic vRNA seen in DI particles (Data not shown). By RT-

qPCR, we also found that wild-type DAI and DAI mutRHIM bound IAV genomic RNAs 

(e.g., NA, NP vRNAs) equivalently to RIG-I, while binding to these RNAs by Zα2 

mutants of DAI was markedly (~90%) lower (Data not shown).  Taken together, these 

results demonstrate that DAI binds IAV genomic RNA in a manner requiring its Zα2 

domain, and likely senses both IAV DI particle sub−genomes, as well as full-length 

segment vRNAs, that are also recognized by RIG-I.   

DAI is required for protection against IAV in vivo. To examine the role of DAI in host 

defense to IAV, we infected zbp1-/- mice with PR8 at a dose (1000 EID50) that was not 

lethal to wild-type littermate controls, and monitored the survival of these mice. All wild-

type controls lost weight over the first week, but eventually recovered from infection by 
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15-18 days p.i. (d.p.i.) (Fig. 11A,B). In contrast, ~80% of zbp1-/- mice succumbed to IAV 

infection between 9 and 12 d.p.i. (Fig. 11A,B). Next, we measured virus replication in 

lungs of mice infected with an even lower dose of PR8 (750 EID50) to delay some the 

lethality associated with zbp1 loss. Progeny virion production was not notably different 

between lungs of wild-type or zbp1-/- mice 6 d.p.i., whereas virus was essentially cleared  

 

 

 

 

from wild-type lungs by 9 d.p.i,. titers remained markedly elevated in lungs from zbp1-/- 

animals (Fig. 11C).  

The susceptibility of zbp1-/- mice to PR8-induced virus replication and lethality 

was notably greater than that of ripk3-/- mice, and paralleled the vulnerability of mlkl-/-

Figure 11: DAI is required for protection against IAV in vivo. (A) Survival and (B) weight 
loss analysis of 8-12 week-old sex-matched zbp1-/- and littermate-control zbp1+/+ mice 
infected with PR8 (1000 EID50/mouse i.n.). Dead mice are represented by black circles in B. 
Six of nine zbp1-/- mice succumbed overnight to PR8 without need for humane intervention, 
while a seventh was euthanized upon reaching the designated 35% weight-loss cut-off.  (C) 
Virus titers from zbp1+/+ and zbp1-/- mice infected with PR8 (750 EID50/mouse i.n.) were 
determined by plaque assay (n=3-5 mice/condition).  (D) Representative images of lungs from 
zbp1+/+ and zbp1-/- mice stained with anti-IAV antibodies 9 d.p.i. (E) Model of DAI-induced 
cell death following IAV infection.  Error bars represent mean +/- SD. **p<0.005, 
***p<0.0005. 
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/fadd-/- double knockout mice to IAV replication and consequent mortality, in agreement 

with a role for DAI upstream of both RIPK3-dependent and –independent cell death 

pathways. DAI was also required for activation of NLRP3 inflammasome-driven IL-1β 

production in PR8-infected bone marrow-derived macrophages (Data not shown). 

Surprisingly, Kuriakose and colleagues (116), observed decreased lethality in IAV-

infected zbp1-/- mice, despite these mice manifesting higher lung virus titers and slower 

recovery times than controls. The reason(s) underlying this difference in survival 

outcomes between their study and ours is currently unclear. We observed numerous 

virus-positive bronchiolar epithelial cells in zbp1-/- lungs 9 d.p.i., by which time wild-type 

lungs had largely cleared virus, and only cellular debris in the lumens of certain airways 

remained virus antigen-positive (Fig 11D). We interpret these results to signify that 

infected zbp1-/- bronchiolar epithelial cells fail to undergo apoptosis or necroptosis, and 

continue to produce virus, events that greatly compromise lung function and result in 

mortality.  

Discussion on Chapter 5 Experiments 

In this study, we provide evidence implicating DAI as the host sensor protein 

linking IAV replication to activation of RIPK3-dependent necroptosis and apoptosis. We 

posit a simple ‘induced-proximity’ model for how DAI senses IAV and stimulates RIPK3  

 (Fig. 11E). In this model, DAI recognizes nascent IAV genomic RNA following nuclear 

export, an event that we propose induces the multimerization of DAI. We base this 

proposition on our in silico model of a DAI:RNA complex (Fig. 10, third panel), which 

suggests that the Zα2 domain of DAI associates with dsRNA as a dimer, bringing into 

proximity two or more molecules of DAI. This model is based on the published co-
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crystal structures of Zα domains in complex with either Z-DNA and Z-RNA, both of 

which reveal dimers of Zα associating with a single Z-form nucleic acid double helix 

(256, 257) (Fig. 10D). Once juxtaposed, RHIM−based associations between DAI 

monomers would promote further oligomerization of DAI, and subsequent recruitment of 

RIPK3 (Fig. 11E). Previous work has shown that oligomerization of RIPK3 is sufficient 

for induction of cell death (238, 261), so multimerization of DAI by IAV RNA may, at a 

minimum, suffice to recruit RIPK3, cluster this kinase, and initiate downstream death 

signaling (Fig. 11E). DAI also mediates RIPK3-independent cell death during IAV 

infection, shown previously by us to proceed via a FADD/caspase 8 axis (240).  This 

pathway is at least partially dependent on RIPK1, and our evidence suggests that DAI 

utilizes RIPK1 as an adaptor to activate this alternative, delayed axis of RIPK3-

independent cell death (Fig. 11E).  

Our sequence analyses of IAV RNAs bound to DAI revealed several interesting 

features. DAI appears to preferentially associate with shorter vRNAs, including 

internally-deleted variants of the polymerase  gene segments previously identified as DI 

particle RNAs (260). Such subgenomic DI particle RNAs are produced when the IAV 

RNA-dependent RNA polymerase (RdRp) falls off its genomic template and re-engages 

further downstream (262). These RNA segments can form DI particles, as they retain the 

packaging signals found within the 3’ and 5’ terminal ends of each vRNA and include the 

polymerase binding site found in the non-coding regions. The partial complementarity of 

these conserved nucleotides allows the formation of secondary ‘corkscrew’ structures that 

are recognized by the IAV RdRp (263), and offer an alternative explanation for the 
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interaction between DAI and IAV RdRp/RNP components observed by Kuriakose and 

colleagues (116): DAI−bound vRNAs that also associate with PB1 and NP indirectly 

‘bridge’ these IAV proteins to DAI. Interestingly, these corkscrew structures have also 

been shown to serve as ligands for the RNA sensor RIG-I (260, 264). In fact, the profile 

of DAI−associated vRNA species bears remarkable similarity to vRNAs that associate 

with RIG-I during the course of IAV infection (260). These findings support the idea that 

both DAI and RIG-I may recognize similar vRNA species produced by IAV, with a 

propensity for subgenomic DI particle RNAs that may be improperly packaged and 

therefore more prone to detection by the host innate-immune machinery.  

DAI also associates with some of the shorter IAV gene segments (most notably 

NA and NP) across their entire length, indicating that dsRNA complexes of these 

genomic RNAs may serve as additional ligands for this sensor. These IAV vRNAs may 

adopt the Z-conformation, perhaps as a result of torsional stress induced by negative 

supercoiling during viral replication, as has been shown to occur with dsDNA during 

cellular transcription (265). Alternatively, it is possible that double-stranded vRNA or DI 

segments may undergo an A-Z transition upon interaction with DAI. Notably, Z-RNA 

has previously been detected in the cytoplasm and nucleolus of eukaryotic cells (266), 

and circular dichroism studies have shown that the Zα domain facilitates the transition 

from A-RNA to Z-RNA under near-physiological conditions (259), indicating that 

dsRNAs in the left-handed Z conformation can serve as physiological substrates for DAI, 

and for other proteins with Zα domains.  
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Besides DAI, the only known vertebrate proteins with Zα domains are ADAR1 

and PKZ (255). ADAR1 mediates immunity to multiple RNA viruses (267) and the fish 

protein PKZ, an eIF2α kinase reminiscent of PKR but with two tandem N-terminal Zα-

domains instead of canonical dsRNA binding domains, functions much like PKR in the 

cytoplasm to inhibit mRNA translation (268, 269). Our finding that DAI responds to an 

RNA virus infection to activate cell death thus indicates that proteins with Zα domains 

may play broader roles in innate immune responses to RNA viruses than was previously 

appreciated.  

This work was performed together with Roshan J. Thapa and was reproduced 

with permission from Elsevier from the manuscript referenced (237). 

DVG’s and Nuclear Localization 
 

As DAI is essential for the clearance of IAV from infected cells, we wanted to test 

if this pathway is ubiquitous to other RNA viruses, or if it is IAV-specific. We infected 

wild-type and DAI knockout MEFs with a panel of both positive and negative sense RNA 

viruses, and observed that only IAV appears to kill cells in a DAI dependent fashion (data 

not shown). We therefore wanted to test why IAV appears to be the only RNA virus 

capable of activating DAI. As IAV is the only pathogenic RNA virus that replicates in the 

nucleus of infected cells, and previous studies have shown that DAI is also activated by 

DNA viruses, such as MCMV, we hypothesized that this nuclear replication step may be 

critical for the sensing of IAV by DAI (84, 129).   

We performed cellular fractionation studies on three different types of IAV-

infected cells: MEFs, Let-1, and FLAG-DAI transfected HT-29 cells, and found, by 
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readout of pMLKL, that DAI appears to be first activated in the nucleus of infected cells 

(Fig. 12A,B,C). This led us to believe that this nuclear step was important for the sensing 

of IAV by DAI.  

We next wanted to determine the ligand of DAI. DAI binds directly to the 5’ and 

3’ ends of IAV genomic segments, in a similar fashion as RIG-I (Fig. 10E). Previous 

studies have shown that RIG-I can directly bind to Defective Viral Genomes (DVGs) that 

aid in the production of an IAV-activated interferon response. DVGs are produced as 

IAV replicates, when the polymerase “falls off” the template RNA and reattaches at a 

different location from which it fell off. Upon reattaching, the polymerase continues to 

transcribe RNA and produce viral genomes that are not full-length and therefore not 

functional RNA genomes (260, 270). Because the polymerase starts at the 5’ end of viral 

RNA and ends at the 3’ region, DVGs usually consist of an intact 5’ and 3’ end but have 

truncated middle genomic regions. We observe increased binding at 5’ and 3’ ends in a 

fashion similar to RIG-I binding to DVGs, so we therefore wanted to test if DAI is 

directly activated by DVGs. 

We infected MEFs with two different strains of IAV, high DVG (HDI) and low 

DVG (LDI) and found that cells infected with HDI had higher levels of both pMLKL and 

cell death induced by the virus (Fig. 12D). Since we previously discovered that DAI is 

first activated in the nucleus, we wanted to test if DAI senses and is therefore activated 

by DVGs in the nucleus of infected cells. We find that DAI can directly bind to IAV 

DVGs, and binding occurs exclusively in the nucleus of infected cells (Fig. 12E). These 

experiments lead us to the conclusion that DAI is activated by IAV DVGs in the nucleus 

of infected cells.  
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Most if not all viruses produce DVGs, but the conformation of DVGs appear to be 

relatively unique to each virus (270). So the question arises, how can IAV DVGs lead to 

the activation of DAI? IAV DVGs usually undertake the conformation of a “panhandle.” 

Since the 5’ and 3’ ends of the DVG still remain complementary, they bind to each other, 

causing the middle region fold in a “u-shaped” manner, which mimics a panhandle. IAV 

DVGs can also undertake the conformation of a corkscrew; however, the panhandle 

conformation appears to be much more prevalent than the corkscrew conformation (264). 

These unique aspects of IAV DVGs may mimic Z-form nucleic acid that can be directly 

recognized by the mZα2 region of DAI. The location of DVG production may also play a 

role in the activation of DAI. As IAV DVGs appear to be produced exclusively in the 

nucleus, DAI may only be activated and in turn only able to bind to DVGs in the nucleus 

of infected cells, explaining why only IAV can specifically activate DAI-driven cell 

death. DVG activation of DAI presents a new mechanism of viral clearance. Targeting 

this pathway can have broad implications in viral clearance and mitigating IAV-

associated disease. 
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Figure 12. DAI recognizes IAV DVGs in the nucleus. (A) Wild-type MEFs were infected 
with IAV for the indicated time points and cellular fractions were examined for 
phosphorylated MLKL and phosphorylated RIPK3. β-actin was used as a loading control. (B) 
AECs were infected with IAV for the indicated time points and cellular fractions were 
examined for phosphorylated MLKL. β-actin was used as a loading control. (C) HT-29 cells 
reconstituted with FLAG-DAI were infected with IAV for the indicated time points and 
cellular fractions were examined for phosphorylated MLKL. β-actin was used as a loading 
control. (D) Wild-type MEFs were infected with IAV containing high (HDI) or low (LDI) 
amounts of defective viral genomes and cell viability was determined after 24 hours. Whole 
cell lysates of infected cells were subsequently examined for phosphorylated MLKL (inset). 
(E) FLAG-DAI reconstituted zbp1-/- MEFs were infected with IAV for the indicated times and 
anti-FLAG immunoprecipitated cellular fractions were examined for the presence of PA 
DVGs using PCR. Error bars represent SD +- mean.  ** p<0.005. 
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CHAPTER 6 

ROLE OF IFN-γ IN SALMONELLA-INDUCED CELL DEATH 

Salmonella enterica is a facultative intracellular bacterium that causes severe 

foodborne illness in humans worldwide (159, 160). Even though S. enterica infection is 

more common in underdeveloped countries, it is still very prevalent in the United States, 

infecting millions annually, usually through handling of raw or undercooked meats (161). 

Of the many serovars of S. enterica; two (Typhi and Typhimurium), are the most common 

causes of Salmonella sp. illnesses in humans (162, 163). S. Typhi infection is more 

commonly found in countries that lack sanitary food or drinking water, and infects via the 

fecal-oral route following ingestion the bacterium (164). If untreated, S. Typhi infection 

leads to severe fever and can be fatal (271). S. Typhimurium also infects humans but 

induces a self-limiting gastroenteritis that normally does not require treatment (272). S. 

Typhi does not significantly activate the host inflammasome machinery, and spreads 

systemically through the host, while S. Typhimurium, which induces a robust immune 

response, is rapidly cleared after limited spread in the intestine (171, 273). S. Typhi does 

not cause disease in mice, and therefore S. Typhimurium, which is pathogenic in mice, is 

used to model Salmonella infection in murine systems (167, 168).  

Although the outcomes of infection are different between the two serovars, the 

initial stages of infection and immune mechanisms triggered are very similar. Upon 

ingestion, Salmonella first infects cells of the gut epithelium (170). Salmonella can 

invade these cells through use of an acquired pathogenicity island (SPI-1) that contains a 

Type III Secretion System (T3SS) (171-174). SPI-1 has also recently been shown to 
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prolong cell survival in non-phagocytic cells through Akt (274). After invasion, 

Salmonella induces formation of a cytosolic vacuole, called the Salmonella-containing 

vacuole (SCV), around the bacterium that allows for protection against host cytosolic 

anti−bacterial responses. For survival and replication in phagocytic cells, Salmonella 

utilizes a second pathogenicity island (SPI-2) that is required for survival in the low pH 

of these cell types. (186, 188). 

The host macrophage has in place a mechanism of controlling Salmonella 

infection by preventing replication in the SCV. A family of IFN-inducible GTPases, 

called Guanylate Binding Proteins (GBPs), localize to the SCV after infection and lead to 

the formation of pores in the vacuole, releasing Salmonella into the cytosol of the 

infected macrophage (203, 205). LPS is sensed by the NLRC4 inflammasome machinery, 

or directly by caspase-11, triggering cleavage of caspase-1/11 and activation of 

Gasdermin D, leading to activation of pyroptosis (103, 104, 109, 222, 275). In the 

absence of caspase-1, Salmonella can induce caspase-8 dependent cellular extrusion in 

intestinal epithelial cells (IECs) (101). Macrophages may also undergo necroptosis upon 

infection with Salmonella, dependent on Type I interferon (IFN) signaling (276).  

Most studies of Salmonella-induced cell death have been conducted in 

macrophages and other phagocytes, and less is known about the role or mechanism of 

programmed cell death pathways in the control of Salmonella pathogenesis in non-

phagocytic cells. As we and others have previously shown that interferons induce 

necroptosis in MEFs and other non-phagocytic cell types (37), and as Salmonella was 

reported to trigger IFN-induced necroptosis (276), we sought to test if Salmonella can 
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induce cell death in non-phagocytic cells, and whether death was interferon-dependent 

necroptosis.  

Here, we show that while Salmonella on its own does not induce cell death in 

non-phagocytic cells, exposure of infected cells to IFN-γ, but not to other cytokines tested, 

triggered robust cell death that could not be abrogated by preventing pyroptosis, 

apoptosis, necroptosis,  nor any of the major forms of cell death or a combination of these. 

This pathway requires IRF-1-mediated induction of GBPs and subsequent SCV lysis and 

release of Salmonella into the cytosol of cells. In vivo, mice selectively deficient in IFN-γ 

signaling in IECs had higher levels of colonic bacteria and increased intestinal 

inflammation. Together, these results suggest that, as in phagocytic cells, non-phagocytic 

cells such as IECs and fibroblasts require IFN-γ signaling to undergo cell death and clear 

Salmonella infection from the colon. But, unlike in phagocytic cells, such cell death 

proceeds by a mechanism that is not reliant on any of the primary modes of programmed 

cellular demise. In addition to the ability of IFN-γ to control bacteria via macrophage 

dependent mechanisms, this study now identifies a non-pyroptotic form of IFN-γ 

dependent death in non-phagocytic cells. 

Materials and Methods for Chapter 6 Experiments 

Mice, Cells, and Reagents. Wild-type, ripk3-/- (245), tbk1-/- (234), gbpchr3-/- (214), and 

stat1-/- (277) MEFs were generated in-house from E14.5 embryos and used within five 

passages in experiments. In some studies, immortalized MEFs, generated by a 3T3 

protocol (278), were used. Early passage irf1-/ -(Jovan Pavlovic), stinggt/gt , tnfr1-/- zbp1-/- 

(Jason Upton), ripk3-/-casp8-/-, fadd-/-mlkl-/- (Douglas Green) and trif -/- (Edward 
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Mocarski) MEFs were obtained from the indicated laboratories. All other cell lines were 

obtained from the ATCC. Mice were housed in SPF facilities at the Fox Chase Cancer 

Center and experiments were conducted under protocols approved by the Committee on 

Use and Care of Animals at this institution. Reagents were obtained from the following 

sources: mIFN-γ (R&D systems), hIFN-γ (R&D systems), mIFN-β (PBL), mIL-1β (R&D 

systems), TNF-α (R&D systems), mIL-6 (R&D systems), IFN-α (R&D systems), JAK 

inhibitor I (Calbiochem), RIPK3 inhibitor GSK’843 (GSK), RIPK1 inhibitor GSK’963 

(GSK), zVAD.fmk (Bachem), 3-MA (Sigma), Ferrostatin (Scott Dixon at Stanford 

University), LPS (Sigma), Streptomycin (Sigma) and YVAD (Enzo). Antibodies for 

immunoblotting: anti-IRF1 (1:1000, Santa Cruz), anti−GBP2 (1:1000, Santa Cruz), anti-

β−actin (1:2000 Sigma). Antibodies for microscopy:  anti−GBP2 [1:1000, gift of Jörn 

Coers (279)], anti−GFP (1:1000, ThermoFisher). FITC−anti rabbit secondary antibodies: 

Alexa-Flour 647 (1:500 abcam), Alexa-Flour 488 (1:500 Jackson) 

Generation of IEC-specific IFNGR2-deficient mice. IFNGR2flox/flox mice were 

generated using targeted ES cells obtained from the KOMP repository and injected into 

C57Bl6 Albino blastocysts by the FCCC Transgenic Facility. Chimeric mice were 

obtained and crossed to C57Bl6 Albino mice, and construct germline transmission was 

monitored by coat color and confirmed by PCR.  Frt-site flanked beta−gal and Neo 

cassettes were excised in vivo by crossing targeted germline transmitted mice with 

ACTA-FLP mice from Jackson Laboratories. The resultant heterozygous mice had Ifngr2 

exon 3 flanked with loxP sites. To generate conditional knockout of IFNGR2 in the 

intestinal epithelium, IFNGR2 floxed mice were intercrossed with Villin-Cre mice 
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(B6.Cg-Tg(Vil1-cre)997Gum/J; Jackson Labs) (280). Cre+ and Cre- littermate control 

mice were genotyped by standard PCR and used for subsequent experimentation. 

Detailed generation of mice will be reported elsewhere.  

Bacterial strains. Salmonella Typhimurium strain SL1344 was used as the wild type in 

all experiments.  Salmonella−GFP and Salmonella-RFP were obtained from Mary 

O’Riordan. ΔsifA, ΔAroC and ΔAroCsifA mutants were provided by David Holden. SPI-1 

and 2 mutants have been described previously (201, 281). 

Infection of cells. Salmonella was grown overnight shaking at 37°C in Luria Broth (LB) 

containing streptomycin.  1 mL of this culture was then grown in 100 mL LB without 

antibiotics for an additional 3 hours at 37°C, until an OD of 0.700 was reached. Cells 

were then pelleted (4000g for 10 min) and the pellet was resuspended in 50mL serum 

free DMEM. The OD600 of 1mL of this suspension was measured and used to determine 

MOI (1.00 OD600  = 1.00 x 109 cfu). Salmonella was added to cells in serum-free DMEM 

for 30 minutes. The medium was then removed and each well was washed 3x with serum 

free DMEM. Complete (10% fetal bovine serum) medium containing 50ug/mL 

gentamycin was then added to each well. After an additional 30 minutes, this medium 

was replaced with medium containing 5ug/mL gentamycin and IFN-γ for the remainder 

of the experiment. Cell viability was determined by Trypan Blue exclusion. To determine 

the proportion of infected cells by FACS, cells were infected with Salmonella−GFP and 

GFP positivity was measured using a Becton Dickinson FACScan scatter analyzer. 

Immunofluorescence. An expression vector encoding LAMP1−GFP fusion protein 

(Addgene) was retrovirally transduced into immortalized wild-type MEFs, and 
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populations stably expressing LAMP1−GFP were obtained by selection in hygromycin. 

These cells were plated on 4-well glass slides (Millipore). After infection with 

Salmonella and/or treatment with IFN-γ, the cells were fixed with 4% (w/v) 

paraformaldehyde, permeabilized in 0.2% (v/v) Triton-X, and blocked with 3% (w/v) 

BSA in PBT buffer (PBS containing 0.1% Triton-X). Cells were then incubated overnight 

at 4°C with anti−GFP and/or anti−GBP2 for 1 h at room temperature. Cells were imaged 

by Leica SP8 confocal microscopy. 

Infection of mice. Eight- to ten-week-old sex-matched control (IFNGR2fl/fl) and 

IFNGR2-ΔIEC (IFNGR2Δ
IEC/

Δ
IEC) mice were treated with 20 mg streptomycin by oral 

gavage 24 hours prior to infection. Mice were inoculated intragastrically with either 0.1 

ml of sterile LB (mock infection) or an equal volume of LB containing S. Typhimurium 

(109 CFU/mouse) grown in LB broth at 37°C overnight with shaking. Mice were 

sacrificed 48 hours after infection. To determine the colony forming units of S. 

Typhimurium, tissue samples of liver, spleen, colon contents and cecum were collected, 

weighed and homogenized in 5 ml of sterile PBS. Bacteria were enumerated by plating 

10-fold serial dilutions of tissue homogenates on LB agar plates supplemented with 

streptomycin (100mg/ml in water). The cecum and segments of the colon were fixed in 

10% formalin and embedded in paraffine for histopathological analysis.  

Histopathological analyses. Segments of the ileum, cecum, and colon were collected 

and fixed in 10% phosphate−buffered formalin (or 4% formaldehyde; 37% saturated 

formaldehyde = 100% formalin) 24-48 hrs, dehydrated and embedded in paraffin. 

Paraffin blocks were cut into 5-µm sections, mounted on microscope slides and stained 



 
 

77 

with hematoxylin and eosin. Histopathological evaluation was performed in a blinded 

manner, using the following histopathoogical scoring scheme (169), (i) Submucosal 

edema. Submucosal edema was scored as follows: 0 = no pathological changes; 1 = mild 

edema (the submucosa is <0.20 mm wide and accounts for <50% of the diameter of the 

entire intestinal wall (tunica muscularis to epithelium); 2 = moderate edema; the 

submucosa is 0.21 to 0.45 mm wide and accounts for 50 to 80% of the diameter of the 

entire intestinal wall; and 3 = profound edema (the submucosa is >0.46 mm wide and 

accounts for >80% of the diameter of the entire intestinal wall). The submucosa widths 

were determined by quantitative microscopy and represent the averages of 30 evenly 

spaced radial measurements of the distance between the tunica muscularis and the lamina 

mucosalis mucosae. (ii) PMN infiltration into the lamina propria. Polymorphonuclear 

granulocytes (PMN) in the lamina propria were enumerated in 8 high-power fields (×400 

magnification), and the average number of PMN/high-power field was calculated. The 

scores were defined as follows: 0 = <5 PMN/high-power field; 1 = 5 to 20 PMN/high-

power field; 2 = 21 to 60/high-power field; 3 = 61 to 100/high-power field; and 4 = 

>100/high-power field. Transmigration of PMN into the intestinal lumen was consistently 

observed when the number of PMN was >60 PMN/high-power field. (iii) Epithelial 

integrity. Epithelial integrity was scored as follows: 0 = no pathological changes 

detectable in 10 high-power fields (×400 magnification); 1 = epithelial desquamation; 2 = 

erosion of the epithelial surface (gaps of 1 to 10 epithelial cells/lesion); and 3 = epithelial 

ulceration (gaps of >10 epithelial cells/lesion; at this stage, there is generally granulation 

tissue below the epithelium).  
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Statistics. Statistical significance was determined by use of Student’s t-test. Significance 

of in vivo data was determined by two-sided Wilcoxon Rank Sum test. P values of 0.05 

or lower were considered significant. Graphs were generated using GraphPad 6.0 Prism 

software. 

Results from Chapter 6 Experiments 
 

IFN-γ sensitizes non-phagocytic cells to Salmonella-triggered cell death. While 

examining the effects of Salmonella infection on murine embryonic fibroblasts (MEFs), 

we made the unexpected observation that, while Salmonella on its own did not cause 

much cell death, subsequent exposure of infected cells to IFN-γ (1 hour post infection in 

this and later experiments) triggered rampant cell death (Fig. 13A). To further evaluate 

this phenomenon, we infected MEFs with a broad dose range of Salmonella; from this 

analysis, we found that, while cells that were not treated with IFN-γ remained resistant to 

Salmonella mediated cell death up to MOIs of 25, an MOI of 1 robustly killed MEFs 

when IFN-γ  was added to cells after infection (Fig. 13B). Cell death was first observed 

~12 hours after infection and most cells were dead by 36 hours (Fig. 13C). Remarkably, 

this effect was unique to IFN-γ, as neither type I/III IFNs (IFN-α4, IFN-β, IFN-λ3) nor 

the pro-inflammatory cytokines IL-1β, TNF-α, or IL-6, sensitized MEFs to Salmonella-

induced cell death (Fig. 13D). Although Salmonella undergoes its full replication cycle in 

fibroblasts, it is not a cell type commonly encountered during the course of infection. We 

therefore also tested more physiologically relevant cell types such as HT-29 human 

epithelial cells, CMT93 murine colorectal cells, and HeLa human cervical carcinoma 

cells (Fig. 13E) and found that these cells also succumbed to the combination of 
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Salmonella and IFN-γ, but not significantly to either stimulus, when these were deployed 

singly. Together, these data demonstrate that, while Salmonella does not trigger much 

cell death on its own in non-phagocytic cells, the addition of IFN-γ after Salmonella 

infection leads to robust cell death over a 36 hour timeframe. 

 

 

 

 

 

 

IFN-γ promotes a novel form of cell death in Salmonella-infected non-phagocytic 

cells. To determine if such cell death was pyroptosis, we infected MEFs from pyroptosis-

deficient (caspase-1/11 null) mice with Salmonella before exposing them to IFN-γ. 

Figure 13. IFN-γ sensitizes non-phagocytic cells to Salmonella-triggered cell death. (A) 
Photomicrographs of wild-type MEFs either mock-infected (left) or infected with Salmonella 
(MOI 10, right), and subsequently treated with IFN-γ (10ng/ml, bottom panels). Cells were 
exposed to IFN-γ 1h after infection and photomicrographs were taken 48h after infection.  (B) Cell 
viability of MEFs infected with Salmonella (MOIs 1, 5 and 10) and subsequently exposed to IFN-γ 
(10ng/ml). (C) Kinetics of cell death induced by Salmonella (MOI 10) in the presence or absence 
of IFN-γ (10ng/ml). (D) Viability of wild-type MEFs infected with Salmonella (MOI 10) and 
treated with IFN-γ, IFN-β, IL-1β, TNF-α, IL-6, IFN-α (α4) and IFN-λ (λ3). All cytokines were 
used at 10 ng/ml (E) Viability of HT-29 cells (MOI 10; left), CMT93 cells (MOI 50; center) and 
HeLa cells (MOI 10; right) infected with Salmonella in the presence or absence of human IFN-γ 
(10ng/ml). Viability data shown in this figure are representative of at least three independent 
experiments. Error bars represent mean +- SD. *p<0.05, **p<0.005 
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Surprisingly, these MEFs were as susceptible to Salmonella-triggered cell death as WT 

MEFs (Fig. 14A), even 

though macrophages from 

these mice were resistant to 

death after 90 minutes 

following Salmonella 

infection (Fig. 14B). 

Moreover, treatment of cells 

with the caspase-1 inhibitor 

YVAD.fmk, at doses shown 

to block pyroptosis in 

macrophages 

(282), did not 

block cell death 

seen in MEFs 

(Fig. 14A), 

indicating that 

Salmonella-

induced death in 

MEFs was 

neither canonical nor non-canonical pyroptosis. We next tested MEFs either treated with 

small-molecule inhibitors of other known cell death pathways, or lacking essential 

components of major pathways of programmed cell death and/or innate signaling, for 

Figure 14. IFN-γ promotes a novel form of cell death in Salmonella-
infected non-phagocytic cells. (A) Wild-type or caspase1-/-caspase11-/- double 
knockout MEFs were infected with Salmonella (MOI 10) and exposed to IFN-γ 
(10ng/ml) with or without the presence of caspase-1 inhibitor YVAD (10uM), 
and cell viability was determined 48 h.p.i. (B) Wild-type and caspase1/11 
double knockout bone-marrow derived macrophages (BMDMs) were infected 
with Salmonella (MOI 25) and cell viability was determined after 90 minutes. 
(C) Wild-type MEFs were infected with Salmonella (MOI 10) and exposed to 
IFN-γ (10ng/ml) in the presence of RIPK1 inhibitor GSK’963 (5uM), RIPK3 
inhibitor GSK’843 (5uM), pan-caspase inhibitor zVAD (50uM), PI3K inhibitor 
3-MA (5mM), erstatin inhibitor Ferrostatin (2.5uM) and cell viability was 
determined 48 h.p.i. (D) ripk3-/-, ripk3-/-casp8-/- double knockout, fadd-/-mlkl-/- 
double knockout, sting goldenticket mutant, tnfr1-/-zbp1-/- double knockout trif-/-

, mavs-/- or atg5-/- knockout MEFs, along with wild-type controls, were infected 
with Salmonella in the presence of IFN-γ (10ng/ml) and cell viability was 
determined 48 h.p.i. Viability data shown in this figure are representative of at 
least three independent experiments. Error bars represent mean +- SD. 
**p<0.005 
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protection against the combination of Salmonella + IFN-γ. We found that treating wild-

type MEFs with inhibitors of necroptosis (RIPK1 inhibitor GSK’963 and RIPK3 inhibitor 

GSK’843), apoptosis (pan-caspase inhibitor zVAD.fmk), autophagy (PI3K inhibitor 3-

MA) or ferroptosis (erastin inhibitor ferrostatin) could not rescue cells from Salmonella + 

IFN-γ mediated cell death (Fig. 14C). Similarly, MEFs lacking essential components of 

necroptosis (Ripk3-/-), or both necroptosis and death- receptor-mediated apoptosis   

(Ripk3-/-;Casp8-/-, Fadd-/-;Mlkl-/-) also succumbed to Salmonella with kinetics and 

magnitude not significantly different from wild type MEFs, indicating that cell death 

induced by Salmonella + IFN-γ was neither necroptosis, apoptosis, autophagy, nor 

ferroptosis (Fig. 14D). In agreement, neither necroptosis (as measured by examining 

phospho-MLKL by immunoblotting), apoptosis (cleaved caspase-3) or pyroptosis 

(cleaved caspase-1) was activated to any detectable extent by Salmonella + IFN-γ in 

MEFs. (Data not shown). Moreover, MEFs lacking functional STING (Goldenticket; 

Stinggt/gt), DAI (zbp1-/-), TNF (tnfr1-/-;zbp1-/-), TRIF (trif -/-) or RLR (mavs-/-) signaling 

succumbed to Salmonella + IFN-γ, indicating that none of these signaling pathways were 

essential for cell death induced by Salmonella in cells exposed to IFN-γ (Fig. 14D). 

Together, these findings demonstrate that Salmonella-induced death after exposure to 

IFN-γ is not singly mediated by any of the known major innate pathways of programmed 

cell death.   

IFN-γ sensitizes Salmonella-infected non-phagocytic cells to death via Jak/STAT1-

mediated induction of IRF-1 and GBPs. IFN-γ typically mediates its effects via a 

Jak1/2-STAT1-mediated transcriptional program that activates the expression of 



 
 

82 

hundreds of genes, called interferon-stimulated genes, or ISGs (15). To test if IFN-γ 

required Jak/STAT signaling to sensitize non-phagocytic cells to Salmonella-triggered 

cell death, we infected MEFs with Salmonella, following which we treated them with 

IFN-γ in the presence of a potent inhibitor of JAK1/2 kinase activity (JAK Inhibitor I). 

Co-treatment with this inhibitor, in a dose dependent manner, efficiently protected cells 

from Salmonella-triggered death (Fig. 15A). Similarly, MEFs lacking STAT1 were 

completely protected against cell death induced by Salmonella and IFN-γ (Fig. 15A). 

Previous studies have shown that IFN-γ sensitizes macrophages to pyroptosis by 

induction of the ISGs IRF-1 and GBPs (162, 203, 205). In a two-step Jak/STAT-mediated 

process, IFN-γ first induces the rapid production of the transcription factor IRF-1, which 

then drives induction of the genes encoding GBPs. These GBPs traffic to the SCV and 

promote its rupture, releasing Salmonella into the cytosol. The inflammasome machinery 

senses cytosolic Salmonella, resulting in pyroptosis (109, 203, 205, 283). To examine if 

IFN-γ promoted death of Salmonella-infected cells also involved IRF-1 and GBPs, we 

determined expression levels of these proteins in MEFs. Neither IRF-1 nor a 

representative GBP (GBP2) were expressed at significant levels in unstimulated MEFs, 

but both IRF-1 and GBP2 were induced to high levels within 12 hours by IFN-γ, but not 

by IFN-β in uninfected cells (Fig. 15B). Indeed, IRF-1 was induced in as few as 30 

minutes after treatment with IFN-γ (data not shown). GBP2 was not induced to any 

significant extent in IRF1-deficient MEFs, demonstrating that IRF1 was required for 

production of GBP2 by IFN-γ (Fig. 15C) Importantly, MEFs lacking irf1 or harboring a 

deletion in the genetic locus on murine chromosome 3 encoding GBPs 1,2,3,5,7,2ps 
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(gbpChr3-/-) were largely resistant to Salmonella-triggered death in the presence of IFN-γ 

(Fig. 15D). Reconstituting gbpchr3-/- MEFs by stable retroviral reintroduction of GBP2 

restored susceptibility to Salmonella + IFN-γ induced cell death (Data not shown). Thus, 

as in phagocytic cells, IFN- signaling via a Jak/STAT1-IRF-1 axis activates GBPs that 

lead to eventual death of the infected fibroblast. To determine if IFN-γ-induced GBPs 

promote lysis of the SCV and release of Salmonella into the cytosol of cells, we stably 

expressed the SCV marker LAMP1−GFP (284) in MEFs, infected these cells with 

Salmonella-RFP, exposed them to IFN-γ (10ng/ml), and examined integrity of their SCVs. 

We observed that ~80% of infected cells not treated with IFN-γ displayed intact SCVs, as 

measured by uniform encapsulation of Salmonella-RFP by LAMP1−GFP (Fig. 15E). On 

the other hand, only ~25% of infected cells exposed to IFN-γ contained intact SCVs; the 

rest of these cells showed cytosolic distribution of Salmonella-RFP that did not localize 

with GFP signal (Fig. 15E). Endogenous GBP2 was undetectable in untreated cells, but 

was readily observed in a punctate cytosolic pattern in cells exposed to IFN-γ. In these 

cells, a subset of GBP2 co-localized with LAMP1 and Salmonella (Fig. 15F). 

Collectively, these findings demonstrate that IFN-γ induces GBPs to disrupt the SCV and 

release Salmonella into the host cell cytosol. 

Induction of cell death requires live Salmonella in the cytosol. To identify Salmonella 

determinants required for induction of cell death, we first tested the requirement for live 

Salmonella in this process. We found that, while live Salmonella + IFN-γ induced robust 

cell death in wild-type MEFs, treating these cells with heat killed Salmonella (HK S.t.) or  
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exposing MEFs to the gram-negative bacterial cell wall component LPS did not trigger 

cell death in the presence of IFN-γ (Fig. 16A). Transfecting LPS into the cytosol of cells, 

capable of activating the pyroptotic machinery in macrophages (109), also did not kill 

cells in the presence of IFN-γ, indicating that live Salmonella was necessary for cell death 

Figure 15. IFN-γ sensitizes Salmonella-infected non-phagocytic cells to death via Jak/STAT1-
mediated induction of IRF-1 and GBPs. (A) Viability of wild-type MEFs infected with 
Salmonella (MOI 10) and treated with IFN-γ (10 ng/ml) in the presence of increasing amounts of 
JAK inhibitor I. Viability of stat1-/- MEFs infected with Salmonella (MOI 10) and treated with 
IFN-γ (10 ng/ml) is also shown (rightmost bar). (B) Wild-type MEFs treated with IFN-g or IFN-β 
(10ng/ml each) for the indicated times were examined for IRF1 and GBP2 by immunoblotting. β-
actin was used as a loading control. (C) Irf1+/+ and irf1-/- MEFs were treated with IFN-γ (10ng/ml) 
for the indicated times and examined for IRF1 and GBP2 by immunoblotting. (D) Wild-type, irf1-/- 
and gbpchr3-/- MEFs were infected with Salmonella (MOI 10) in the presence or absence of 
subsequent IFN-γ treatment (10ng/ml) and cell viability was determined 48 h.p.i.  (E) Wild-type 
MEFs stably expressing LAMP1-GFP were infected with Salmonella-RFP in the presence or 
absence of IFN-γ (10ng/ml), and localization of LAMP1-GFP and Salmonella-RFP was determined 
by confocal microscopy. Representative images of co-localization (left) and quantification of cells 
showing co-localized Salmonella with LAMP1-GFP, indicative of intact SCVs (right) are shown. 
(F) Wild-type MEFs stably expressing LAMP1-GFP were infected with Salmonella-RFP and 
subsequently treated with IFN-γ (10ng/ml). Localization of Salmonella (red), LAMP1 (green) and 
GBP2 (blue) was determined by confocal microscopy. Zoomed images are shown on the right. 
Viability data shown in this figure are representative of at least three independent experiments. 
Error bars represent mean +- SD. **p<0.005. 
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(Fig. 16A). A mutant of Salmonella lacking the first of its T3SS (invA mutant, called 

ΔSPI-1 hereafter) was largely unable to kill cells, even in the presence of IFN-γ, while a 

mutant lacking the second T3SS (ssaR mutant, called ΔSPI-2 hereafter) was able to 

robustly kill cells following exposure to IFN-γ, similar to wild-type Salmonella (Fig. 

16B). As Salmonella SPI-1, but not SPI-2, is required for the invasion of MEFs (285), 

these findings demonstrate that Salmonella must invade cells in order to induce IFN-γ 

mediated cell death. Furthermore, as ΔSPI-2 Salmonella behaves in this experiment as the 

wild-type bacterium does, induction of cell death in non-phagocytic cells was not 

dependent on a SPI-2 effector protein(s) (Fig. 16B). A mutant of Salmonella that can 

directly enter the cytosol of cells without forming the SCV (ΔsifA) (286), killed MEFs 

without the need for IFN-γ, suggesting that the primary role of IFN-γ was to lyse the SCV 

and release Salmonella into the cytosol. Notably, a Salmonella mutant that can invade 

MEFs and enter the cytosol, but cannot replicate once in the cell (ΔsifA;ΔaroC) was 

defective in its capacity to induce cell death, demonstrating that, while live Salmonella in 

the cytosol was required for death, active replication was also necessary. In line with the 

argument that cell death necessitated live Salmonella in the cytosol of infected cells, 

infecting MEFs lacking TBK1, a host kinase required for the formation of the SCV (194), 

with wild-type Salmonella triggered cell death without the need for IFN-γ (Fig. 16C).  

IFN-γ  does not significantly increase Salmonella replication. In other settings, the host 

cytosol has been shown to be permissive to Salmonella hyper-replication (287). To test if 

IFN-γ sensitized cells to death by licensing increased Salmonella infectivity or replication, 

we first examined if IFN-γ altered the proportion of infected MEFs, compared to 
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untreated cells. IFN-γ did not result in a significant increase in the proportion of infected 

cells (Fig. 17A). 

 

IFN-γ also did not significantly alter the number of intracellular Salmonella, when 

examined by immunofluorescence (Fig. 17B, top row). In contrast, loss of TBK1 resulted 

in Salmonella hyper-replication, as previously reported (194, 199) Overall bacterial 

replication rates were largely indistinguishable between MEFs infected with Salmonella 

alone, or subject to the combination of Salmonella + IFN-γ,  as demonstrated by direct 

measurement of intracellular bacterial numbers (Fig. 17C).  These findings demonstrate 

that Salmonella + IFN-γ mediated cell death requires live Salmonella in the cytosol of 

Figure 16. Induction of cell death requires live Salmonella in the cytosol. (A) Wild-type MEFs 
were infected with Salmonella (MOI 10), heat-killed Salmonella (MOI 10), treated with LPS (4 
ng/ml), or transfected with LPS (4 ng/ml) in the presence or absence of IFN-γ (10ng/ml) and cell 
viability was determined 48 h.p.i. (B) Wild-type MEFs infected with either wild-type Salmonella 
(MOI 10), Salmonella lacking its first pathogenicity island (ΔSPI-1), or its second pathogenicity 
island (ΔSPI-2) were exposed to IFN-γ (10ng/ml) and cell viability was determined 48 h.p.i. (C) 
Wild-type MEFs were infected with either wild-type Salmonella (MOI 10), Salmonella lacking sifA 
(ΔsifA) (MOI 10), aroC (ΔaroC) or both sifA and aroC (ΔsifAΔaroC) (MOI 10), exposed to IFN-γ 
(10ng/ml), and cell viability was determined 48 h.p.i. In parallel, MEFs lacking tbk1 were infected 
with Salmonella (MOI 10) and exposed to IFN-γ (10ng/ml); cell viability was determined 48 h.p.i. 
Viability data shown in this figure are representative of at least three independent experiments. 
Error bars represent mean +- SD. *p<0.05, **p<0.005 
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infected cells, but that IFN-γ does not much alter overall replication rates of Salmonella; 

rather, it appears to increase the proportion of live Salmonella in the cytosol.   

  

 

 

 

 

IFN-γ signaling in IECs is required to control Salmonella Replication in vivo. To 

examine the role of IFN-γ in controlling Salmonella specifically in non-phagocytic cells, 

we generated mice selectively deficient in IFN-γ signaling in cells of the intestinal 

epithelium. We achieved this by first producing IFNGR2fl/fl mice, which we then crossed 

into an IEC-specific Villin-Cre deletor strain to selectively ablate IFNGR2 expression 

(and IFN-γ signaling) in IECs (Fig. 18A). Histological analyses of cecum samples of 

Salmonella-infected (1 x 109 cfu by oral gavage) control (IFNGR2fl/fl) and IFNGR2-ΔIEC 

(IFNGR2Δ
IEC/

Δ
IEC) mice after 48 hours showed that IFNGR2-ΔIEC mice had higher levels 

of polymorphonuclear granulocytes (PMN) infiltration and erosion of the intestinal lining 

(black arrows) compared to controls  (blue arrows) (Fig. 18B). IFNGR2-ΔIEC mice 

infected with Salmonella had significantly higher overall intestinal damage, as measured 

Figure 17. IFN-γ  does not significantly increase Salmonella replication. (A) FACS analysis of 
WT MEFs infected with Salmonella-GFP (MOI 25) for 36 hr. The y-axis shows side scatter. 
Numbers on the top right show percent GFP-positive cells. Mock-infected cells showed negligible 
(<2%) GFP positivity. (B) Immunofluorescence staining of wild type or tbk1-/- MEFs infected with 
Salmonella-GFP (MOI 25) with or without the treatment of IFN-γ (10ng/ml) 36h.p.i. Phalloidin 
staining is shown in red, DAPI staining is blue and Salmonella-GFP is green. (C) Colony counts 
per cell of wild-type MEFs infected with Salmonella (MOI 10) with and without IFN-γ. Colony 
count data shown in this figure are representative of at least three independent experiments. Error 
bars represent mean +- SD. 
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by scoring epithelial integrity, PMN infiltration into the lamina propria, and edema, 

compared to control mice (Fig. 18C,D).  

Importantly, Salmonella replicated to higher levels in IFNGR2-ΔIEC mice, as 

evidenced by significantly higher bacterial loads in the colon contents (Fig. 18E). 

However, deleting IFN-γ signaling in IECs did not notably affect bacterial dissemination 

beyond the colon, as similar bacterial counts were observed in the cecum, liver and 

spleen in IFNGR2-ΔIEC mice versus controls (Fig. 18E). Together, these results 

demonstrate that IFN-γ signaling in IECs limits Salmonella spread and alleviates tissue 

damage in the infected colon.  

Discussion of Chapter 6 Experiments 

Here we show that IFN-γ sensitizes non-phagocytic cells, including IECs and 

fibroblasts, to death upon infection with Salmonella, and that such cell death may help to 

control bacterial colonization in the gut in vivo. Mechanistically, we show that IFN-γ, via 

a Jak-STAT1 axis, induces IRF1 and up-regulates GBPs to promote disruption of the 

SCV and release of Salmonella into the cytosol, where the bacterium triggers cell death. 

Distinct from macrophages, GBP-mediated release of Salmonella into the cytosol of non-

phagocytic cells activates a form of cell death that is neither caspase-1/11 driven 

pyroptosis previously shown in macrophages, nor any of the major known forms of 

programmed cell death. Our data suggest that, as in macrophages, the dominant role of 

IFN-γ in facilitating the death of Salmonella-infected cells is to induce expression of 

GBPs, which leads to the lysis of the SCV, releasing Salmonella into the cytosol, where 

the bacterium triggers cell death. 
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 A mutant of Salmonella (ΔsifA) that can directly enter the cytosol of cells without 

forming an SCV kills cells without the need for IFN-γ;  similarly, MEFs lacking TBK1, a 

protein required for stabilization of the SCV, also succumb to Salmonella-mediated cell 

death (194), supporting the idea that IFN-γ-driven disruption of the SCV underlies this 

cytokine’s ability to promote Salmonella-induced cell death. In agreement with the 

findings of Broz and colleagues (203), the cell death we observe requires live Salmonella, 

Figure 18. Ablating IFN-γ  signaling in IECs increases Salmonella spread and pathology in 
vivo. (A) RT-PCR for expression of IFNGR2 gene expression in colons of IFNGR2fl/fl and 
IFNGR2Δ

IEC/
Δ
IEC mice, and histological staining of colons from IFNGR2 (shown in brown) in 

IFNGR2fl/fl and IFNGR2Δ
IEC/

Δ
IEC mice. (B) Representative 200X H&E stained sections of intestines 

from uninfected (Mock) or Salmonella infected (1 x 109 cfu) control and IFNGR2-ΔIEC mice 48 
h.p.i. Blue arrows indicates intact intestinal lining in control mice and black arrows depicts erosion 
of the intestinal lining in IFNGR2-ΔIEC mice. (C) Histological scoring of uninfected (Mock), and 
Salmonella (1 x 109 cfu) infected control and IFNGR2-ΔIEC mice after 48 hours. Histological 
scoring consists of submucosal edema (black), polymorphonuclear granulocyte infiltration into the 
lamina propria/high-powered field (PMN, green) and epithelial integrity (blue) scores of H&E 
stained colonic sections (D) PMN/high power field counts in control and IFNGR2-ΔIEC mice. (E) 
Colony counts (cfu/gram) of the colon contents, liver, cecum and spleen from control and 
IFNGR2-ΔIEC mice infected with Salmonella (1 x 109 cfu) 48 h.p.i. Error bars represent mean +- 
SD. *p<0.05. 
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as heat-killed Salmonella, LPS or cytosolic LPS does not lead to cell death. Notably, 

exposure to IFN-γ does not lead to an appreciable increase in bacterial replication, as 

evidenced by FACS, microscopy, and measurement of intracellular bacterial numbers. As 

suggested by Holden and colleagues (286), the cytosol of the wild type fibroblast does 

not appear to be permissive to Salmonella hyper-replication.  

Although the mechanism of cell death requires the release of Salmonella into the 

cytosol of cells, how cytosolic Salmonella induces cell death, and whether such cell death 

is programmed, remains unknown. In other settings, NLRP3/caspase-11 inflammasomes 

detect cytosolic Salmonella for activation of pyroptosis (109, 203), and RLR systems 

sense Salmonella nucleic acid for production of IFN (288); as-yet unknown host innate 

pathway(s), similar to these may sense Salmonella to activate cell death in non-

phagocytes exposed to IFN-γ. Alternatively, a bacterial metabolite or other product may 

simply toxify the host cell cytosol, resulting in unprogrammed death; these possibilities 

remain to be examined. 

In vivo, our data suggest that IFN-mediated destruction of Salmonella-infected 

IECs is required for local control of Salmonella infection. Mice lacking IFN-γ signaling 

selectively in the intestinal epithelium have significantly higher bacterial burden in their 

colonic contents and manifest increased inflammation and epithelial damage in their 

colons. Previous reports have demonstrated that caspase-11 (caspase-4 in humans) 

induces epithelial cell extrusion in IECs after Salmonella infection, which aids in the 

clearance of the bacterium (99, 100). A more recent study demonstrates that caspase-8 

can also induce IEC extrusion in the absence of caspase-1 (101). These processes happen 
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quickly after infection, are caspase-driven and possess hallmarks of pyroptosis (99-101), 

whereas the mechanism of cell death reported in the current study appears to be distinct 

from these reports, as cell death occurs over a more-delayed time course of 36-48 hours, 

and cells lacking caspase-1/11 and caspase-8, or cells in which caspase-dependent cell 

death pathways have been pharmacologically inhibited, still undergo cell death upon 

exposure to Salmonella + IFN-γ.  

In conclusion, our results demonstrate that IFN-γ promotes death of Salmonella-

infected epithelial cells and clearance of Salmonella in vivo. We propose a model in 

which Salmonella entry into intestine activates a robust inflammatory response that 

recruits IFN-γ-producing immune cells, such as NK cells and helper T cells to the sites of 

infection. IFN-γ secreted by these cells in the vicinity of infected intestinal epithelial cells 

leads to the induction of a STAT1-IRF1 signaling cascade that induces expression of 

GBPs, which then lyse the SCV, releasing Salmonella into the cytosol of epithelial cells, 

and triggering cell death. Such cell death likely exposes Salmonella to an innate host 

defense pathway(s) that destroys the infected cell, limiting Salmonella spread and 

consequent tissue damage in the colons of infected mice.  

This work was reproduced with permission from American Association of 

Immunologists, Inc. Copyright 2018 from the manuscript referenced (289). 
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General Discussion and Future Directions 

General Discussion 

 Cell death was originally viewed as a passive, uncontrolled mechanism, resulting 

from cellular damage, which does not have a large role in controlling infections. Once 

new immunogenic forms of cell death, such as necroptosis and pyroptosis, were 

characterized, it became clear that cell death and the immune response are linked to 

control infections. More recent studies demonstrate that cell death is required as a 

checkpoint in development, as cells lacking proteins responsible for the activation of the 

immune response are subjected to cytokine-induced cell death (232).  

 Such examples of the crosstalk between the immune response and cell death are 

observed in the host response to interferons, influenza A virus and Salmonella 

typhimurium. While interferons are normally beneficial to the host and are essential for 

the clearance of pathogens, they may also play a deleterious role as drivers of cell death. 

Cell Death is required for the clearance of IAV and Salmonella, as hosts lacking essential 

cell death mechanisms are subjected to greatly enhanced pathogen burdens (203, 240). 

 Interferons are essential for pathogen clearance, as mice lacking components of 

the interferon response are hypersusceptible to bacterial, viral and fungal infections. 

Interferons could also serve as a checkpoint in development. Here we demonstrated that 

interferons induce robust cell death in cells lacking ripk1 by inducing expression of DAI, 

which activates RIPK3 to promote parallel pathways of apoptosis and necroptosis. In 

agreement, while the deletion of ripk1 is perinatal lethal, the co-deletion of ifnar and 

ripk1 increases lifespan by ~80 days (data not shown). This checkpoint could control a 

wide variety of signaling pathways. As RIPK1 is essential for TNF−α driven NF-κB 
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activation, inflammation and cell survival, the lack of RIPK1 could drive cell death to 

prevent cells from becoming “pathogen factories.” On a larger scale, mice lacking ripk1 

would be an evolutionary burden on the population, unable to control infection, reducing 

the fitness of the entire population, so perinatal lethality is the best outcome for the 

overall fitness of the species. Interferon-driven cell death manifests as a way to control 

the spread of pathogens from animal to animal and a mechanism of promoting species 

fitness.  

 Programmed cell death is essential for the control of pathogens in infected cells, 

and activating an immune response to clear infection. IAV was previously thought to 

promote unprogrammed, lytic cell death in the infected cell, which was thought to help 

the virus infect different cells once the replication process was completed. Studies that 

came from this observation further demonstrated that infected cells undergo apoptosis 

that promotes viral replication (290). As new forms of programmed cell death were 

discovered, the experimental cell type became even more critical, as cell lines may lose 

the ability to undergo necroptosis, due to the hypermethlyation and subsequent loss of 

RIPK3 expression (239). It was discovered by our lab, using cells with the entire 

necroptotic machinery intact, that IAV activates RIPK3 to drive parallel pathways of 

apoptosis and necroptosis to clear infection (240). Further, DAI is the sensor of IAV and 

activates RIPK3 to promote death. This mechanism of cell death is essential in vivo, as 

mice lacking DAI are hypersusceptible to IAV. Therefore, programmed cell death acts as 

an essential mechanism of clearing virus, protecting the host from IAV-mediated lethality, 

and preventing host cells from becoming “viral factories”, capable of housing large viral 
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burdens, which will lead to increased viral titers and the ability to infect neighboring cells, 

decreasing the overall fitness of the infected individual (237). 

 Previous studies have shown that Salmonella, like IAV, induces death of the 

infected cell. However, the majority of studies only used macrophages to study this 

phenomenon. More recent studies determined that Salmonella kills macrophages via 

caspase-dependent pyroptosis that occurs within 90 minutes after infection (291). In 

contrast, the fate of non-phagocytic cells after Salmonella infection remained relatively 

unexplored. Here we demonstrated that Salmonella-infected non-phagocytic cells 

undergo an uncharacterized form of cell death in the presence of IFN−γ. IFN−γ robustly 

up-regulates GBP2, which can localize to the SCV, promoting lysis of the vacuole and 

release of Salmonella in the cytosol of infected cells, where it triggers programmed cell 

death. This process is essential for controlling bacterial burden, as mice lacking IFN−γ 

signaling in intestinal epithelial cells have significantly higher amounts of bacteria in the 

intestine, along with significantly higher levels of intestinal inflammation (289). 

Therefore, programmed cell death in non-phagocytic cells triggered by Salmonella 

prevents infected cells from becoming “bacteria factories,” housing large quantities of 

bacteria that can spread to other cells.  

Future Directions 

 As programmed cell death is essential for the clearance of pathogens, it presents a 

promising avenue of drug development, and an alternative to directly targeting a 

frequently-mutating pathogen. Interferons produced in response to pathogens can lead to 

cell death. We can therefore target this pathway to kill cells housing pathogens that block 
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cell death, promoting their clearance from the infected cell. As DAI is robustly produced 

by IFNs during the course of infection, the association of DAI and RIPK3 can occur 

during the contexts of infection. However, this association would have to occur in the 

presence of RIPK1, as all cells basally express this protein. Therefore, deciphering how 

RIPK1 blocks the DAI-RIPK3 association would be paramount to unleashing this 

pathway to control infection. As RIPK1 and RIPK3 interact through a RHIM-RHIM 

mediated interaction, recent studies have focused on mice lacking the RHIM domain of 

RIPK1. These studies found that, like the ripk1 knockout mouse, this mouse is perinatal 

lethal, and interestingly, the co-deletion of DAI prolongs the lifespan of this mouse (292, 

293). Therefore, it appears that the RHIM domain of RIPK1 is essential for the 

inactivation of DAI-RIPK3 driven cell death. Inhibiting the RHIM domain of RIPK1 in 

cells that house infections could promote IFN-DAI-RIPK3 driven cell death, promoting 

clearance of the pathogen.  

Both Salmonella and IAV have mechanisms of treatment that targets the pathogen 

directly, as Salmonella can be treated with antibiotics, while IAV relies on the use of a 

vaccine that promotes the development of antibodies against the virus. However, 

Salmonella is becoming increasing antibiotic resistant, and can also efficiently persist 

inside of host cells to avoid antibiotic targeting (202). IAV frequently mutates, which 

preventing efficient antibody production against the newly mutated strain of virus, 

rendering the vaccine ineffective (157).  New drugs are being developed against specific 

IAV proteins, such as the neuraminidase target agent Tamiflu, however, this only 

prevents viral budding from the infected cell and not lung damage sustained from viral 
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infection (158). Targeting host cell death pathways and expelling the pathogens into an 

immunogenic environment can overcome the shortcomings of current drug development.  

 Non-phagocytic cells die upon Salmonella infection in the presence of low levels 

of IFN−γ, as GBPs are a highly inducible ISG. As the addition of IFN−γ would induce a 

robust off-target immune response that could result in damaging inflammation, or a 

negative feedback loop that could turn off IFN−γ signaling which would actually worsen 

infection, targeting downstream components of this pathway would be beneficial for the 

clearance of Salmonella from non-phagocytic cells. The first component of the pathway 

to target will be GBP2 directly. By activating GBP2 in infected cells, Salmonella will be 

unable to effectively form an SCV, and would therefore become cytosolic immediately 

upon entrance into the non-phagocytic cell, where it could be effectively cleared by either 

the autophagy machinery, or our newly discovered cell death pathway. As there are no 

known drugs that can directly activate GBP2, alternative approaches could be the 

development of drugs that target SCV integrity after Salmonella infection, such as TBK1 

or actin polymerase components, like the Rab family members.  

Further characterization of this novel form of cell death could also be beneficial in 

the treatment of Salmonella infection. Once this cell death is characterized, it could be 

directly induced to kill cells housing the bacterium, and lead to its clearance prior to 

escaping the intestine and entry into the underlying macrophages. Since we ruled out all 

known forms of programmed cell death, a whole genome CRISPR screen would 

determine the exact proteins and mechanism required for the induction of cell death. 

Further, an intriguing new form caspase-independent cell death was recently discovered 
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termed oxeiptosis, which could be the mechanism of death we are observing (294). 

Therefore, characterizing the form of cell death we observe in Salmonella-infected cells 

is feasible and could be beneficial to promote the clearance of Salmonella infections that 

may not be receptive to antibiotic treatment. 

Our newly discovered IAV-induced cell death pathway can present a new way to 

treat influenza-related pathologies. DAI activates RIPK3 to promote parallel pathways of 

apoptosis and necroptosis. Previous studies have shown that apoptosis and necroptosis 

can clear IAV, however, robust activation of necroptosis could activate a damaging 

inflammatory response. Therefore, shifting cell death to a less-inflammatory, primarily 

apoptotic response could result in both clearance of the virus and prevent a damaging 

immune response. There are two different approaches to promoting this type of death. 

First is to determine how DAI binds to RIPK3 to promote both apoptosis and necroptosis, 

and targeting this step to promote a solely, RIPK3-driven apoptosis event. Second is to 

directly target the kinase of RIPK3, which is only required for the necroptotic arm of cell 

death. Further, directly targeting MLKL will prevent necroptosis from occurring, 

allowing for only RIPK3-driven apoptosis and viral clearance to occur.  

It is unknown how DAI interacts with RIPK3 to promote parallel pathways of 

apoptosis and necroptosis. As DAI activates RIPK3 through a RHIM-RHIM mediated 

interaction in the same manner as RIPK1 (which promotes only necroptosis), it appears 

that the DAI-RIPK3 complex uniquely promotes RIPK3 binding to both the necrosome 

and the ripoptosome. Therefore, elucidating how DAI promotes RIPK3 binding to the 

ripoptosome, and modifying RIPK3 to only promote apoptosis would be beneficial to 

clearing IAV infection. The more straightforward approach is to directly target the kinase 
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of RIPK3 using inhibitors such as GSK’843, or inhibitors of MLKL, such as NSA, to 

promote only DAI-RIPK3 driven apoptosis.  

Activating DAI-induced cell death could also be exploited in the treatment of 

other pathologies, such as cancer. As it is unknown how DAI is activated after sensing 

viral RNA, elucidating this mechanism will be important for activating DAI independent 

of viral challenge. Our initial hypothesis, according to molecular modeling data, is that 

DAI oligomerizes after activation. If this is not the case, ubiquitination or 

phosphorylation may be required for DAI activation. If either of these post-translational 

modifications occur, the respective E3 ligase or kinase can be targeted to promote robust 

DAI activation. By activating DAI, tumor cells will die in both a pro- and non-

inflammatory manner, promoting an influx of tumor-specific T cells to the tumor 

microenvironment, but avoiding too robust of an inflammatory response that can trigger 

complications such as tumor lysis syndrome that can lead to toxic shock in patients (295). 

As many tumor cells lose RIPK3 expression, the activation of DAI could promote 

association of DAI and RIPK1, activating apoptosis of the tumor cell. Further, MLKL 

can be activated independently of RIPK3 by dimerization, triggering robust cell death 

(90) however, promoting a solely necroptotic-driven cell death runs the risk of tumor 

lysis syndrome and severe auto-immune off target complications (295).  

Activating cell death pathways to control infections eliminates the difficult 

process of targeting a frequently-mutating pathogen. As new pathogen-induced pathways 

of cell death are uncovered, new potential targets to expel pathogens from the site of 

infection can be elucidated. Further, as the pathways described can be activated 

independent of infection, they can be targeted to treat a wide array of pathologies, such as 
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cancer. Therefore, studying these pathways of death can elucidate treatment mechanisms 

for a spectrum of ailments and further the advancement of science and disease.  
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