
Mechanistic Insights into Necroptosis of Macrophages 

Erin Lauren Cessford 

Thesis submitted to the 
Faculty of Graduate and Postdoctoral Studies 

In partial fulfillment of the requirements 
For the MSc degree in Microbiology and Immunology 

Department of Biochemistry, Microbiology and Immunology 

Faculty of Medicine 

University of Ottawa 

© Erin Lauren Cessford, Ottawa, Canada, 2014 



ii 

ABSTRACT 

      Cell death is an imperative mechanism for the development, homeostasis and survival of 

an organism.  Various forms of cell death have been documented and recent reports indicate 

that the mode of cell death elicited can have a profound influence on the development and 

perpetuation of inflammation. Apoptosis is the predominant, programmed pathway of cell 

death, which ensures physiological elimination of unwanted cells.  On the other hand, 

another cell death pathway described as programmed necrosis (necroptosis), has recently 

been revealed.  The induction of necroptosis and its impact in host biology is not clear. 

Herein I have evaluated the mechanisms of necroptosis in macrophages, an important cell 

type of the immune system. My experiments indicate that type I interferon (IFN-I) signaling 

through transcription factors STAT1, STAT2 and IRF9, collectively described as the ISGF3 

complex, is indispensable for necroptosis of macrophages.  Furthermore, my results indicate 

that IFN-I signaling promotes the sustained phosphorylation of receptor interacting protein 

kinase 3 (Rip3), a key protein required for the execution of necroptosis. My findings also 

reveal that dynamin-dependent endocytosis following IFNβ stimulation and caspase 

inhibition is necessary for the induction of necroptosis. The results presented in this thesis 

provide new insights into the molecular mechanisms of necroptosis and therefore contribute 

to a deeper understanding of multiple inflammatory pathologies.  
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1.0 INTRODUCTION 

It is difficult to overstate the importance of cell death as the human body eliminates 

approximately 60 billion cells on a daily basis just to maintain homeostasis (Han and 

Ravichandran, 2011; Liu et al., 2013). Without cell death the existence of life would be 

impossible. Development, homeostasis, immunity and disease progression are only a few of 

the many examples in which cell death plays a vital role within complex multicellular 

organisms (Han et al., 2011). A delicate balance must be maintained between mitotic cell 

growth and programmed cell death (PCD)  (Evan and Littlewood, 1998). Dysregulation of 

this homeostatic balance can have profound influences on the pathogenesis of various 

diseases. For example, insufficient PCD can result in cancer, autoimmunity and severe 

pathogenic infections, while enhanced PCD can lead to chronic degenerative diseases, 

immunodeficiency and detrimental inflammatory conditions (Danial and Korsmeyer, 2004).    

The cell death research field has become one of the most intensively studied fields of 

biology (Clarke and Clarke, 2012). As a result, cell death research has seen dramatic 

advancement over the last few decades and continues to generate a high level of interest 

amongst scientists.  Many different modes of cell death have been reported, however the two 

most extensively studied cell death mechanisms are apoptosis and necrosis. Morphologically 

and physiologically, these two modes of cell death are quite distinct. Apoptosis is generally 

considered to be a physiologically silent (non-inflammatory) form of cell death while 

necrosis ignites an extremely robust inflammatory response (Khan et al., 2014; Liu et al., 

2013). For many years necrosis was seen as an accidental or uncontrolled mode of cell death 

occurring only in response to extreme physiochemical insults, such as heat, osmotic shock 

and mechanical stress (Kaczmarek et al., 2013; McCall, 2010).  Interestingly however, over 
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the last 10 years a flurry of evidence has shed light on the existence of a genetically encoded 

and tightly regulated form of necrotic cell death now known as necroptosis (Degterev et al., 

2005). 

The discovery of this highly inflammatory programmed form of necrotic cell death has 

given rise to the exciting possibility of new therapeutic avenues that have the potential to 

prevent and even treat various inflammatory pathologies such as sepsis, rheumatoid arthritis, 

multiple sclerosis and ischemia reperfusion injury (Ajami et al., 2011; Degterev et al., 2005; 

Duprez et al., 2011; Kim and Li, 2013; Northington et al., 2011).  In this thesis I will 

describe the work I have done to investigate the intracellular mechanisms of necroptosis in 

macrophages. 

1.1 The Immune System 

The immune system is akin to a battleground where cell death is a common occurrence 

that can have a major impact depending on the nature of infection or disease. The study of 

immunology emerged in the late 18th century when English physician Dr. Edward Jenner 

made the pivotal observation that exposure to cowpox, a less virulent human disease, 

provided protection against smallpox, a highly virulent and often lethal human disease 

(Murphy et al., 2008). This revolutionary discovery resulted in the advent of vaccinations 

and many years later eventually led to the eradication of smallpox (Murphy et al., 2008). 

The early findings of Jenner and many other scientists, such as Robert Koch and his 

discovery that microorganisms cause disease, Louis Pasteur’s rabies vaccine and Elie 

Metchnikoff’s discovery of macrophages, has led to a much deeper understanding of the 

immune system and has paved the way for groundbreaking immunological research (Murphy 

et al., 2008).    
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     The immune system is a remarkable protective mechanism within the body that evolved 

in response to the harmful effects of infectious microorganisms (Medzhitov and Janeway, 

1997).  As a result, multicellular organisms are now equipped with an army of different cell 

types, molecules and structures that are able to recognize and destroy invading microbes, 

thereby preventing harmful infections (Medzhitov and Janeway, 1997; Murphy et al., 2008). 

The immune system can be segregated into two main sections: innate immunity and adaptive 

immunity (Medzhitov, 2007). The evolutionarily ancient innate immune response acts as one 

of the first lines of host defense against invading pathogens (Medzhitov, 2001). Within 

minutes to hours of pathogen entry, the innate immune response is alerted (Murphy et al., 

2008). The innate detection process relies on germline-encoded receptors that are able to 

recognize common, typically invariant, molecular components conserved amongst a variety 

of infectious agents. More specifically, vertebrate immune cells have cell surface pattern 

recognition receptors (PRRs), such as toll-like receptors (TLRs), NOD-like receptors. RIG-I-

like receptors and C-type lectin receptors, which broadly recognize specific pathogen 

associated molecular patterns (PAMPs) (Takeuchi and Akira, 2010). An example of this is 

lipopolysaccharide (LPS), a common cell wall component of gram-negative bacteria, which 

upon engagement with TLR4 on the surface of innate immune cells such as macrophages, 

dendritic cells, monocytes and neutrophils, leads to the induction of inflammatory responses 

that promote clearance of the bacteria (Dranoff, 2004).   

In contrast to the innate response, the adaptive immune response is much slower, 

requiring several days to develop (Baxter, 2007). Instead of recognizing broadly expressed 

PAMPs that are common to a variety of microorganisms, the adaptive immune response is 

mediated by clonal selection and expansion of pathogen-specific lymphocytes, such as B 

cells, CD4+ and CD8+ T cells (Murphy et al., 2008). Unlike the germline-encoded receptors 
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utilized in the innate response, adaptive immunity relies on the generation of a random and 

extremely diverse repertoire of antigen receptors in each individual (Medzhitov, 2001; 

Medzhitov and Janeway, 1997). A defining characteristic of the adaptive response is the 

capacity to generate immunological memory (Murphy et al., 2008). Following the initial 

exposure to a particular pathogen, the adaptive immune response is able to generate memory 

lymphocytes specific to that pathogen (Murphy et al., 2008). If re-exposed to the same 

pathogen a rapid and extremely robust response will take place, ultimately providing long-

lasting protective immunity (Murphy et al., 2008).  

 
1.1.1 Macrophages  

     Macrophages are large mononuclear cells of the innate immune system, which are found 

ubiquitously throughout the various tissues of the body (Murphy et al., 2008; Wynn et al., 

2013). Originating in the bone marrow as pluripotent hematopoietic stem cells, macrophages 

undergo several stages of differentiation before developing into functional tissue resident 

macrophages  (Volkman and Gowans, 1965). Pluripotent hematopoietic stem cells 

differentiate into common myeloid progenitors, which have the ability to differentiate into 

several different cell types, such as neutrophils, eosinophils and monocytes (Gordon and 

Taylor, 2005; Murphy et al., 2008). Following further differentiation and release into the 

blood stream, the common myeloid progenitor differentiates into a monocyte, another 

important innate immune cell type (Murphy et al., 2008). The monocyte remains in 

circulation for approximately three days before entering a tissue in response to various 

cytokines, chemokines and stimuli to finally mature into a macrophage with a half-life 

ranging from a few days to several months (Gordon and Taylor, 2005; Kuroda, 2010).  
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     Interestingly, macrophages are a heterogeneous cell type, which is largely due to the fact 

that macrophages can reside in a variety of microenvironments (Gordon and Taylor, 2005). 

Based on anatomical location, macrophages become functionally specialized in order to 

optimize the immune response (Gordon and Taylor, 2005). For example, alveolar 

macrophages highly express PRRs and scavenger receptors, as they continuously come in 

contact with airborne pathogens (Palecanda et al., 1999; Taylor et al., 2002; Gordon and 

Taylor, 2005), while macrophages localized within the gut have been shown to be highly 

phagocytic and bactericidal but with attenuated production of pro-inflammatory cytokines to 

maintain the balance between helpful and harmful bacteria and also to avoid tissue damage 

induced by excessive inflammation (Gordon and Taylor, 2005; Smythies et al., 2005).  

     Functionally, macrophages are remarkably diverse. These vital cells partake in biological 

processes ranging from development, to bone remodeling, and of course immunity 

(Morrissette et al., 1999). One of the best-known functions of a macrophage is the ability to 

ingest large particles (>0.5 µm) through a process called phagocytosis (Aderem and 

Underhill, 1999).  Phagocytosis, derived from the Greek terms ‘phagein’, meaning to eat, 

‘kytos’, meaning cell and ‘osis’, meaning process, is a dynamic actin-dependent process that 

involves the extension of cytoplasmic lobes (Aderem and Underhill, 1999; Russell et al., 

2013). Phagocytosis typically occurs when a macrophage, which is constantly surveying the 

environment for particulate matter, comes in contact with an infectious microorganism or 

cellular debris (Aderem and Underhill, 1999).  For many species, phagocytosis is a 

cornerstone of early innate immunity (Stuart and Ezekowitz, 2008).  

     Following microbial detection, the macrophage membrane and actin cytoskeleton 

rearrange thereby allowing the macrophage to surround and engulf the pathogen into an 

internal vesicle called a phagosome (Murphy et al., 2008).  Once formed, the phagosome 
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begins to mature by undergoing a series of fusion and fission events with early and late 

endosomes (Aderem and Underhill, 1999). Eventually the phagosome fuses with a lysosome, 

an intracellular membrane enclosed vesicle comprised of granules, enzymes, proteins and 

peptides, forming what is called a phagolysosome (Murphy et al., 2008). Fusion with early 

and late endosomes traffics acid hydrolases, such as cathepsin H and S respectively, from the 

endocytic compartments to the phagosome, while fusion with a lysosome releases the 

lysosomal contents that can destroy the pathogen into the phagosome (Aderem and Underhill, 

1999). Together these processes result in the generation of an acidic and hydrolytic 

phagolysosomal environment that is unfavorable to many harmful microorganisms without 

affecting macrophage integrity or homeostasis (Stuart and Ezekowitz, 2008).  

 
1.2 Endocytosis 

          Endocytosis is a mechanism by which cells are able to survey the environmental 

milieu, pick up apoptotic bodies or debris and transduce signals intracellularly (Kumari et al., 

2010). Within multicellular organisms, endocytosis is a key process for cell and tissue 

function (Kumari et al., 2010). In most cell types, endocytosis is a common process that is 

typically characterized by the import of smaller molecules (< 200 nm) (Kumari et al., 2010). 

In contrast to endocytosis, internalization by phagocytosis occurs at a much larger scale and 

has generally been considered to be restricted to a subset of immune cells with antibacterial 

activity (described in section 1.1.1) (Kurmari et al., 2010). Some studies however argue that 

phagocytic uptake can occur equally well in phagocytic cell types, such as macrophages and 

neutrophils, and non-phagocytic cell types lacking antibacterial activity, such as fibroblast, 

epithelial and endothelial cells, which rely on similar molecular mechanisms to phagocytose 

particulate material (Groves et al., 2008).  
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      Broadly, two distinct yet related endocytic pathways have been identified in the 

eukaryotic system: bulk-phase endocytosis or pinocytosis (‘cell drinking’), which is the 

nonspecific uptake of extracellular fluid and any molecules that happen to be present, and 

receptor-mediated endocytosis, which occurs following ligand-receptor binding (Russell et 

al., 2013). In regards to receptor-mediated endocytosis, pathways can be characterized by 

corresponding coat proteins that reinforce the cytoplasmic side of the membrane (Russel et 

al., 2013). For example, clathrin was one of the first coat proteins to be discovered and is an 

important component in clathrin-mediated endocytosis (Pearse, 1976; Kumari et al., 2010). 

In addition to clathrin, calveolin is another example of an endocytic coat protein (Rothberg et 

al., 1992). 

     Following cargo recognition and coat protein assembly, vesicles begin to form via 

invaginations (Kumari et al., 2010). Once a membrane bound vesicle is formed, scission 

from the cell surface occurs to release the newly formed endosome into the cytoplasm 

(Kumari et al., 2010). The large GTPase dynamin has been shown to play an essential role in 

the cleavage and subsequent formation of early endosomes (Macia et al., 2006). Furthermore, 

inhibition of dynamin by the specific cell-permeable inhibitor known as dynasore has been 

shown to effectively block receptor-mediated endocytosis (Macia et al., 2006). Importantly, 

for many signaling pathways receptor-mediated endocytosis is a requirement for signal 

transduction and the formation of various intracellular signaling complexes (Sorkin and Von 

Zastrow, 2002). Whether or not endocytosis of various necroptotic receptors is important for 

necroptotic signaling and necrosome formation remains unclear and is a subject of interest in 

this thesis.   
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1.3 Inflammatory Response 

     Following phagocytosis or endocytosis of pathogens or signaling molecules, macrophages 

embark on a multitude of signaling mechanisms in order to activate the transcription of key 

proteins involved in a variety of cellular processes. In particular, macrophages play a major 

role in the initiation, maintenance and resolution of inflammation through the production of 

inflammatory mediations, such as chemokines, pro- and anti-inflammatory cytokines, in 

response to infection, trauma and tissue damage (Fujiwara and Kobayashi, 2005). A very 

tightly regulated balance between pro- and anti-inflammatory signals must be enforced to 

ensure a protective rather than pathological inflammatory response. A poor inflammatory 

profile could lead to dampened innate immune responses that results in insufficient pathogen 

clearance. On the other hand, an excessive inflammatory response could lead to better 

pathogen clearance, but at the cost of massive inflammation, resulting in tissue pathology 

and systemic inflammatory responses syndrome (SIRS) (Medzhitov, 2008).   

     Inflammation is an intricate, complex and very active process that has been evolutionarily 

conserved as a host response to infection and tissue injury (Buckley et al., 2013; Medzhitov, 

2008).  An inflammatory response is characterized by the local accumulation of fluid, plasma 

proteins and white blood cells, resulting in the cardinal symptoms of inflammation: rubor 

(redness), dolor (pain), calor (heat), tumor (swelling) and functio laesa (loss of tissue 

function) around the affected area (Gaestel et al., 2009; Murphy et al., 2008; Serhan et al., 

2008; Takeuchi and Akira, 2010). Inflammatory responses are important for delivering 

additional effector molecules and cells to the affected site, inducing local blood clotting to 

act as a physical barrier, thereby preventing further spreading of infection and to promote 

repair of the injured tissue (Murphy et al., 2008).  
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      Initiation of inflammation occurs when macrophages at the infected or damaged site 

release cytokines, chemokines and other inflammatory mediators that induce the dilation of 

local small blood vessels (Murphy et al., 2008).  More specifically, release of histamines, 

prostaglandins and nitric oxide cause vasodilation of surrounding blood vessels and an 

increase in blood flow, which is why redness and heat are symptoms that usually accompany 

an inflammatory response (Murphy et al., 2008; Newton and Dixit, 2012).  Additionally, 

endothelial cells lining the blood vessel walls are activated to express selectins, important 

cell-adhesion molecules, thus promoting selective tethering and adhesion to the integrins and 

chemokine receptors on the surface of circulating leukocytes, while at the same time 

preventing the escape of erythrocytes (Medzhitov, 2008; Murphy et al., 2008).  Once bound 

to the endothelium, leukocytes such as neutrophils and monocytes are able to extravasate 

into the tissue (Murphy et al., 2008). Within the tissue, neutrophils are active phagocytes and 

can also release cytotoxic granules in an attempt to kill the pathogen (Medzhitov, 2008). 

Monocytes entering the tissue respond to the environmental stimuli and differentiate into 

macrophages or dendritic cells.  

     As the inflammatory response progresses, other cells, such as eosinophils and 

lymphocytes, enter the afflicted site to further combat the infection (Murphy et al., 2008).  In 

response to histamines and leukotrienes, permeability of surrounding blood vessels increases, 

which in turn loosens the normally tightly bound endothelial cells lining the blood vessels 

(Murphy et al., 2008; Newton and Dixit, 2012). As a result, fluid and proteins within the 

blood enter the tissue to aid in host defense (Murphy et al., 2008). This infiltration event 

accounts for the swelling and pain symptoms experienced during an inflammatory response 

(Murphy et al., 2008).  During the final stages of inflammation, clotting of local microvessels 

is induced to prevent the spread of infection into the circulatory system (Murphy et al., 2008). 
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1.3.1 NFκB Signaling 

     Activation of inflammatory signaling pathways occurs through the interaction of host cell 

surface PRRs with foreign PAMPs or host cell-derived danger-associated molecular patterns 

(DAMPs) (Newton and Dixit, 2012). Once activated, PRRs oligomerize and induce a 

cascade of intracellular signaling events, which include protein trafficking, ubiquitination, 

phosphorylation and degradation, ultimately culminating in the activation of NFκB and/or 

interferon regulatory factor (IRF) transcription factors (Frazier et al., 2009; Medzhitov and 

Horng, 2009; Newton and Dixit, 2012). These particular transcription factors have been 

shown to induce the transcription of an assortment of pro-and anti-inflammatory genes and 

as a result, transcriptional control of inflammation can strongly influence the outcome of 

various inflammatory pathologies (Medzhitov and Horng, 2009).  

1.3.2 Canonical NFκB Pathway 

     The canonical NFκB pathway is defined as being mediated by the NFκB Essential 

Modulator (NEMO)-dependent inhibitor of nuclear factor kappa-B kinase (IKK) complex 

and is generally considered to be a mediator of inflammatory responses, while the 

noncanonical NFκB pathways is considered to be more important for immune cell 

differentiation and maturation (Shih et al., 2011). Within the mammalian system, the NFκB 

family of transcription factors consists of five members, p65/RelA, cRel, RelB, p50 and p52 

encoded by RELA, REL, RELB, NFKB1 and NFKB2 respectively, which are involved in 

dimerization, DNA binding, interaction with IκB’s and nuclear translocation (Hayden and 

Gosh, 2008; Shih et al., 2011). Under steady state conditions, the canonical NFκB 

transcription factors are kept in an inactive state by association with inhibitory IκBα, IκBβ 

and IκBε, while the noncanonical NFκB transcription factors are kept inactive by 
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maintaining the p100 and p105 precursor proteins and preventing their processing into active 

p52 and p50 (Hayden and Gosh, 2008).  

     Activation of the canonical NFκB pathway occurs by engagement of proinflammatory 

cytokines, PAMPs or DAMPs with their corresponding receptors (Shih et al., 2011; Wullaert 

et al., 2011). Signals from various receptors converge upon a similar pathway involving the 

activation of an IKK complex to trigger canonical NFκB signaling (Sun, 2012). For example, 

tumor necrosis factor (TNFα) is a pleiotropic proinflammatory cytokine that is able to induce 

canonical NFκB signaling via the cell surface TNF receptor (TNFR) (Beug et al., 2012).  

Following ligand binding to TNFR, multiple signaling proteins, such as TNFR-associated 

death domain protein (TRADD), TNFR-associated factor 2 (TRAF2), cellular inhibitors of 

apoptosis proteins 1/2 (cIAP1/2) and serine/threonine kinase family member receptor-

interacting protein kinase 1 (Rip1) are recruited to the cytoplasmic domain of TNFR to form 

an important signaling complex (Beug et al., 2012). Both cIAP1 and cIAP2 are E3 ligases 

and are therefore able to ubiquitinate various target proteins (Beug etl al., 2012). Importantly, 

cIAP1/2 positively regulate the canonical NFκB pathway (Tenev et al., 2011). More 

specifically, in the case of canonical NFκB activation, cIAP1/2 polyubiquitinate Rip1 with 

nondegradative K63-linked ubiquitin chains (Beug et al., 2012). K63 ubiquitination of Rip1 

recruits TGF-beta activated kinase 1 binding protein 2 (TAB2) and transforming growth 

factor-beta-activated kinase 1 (TAK1) to the receptor complex, which subsequently activates 

the IKK complex (Beug et al., 2012). The IKK complex is comprised of IKK proteins and 

NFκB essential modulator (NEMO). Once activated, the IKK complex phosphorylates IκB, 

which is bound to p50 and RelA, so that it is degraded by the proteasome (Beug et al., 2012). 

Once IκB is degraded, the p50/RelA heterodimer translocates into the nucleus and induces 

the transcription of a vast array of NFκB target genes (Beug et al., 2012). 
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     The canonical NFκB pathway is also commonly induced through the engagement of 

various TLRs. A well-studied example of TLR-mediated canonical NFκB activation is LPS 

binding to TLR4 (Beug et al., 2012). Engagement of TLR4 recruits four adaptor proteins, 

myeloid differentiation primary response gene (MyD88), toll-interleukin 1 receptor (TIR) 

domain containing adaptor protein (TIRAP), TIR-domain-containing adaptor-inducing 

interferon-β (TRIF) and TRIF-related adaptor molecule (TRAM) (Takeuchi and Akira, 2010). 

Association of these proteins occurs through their TIR domains located on both the adaptor 

proteins and TLR4 (Takeuchi and Akira, 2010).  Importantly, TLR4 stimulation can activate 

two distinct adaptor protein-mediated signaling pathways (Beug et al., 2012). More 

specifically, MyD88 induces canonical NFκB signaling whereas TRIF induces the 

production of interferon β (IFNβ) (Takeuchi and Akira, 2010).  MyD88 is required for 

downstream signaling of most TLRs, with TLR3 being an exception (Takeuchi and Akira, 

2010). Following recruitment of MyD88 to TLR4, a complex made up of interleukin 1 

receptor associated kinases (IRAKs) and the E3 ligase TRAF6 is formed (Takeuchi and 

Akira, 2010). Once formed, this complex interacts with a complex comprised of TAK1 and 

TAB1-3, resulting in the activation of the IKK complex and subsequent translocation of 

p65/RelA into the nucleus to activate the transcription of specific target genes (Takeuchi and 

Akira, 2010). 

     As previously mentioned, in addition to MyD88-mediated canonical NFκB activation, 

stimulation of TLR4 also induces TRIF-mediated IFNβ production (Takeuchi and Akira, 

2010).  A detailed study performed by Kagan et al. (2008) focused on the mechanisms of 

TLR4 signaling and demonstrated that MyD88-mediated canonical NFκB activation occurs 

at the cell surface following LPS binding to TLR4, while TRIF-mediated IFNβ production 

occurs only after receptor-mediated endocytosis of the TLR4 complex. Once localized inside 
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an early endosome, TRIF and TRAM are able to interact with TRAF3 to induce the 

phosphorylation of IRF3 (Kagan et al., 2008). Phosphorylated IRF3 can then translocate into 

the nucleus and induce the expression of type I IFN genes (Takeuchi and Akira, 2010). 

Additionally, TLR3 is also able to induce the production of type I IFNs via TRIF and IRF3 

(discussed in greater detail in section 1.3) (Cusson-Hermance et al., 2005).  

1.3.3 Noncanonical NFκB Pathway 

     The noncanonical NFκB pathway is generally defined as being NEMO–independent (Shih 

et al., 2011). Activation of the noncanonical NFκB pathway can occur through various cell 

surface receptors, including CD40, fibroblast growth factor-inducible 14 (Fn14) and TNFR2  

(Beug et al., 2012; Rauert et al., 2009). Under resting conditions, the noncanoncial NFκB 

pathway is suppressed through constitutive proteasomal degradation of NFκB inducing 

kinase (NIK), which is induced by TRAF3-mediated k48-linked ubiquitination of NIK (Beug 

et al., 2012). Engagement of CD40 with CD40 ligand (CD40L) or Fn14 with TNF-like weak 

inducer of apoptosis (TWEAK) results in the assembly of a cytoplasmic signaling complex 

made up of cIAP1/2, TRAF2/3 and NIK (Shih et al., 2011). Under resting conditions, 

TRAF2/3 suppress constitutive noncanoncial NFκB activation through the ubiquitintation 

and degradation of NIK (Beug et al., 2012). Once activated, cIAP1/2 ubiquitinate TRAF3 

with K48-linked ubiquitin chains, which results in proteasomal degradation of TRAF3 (Beug 

et al., 2012). Since NIK expression is negatively regulated by TRAF3, degradation of 

TRAF3 results in the subsequent accumulation of NIK (Shih et al., 2011). Elevated NIK 

expression leads to the phosphorylation p100 and activation of IKKα (Shih et al., 2011). 

Additional phosphate groups are added to p100 by a phosphorylated IKKα homodimer to 

induce the processing or partial degradation of p100 into p52 by the proteasome (Shih et al., 
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2011). A p52/RelB heterodimer translocates to the nucleus and activates the transcription of 

various genes (Shih et al., 2011). In the context of TNFR2-mediated activation of the 

noncanoncial NFκB pathway less is known about the molecular mechanisms. TNFR2 

mutants have however been shown to induce p100 processing and translocation of p52/RelB 

into the nucleus (Rauert et al., 2009).  

      A crucial role for noncanonical NFκB signaling in the regulation of adaptive immunity 

and lymphoid organ development has been well established, however it was not until 

recently that a role for noncanonical NFκB signaling in the regulation of innate immunity 

was revealed (Jin et al., 2014). Jin and colleagues (2014) demonstrated that genetic ablation 

of noncanonical signaling components, such as NIK, resulted in hyperinduction of type I 

interferons (IFN-Is) (IFN-Is discussed in section 1.4). This study unveiled an interesting, 

previously unidentified relationship between the noncanonical NFκB pathway and the 

production of IFN-Is in response to RNA viruses and TLR ligands (Jin et al., 2014). More 

specifically, a novel function for noncanonical NFκB signaling involving the suppression of 

IFN-I production was exposed (Jin et al., 2014). 

 
1.3.4 Sterile Inflammation 

     Inflammation is not an exclusive response to infection. For many years heavy interest has 

been concentrated on the concept of sterile inflammation, which is defined as inflammation 

in the absence of any detectable infection (Chen and Nuñez, 2010). Sterile inflammation 

occurs in response to physical trauma, ischemia-reperfusion injury or chemical insult and 

plays an important role in tissue repair (Chen and Nuñez, 2010). The same inflammatory 

PRRs stimulated by infectious microorganisms can alternatively be stimulated by non-

microbial signals such as DAMPs (Chen and Nuñez, 2010). Several studies have implicated 
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sterile inflammation in pathologies such as gout, atherosclerosis, Alzheimer’s, ischemia-

reperfusion injury resulting from a stroke or myocardial infarction, tumor progression and 

cancer (Chen et al., 2007; Chen and Nuñez, 2010; Coussens and Werb, 2012; Jaeschke, 

2006; Ross, 1999). At present, the underlying mechanisms of injury induced sterile 

inflammation remain elusive and certainly warrant further investigation.  

 
1.4 Type I Interferons  

     IFNs are critically important cytokines with a variety of functions ranging from antiviral 

immunity to tumor surveillance and cell death (De Weerd and Nguyen, 2012; Robinson et al., 

2012). IFNs were the first cytokines to be discovered and have been the subject of extensive 

research for over half a century (Decker et al., 2005; Pestka et al., 2004). The initial 

discovery of IFN emerged in 1957 when Isaacs and Lindenmann reported that virally 

infected cells secreted an ‘activity’ that protected other cells from becoming infected (Decker 

et al., 2005). IFNs have since been classified into three distinct types, type I, II and III, based 

on their corresponding cell surface receptors (De Weerd and Nguyen, 2012). The type I IFN 

(IFN-I) family is comprised of multiple members, namely 12 IFNα subtypes, IFNβ, IFNε, 

IFNκ, and IFNω (González-Navajas et al., 2012). All IFN-Is signal through the type I IFN 

α/β receptor (IFNAR), which is widely expressed on the surface of many different cell types 

(Decker et al., 2005). In contrast to the larger type I IFN family, IFNγ is the only member of 

the type II IFN family and signals through the IFNγ receptor (IFNGR) (González-Navajas et 

al., 2012). Lastly the type III IFN family is made up of IFNλ1, IFNλ2 and IFNλ3 (González-

Navajas et al., 2012). The corresponding receptor for type III IFNs is the IFNλ receptor 

(IFNLR) (Gad et al., 2009).  
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     Of pertinence to this thesis are IFN-Is, particularly IFNβ. Various receptors, including 

TLR3, TLR4, and TNFR, are able to induce the production of IFNβ through the activation of 

different IRFs (see Fig. 1) (Yarilina et al., 2008). Once produced, IFNβ signals through 

IFNAR in an autocrine or paracrine fashion (Gao et al., 1998). The IFNAR is comprised of 

two subunits, IFNAR1 and IFNAR2, which are constitutively bound to tyrosine kinase 2 

(Tyk2) and janus kinase 1 (JAK1), respectively (Decker et al., 2005). Classically, stimulation 

of IFNAR results in the activation of JAK and Tyk2 leading to the phosphorylation of 

tyrosine residues on the receptor and thereby providing a docking site for signal transducer 

and activator of transcription 1 (STAT1) and STAT2 (Decker et al., 2005). Phosphorylated 

STAT1/2 heterodimers can then associate with IRF9 to form interferon stimulated gene 

factor 3 (ISGF3), a trimolecular complex that translocates to the nucleus, binds to its cognate 

IFN-stimulated response element (ISRE) and induces the transcription of a distinct set of 

interferon stimulated genes (ISGs) (Ivashkiv and Donlin, 2014). Furthermore, in the absence 

of STAT1/2 phosphorylation, an unphosphorylated ISGF3 (U-ISGF3) can also form. Similar 

to ISGF3, U-ISGF3 can enter the nucleus and activate the transcription of a specific set of U-

ISGF3 regulated ISGs (See Fig. 2) (Cheon et al., 2013).  

      Intriguingly, low levels of IFNβ have been documented within the milieu of a variety of 

murine tissues in the absence of any infection, suggesting that some cells, such as 

macrophages, constitutively secrete small amount of IFNβ as a mechanism to maintain 

homeostasis (Gough et al., 2012). Tonic IFNβ signaling has also been reported to prime cells 

in an attempt to ensure a rapid and robust immune response against future challenges (Gough 

et al., 2012). Further research demonstrated that constitutive low level IFNβ signaling is 

needed to maintain adequate basal expression of various ISGs, such as STAT1, STAT2, 

IRF1 and IRF9 (Gough et al., 2012). Impaired tonic IFNβ signaling causes enhanced  
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Figure 1. IFN-I production. Several different signaling pathways can induce the production 
of IFN-Is. Signaling through TNFR can induce the production of IFNβ via IRF1, however 
the mechanism of IRF1 activation is not clear. Several studies have suggested that post-
translational modifications, such as phosphorylation, activate IRF1. Endosomal TLR3 and 
TLR4 induce IFN-I production through TRIF activation, which activates kinases, such as 
tank-binding kinase 1 (TBK1), IKKi or a presently unknown kinase, to phosphorylate IRF3 
or IRF7. Once phosphorylated, IRF3 or IRF7 migrate into the nucleus and bind to an IRF-
binding site (IRFBS) to induce the transcription of IFN-Is, which can signal in an autocrine 
or paracrine fashion.   
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Figure 2. Classical IFN-I signaling pathways. Binding of IFN-Is to IFNAR results in the 
phosphorylation of JAK1 and Tyk2. Phosphate groups on JAK1 and Tyk2 allow STATs to 
interact with the receptor complex. Phosphorylated STAT1 is able to form a homodimer, 
enter the nucleus and bind to a gamma activated site (GAS) to promote the production of 
pro-inflammatory and apoptotic proteins. IFN-Is can also elicit the formation of 
phosphorylated STAT1/STAT2 heterodimers that associate with IRF9 to form the ISGF3 
complex. ISGF3 enters the nucleus and binds to the corresponding ISRE to drive the 
production of anti-viral and anti-bacterial proteins. Finally, IFN-Is can also mitigate the 
formation of phosphorylated STAT3 homodimers, which can migrate into the nucleus, bind a 
STAT3-binding element (SBE) and induce the transcription of genes important for survival, 
proliferation and anti-inflammatory responses.  
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susceptibility to infection, inadequate hematopoietic stem cell mobilization and increased 

bone resorption, thereby highlighting the importance of constitutive secretion of low levels 

of IFNβ (Gough et al., 2012).    

   It has been very well established that IFN-Is play a critical protective role for the host in 

the context of viral infections (González-Navajas et al., 2012). With respect to bacterial 

infections however, a clear consensus as to whether IFN-Is are beneficial or 

counterproductive for the host has yet to be established. Most bacterial infections induce the 

production of IFN-Is, whether or not it is helpful or harmful seems to rely heavily on the 

specific bacterium (i.e intracellular vs extracellular pathogens) (Decker et al., 2005). For 

example, our lab demonstrated a detrimental role of IFN-Is for the host during an infection 

with Salmonella enterica serovar  Typhimurium (ST) (Robinson et al., 2012). Furthermore, 

ST promoted the production of IFN-Is, which enhanced macrophage necroptosis (Robinson 

et al., 2012). In contrast, IFN-Is are beneficial for the host response to many extracellular 

pathogens such as Escherichia coli (Mancuso et al., 2007). 

 
1.5 Programmed Cell Death 

     Programmed cell death (PCD) is a genetically regulated process that plays an imperative 

role in almost every aspect of organismal life (Ameisen, 2002). Early questions surrounding 

physiological cell suicide began in the 19th century from development and metamorphosis 

studies on tadpoles and insects (Lockshin and Zakeri, 2001). In 1842 Carl Vogt reported his 

observation of cell death in the notochord and adjacent cartilage in toads undergoing 

metamorphosis (Clarke and Clarke, 1996). These preliminary studies generated a basic 

understanding of organismal cell death, however experimental examination did not occur 

until the mid-20th century when various scientific techniques, such as microscopy and 
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histology, saw major improvements (Lockshin and Zakeri, 2001). Beginning in the early 

1960s, studies began to recognize cell death as a biologically controlled process (Lockshin 

and Zakeri, 2001). By 1990, the Nobel Prize winning work of Sydney Brenner, Robert 

Horvitz and John Sulston led to further advancements in the understanding of the 

mechanisms of PCD using the nematode Caenorhabditis elegans. More specifically, this 

work illuminated some of the central machinery of PCD (caspase-3, B-cell lymphoma 

protein-2 (bcl-2) and Fas) and provided the first evidence of a genetic basis in some forms of 

cellular demise (Ellis and Horvitz, 1986; Lockshin and Zakeri, 2001; Meier et al., 2000).  

     To date, additional forms of programmed cell death have been identified, such as caspase-

1-mediated pyroptosis and iron-dependent ferroptosis, however the two most dominant and 

studied forms of cell death are apoptosis and necrosis (Duprez et al., 2009; Green and Victor, 

2012). Intriguingly, the particular mode of cell death elicited has been suggested to have 

different consequences, both beneficial and detrimental, for the host (Green and Victor, 

2012). More specifically, necrotic cell death is considered to be highly immunogenic, 

resulting in a robust inflammatory response, while apoptosis is a quieter non-inflammatory 

form of death (Discussed in further detail in sections 1.2.1 and 1.2.4). Dysregulation of PCD 

can have catastrophic effects for the host (Pettigrew and Cotter, 2009). It is therefore 

important to thoroughly understand the signaling events and specific mechanisms of cell 

death in order to develop therapeutic strategies and drug targets for a variety of cell death-

related pathologies ranging from cancer to sepsis (Duprez et al., 2009).  

 
1.5.1 Apoptosis 

     One of the best-characterized forms of PCD is apoptosis. Derived from Ancient Greek 

texts, the literal translation of apoptosis is “falling off”, as in leaves falling from a tree during 
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autumn (Lawen, 2003). In 1972, Kerr and colleagues (Kerr et al., 1972) identified some of 

the hallmark morphological features of apoptosis, including cytoplasmic shrinkage, nuclear 

condensation and plasma membrane (PM) blebbing (Kerr et al., 1972; Wyllie et al., 1980). 

The apoptotic process involves distinct biochemical and physical modifications involving the 

cytoplasm, nucleus and plasma membrane (Lawen, 2003). These modifications occur as a 

result of a proteolytic system involving a family of cysteine proteases known as caspases 

(Thornberry and Lazebnik, 1998). An apoptotic cell is able to very neatly break itself down 

by releasing small membrane bound vesicles containing fragments of cellular contents 

through a process known as membrane blebbing (Lawen, 2003). As the cell is gradually 

breaking down without actual rupturing of the PM, ‘eat me’ signals such as 

phosphatidylserine (PS) are translocated to the outside of the cell surface, which results in 

recognition and phagocytosis by resident phagocytes including macrophages, neutrophils 

and/or dendritic cells by a process described as efferocytosis (Lawen, 2003; Maeda and 

Fadeel, 2014). Induction of apoptotic cell death can occur through intrinsic or extrinsic 

signals (Lawen, 2003). 

 
1.5.2 Intrinsic Apoptotic Pathway  

     Intrinsic apoptosis is regulated by internal stimuli, such as DNA damage, oxidative stress, 

toxins and hypoxia (Elmore, 2007). Intrinsic apoptotic signaling can occur in response to 

both positive and negative signals (Elmore, 2007).  Negative signals, such as deficient 

growth factors and cytokines, can prevent a cells ability to suppress PCD, thereby inducing a 

cell death program such as apoptosis (Elmore, 2007). Alternatively, positive signals, such as 

radiation, hypoxia and infection, can activate cell death signaling pathways (Elmore, 2007). 

Collectively, both positive and negative signals for intrinsic apoptosis alter the inner 
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mitochondrial membrane so that the mitochondrial permeability transition (MPT) pore opens 

and releases pro-apoptotic proteins, such as cytochrome c, secondary mitochondria-derived 

activator of caspases (SMAC), Bcl2-associated x protein (BAX), Bcl2 antagonist/killer 

(BAK) and BH3 interacting domain death agonist (BID), into the cytosol (Elmore, 2007; 

Saelen et al., 2004).  

     Once cytochrome c is released from the mitochondria due to a loss of mitochondrial 

membrane potential it binds to apoptotic protease activating factor 1 (Apaf-1) in the presence 

of dATP or ATP (Riedl et al., 2007). Binding of cytochrome c induces the heptamerization 

of Apaf-1, which subsequently forms the apoptosome; an important ring shaped signaling 

complex located within the cytosol (Riedl et al., 2007). Following apoptosome formation, a 

caspase cascade is activated (Riedl et al., 2007).  The apoptosome binds, cleaves and 

activates initiator pro-caspase-9 (Shi, 2004). Activation of initiator caspases, such as 

caspase-9, irreversibly commits the cell to death (Qin et al., 1999). Active caspase-9 goes on 

to cleave the executioner caspases-3 and 7 at specific internal aspartic acid residues (Qin et 

al., 1999; Shi, 2004). Active caspase-3 and 7 then cleave a variety of important substrates to 

finalize cellular suicide (Hakem et al., 1998). Based on studies that have disrupted the genes 

corresponding to cytochrome c, Apaf-1 and caspase-9, all three proteins play an essential 

role in the intrinsic apoptotic pathway (Saelens et al., 2004). 

 
1.5.3 Extrinsic Apoptotic Pathway  

     Extrinsic apoptosis is induced by various death receptors on the cell surface, such as 

TNFα, FasL and TNF related apoptosis inducing ligand (TRAIL). Apoptotic transmembrane 

receptors involved in the extrinsic pathway are members of the TNFR gene superfamily and 

contain a cytosolic death domain (DD), which plays a central role in the transduction of 
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apoptotic signals (Elmore, 2007; Schmitz et al., 2000). Ligation of preassociated 

homotrimeric death receptors, such as FasL binding to the FasR, results in a conformational 

change that leads to the recruitment of multiple proteins to the intracellular domain of the 

receptor to form a multiprotein death inducing signaling complex (DISC) (Peter and 

Krammer, 2003).  

     Following stimulation, the first cytoplasmic protein to associate with the receptor is Fas 

associated DD containing protein (FADD) via homotypic interactions between the DDs 

(Dickens et al., 2012). Association with pro-caspase-8 and 10 ensues through death effector 

domain (DED) interactions with FADD (Dickens et al., 2012). Caspase-8 is typically 

considered to be the main initiator of extrinsic apoptosis (Peter and Krammer, 2003). The 

association of procaspase-8 with FADD results in autoproteolytic cleavage and subsequent 

activation of caspase-8 (Peter and Krammer, 2003).  Active caspase-8 is released from the 

DISC and cleaves (and activates) the executioner caspase-3 thereby leading to endonuclease 

activation, degradation of nuclear and cytoplasmic proteins and the formation of apoptotic 

bodies, which culminates in apoptotic cell death (Elmore, 2007).   

 
1.5.4 Necrosis and Secondary Necrosis 

     Necrosis is a highly inflammatory mode of cell death that is morphologically 

characterized by cellular and organelle swelling (a process known as oncosis), membrane 

rupture and loss of intracellular content (Kroemer et al., 2008). As a general notion, necrosis 

is considered to be an accidental, uncontrolled mode of cell death that occurs in response to 

environmental perturbations, such as chemical or physical trauma (Kroemer et al., 2008). 

Initial reports of necrotic cell death can be traced back to the work of Galen in ancient Greek 

texts (Majno and Joris, 1995). The term necrosis originated from the Greek word ‘nekros’, 
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which means ‘dead body’ (Vanlangenakker et al., 2012). During the mid-nineteenth century, 

various studies began correlating necrosis with the presence of dying tissues (Fink and 

Cookson, 2005). In 1858, German pathologist and biologist Rudolph Virchow contributed to 

the understanding of necrotic cell death by identifying necrosis as an appreciable form of 

cellular demise, which he believed to strictly occur only under pathological conditions 

(Clarke and Clarke, 2012; Linkermann and Green, 2014). For example, Virchow commonly 

referred to necrosis in situations such as gangrene (Clarke and Clarke, 2012). 

     In addition to necrosis, studies have reported a phenomenon referred to as secondary 

necrosis (Vanden Berghe et al., 2010). Following apoptosis, apoptotic blebs are rapidly 

phagocytosed by phagocytic cells via a process known as efferocytosis (Silva, 2010). When 

the clearance of dead or dying cells is impaired following apoptosis, cells rupture causing the 

intracellular debris to be dissipated into the extracellular milieu, thus inducing an 

inflammatory phenotype (Vanden Berghe et al., 2010) Many studies have argued that 

secondary necrosis is not necessarily physiologically relevant and may instead be an in vitro 

artifact due to the lack of phagocytosis (Vanden Berghe et al., 2010). Secondary necrosis 

may however have a (patho)physiological role when there is extensive apoptosis 

overwhelming the phagocytic system (Vaden Berghe et al., 2010). 

 
1.5.5 Necroptosis 

     A flurry of recent evidence has unveiled the existence of a highly regulated genetically 

programmed form of necrosis now commonly known as necroptosis (Degterev et al., 2005). 

Morphologically, necroptosis is identical to unregulated necrosis (see section 1.5.4). A major 

difference between necroptosis and necrosis lies in the kinetics of death (Vanden Berghe et 

al., 2010). Necroptosis is receptor-mediated and occurs at a slower rate than necrosis since it 
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relies on an intricate signaling pathway to initiate and execute death (Vanden Berghe et al., 

2010). In contrast, necrosis lacks a signaling phase and therefore occurs at a faster rate with 

cell beginning to disintegrate immediately after exposure to extreme stress (Vanden Berghe 

et al., 2010). 

     The initial discovery of necroptosis originated with experiments using the pan-caspase 

inhibitor benzyloxycarbonyl-Val-Ala-Asp (OMe) fluoromethylketone (zVAD) (Slee et al., 

1996). Early studies performed on THP1 monocytes and Jurkat T-cells demonstrated that 

zVAD interferes with the processing of pro-caspases to active caspases, which consequently 

inhibits apoptotic cell death (Chow et al., 1995; Slee et al., 1996; Zhu et al., 1995). 

Subsequently, Vercammen and colleagues made the seminal observation that death receptor 

stimulation in combination with zVAD treatment induced necrotic death in L929 

fibrosarcoma cells. This study established a negative role for caspases in TNF-mediated 

necrotic cell death (Vercammen et al., 1998). Additionally, a second paper from the same 

group demonstrated that caspases also negatively regulate Fas-mediated necrotic death 

(Vercammen et al., 1998). These publications not only debunked the notion that necrosis is a 

solely unregulated form of cell death but also revealed a fundamental difference between 

these two different forms of death with respect to the role of caspases.  

      A major breakthrough in the study of programmed necrosis was achieved in a study 

examining Fas, TRAIL and TNF-mediated necroptosis in primary T cells (Holler et al., 

2000). Holler and colleagues demonstrated that necroptosis is negatively regulated by 

caspase-8 and reliant on the kinase activity of Rip1 for necroptotic signal transduction and 

subsequent death (Holler et al., 2000). This study better established the molecular dichotomy 

between apoptosis, which is caspase-8-dependent, and necroptosis, which is caspase-8 

independent and Rip1-mediated, when initiated by the same death receptor. Structurally Rip1 
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is comprised of three domains: an amino-terminal kinase domain important for 

phosphorylating various target proteins, an intermediate Rip homotypic interaction motif 

(RHIM) domain important for NFκB signalling and homotypic interactions and a carboxyl-

terminal death domain important for homologous interactions with death receptors (Degterev 

et al., 2008; Ofengeim and Yuan, 2013). In 2005, a pivotal study by the Yuan group coined 

the term necroptosis and also developed the Rip1 kinase inhibitor nectrostatin-1 (nec-1), 

which provided researchers with an important tool for investigating necroptosis in vivo and 

in vitro (Degterev et al., 2005). It was later confirmed by the same group that nec-1 co-

treatment with zVAD and death receptor stimuli inhibits necroptosis, emphasizing the 

importance of Rip1 kinase activity in necroptotic cell death (Degterev et al., 2008). 

 
1.5.6 Necrosome Formation 

     Necroptosis has been mainly studied from the context of TNF-signaling (see Fig. 3). 

Similar to extrinsic apoptosis, stimulation of the TNFR results in the recruitment of a number 

of different proteins to the cytosolic domain of the death receptor including TRADD, TRAF2, 

cIAP1/2 and Rip1. In most cell types, TNFR stimulation results in the activation of NFκB 

signaling via cIAP1/2-mediated K63-linked polyubiquitination of Rip1 (Vanlangenakker et 

al., 2011). If however protein synthesis is inhibited, for example with the translational 

inhibitor cyclohexamide, TNF signaling converts a pro-survival signal to a pro-death signal 

(Vanlangenakker et al., 2011). The type of cell death induced largely depends on caspase 

activity. If caspases are functional, Rip1 and Rip3 are inactivated by proteolytic cleavage and 

a pro-apoptotic caspase cascade is induced (Feng et al., 2007; Lin et al., 1999; 

Vanlangenakker et al., 2011).  Under conditions of caspase inhibition, deubiquitination of  
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Figure 3. TNF-mediated necroptosis signaling pathway. TNF binding to TNFR induces the 
formation of an intracellular multiprotein signaling complex, composed of cIAP1/2, Rip1, 
FADD and TRAF2, at the cytoplasmic domain of the receptor. Under conditions of caspase 
inhibition, Rip1 will become phosphorylated and associate with Rip3, leading to Rip3 
phosphorylation and necrosome formation. Within the necrosome, active Rip3 transiently 
interacts with and phosphorylates pseudokinase MLKL. Phosphorylated MLKL forms homo-
oligomers (the exact number of monomers that associate is currently under debate) and 
translocates to the PM where three separate hypotheses have been reported. First, MLKL has 
been shown to interact with calcium channels to induce calcium influx, thereby disrupting 
ionic homeostasis and causing an osmotic imbalance resulting in oncosis and PM rupture. 
Second, phosphorylated MLKL oligomers have been shown to interact with sodium channels 
instead of calcium channels but with the same outcome. Lastly, MLKL oligomers associate 
within the PM by interacting with PIP2 to create a pore. Further investigation is needed to 
decipher the executioner mechanisms of TNF-mediated necroptosis.    
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Rip1 by the deubiquitinases cylindromatosis (CYLD) or A20 allows Rip1 to dissociate from 

the receptor complex and associate into a cytoplasmic signaling complex referred to as the 

necrosome. The specific components of the necrosome are currently not fully understood and 

are a subject of great interest. It is however well established that the two major components 

comprising the backbone of the necrosome are Rip1 and Rip3. 

      Necrosome formation is highly regulated by ubiquitination and phosphorylation events 

(Vandenabeele et al., 2010). In particular, the phosphorylation of Rip1 and Rip3 strongly 

influence necrosome signaling, which in part is mediated by the association of Rip1 and Rip3 

via homologous RHIM domain interactions. How exactly Rip1 becomes phosphorylated 

following necroptotic stimulation is not well understood. Additionally, it is unclear how Rip1 

mediates downstream Rip3 phosphorylation; does the Rip1/3 interaction recruit a separate 

kinase to the necrosome or does this induce Rip3 autophosphorylation (Cho et al., 2009)? 

Importantly, using knockout mice and cells researchers have demonstrated that Rip3 plays an 

indispensible role in necroptosis (Cho et al., 2009). The importance of Rip1 in necroptosis 

has proven to be more difficult to fully understand as genetically knocking out Rip1 results 

in embryonic lethality. In addition, a Rip3-dependent and Rip1-independent necroptosis 

pathway has recently been identified, again questioning the importance of Rip1 to 

necroptosis (Dillon et al., 2014).  

 
1.5.7 Execution of Necroptosis 

     Significant progress has been made in the understanding of upstream necroptotic 

signaling events, however for many years the signaling events downstream of the necrosome 

remained elusive. In 2012 a library of ~ 200,000 necroptosis blocking chemical inhibitors 

was tested and necrosulfonamide was identified to target mixed lineage kinase domain like 
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(MLKL) protein, which is a downstream Rip3 interacting partner (Sun et al., 2012). Another 

study published around the same time also demonstrated a pro-necroptotic role of MLKL 

through small interfering RNA experiments (Zhao et al., 2012). MLKL is a pseudokinase, 

meaning that it contains a kinase-like domain, however lacks two of the three conserved 

catalytic residues required for a functional kinase domain (Murphy et al., 2013). The 

presence of a kinase-like domain allows MLKL to associate with the kinase domain of Rip3 

(Sun et al., 2012). Importantly, Sun and colleagues also conclusively demonstrated that Rip3 

directly phosphorylates MLKL in response to necroptotic stimuli.  

      Shortly after the discovery of MLKL as a critical necroptotic protein, MLKL-deficient 

mice were generated to define the role of MLKL in a physiological setting (Murphy et al., 

2013). Similar to mice lacking Rip3, MLKL null mice appear phenotypically normal 

(Murphy et al., 2013). Initially MLKL was implicated as a core necrosome member along 

with Rip1/3, however it now appears that Rip3 and MLKL instead transiently interact to 

allow for the phosphorylation of MLKL, suggesting an interaction more typical to that of an 

enzyme and substrate (Murphy et al., 2013). Once Rip3 phosphorylates MLKL it forms 

cytoplasmic homo-oligomers (Cai et al., 2014; Chen et al., 2014; Wang et al., 2014). The 

stoichiometry of these homo-oligomers remains unclear as Cai et al. reported MLKL trimers, 

Chen et al. reported tetramers and Wang et al. reported hexamers. Following homo-

oligomerization, MLKL relocates to the PM via interactions with positively charged amino 

acids on the surface of MLKL with PM phosphatidylinositol phosphates (PIPs) (Dondelinger 

et al., 2014). Once at the cell surface, there are discrepancies with respect to the functional 

role of MLKL. In the first study, MLKL was reported to interact with a calcium channel to 

induce the influx of calcium and disrupt osmotic homeostasis resulting in oncosis (Cai et al., 

2014). In a second study, PM localized MLKL was instead connected to a sodium channel, 



  33 

inducing sodium influx to rupture the PM (Chen et al., 2014). It has now recently been 

suggested that once at the PM, MLKL homo-oligomers assemble into a pore that disrupts 

osmotic homeostasis resulting in oncosis, PM rupture and subsequent necroptotic demise, 

suggesting a more direct pore-forming function of MLKL rather than an indirect function 

through ion channels (Dondelinger et al., 2014). While these studies mark a major milestone 

in necroptosis research, further exploration is required to determine the exact mechanism of 

necroptotic execution.  

 
1.5.8 Necroptosis by PAMPs 

      TLR3 and TLR4 have been shown to induce Rip3-mediated necroptosis in macrophages 

(He et al., 2011) (see Fig. 4). Engagement of TLR3 with polyinosinic-polycytidylic acid 

(polyI:C), a double stranded RNA mimetic, or TLR4 with LPS in the absence of functional 

caspases results in the association of TRIF and Rip3 through RHIM domain interactions (He 

et al., 2011). The signaling events downstream of TRIF/Rip3 are currently unclear. PRR-

mediated necroptosis is important for antimicrobial innate immune responses, especially 

under conditions of pathogen induced apoptotic inhibition (He et al., 2011). More 

specifically, some viruses have evolved cell death inhibitors as a mechanism to subvert the 

host immune response  (Ekert et al., 1999). For example, cowpox virus-encoded protein, 

cytokine response modifier A (CrmA), inhibits mammalian caspases as a mechanism to 

prevent apoptosis of infected cells (Gillet and Brun, 1996). To circumvent this issue, 

necroptosis provides the host with an alternative pathway to remove infected cells. With this 

being said, the evolutionary arms race between host and pathogen continues as viral 

inhibitors of necroptosis have been recently reported (Upton et al., 2010). For example, viral 

M45-encoded inhibitor of Rip activation (vIRA) is a murine cytomegalovirus (MCMV)  
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Figure 4. LPS and PolyI:C-mediated necroptosis signaling pathways. Engagement of TLR4 
with LPS recruits signal transducing adapter proteins MyD88 and TRIF to the cytosolic 
domain of TLR4. Endosomal TLR3 interacts with TRIF following stimulation with double 
stranded RNA mimetic PolyI:C. Stimulation of TLR3 or TLR4 leads to Rip1 
phosphorylation, however the mechanism of Rip1 phosphorylation is unclear. In the presence 
of zVAD, Rip1 induces Rip3 phosphorylation via homologous RHIM domain interactions 
between TRIF, Rip1 and Rip3. Very little work has been done to fully characterize TLR-
mediated necroptotic signaling pathways. Presumably necrosome formation and subsequent 
phosphorylation of MLKL (similar to what occurs in TNF-mediated necroptosis) follows 
Rip3 activation.  
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protein that targets Rip3 and inhibits necroptosis (Upton et al., 2010). The discovery of viral 

inhibitors of necroptosis provides further support for the notion that this immunogenic form 

of death evolved in higher vertebrates as a defense mechanism against invading pathogens 

(Linkermann and Green, 2014). 

 
1.5.9 Necroptosis and IFN-I signaling 

      For many years IFN-I signaling and necroptotic cell death were considered to be separate, 

non-related events. It was not until a recent study investigating mechanisms of cancer 

resistance in blind mole rats that this notion began to change (Gorbunova et al., 2010). 

Intriguingly, Gorbunova and colleagues (2010) discovered a unique anti-cancer adaptation 

involving massive necrotic cell death, which appeared to occur in response to IFNβ secreted 

by proliferating cells. A few years later, Robinson et al. (2012) provided further insight into 

the role of IFN-I signaling in necroptosis by examining macrophages infected with 

Salmonella enterica serovar Typhimurium (ST). Importantly, Robinson and colleagues 

(2012) demonstrated that IFN-Is are required for ST-induced necroptosis of macrophages. 

More specifically, IFN-Is were shown to induce Rip1 phosphorylation, unveiling a 

previously unidentified role for IFN-Is in programmed necrosis of macrophages (Robinson et 

al., 2014). Robinson and colleagues (2012) added another important piece to the puzzle of 

necroptosis, however the mechanistic relationship between IFN-I signaling and necroptosis 

remained unclear. Additionally, a study by Thapa et al. (2013) demonstrated that type II 

IFNs mediate necroptosis of MEFs via RNA-responsive protein kinase R (PKR) and in the 

absence of FADD, which provided further support for an important necroptotic role for IFNs.  
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2.0 SUMMARY AND HYPOTHESIS  

 
2.1 Rationale: Necroptosis has been implicated in the pathogenesis of a variety of human 

diseases ranging from ischemic-reperfusion injury to sepsis (Vandenabeele et al., 2010). It is 

therefore critically important to gain a thorough understanding of the mechanisms of 

necroptosis in order to develop therapies to suppress detrimental necrotic cell death and 

subsequent inflammatory pathology (Degterev et al., 2005). In addition, necroptosis may 

provide a promising avenue in the fight against apoptotic resistant cancer cells (Gorbunova et 

al., 2010).  

2.2 Hypothesis: Intracellular type I interferon signaling induces the maintenance of Rip3 

phosphorylation leading to macrophage necroptosis. 

2.3 Objectives: 

1. To identify how the necroptotic signal is transmitted following ligand-receptor 

binding using murine bone marrow derived macrophages.  

a. Experiments using dynasore, an inhibitor of dynamin-mediated endocytosis, 

will be performed to determine if the necroptotic signal is transmitted at the 

cell surface or intracellularly following receptor-mediated endocytosis.  

b. Exploration into the effects of dynasore on key necroptotic proteins Rip1 and 

Rip3 will be performed.  

c. The impact of dynasore treatment on the inflammatory phenotype consequent 

of necroptosis will be explored.  

d. Implications of NFκB signaling on necroptosis will be investigated.  
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2. To investigate the intracellular mechanisms of IFNβ-mediated necroptosis.  

a. IFNAR1 knockout mice will be utilized to explore the function of IFN-Is in 

macrophage necroptosis. 

b. The role of IFN-I signaling in Rip1/3 activation will be evaluated. 

c. Mechanisms of necrosome formation in response to necroptotic stimuli will 

be explored. 

d. Various knockout mice and chemical inhibitors will be utilized to delineate 

key components of the necroptotic signaling pathway.   
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3.0 MATERIALS AND METHODS 

 
3.1 Animals: Mice were housed under specific pathogen-free conditions at the University of 

Ottawa Animal Facility. All mice were maintained in accordance with CCAC guidelines. 

Protocols and procedures were approved and monitored by the University of Ottawa Animal 

Care Committee and Ethics Board. Strains of mice utilized for experiments are listed in 

Table 1. All mice were age and sex-matched for experiments. Unless stated otherwise, all 

knockout mice were on a C57BL/6 genetic background.  

3.2 Generation of Bone Marrow Derived Macrophages: Primary murine bone marrow 

derived macrophages were used for the majority of experiments. Following CO2 euthanasia 

mice were thoroughly coated with 70% ethanol. Scissors and tweezers were used to remove 

fur surrounding the fore and hindlimbs prior to limb excision. Muscles and tissue was 

carefully removed from bones using scissors, tweezers and paper towel soaked in 70% 

ethanol. Once thoroughly cleaned bones were placed in RPMI + 8% FBS + 55 µM 1000X β-

mercaptoethanol (2ME) + 50 ng/ml gentamycin (R8+gentamycin). To harvest pluripotent 

hematopoietic stem cells, a small gauge needle was used to flush bones with R8+gentamycin. 

Bone marrow was flushed through a 100 nm cell strainer and into a 50 ml falcon tube. A 

small 10 µl aliquot was taken to count the number of cells while remaining cells were 

centrifuged at 1600 RPM for 7 minutes. 50 mm plastic Petri dishes were coated with 

macrophage colony stimulating factor (M-CSF) at 5 ng/ml. To prevent macrophages from 

clumping in culture, M-CSF was spread evenly over the bottom of the Petri dish using an L 

spreader. Following centrifugation, the cell pellet was resuspended in R8+gentamycin and 

approximately 14x106 cells were added to each Petri dish. R8 + gentamycin was added to 

Petri dishes for a final volume of 10 ml. Petri dishes were incubated at 37°C for 6 days to  
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Table 1.  Mouse strains used for experiments. 

Mouse Strain Source Other Information 

C57BL/6 Jackson Laboratories Stock #000664 

129S6 Taconic Stock: 129SVE-F 

IFNAR1-/- A kind gift from Dr. Kaja 
Murali-Krishna 

(Emory University, USA) 

Mice were backcrossed to 
C57BL/6 for 14 generations as 

described by   
Kolumam et al. (2005) from 
mice generated as described 

by Müller et al. (1994) 
Rip3-/- A kind gift from Dr. Vishva 

Dixit (Genentech, USA) 
Generated as described by 

Newton et al. (2004) 
TRIF-/- Jackson Laboratories Stock #005037 

MyD88-/- Jackson Laboratories Stock #009088 

IRF3-/- Bones provided by  
Dr. Karen Mossman 

(McMaster University, 
Canada) 

Generated as described by 
Sato et al. (2000) 

IRF7-/- Bones provided by  
Dr. Karen Mossman 

(McMaster University, 
Canada) 

Generated as described by 
Honda and Taniguchi (2006) 

IRF3/7-/- Bones provided by  
Dr. Karen Mossman 

(McMaster University, 
Canada) 

Generated as described by 
Daffis et al. (2009)  

IRF9-/- Bones provided by  
Dr. Karen Mossman 

(McMaster University, 
Canada) 

Generated as described by 
Kimura et al. (1996) 

STAT1-/- Taconic 129S6 genetic background 
Generated as described by 

Meraz et al. (1996) 
Stock: 2045-F 

STAT2-/- Bones provided by 
collaborator Dr. Ana Gamero  

(Temple University, USA)  

Mice were backcrossed to 
C57BL/6 for 11 generations 
Generated as described by 

Park et al. (2000) 
TNFR1/2-/- Jackson Laboratories Stock #003243 
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allow macrophage differentiation to occur. The purity of macrophages was confirmed by 

flow cytometry (CD11b+/F4/80+). 

3.3 In vitro Inhibitor Assays: BMDMs were treated with many different small molecule 

inhibitors and agonists as listed in Table 2. Techniques varied for each experiment and 

details will be provided in the text. In general, BMDMs were plated after remaining in 

culture with M-CSF for 6 days. In a 96-well flat bottom tissue culture plate (Falcon), 

macrophages were seeded at 7x104 cells/well one day before treatment with inhibitors and 

agonists to ensure adherence and prevent treatment of macrophages in a pre-stressed state 

from plating. Following treatment with appropriate concentrations of inhibitors and agonists, 

macrophages were usually left for 24 hours before cell death or viability was measured. 

3.4 Cell viability assay (MTT assay): Cell viability was assessed using the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. In a reservoir, the 

MTT reagent was mixed into R8+gentamycin at a final concentration of 0.5 mg/ml. Cell 

supernatant was collected and frozen for future experiments or aspired and discarded. 100 µl 

of MTT + R8+gentamycin was added to the cells, which were then incubated at 37°C for 2 

hours. Cells were lysed by adding 5mM HCl in isopropyl alcohol and vigorously mixed to 

solubilize the MTT crystals. Optical density values were obtained by measuring absorption at 

570 nm with a reference wavelength of 650 nm on a Molecular Devices Emax plate reader. 

Data was analyzed using SoftMax Pro and Graphpad Prism software. Unless otherwise stated, 

cells were normalized to the corresponding stimulated control in the absence of zVAD (i.e. 

LPS+zVAD treated cells were normalized to LPS treated cells while TNFα+zVAD treated 

cells were normalized to TNFα).  
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Table 2.  Inhibitors and agonists used for experiments. 

Inhibitor/Agonist Source Notes Concentrations  
    

zVAD 
 

EMD Millipore 
(Cat. # 627610) 

Pan-caspase inhibitor 10-50 µM 

Necrostatin-1 
 (Nec-1) 

Sigma-Aldrich 
(Cat. # 9037) 

Inhibitor of Rip1 
kinase activity 

30 µM 

Dynasore Hydrate Sigma-Aldrich 
(Cat. # D7693) 

Dynamin inhibitor 
preventing dynamin-
mediated endocytosis 

40-80 µM 

Lactacystin Sigma-Aldrich 
(Cat. # L6785) 

Irreversible 
proteasome inhibitor 

10 µg/ml 

Ultra pure LPS from 
E. coli 0111:B4 

Sigma-Aldrich 
(Cat. # L3024) 

Cell wall component 
of gram negative 
bacteria used to 
stimulate TLR4 

100 ng/ml 

PolyI:C Sigma-Aldrich  
(Cat. # P1530) 

dsRNA mimetic used 
to stimulate TLR3 

20 µg/ml 

Recombinant mouse 
TNFα 

R&D Systems 
(Cat. # 410-MT) 

TNFR agonist 50 µg/ml 

Recombinant mouse 
IFNβ 

 
 

SM-164 

PBL 
InterferonSource 
(Cat. # 12400-1) 

 
A gift from Dr. 

Shaomeng Wang, 
(University of 

Michigan) 

IFNAR agonist 
 
 
 

xIAP, cIAP1 and 
cIAP2 inhibitor 

100 U/ml 
 
 
 

1000-5000 nM 

    
 
Note: All inhibitors and agonist were diluted in R8+gentamycin from stock.  
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3.5 Western blotting: In a 24-well plate, BMDMs were seeded at 3x105 cells/well after 6 

days in culture with M-CSF. The following day macrophages were treated with inhibitors 

and agonists at different time points to perform a time course. Supernatants were collected 

and frozen for cytokine analysis and macrophages were washed with PBS. PBS was 

aspirated and cells were directly lysed in 1% SDS lysis buffer with 1% β-mercaptoethanol. 

Samples were boiled immediately in an attempt to minimize protein degradation and frozen 

for future use. Standard protocol for western blot analysis was followed. Lysates were run on 

a 1.5 mm 10- or 15-well 6%, 8% or 10% polyacrylamide gel depending on the size of the 

proteins of interest. Gels were typically loaded with 25 µl of lysate and run at 120 V for one 

hour and 20 minutes.  

         A PVDF membrane was soaked with methanol, rinsed with water and then incubated 

with 20% methanol transfer buffer for minutes before setting up the transfer. The transfer 

was run at 400 mA for an hour and 15 minutes. An ice pack was added to the transfer 

cassette to prevent overheating. Once transferred, the membrane was blocked in 5% skim 

milk in Tris Buffered Saline Solution (TBS – 0.5M Tris, 1.5 NaCl pH 7) with 0.5% Tween-

20 (TBST) or 5% bovine serum albumin (BSA) depending on the manufacturers protocol for 

one hour at room temperature on the rocker. Primary antibodies were diluted in appropriate 

blocking buffer (5% milk or BSA), added to the membrane and incubated overnight on the 

rocker at 4°C. Antibodies and corresponding dilutions used are listed in Table 3. Diluted 

primary antibody was kept for up to one month by adding 0.2% sodium azide to milk (no 

sodium azide was added to BSA diluted antibodies). Membranes were then washed with 

TBST three times at ten minutes/wash before adding secondary antibody diluted in the 

appropriate blocking buffer (5% milk or BSA) for one hour. Secondary antibody was  
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Table 3.  Primary and secondary antibodies used for western blot analysis. 

Antibody Source Dilution Used 
   

Mouse anti-Rip1 BD Transduction 
Laboratories 

(Cat. # 610458) 

1:1000 in 5% milk 

Mouse anti-Actin Santa Cruz Biotechnology 
(Cat. # 47778) 

1:1000 in 5% milk 

Mouse anti-PKR Santa Cruz Biotechnology 
(Cat. # 6282) 

1:1000 in 5% milk 

Rabbit anti-Rip3 ProSci Inc. 
(Cat. # 2283) 

1:1000 in 5% milk 

Rabbit anti-STAT1 Cell Signaling 
(Cat. # 9172) 

1:1000 in 5% milk 

Rabbit anti-phosphorylated 
STAT1 

Cell Signaling 
(Cat. # 9167) 

1:1000 in 5% milk 

Rabbit anti-STAT2 Cell Signaling 
(Cat. # 4597) 

1:1000 in 5% milk 

Rabbit anti-p65 Cell Signaling 
(Cat. # 8242) 

1:1000 in 5% BSA 

Rabbit anti-phosphorylated 
p65 

Cell Signaling 
(Cat. # 3033) 

1:1000 in 5% BSA 

Rabbit anti-cIAP1/2 Cyclex 
(Cat. # CY-P1041) 

1:1000 in 5% milk 

Rat anti-MLKL EMD Millipore 
(Cat. # MABC604) 

1:1000 in 5% milk 

Rabbit anti-phosphorylated 
PKR 

EMD Millipore 
(Cat. # 07-886) 

1:1000 in 5% milk 

Goat anti-mouse HRP 
conjugated secondary 

antibody 

Santa Cruz Biotechnology 
(Cat. # 2005) 

1:1000 in 5% milk 

Goat anti-rabbit HRP 
conjugated secondary 

antibody  

Santa Cruz Biotechnology 
(Cat. # 2004) 

1:1000 in 5% milk 

Sheep anti-rat HRP 
conjugated secondary  

antibody 

EMD Millipore 
(Cat. # AP510P) 

1:1000 in 5% milk 
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discarded and membranes were washed five times at ten minute/wash. Membranes were 

visualized using either luminol ELC substrate (Thermo Scientific #32106) or the highly 

sensitive West Femto ECL substrate (Thermo Scientific #34095) depending on protein 

expression. Photosensitive film (Sigma-Aldrich, Carestream Heath 785019) was used to 

examine protein expression. Results were quantified using Image-J software to perform 

densitometic analyses. 

3.6 Lambda Phosphatase Assay: Some antibodies, such as Rip1 and Rip3, do not have a 

phospho-specific antibody counterpoint that is commercially available. Importantly, the Rip1 

and Rip3 antibodies used in this thesis detect a slower migrating band located just above the 

targeted protein. Previous reports have suggested that these bands with a slightly higher 

molecular weight are phosphorylated proteins of interest. To confirm this, a lambda 

phosphatase experiment was performed to dephosphorylate proteins. BMDMs were plated 

after 6 days of being in culture with M-CSF at 3x105 cells/well in a 24-well plate. 24 hours 

later macrophages were treated with inhibitors and agonists (described in the text) and lysed 

with RIPA buffer containing protease inhibitors (Roche Applied Science, 04693132001). 

Phosphatase treatments included 500 units of lambda phosphatase (Santa Cruz 

Biotechnology, 2000312) for 30 minutes at 30°C. SDS lysis buffer was added to samples, 

which were then boiled for 5 minutes at 100°C before western blot analysis. 

3.7 Immunofluorescence: BMDMs were plated at 7x104 cells/well in a 96-well plate after 

differentiating for 6 days in culture. 24 hours later, macrophages were treated with 

corresponding reagents as described in the text. Following another 24 hour incubation, media 

was aspirated and 100 µl/well of clear RPMI lacking phenol was added to the cells. 

Macrophages were stained with Hoechst (2.5 µg/ml; Invitrogen 33342) and propidium iodide 

(PI) (1:10 dilution; BD Pharmingen, 550825) and incubated at 37°C for 25 minutes prior to 
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being examined by immunofluorescence microscopy. A Zeiss AxioObserver.D1 microscope 

was used and the AxioVision Rel. 4.8 program was used to analyze images. Cells were 

quantitated using the Lumenera Infinity Analyze program.  

3.8 Cytokine Analysis: Enzyme linked immunosorbant assays (ELISAs) were used to 

measure the concentration of cytokines produced in response to various inhibitors and 

agonists as described in the text. Murine IL-10 (BD Biosciences, 555252) and TNFα (BD 

Biosciences, 560478) were measured using a kit while IL-6 was measured using a primary 

and secondary IL-6 antibody pair (eBioscience, 14-7061-81, 13-7062-85). Briefly, microwell 

96-well plates were coated with 50 µl /well of diluted capture antibody, sealed and incubated 

at 4°C overnight.  The following day plates were aspirated and washed 3 times with PBST 

(washing buffer). Plates were blocked with 100 µl/well of assay diluent, sealed and incubated 

at room temperature for 1 hour. Plates were then aspirated and washed 3 times with washing 

buffer. 50 µl of standard and sample were added to the plates, which were sealed and 

incubated at room temperature for 2 hours. Plates were aspirated and washed 5 times with 

washing buffer. 50 µl/well of working detector (detection antibody+Steptavidin-HRP) was 

added to IL-10 and TNFα plates before sealing and incubating at room temperature for 1 

hour. For IL-6 plates, 50 µl/well of detection antibody was added and plates were sealed and 

incubated at room temperature for 1 hour. After washing 3 times, 50 µl/well of Steptavidin 

was added to the IL-6 plates, which were then sealed and incubated at room temperature for 

30 minutes. All plates were washed 7 times and 50 µl of substrate solution (mixed at a 1:1 

ratio) was added to each well. Plates were sealed and incubated in the dark for varying 

amounts of time depending on the development of standards. 25µl of stop solution (2N 

H2SO4) was added to each well and absorbance was read at 450 nm – 570 nm on a Molecular 

Devices Emax plate reader. Data were analyzed using SoftMax Pro and Graphpad Prism. 
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3.9 IFNβ production: IFNβ expression was assessed using an L929 cell line (obtained from 

Dr. Bruce Beutler, USA) with a luciferase reporter gene cloned under the regulation of an 

ISRE promoter. A frozen stock of ISRE-L929 cells was revived in 10% FBS + 2ME + 

Dulbecco’s Modified Eagle’s Medium (DMEM) and incubated at 37°C for several days to 

allow cells to proliferate. ISRE-L929 cells were seeded at 5x104 cells/well in a 96-well flat 

bottom plate and incubated with 40 µl of BMDM culture supernatant for 4 hours. Cells were 

quickly rinsed with PBS and then lysed with 20 µl/well of 1X lysis buffer supplied in the 

luciferase assay system kit (Promega, E1500). 100 µl of luciferase assay reagent was added 

to each well containing lysed cells and luminescence was measured using a Molecular 

Devices Emax plate reader. Data were analyzed using SoftMax Pro and Graphpad Prism.  

3.10 LDH Assay: In addition to examining cell viability via MTT assay, cell death was 

measured using a commercial lactate dehydrogenase (LDH) release assay (Sigma-Aldrich, 

TOX7) according to the manufacturers protocol. Briefly, supernatants were collected from 

BMDMs treated with various reagents as described in the text. Equal parts of LDH substrate, 

LDH dye and LDH cofactor were mixed together prior to adding a 1:1 ratio of LDH mixture 

to supernatants. This solution was incubated at room temperature in the dark for 

approximately 30 minutes before the reaction was stopped with a 1/10 volume of 1N HCl. 

The signal was then measured at 490 nm with a reference of 650 nm on a Molecular Devices 

Emax plate reader. Data were analyzed using SoftMax Pro and Graphpad Prism. 
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4.0 RESULTS 

 
 

4.1 Dynamin-mediated endocytosis plays a role in necroptosis of macrophages  

 
4.1.1 Stimulation and caspase inhibition are required for the induction of necroptosis in 

macrophages 

      To investigate the upstream necroptotic signaling events,  murine macrophages were 

treated with various stimuli and incubated with 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) to measure cell viability. Live cells reduce MTT into 

formazan crystals resulting in higher optical density (OD) values, while dead cells are unable 

to perform this conversion and therefore display much lower OD values. Cell viability was 

also assessed by immunofluorescence imaging after adding propidium iodide (PI) and 

Hoechst to macrophages. WT C57BL/6 murine bone marrow derived macrophages 

(BMDMs) were generated and plated as described in experimental methods. BMDMs were 

treated with various stimuli for 24 hours. WT BMDMs did not die in response to treatment 

with cytokines, such as TNFα or IFNβ, or PAMPs, such as LPS or PolyI:C. Instead, cytokine 

or PAMP treatment resulted in much higher OD values, indicative of very little cell death 

occuring (Fig. 5A-C). Only in the combined presence of the pan-caspase inhibitor zVAD and 

stimulant did macrophages die by necroptosis (Fig. 5B-C). Additionally, caspase inhibition 

with zVAD treatment alone enhanced metabolic activity and did not induce detectable cell 

death (Figure 6A). Macrophages died by necroptosis in response to LPS+zVAD, 

TNFα+zVAD, IFNβ+zVAD and PolyI:C+zVAD treatment, a phenotype that was inhibited in 

the presence of Rip1 kinase inhibitor necrostatin-1 (Nec-1) (Fig. 6A). These results 

demonstrate that cytokines/PAMPs and zVAD are needed for necroptosis of murine BMDMs.  
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Figure 5. Stimulation of necroptosis inducing receptors in the absence of zVAD does not 
induce death. BMDMs from WT C57BL/6 mice were treated with various stimuli including 
LPS (100ng/ml), TNFα (50 ng/ml), IFNβ (100 U/ml) and PolyI:C (20 µg/ml) for 24 hours 
before measuring cell viability by MTT assay (A). WT BMDMs were treated as mentioned 
above and cell viability was assessed by immunofluorescence using Hoescht (blue) and 
Propidium Iodide (PI) (red) co-staining (B). Images were taken and analyzed using 
AxioVision Rel. 4.8 program and the percentage of dead (PI+) cells were quantitated using 
the Lumenera Infinity Analyze program (C). Data representative of at least three independent 
experiments.  
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Figure 6. zVAD alone does not kill macrophages. WT BMDMs were treated with different 
combinations of zVAD (25-50 µM), Nec-1 (30 µM), LPS (100ng/ml), TNFα (50 ng/ml), 
IFNβ (100 U/ml) and PolyI:C (20 µg/ml) for 24 hours before measuring cell viability by 
MTT assay (A). Graph shows % cell viability mean ± SEM relative to cells treated with 
corresponding stimuli in the absence of zVAD and are representative of at least 3 
independent experiments performed in triplicate. 
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4.1.2 Necroptotic signaling results in Rip1 and Rip3 phosphorylation 

      As a measure of necroptotic activation, lysates from WT BMDMs treated with 

LPS/zVAD were collected to examine Rip1 and Rip3 phosphorylation by western blot (Fig. 

7A). Antibodies specific to mouse phosphorylated Rip1 and Rip3 are currently unavailable 

commercially, however, the two particular Rip1 and Rip3 antibodies employed in my 

experiments detect both phosphorylated and unphosphorylated bands for Rip1 and Rip3 (Fig. 

7A). Following LPS/zVAD stimulation, Rip1 was rapidly activated with the phosphorylated 

band appearing within 10 minutes post treatment, while the phosphorylated Rip3 band was 

detectable at a much later time point (Fig. 7A). To confirm the presence of phosphorylated 

Rip1 and phosphorylated Rip3 I treated extracts with lambda phosphatase (as described in 

experimental methods) to dephosphorylate proteins (Fig. 7B). Importantly, the slower 

migrating Rip1 and Rip3 bands disappeared when treated with lambda phosphatase, thus 

confirming the upper bands to be phosphorylated forms of Rip1 and Rip3 (Fig. 7B).   

 
4.1.3 Blockage of dynamin-mediated endocytosis dramatically reduces cytokine 

production and STAT1 phosphorylation. 

      The first aim of this thesis was to investigate how the necroptotic signal is transmitted 

following ligand-receptor binding. Since ligand-receptor binding in the case of PAMPs and 

cytokines occurs at the cell surface I was interested in blocking endocytosis to examine the 

impact on cytokine production and necroptosis in response to stimuli known to induce both.  

Dynasore is a potent inhibitor of dynamin and dynamin dependent endocytosis (Macia et al., 

2006). I treated BMDMs with dynasore to evaluate the impact on cytokine expression and 

necroptosis. Supernatants from BMDMs treated with LPS/zVAD (Fig. 8A), TNFα/zVAD 

(Fig. 8B) and IFNβ/zVAD (Fig. 8C) with and without dynasore for 6 and 24 hours were  
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Figure 7. Necroptotic activation can be assessed by Rip1 and Rip3 phosphorylation. Lysates 
were collected from LPS (100 ng/ml)/zVAD (50 µM) treated WT BMDMs to examine by 
western blot (A). To confirm the presence of phosphorylated Rip1 and phosphorylated Rip3, 
lysates were treated as mentioned above with and without lambda phosphatase (500 units) as 
described in experimental methods (B). Data representative of at least three independent 
experiments.  
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Figure 8. Dynasore treatment significantly reduces IL-6 and IL-10 production. WT BMDMs 
were treated with and without dynasore (80 µM) in addition to LPS/zVAD, TNFα/zVAD and 
IFNβ/zVAD. Supernatants were collected from LPS/zVAD +/- dynasore (A), TNFα/zVAD 
+/- dynasore (B) and IFNβ/zVAD +/- dynasore (C) at 6 and 24 hours and analyzed by ELISA 
for IL-6 and IL-10 production. Graphs show mean ± SEM and are representative of at least 3 
independent experiments performed in duplicate. Statistical analyses done by unpaired 
students t-test *P<0.05, **P<0.001 and ***P<0.0001. 
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collected to measure cytokine expression. Pre-treatment with dynasore resulted in 

significantly less IL-6 and IL-10 production in response to LPS/zVAD, TNFα/zVAD and 

IFNβ/zVAD relative to groups without dynasore (Fig. 8A-C). To further validate whether 

cell signaling was attenuated with dynasore treatment, I evaluated the impact on IFNβ 

induced phosphorylation of transcription factor STAT1. Lysates from WT BMDMs treated 

with IFNβ/zVAD with and without dynasore for different time intervals were collected and 

examined by western blot (Fig. 9A). Inhibition of dynamin-mediated endocytosis resulted in 

strongly reduced levels of phosphorylated signal transducer and activator of transcription 1 

(STAT1) (Fig. 9A). These results indicate that although the receptor interactions happen at 

the cell surface, dynamin dependent endocytosis is required for cell signaling by IFNβ and 

suggest that the same is true for LPS and TNFα signaling. 

 
4.1.4 The role of dynamin-mediated endocytosis in necroptosis of macrophages  

      After observing a marked decrease in cytokine production as a result of inhibiting 

dynamin-mediated endocytosis I next wanted to determine if there was an impact on 

necroptosis of macrophages. WT BMDMs were treated with necroptotic stimuli, varying 

concentrations of zVAD, Nec-1 and with and without dynamin inhibitor dynasore. For every 

experiment, all cells treated with dynasore were pre-treated for 30 minutes prior to the 

addition of other reagents. Cell viability was assessed 24 hours after treatment via MTT 

assay. Interestingly, dynasore treatment did not inhibit LPS/zVAD induced necroptosis of 

macrophages. Rather, there was a slight, yet significant, exacerbation of necroptosis in 

response to dynasore, LPS and zVAD treatment (Fig. 10A). In contrast, dynasore treatment 

had the opposite effect on TNFα and IFNβ-mediated necroptosis in which case there was a 

potent inhibition of necroptosis (Fig. 10B,C). No effect was observed in cells treated with  
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Figure 9. Dynasore treatment significantly reduces STAT1 phosphorylation. Lysates were 
collected from WT BMDMs treated with IFNβ (100 U/ml)/zVAD (50 µM) +/- dynasore (80 
µM) to measure STAT1 phosphorylation by western blot (A). Data representative of at least 
3 independent experiments.  
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Figure 10. Dynamin-mediated endocytosis is required for TNFα and IFNβ-mediated 
necroptosis. BMDMs from WT mice were treated with different concentrations of zVAD, 
+/- dynasore (80 µM) and various stimuli including LPS (100ng/ml) (A), TNFα (50 ng/ml) 
(B) and IFNβ (100 U/ml) (C) and PolyI:C (G). Each group was also treated with and without 
Nec-1 (30 µM). Macrophages were left for 24 hours before assessing cell viability by MTT 
assay and/or immunofluorescence using Hoescht (blue) and Propidium Iodide (red) co-
staining (A-G). Graphs show % cell viability mean ± SEM relative to cells treated with 
corresponding stimuli in the absence of zVAD and are representative of at least 3 
independent experiments performed in triplicate. Statistical analyses done by unpaired 
students t-test *P<0.05, **P<0.001 and ***P<0.0001. 
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PolyI:C+zVAD+dynasore (Figure 10G). Providing further support for this data, cell viability 

was alternatively measured by staining BMDMs with Hoechst and PI and analyzed by 

immunofluorescence microscopy, which indeed demonstrated that inhibition of dynamin-

mediated endocytosis prevented TNFα and IFNβ-mediated necroptosis while slightly 

enhancing LPS-mediated necroptosis (Figure 10D-F). 

 
4.1.5 The role of dynamin-mediated endocytosis in necroptosis may be specific to 

macrophages  

 A murine embryonic fibroblast (MEF) cell line, which was generated by 

immortalizing primary MEFs by E1A/Ras transformation, was maintained in 10% FBS + 

2ME + Dulbecco’s Modified Eagle’s Medium (DMEM) and used to examine the role of 

endocytosis in necroptosis within a cell type other than macrophages. MEFs were plated at 

3x104 cells/well in a 96-well flat bottom plate the day prior to treatment. Cells were treated 

with various reagents for 24 hours and cell viability was measured by MTT assay. MEFs 

were only susceptible to necroptosis in response to TNF+zVAD treatment, which was 

rescuable by Nec-1 (Fig. 11A). Similar to dynasore treated BMDMs, MEFs were pre-treated 

with different concentrations of dynasore for 30 minutes prior to the addition of TNF, 

varying concentrations of zVAD and Nec-1 (Fig. 11B). Inhibition of dynamin-mediated 

endocytosis did not rescue MEFs from necroptotic cell death. These results stand in direct 

contrast to the role of dynamin-mediated endocytosis in necroptosis of macrophages. Hence 

it is likely that there are substantial differences in the signaling mechanisms employed by 

various cell types as they respond to necroptotic stimuli.  
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Figure 11. Necroptosis of MEFs occurs independently of dynamin-mediated endocytosis. 
MEFs were treated with different concentrations of zVAD, with and without Nec-1 (30 µM), 
LPS (100ng/ml), TNFα (100 ng/ml) and IFNβ (100 U/ml) (A). MEFs were treated with 
TNF/zVAD with and without different concentrations of dynasore (B). Graphs show % cell 
viability mean ± SEM relative to cells treated with corresponding stimuli in the absence of 
zVAD and are representative of at least 3 independent experiments performed in triplicate.  
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4.1.6 Inhibition of dynamin dependent endocytosis strongly impairs TNFα induced 

necroptotic and canonical NFκB signaling 

     To further investigate why dynasore treatment inhibits TNFα-mediated necroptosis I 

collected lysates from WT BMDMs treated with TNFα+zVAD at varying time intervals over 

the course of 6 hours for western blot analysis of Rip1 and Rip3 activation. Interestingly, 

dynasore treatment did not impact Rip1 phosphorylation but dramatically reduced the 

phosphorylation of Rip3 and activation of NFκB (Fig. 12A). To quantify western blots, 

densitometric analysis of phosphorylated Rip1 to total unphosphorylated Rip1 (pRip1/Rip1), 

pRip3/Rip3 and p-p65/p65 ratios were measured (Fig. 12B-D). 

 
4.2 Type I interferon signaling is required for necroptosis of macrophages 

 
4.2.1 Signaling through IFNAR1 is required for necroptosis   

      Having evaluated the upstream signaling events of macrophage necroptosis, I was next 

interested in examining the downstream intracellular necroptotic signaling events, 

particularly in the context of IFN-I signaling. To explore the second aim of my thesis, many 

different experiments were performed using IFNAR1-/- mice. These mice lack one of the 

two subunits of the IFN-I receptor and therefore have impaired IFN-I signaling. BMDMs 

were generated from WT and IFNAR1-/- mice as described in experimental methods. 

Macrophages were plated at 7x104 cells/well in a 96-well flat bottom plate. Necroptotic 

stimuli and inhibitors were added to macrophages for 24 hours. Cell viability was measured 

by MTT assay and immunofluorescence. Interestingly, IFNAR1-/- BMDMs were highly 

resistant to LPS/zVAD, TNFα/zVAD, PolyI:C/zVAD and IFNβ/zVAD induced necroptosis 

relative to WT macrophages (Fig. 13A-E).     
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Figure 12. Inhibition of TNFR endocytosis strongly reduces Rip3 phosphorylation and 
hinders NFκB signaling. Lysates from WT BMDMs treated with LPS (100 ng/ml) and 
zVAD (50 µM) with and without dynasore (80 µM) for different time intervals over the 
course of 6 hours were collected and examined by western blot (A). Densitometry ratios of 
phosphorylated Rip1 to unphosphorylated Rip1 (pRip1/Rip1), pRip3/Rip3 and p-p65/p65 
were calculated (B-D). Data are representative of at least three independent experiments. 
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Figure 13. Type I interferon signalling is required for LPS, TNFα and PolyI:C-mediated 
necroptosis in macrophages. WT and IFNAR1 deficient BMDMs were treated with 
LPS/zVAD, TNFα/zVAD, PolyI:C/zVAD and IFNβ/zVAD, all with and without Nec-1, for 
24 hours before measuring cell viability by MTT assay or immunofluorescence using 
Hoechst (blue) and PI co-staining (red) (A-E). LPS was used at a concentration of 100 ng/ml, 
zVAD at 25-50 µM, TNFα at 50 ng/ml, IFNβ at 100 U/ml, PolyI:C at 20 µg/ml and Nec-1 at 
30 µM. Graphs show % cell viability mean ± SEM relative to cells treated with 
corresponding stimuli in the absence of zVAD and are representative of at least 3 
independent experiments performed in triplicate. Statistical analyses done by unpaired 
students t-test *P<0.05, **P<0.001 and ***P<0.0001. 
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      To test whether mice lacking both subunits of the TNFR (TNFR1/2 -/-), were also 

resistant to necroptosis induced by other pathways, the same cell viability experiments were 

performed. While TNFR1/2-/- BMDMs were resistant to TNFα induced necroptosis, they 

were still susceptible to several other inducers of necroptosis (Fig. 14A-D), suggesting that 

signaling through IFNAR1 is a dominant necroptotic mechanism. The same cell viability 

experiments were also performed in Rip3 null BMDMs and as expected, Rip3 knockout 

(KO) macrophages were completely resistant to necroptosis  (Fig. 15A-D). Taken together 

these results demonstrate that IFN-I signaling, as oppose to TNF signaling, is the 

predominant mechanism of necroptosis of macrophages.  

 
4.2.2 IFN-I signaling is required for prolonged Rip3 activation     

 In order to determine the mechanism behind reduced necroptosis in IFNAR1-/- 

macrophages, I collected lysates from WT and IFNAR-/- BMDMs treated with LPS/zVAD 

at varying time intervals for up to 12 hours (Fig. 16A). Interestingly, Rip1 activation initially 

occurred similarly in WT and IFNAR1-/- macrophages, however phosphorylated Rip1 levels 

decreased more rapidly in IFNAR1-/- macrophages (Fig 16A) A stronger difference was 

observed with Rip3 phosphorylation, which was strongly attenuated in the absence of IFN-I 

signaling (Fig. 16A). To quantify Rip1 and Rip3 expression in WT and IFNAR1-/- 

macrophages, densitometry was performed and averaged on at least three independent 

western blots (Fig. 16B, C). Densitometric analysis revealed significant impairment in Rip1 

and Rip3 phosphorylation in IFNAR1-/- macrophages (Fig. 16B,C). Phosphorylation of 

STAT1 was also evaluated to decipher the mechanism involved. While phosphorylation of 

STAT1 was detected in WT BMDMs at approximately 2 hours post stimulation with 

LPS/zVAD, no detectable phosphorylated STAT1 was observed in IFNAR1-/- macrophages 
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Figure 14. TNF signaling is not required for LPS, IFNβ or PolyI:C-mediated necroptosis. 
TNFR1/2 -/- BMDMs were treated with LPS/zVAD, TNFα/zVAD, PolyI:C/zVAD and 
IFNβ/zVAD, all with and without Nec-1, for 24 hours before measuring cell viability by 
MTT assay (A-D). LPS was used at a concentration of 100 ng/ml, zVAD at 25-50 µM, TNFα 
at 50 ng/ml, IFNβ at 100 U/ml, PolyI:C at 20 µg/ml and Nec-1 at 30 µM. Graphs show % 
cell viability mean ± SEM relative to cells treated with corresponding stimuli in the absence 
of zVAD and are representative of at least 3 independent experiments performed in triplicate. 
Statistical analyses done by unpaired students t-test **P<0.001 and ***P<0.0001. 
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Figure 15. Necroptosis of macrophages is Rip3 dependent. Rip3 -/- BMDMs were treated 
with LPS/zVAD, TNFα/zVAD, PolyI:C/zVAD and IFNβ/zVAD, all with and without Nec-1, 
for 24 hours before measuring cell viability by MTT assay (A-D). LPS was used at a 
concentration of 100 ng/ml, zVAD at 25-50 µM, TNFα at 50 ng/ml, IFNβ at 100 U/ml, 
PolyI:C at 20 µg/ml and Nec-1 at 30 µM. Graphs show % cell viability mean ± SEM relative 
to cells treated with corresponding stimuli in the absence of zVAD and are representative of 
at least 3 independent experiments performed in triplicate. Statistical analyses done by 
unpaired students t-test *P<0.05, **P<0.001 and ***P<0.0001. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



   76 

 

A 

B
  

D 

37 

0 
m

in
 

100 

10
 m

in
 

1 
hr

 
2 

hr
 

4 
hr

 
6 

hr
 

7 
hr

 
10

 h
r 

12
 h

r 

75 

50 

Time after LPS + zVAD Treatment 

50 

100 

WT 

Rip3 

Rip1 

Actin 

pSTAT1 

STAT1 

pRip1 

pRip3 

0 
m

in
 

10
 m

in
 

1 
hr

 
2 

hr
 

4 
hr

 
6 

hr
 

7 
hr

 
10

 h
r 

12
 h

r 

IFNAR1-/- 

75 

75 

pPKR 
PKR 

0 10 6012
0
24
0
36
0
42
0

0.0

0.5

1.0

WT
IFNAR1-/-

**
* ** *

Time after zVAD/LPS (min)

De
ns

ity
  R

at
io

(p
Ri

p1
/T

ot
al 

Ri
p1

)

0 10 60
120

240
360

420
0.0

0.2

0.4

0.6

0.8

*
*

WT
IFNAR1 -/-

** *

Time After zVAD/LPS (min)

De
ns

ity
  R

ati
o

(p
Ri

p3
/T

ot
al 

Ri
p3

)

0 1 2 4 6 10 12
0

20

40

60

80

Time after LPS + zVAD (hours)

WT

IF
N-

I E
xp

re
ss

io
n

C 



  77 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16. IFNAR1 signaling is needed to sustain Rip3 phosphorylation. Lysates from WT 
and IFNAR1-/- BMDMs were treated with LPS (100 ng/ml) + zVAD (50 µM) for different 
time intervals over the course of 12 hours were collected to examine by western blot (A). To 
quantitate the average ratio of pRip1 to Rip1 and pRip3 to Rip3 over at least three 
independent experiments a densitometric analysis was performed (B-C). Supernatants from 
the WT BMDM 12 hour LPS/zVAD western blot time course were collected and IFNβ was 
measured using an ISRE L929 cell line as described in experimental methods (D). Western 
blot data representative of at least 3 independent experiments. IFNβ luciferase data pooled 
from two independent experiments. Statistical analyses done by unpaired students t-test 
*P<0.05 and **P<0.001. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 



   78 

(Fig. 16A). I evaluated the relative timing and extent of IFN-I expression after stimulation of 

macrophages with LPS/zVAD, and noted that the expression of IFN-I increases substantially 

after the first few hours of stimulation (Fig. 16D).  

 
4.2.3 TRIF-dependent signaling is needed for Rip3 activation and LPS-mediated 

necroptosis  

      To delve further into the LPS-mediated necroptotic pathway, I performed various 

experiments focusing on the two key adaptor proteins involved in TLR4 signaling, TRIF and 

MyD88. TRIF and MyD88 null macrophages were generated as described in experimental 

methods and treated with LPS/zVAD +/- Nec-1, TNFα/zVAD +/- Nec-1, IFNβ/zVAD +/- 

Nec-1 and PolyI:C/zVAD +/- Nec-1 for 24 hours before measuring cell viability by MTT 

assay (Fig. 17A-D). Interestingly, TRIF deficient macrophages were significantly resistant to 

LPS-mediated necroptosis and PolyI:C-mediated necroptosis (Fig. 17A,D). In response to 

TNFα/zVAD and IFNβ/zVAD treatment TRIF null macrophages remained susceptible to 

necroptosis (Fig. 17B,C). MyD88 -/- macrophages responded similarly to WT macrophages 

in response to all necroptotic stimuli, however a very slight rescue was observed in response 

to PolyI:C/zVAD treatment (Fig. 17A-D). 

      After observing necroptotic resistance in TRIF-/- BMDMs, I was interested in 

understanding the mechanisms responsible. Lysates were collected from WT, TRIF-/- and 

MyD88-/- BMDMs treated with LPS/zVAD at different time points over several hours (Fig. 

18A). Subtle differences in Rip1 activation were observed between the three groups, 

demonstrating that Rip1 activation occurs though TRIF and MyD88-dependent pathways 

(Fig. 18A). A repeated WT, TRIF-/- and MyD88-/- western blot from a separate experiment 

more clearly demonstrated the differences in Rip1 activation between the three groups (Fig.  
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Figure 17. TLR4 signaling through TRIF is important for LPS- and PolyI:C-mediated 
necroptosis. WT, TRIF-/- and MyD88-/- BMDMs were treated with LPS/zVAD, 
TNFα/zVAD, PolyI:C/zVAD and IFNβ/zVAD, all with and without Nec-1, for 24 hours 
before measuring cell viability by MTT assay (A-D). LPS was used at a concentration of 100 
ng/ml, zVAD at 25-50 µM, TNFα at 50 ng/ml, IFNβ at 100 U/ml, PolyI:C at 20 µg/ml and 
Nec-1 at 30 µM. Graphs show % cell viability mean ± SEM relative to cells treated with 
corresponding stimuli in the absence of zVAD and are representative of at least 3 
independent experiments performed in triplicate. Statistical analyses done by unpaired 
students t-test *P<0.05, **P<0.001 and ***P<0.0001. 
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Figure 18. TLR4 signaling through TRIF is needed for IFN-I production and Rip3 activation. 
Lysates for western blot analysis were collected from WT, TRIF-/- and MyD88-/- BMDMs 
treated with LPS (100 ng/ml)/zVAD (50 µM) for different time intervals up to 4 and 6 hours 
(A,B). Data representative of at least three independent experiments.  
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18B). More specifically, TRIF-/- macrophages show rapid induction of Rip1 while MyD88-/- 

macrophages show delayed Rip1 activation (Fig. 18B). Interestingly, TRIF deficient 

macrophages showed strongly attenuated phosphorylation of Rip3 and no STAT1 activation 

(Fig. 18A). Rip3 and STAT1 activation in macrophages lacking MyD88 was comparable to 

that observed in WT macrophages (Fig. 18A). 

 
4.2.4 IRF1, IRF3 and IRF7 promote macrophage necroptosis  

      Interferon regulatory factors (IRFs) are a family of nine transcription factors involved in 

the induction of genes that encode IFN-Is (Honda and Taniguchi, 2006). To investigate the 

role of various IRFs in necroptosis of macrophages I generated BMDMs from several 

different IRF KO mice. WT and IRF1 BMDMs were treated with necroptotic stimuli for 24 

hours before measuring cell viability by MTT assay (Fig. 19A-C). A significant rescue from 

TNFα-mediated necroptosis and a partial yet significant rescue from LPS-mediated 

necroptosis was observed in IRF1 deficient macrophages (Fig. 19A,B). In response to 

IFNβ/zVAD treatment, no significant difference was observed between WT and IRF1 null 

macrophages (Fig. 19C). In addition to IRF1, I also investigated the role of IRF3, IRF7 and 

IRF3/7 on necroptosis of macrophages.  IRF3, IRF7 and IRF3/7 BMDMs were partially 

resistant to LPS/zVAD, TNFα/zVAD and IFNβ/zVAD induced necroptosis (Fig. 20A-C). 

The strongest rescue was seen with IRF3 knockout macrophages, while IRF3/7 double KO 

macrophages did not display a cumulative rescue, suggesting that IRF3 and IRF7 have 

redundant roles in IFN-I induced necroptosis (Fig. 20A-C). 

 
4.2.5 IRF9 is essential for sustained Rip3 activation and necroptosis 

      In addition to IRF1, IRF3 and IRF7, I also examined the importance of IRF9 in 

macrophage necroptosis. In contrast to the function of most IRFs, which is to induce the  
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Figure 19. IRF1 plays a role in LPS- and TNFα-mediated necroptosis. WT and IRF1-/-, 
BMDMs were treated with LPS/zVAD +/- Nec-1, TNFα/zVAD +/- Nec-1 and IFNβ/zVAD 
+/- Nec-1 for 24 hours before measuring cell viability by MTT assay (A-C). LPS was used at 
a concentration of 100 ng/ml, zVAD at 25-50 µM, TNFα at 50 ng/ml, IFNβ at 100 U/ml and 
Nec-1 at 30 µM. Graphs show % cell viability mean ± SEM relative to cells treated with 
corresponding stimuli in the absence of zVAD and are representative of at least 3 
independent experiments performed in triplicate. Statistical analyses done by unpaired 
students t-test *P<0.05, **P<0.001 and ***P<0.0001. 
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Figure 20. IRF3 and IRF7 promote macrophage necroptosis. WT, IRF3-/-, IRF7-/- and 
IRF3/7-/- BMDMs were treated with LPS/zVAD +/- Nec-1, TNFα/zVAD +/- Nec-1 and 
IFNβ/zVAD +/- Nec-1 for 24 hours before measuring cell viability by MTT assay (A-C). 
LPS was used at a concentration of 100 ng/ml, zVAD at 25-50 µM, TNFα at 50 ng/ml, IFNβ 
at 100 U/ml and Nec-1 at 30 µM. Graphs show % cell viability mean ± SEM relative to cells 
treated with corresponding stimuli in the absence of zVAD and are representative of at least 
3 independent experiments performed in triplicate. Statistical analyses done by unpaired 
students t-test *P<0.05, **P<0.001 and ***P<0.0001. 
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production of IFN-Is, IRF9 is key for facilitating the downstream response to IFN-Is. WT 

and IRF9-/- BMDMs were treated with LPS/zVAD, TNFα/zVAD, IFNβ/zVAD and 

PolyI:C/zVAD for 24 hours before measuring cell viability by MTT assay (Fig. 21A-D). 

Interestingly, IRF9 deficient macrophages were highly resistant to LPS, TNFα and IFNβ-

induced necroptosis but only partially resistant to PolyI:C-induced necroptosis (Figure 20A-

D). I performed an LPS/zVAD 6-hour western blot time course in WT and IRF9-/- BMDMs 

to examine the impact of IRF9 deficiency on Rip1 and Rip3 phosphorylation (Fig. 22A). 

Density ratios were calculated for pRip1/Rip1 and pRip3/Rip3, which were normalized to 

actin (Figure 22B,C). Similar to what was observed with IFNAR1-/- macrophages, Rip3 

activation was dramatically reduced in IRF9-/- macrophages (Figure 22A).  

 
4.2.6 IFN-I signaling through ISGF3 is required for necroptotic cell death 

      After observing strong necroptotic resistance in macrophages lacking IRF9, I was 

interested in further exploring the mechanisms involved. After IFN-I stimulation, IRF9, 

STAT1 and STAT2 have been shown to form a transcriptional complex known as interferon 

stimulated gene factor 3 (ISGF3), which promotes the transcription of various interferon 

stimulated genes (ISGs) (Fink et al., 2013). To evaluate the role of ISGF3 in necroptosis, I 

treated STAT1 and STAT2 deficient macrophages with necroptotic stimuli for 24 hours 

before measuring cell viability by MTT assay. Consistent with IRF9 KO macrophage results, 

BMDMs that were deficient in STAT1 were also significantly resistant to necroptosis (Fig. 

23A-D). It is important to mention that STAT1 KO mice were maintained on a 129S6 

genetic background as oppose to a C57BL/6 background and the appropriate 129S6 WT 

mice were used as controls for STAT1 null experiments. To ensure the results from 129S6 

mice were comparable to my other results from C57BL/6 mice, I performed similar cell  
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Figure 21. IRF9 plays a critical role in necroptosis. WT and IRF9 -/- BMDMs were treated 
with LPS/zVAD, TNFα/zVAD, IFNβ/zVAD and PolyI:C/zVAD, all with and without Nec-1, 
for 24 hours before measuring cell viability by MTT assay (A-D). LPS was used at a 
concentration of 100 ng/ml, zVAD at 25-50 µM, TNFα at 50 ng/ml, IFNβ at 100 U/ml and 
Nec-1 at 30 µM. Graphs show % cell viability mean ± SEM relative to cells treated with 
corresponding stimuli in the absence of zVAD and are representative of at least 3 
independent experiments performed in triplicate. Statistical analyses done by unpaired 
students t-test *P<0.05, **P<0.001 and ***P<0.0001. 
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Figure 22. IRF9 deficiency impairs Rip3 phosphorylation. Lysates for western blot analysis 
were collected from WT and IRF9-/- macrophages treated with LPS (100 ng/ml)/zVAD (50 
µM) for different time intervals up to 6 hours (A). Quantification of western data done by 
graphing density ratios of pRip1/Rip1 and pRip3/Rip3 (B,C). Data are representative of at 
least three independent experiments.  
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Figure 23. STAT1 is important for necroptotic death of macrophages. BMDMs from WT 
129S6 and STAT1-/- mice on a 129S6 background were treated with LPS/zVAD, 
TNFα/zVAD, IFNβ/zVAD and PolyI:C/zVAD, all with and without Nec-1, for 24 hours 
before measuring cell viability by MTT assay (A-D). LPS was used at a concentration of 100 
ng/ml, zVAD at 25-50 µM, TNFα at 50 ng/ml, IFNβ at 100 U/ml and Nec-1 at 30 µM. 
Graphs show % cell viability mean ± SEM relative to cells treated with corresponding 
stimuli in the absence of zVAD and are representative of at least 3 independent experiments 
performed in triplicate. Statistical analyses done by unpaired students t-test *P<0.05, 
**P<0.001 and ***P<0.0001. 
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viability experiments on IFNAR1-/- mice maintained on a 129S6 background (Fig. 24A-C). 

Importantly, IFNAR1-/- mice on a 129S6 genetic background displayed a similar necroptotic 

resistant phenotype to IFNAR1-/- mice on a C57BL/6 background (Fig. 24A-C). Providing 

further support for the importance of ISGF3 in macrophage necroptosis, STAT2 null 

macrophages were also strongly resistant to necroptotic stimuli (Fig. 25A-D). LPS/zVAD 

time course western blots from STAT1-/- and STAT2-/- macrophage lysates demonstrated 

attenuated Rip3 phosphorylation (Fig. 26A,B). Collectively, these results demonstrate a pro-

necroptotic role for ISGF3 within macrophages. 

 
4.2.7 Functional ISGF3 is needed to maintain basal levels of STAT1 and STAT2 

      Studies examining macrophages and cytokine production have shown that constitutive 

low level IFNβ production promotes tonic signaling through ISGF3, which is important for 

maintaining basal levels of various interferon-stimulated genes (ISGs), including ISGF3 

components STAT1, STAT2 and IRF9 (Gough et al., 2012; Hu et al., 2002). Stimulation of 

WT BMDMs with IFNβ for varying time intervals over the course of 14 hours resulted in a 

gradual increase in STAT1 and STAT2 levels over time (Fig. 27A). Interestingly, STAT1 

and STAT2 expression peaked around the time when macrophages begin to die by 

necroptosis (Fig. 27A).  Weakened IFN-I signaling from IFNAR1 deficiency (Fig. 27A,B) or 

ISGF3 impairment (Fig. 28A-C), resulted in severely reduced expression of STAT1 and 

STAT2 even after stimulation with LPS/zVAD Taken together these results highlight the 

importance of IFN-I signaling for necroptotic cell death of macrophages.  
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Figure 24. IFNAR1-/- mice on a 129S6 genetic background are resistant to necroptosis. 
BMDMs from WT 129S6 and IFNAR1-/- mice on a 129S6 background were treated with 
LPS/zVAD, TNFα/zVAD and IFNβ/zVAD, all with and without Nec-1, for 24 hours before 
measuring cell viability by MTT assay (A-C). LPS was used at a concentration of 100 ng/ml, 
zVAD at 25-50 µM, TNFα at 50 ng/ml, IFNβ at 100 U/ml and Nec-1 at 30 µM. Graphs 
show % cell viability mean ± SEM relative to cells treated with corresponding stimuli in the 
absence of zVAD and are representative of at least 3 independent experiments performed in 
triplicate. Statistical analyses done by unpaired students t-test *P<0.05, **P<0.001 and 
***P<0.0001. 
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Figure 25. STAT2 is needed for necroptosis. WT and STAT2-/- BMDMs were treated with 
LPS/zVAD, TNFα/zVAD, IFNβ/zVAD and PolyI:C/zVAD, all with and without Nec-1, for 
24 hours before measuring cell viability by MTT assay (A-D). LPS was used at a 
concentration of 100 ng/ml, zVAD at 25-50 µM, TNFα at 50 ng/ml, IFNβ at 100 U/ml, 
PolyI:C at 20 µg/ml and Nec-1 at 30 µM. Graphs show % cell viability mean ± SEM relative 
to cells treated with corresponding stimuli in the absence of zVAD and are representative of 
at least 3 independent experiments performed in triplicate. Statistical analyses done by 
unpaired students t-test ***P<0.0001. 
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Figure 26. Impairment to ISGF3 components diminishes Rip3 activation. Lysates for 
western blot analysis were collected from WT and STAT1-/- macrophages treated with LPS 
(100 ng/ml)/zVAD (50 µM) for different time intervals up to 6 hours (A). WT and STAT2-/- 
BMDMs were treated as described above and lysates were collected to examine by western 
blot (B). Data representative of at least three independent experiments.  
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Figure 27. Constitutive IFNβ signaling regulates STAT1 and STAT2 expression. WT 
macrophages were treated with IFNβ (100 U/ml) for varying time intervals over the course 
of 14 hours before lysates were collected to measure STAT1 and STAT2 expression by 
western blot (A). Lysates from WT and IFNAR1-/- BMDMs treated with LPS 
(100ng/ml)/zVAD (50 µM) for different time intervals were collected for western blot 
examination of STAT1 and STAT2 (B). Data representative of at least 3 independent 
experiments. 
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Figure 28. Impairment to ISGF3 strongly reduces STAT1 and STAT2 expression. Lysates 
from WT, STAT1-/-, STAT2-/- and IRF9-/- BMDMs treated with LPS (100ng/ml)/zVAD 
(50 µM) for different time intervals were collected for western blot examination of STAT1 
and STAT2 (A-C). Data representative of at least 3 independent experiments. 
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4.2.8 LPS/zVAD treatment induces proteasomal degradation of Rip1 

      Interestingly, relative expression levels of Rip1 declined following an LPS/zVAD time 

course in WT BMDMs (Fig. 29A). I therefore wanted to evaluate the mechanism behind 

Rip1 degradation post LPS/zVAD stimulation. Intriguingly, Rip3 levels remained relatively 

stable and did not show the same decrease as was observed with Rip1 (Fig. 29A). To 

investigate whether or not Rip1 was being degraded by the proteasome, I performed a time 

course with LPS/zVAD with and without pretreatment of lactacystin, a proteasomal inhibitor 

(Fig. 29B). Interestingly, inhibition of the proteasome resulted in maintenance of Rip1 

expression for longer periods of LPS/zVAD treatment (Fig. 29B). These results suggest that 

Rip1 is being degraded by the proteasome, which is possibly mediated via ubiquitination 

(Fig. 29B).  

      Several pieces of evidence support the notion that Rip1 is being actively targeted and 

degraded by the proteasome as oppose to generally degrading as a result of cellular 

breakdown driven by necroptotic death. First, other protein levels in WT macrophages, such 

as actin, Rip3 and STAT1, remained consistent over a 12-hour LPS/zVAD time course (Fig. 

16A). Second, degradation of Rip1 still occurred during an LPS/zVAD time course in 

IFNAR1-/- macrophages (Fig. 16A). Similar degradation of Rip1 in WT and IFNAR1-/- 

macrophages therefore negates the possibility of passive Rip1 degradation since IFNAR1-/- 

macrophages are highly resistant to necroptosis (Fig. 13). Lastly, experiments testing the 

kinetics of LPS-mediated necroptosis were performed by lactate dehydrogenase (LDH) 

release (as described in experimental methods), using supernatants from an LPS/zVAD time 

course in WT BMDMs, and an 8- and 24-hour MTT assay comparison from WT BMDMs 

treated with LPS/zVAD (Fig. 29C,D). Importantly, the timing of Rip1 degradation,  
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Figure 29. Rip1 is degraded by the proteasome in response to LPS/zVAD treatment. WT 
BMDMS were treated with LPS (100ng/ml)/zVAD (50 µM) with and without a 30 minute 
pretreatment with lactacystin (10 µg/ml) for varying time intervals before lysates were 
collected to measure Rip1 and Rip3 expression by western blot (A,B). LPS-mediated 
necroptosis kinetics were measured by LDH release and an 8- and 24-hour MTT assay 
comparison in WT and IFNAR1-/- BMDMs treated with LPS (100 ng/ml)/zVAD (50 µM) 
(C,D). Data representative of at least 3 independent experiments. 
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commencing after 2 hours of LPS/zVAD treatment, long precedes the timing of necroptotic 

death, which begins around 12 hours post LPS/zVAD treatment (Fig. 29C,D). 

4.2.9 Proteasomal degradation of Rip1 is not mediated by cIAP1/2 and is driven by 

activated Rip3 

      To test whether Rip1 was being targeted to the proteasome by cIAP1/2-mediated K48-

linked ubiquitination I treated WT BMDMs with LPS/zVAD and SMAC mimetic 164 (SM-

164), which is known to induce rapid degradation of cIAPs, at varying time intervals over the 

course of 12-hours. Depletion of cIAPs by SM-164 treatment had no effect on Rip1 

degradation (Fig. 30A). Instead, cIAP1/2 were degraded even without SM-164 treatment in 

response to LPS/zVAD stimulation (Fig. 30B). To further explore the mechanisms driving 

Rip1 degradation I performed an LPS/zVAD time course with and without Nec-1 in WT 

BMDMs (Fig. 31A). Interestingly, Rip1 activation still occurred however degradation was 

prevented (Fig. 31A). The key difference with the addition of Nec-1 was the prevention of 

Rip3 phosphorylation (Fig. 31A). After observing that Rip1 degradation was prevented in the 

absence of active Rip3, I performed an LPS/zVAD time course in Rip3-/- BMDMs and 

observed that Rip3 deficiency prevented Rip1 degradation (Fig. 31A). Lastly I evaluated the 

impact of LPS treatment on Rip1 levels and noted that LPS stimulation in the absence of 

zVAD did not cause degradation of Rip1 or activation of Rip3 (Fig. 31A).  Collectively, 

these results indicate that active Rip3 is needed to induce proteasomal degradation of Rip1.   
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Figure 30. Proteasomal degradation of Rip1 is independent of cIAP1/2 E3 ligase activity. 
Lysates from WT BMDMs treated with LPS (100ng/ml), zVAD (50 µM) and SM (5000 nM) 
for varying time intervals were examined by western blot (A). An LPS/zVAD time course, 
using the same concentrations as mentioned above, was performed in WT and IFNAR1-/- 
macrophages to collect lysates for western blot analysis of cIAP1/2 expression (B). Data 
representative of at least 3 independent experiments. 
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Figure 31. Activated Rip3 drives the proteasomal degradation of Rip1 in response to 
LPS/zVAD treatment. WT and Rip3-/- BMDMs were treated with different combination of 
LPS (100 ng/ml), zVAD (50 µM) and Nec-1 (30 µM) for varying time intervals prior to 
collecting cell extracts for western blot analysis of Rip kinase activation (A). Data 
representative of at least 3 independent experiments. 
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5.0 DISCUSSION 

 
      Necroptosis is a fascinating, highly inflammatory programmed mode of cell death. In 

direct contrast to apoptosis, necroptosis proceeds specifically in the absence of caspase 

activity. Not only does necroptosis equip cells with an alternative mechanism of death, but it 

also provides a mechanism to rapidly and robustly alert the immune system to the threat of 

infection or tissue injury. The understanding of programmed necrosis has advanced rapidly 

over the last 15 years, particularly in regard to ligands, receptors and proteins involved in the 

signaling events leading to necroptotic death. It is now very well established that necroptotic 

death of a variety of cell types requires the kinase activity of receptor interacting protein 

kinase 3 (Rip3) (Cho et al., 2009; He et al., 2009; Zhang et al., 2009). In my own 

experiments using Rip3 knockout (KO) mice, I have also observed that in the absence of 

Rip3, murine bone marrow derived macrophages (BMDMs) are highly resistant to all 

necroptotic stimuli (Fig. 14A-D). 

      More recently in the context of TNF signaling it was discovered that Rip3 functions to 

phosphorylate a pseudokinase known as mixed lineage kinase domain like (MLKL) protein, 

which contains a kinase-like domain lacking two of the three conserved catalytic residues 

needed for functional kinase activity (Murphy et al., 2013; Wang et al., 2012). Further 

research examining MLKL found that similar to Rip3, MLKL plays an indispensible role in 

necroptosis (Wu et al., 2013). More specifically, MLKL appears to be a key necroptotic 

executioner protein as it forms homo-oligomers following Rip3-mediated phosphorylation 

that localize at the plasma membrane via interactions with phosphatidylinositol phosphates 

(PIPs) (Dondelinger et al., 2014) Once at the plasma membrane, the specific action of MLKL 

is not yet understood, however its ultimate function appears to be associated with disruption 
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of ionic homeostasis, resulting in oncosis and subsequent plasma membrane rupture 

(Dondelinger et al., 2014).  

      Research investigating the mechanisms of necroptosis has predominantly focused on the 

pleiotropic TNF pathway via stimulation of cells with TNFα and the pan-caspase inhibitor 

benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone (zVAD). The strong emphasis placed 

on TNF-mediated necroptosis is likely due to the fact that the majority of studies on 

necroptosis, including the founding preliminary studies by Vercammen and colleagues 

(1998) that discovered necroptosis, have focused on nonimmune cells, such as fibroblasts. 

Importantly, in my own studies I have observed that murine embryonic fibroblasts (MEFs) 

succumb to TNF-mediated necroptosis but are resistant to LPS- and IFNβ-mediated 

necroptosis (Fig. 10A). It was not until studies began examining the mechanisms of 

necroptosis in different cell types, particularly immune cells known to mediate inflammation, 

such as bone marrow derived macrophages (BMDMs), that greater insight into necroptotic 

inducers was gained (He et al., 2011). More specifically, engagement of toll-like receptor 3 

(TLR3) and TLR4 with polyinosinic-polycytidylic acid (PolyI:C) and lipopolysaccharide 

(LPS) respectively was shown to drive programmed necrosis via phosphorylation and 

subsequent activation of receptor-interacting protein kinase 3 (RIP3) (He et al., 2011). It is 

currently unclear if the downstream MLKL signaling events that occur in response to 

TNF/zVAD stimulation also occur in response to LPS/zVAD, IFNβ/zVAD or PolyI:C/zVAD 

stimulation, however it is highly likely that MLKL acts as a common executioner mechanism 

for all necroptotic signaling pathways. 

      The difference between nonimmune and immune cells in terms of susceptibility to 

necroptotic stimuli, particularly LPS/zVAD and IFNβ/zVAD treatment, is intriguing. 

Physiologically it is understandable that inflammatory mediators and pathogen controllers, 
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such as macrophages, would be highly responsive to pattern-associated molecular patterns 

(PAMPs), like LPS, and inflammatory cytokines, like TNFα and IFNβ. Necroptotic death of 

macrophages not only aids in the clearance of certain pathogens, particularly those 

microorganisms containing apoptotic inhibitors, but also recruits additional immune cells to 

the site of infection or injury thereby making macrophages a more interesting and 

physiologically relevant cellular model to study necroptosis. 

 
5.1 The role of dynamin-mediated endocytosis in macrophage necroptosis 

      Currently very little is known about the initial upstream signaling events that occur 

directly after ligand-receptor and eventually result in necroptosis. Understanding how the 

necroptotic signal is being transmitted, whether it is at the cell surface directly after 

engagement of a necroptotic receptor or intracellularly following endocytosis, is an 

important aim in my thesis. I first wanted to examine the impact of cytokine and PAMP 

signaling, which in macrophages happens at the cell surface, in the absence of zVAD to 

analyze initial signaling events. To ensure that cytokine or PAMP treatment was not 

inducing death of macrophages I performed several experiments without zVAD treatment. 

Importantly, I observed that treatment of BMDMs with LPS, TNFα, IFNβ or PolyI:C did not 

induce cell death (Fig. 5B,C). Instead, macrophages stimulated with cytokines or PAMPs 

displayed enhanced metabolic activity as a result of entering an activated state (Mosser and 

Edwards, 2008) (Fig. 5A). Only when macrophages were stimulated in the presence of 

zVAD was massive death observed, a phenotype that was rescuable when co-treated with the 

Rip1 kinase inhibitor necrostatin-1 (Nec-1) (Fig. 5B,C, 6A). In addition, similar to what was 

observed with cytokine or PAMP stimulation, treatment with zVAD alone did not induce 

necroptosis (Fig. 6A). 
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      Knowing the importance of Rip1 and Rip3 for necroptosis I was interested in examining 

their expression levels. In particular, I wanted to measure activate phosphorylated Rip1 and 

Rip3 levels in response to LPS/zVAD. Previous studies using the same Rip1 and Rip3 

antibodies have shown that phosphorylated Rip1 and phosphorylated Rip3 can be detected 

by western blot from a slower migrating, slightly heavier band found just above the 

unphosphorylated Rip1 or Rip3 band (McComb et al., 2012; Robinson et al., 2012). In my 

own experiments I confirmed this finding via lambda phosphatase treatment (Fig. 7B). In 

addition, I observed rapid phosphorylation of Rip1 followed by later phosphorylation of Rip3 

in response to varying durations of LPS/zVAD treatments thus providing a model to examine 

necroptotic signaling events over time (Fig. 7A).  

      Cytokine signaling is an important aspect of necroptotic death (discussed further in 

section 5.2). To delve into the upstream signaling events of necroptosis I wanted to explore 

the impact of dynasore, a dynamin-mediated endocytosis inhibitor, on cytokine production. 

Endocytosis is an important cellular mechanism used to process signals from the 

extracellular milieu (Sorkin and Von Zastrow, 2002). For a long time, endocytosis was 

largely regarded as a mechanism to switch off membrane receptor signaling, however more 

recent studies have demonstrated that endocytosis can play an upstream role in signal 

transduction (Schneider-Brachert et al., 2004). Understanding the relationship between 

endocytosis, signal transduction and formation of intracellular signaling complexes is an 

important area of study, especially in the context of necroptosis. More specifically, it is 

important to understand whether or not receptors are able to signal intracellularly from 

endosomes and if they are, what is the physiological relevance (Sorkin and Von Zastrow, 

2002). Interestingly, inhibition of dynasore-mediated endocytosis resulted in significantly 

reduced IL-6 and IL-10 production relative to macrophages treated with necroptotic stimuli 
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in the absence of dynasore (Fig. 8A-C). Furthermore, dynasore treatment dramatically 

impaired phosphorylation of STAT1 in response to LPS/zVAD stimulation (Fig. 8D). These 

findings support a previous study by Kagan et al., (2008), which focused on elucidating the 

mechanisms of TLR4 signaling. In short, Kagan et al., (2008) demonstrated that TLR4 

signaling through MyD88 occurs at the cell surface, while TLR4 signaling through TRIF 

occurs intracellularly following dynamin-mediated endocytosis. In addition, Kagan and 

colleagues (2008) reported that macrophages treated with LPS and dynasore showed a 

dramatic decrease in phosphorylated IRF3 and production of IL-6 relative to macrophages 

treated with only LPS. In the context of necroptotic stimulation, intracellular signaling 

following dynamin-mediated endocytosis is important for facilitating the production of 

cytokines and also transducing signals needed for STAT1 activation.  

      Having identified a clear role for dynamin-mediated endocytosis in signal transduction 

and cytokine production in response to necroptotic stimuli I next wanted to elucidate the role 

of dynamin-mediated endocytosis in programmed necrosis of macrophages. Interestingly, 

inhibition of dynamin-mediated endocytosis did not seem to affect LPS-mediated necroptosis, 

rather slighting exacerbating death (Fig. 9A,D). In stark contrast, prevention of dynamin-

mediated endocytosis rendered macrophages significantly resistant to TNFα and IFNβ 

induced necroptosis (Fig 9B,C,E,F). With respect to PolyI:C-mediated necroptosis, blocking 

dynamin-mediated endocytosis had no effect on death due to the fact that TLR3 already 

resides in endosomal vesicles and therefore does not require dynamin-mediated endocytosis 

for signal transduction (Kawai and Akira, 2006) (Fig. 9D). In regards to TNFα/zVAD and 

IFNβ/zVAD treatment, it appears that the necroptotic signal is transmitted intracellularly 

following endocytosis rather than at the cell surface. Why exactly LPS-mediated necroptosis 
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does not similarly rely on dynamin-mediated endocytosis is still an important question that 

needs answering and is currently under investigation in our lab.  

      As mentioned previously, the MEF cell line I tested was only susceptible to TNFα 

induced necroptosis (Fig. 10A). Importantly, MEFs have previously been shown to express 

high levels of mRNA for various TLRs, including TLR3 and TLR4 (Kurt-Jones et al., 2004). 

Furthermore, MEFs are reportedly highly responsive to TLR agonists and secrete high levels 

of IL-6 and monocyte chemoattractant protein-1 (MCP-1) in response to TLR stimulation 

(Kurt-Jones et al., 2004). In addition to expressing TLRs, MEFs also express IFNAR and 

TNFR (Chen et al., 2009; Wong et al., 2010). Collectively the findings from these studies 

rule out the possibility that the differential response to necroptotic stimuli, such as 

LPS/zVAD, observed in MEFs is a result of diminished or absent expression of necroptotic 

receptors. Interestingly, another striking difference between MEF and macrophage 

necroptosis was observed when dynamin-mediated endocytosis was inhibited. More 

specifically, necroptosis of MEFs occurred independently of dynamin-mediated endocytosis, 

as dynasore treatment did not rescue fibroblasts from death (Fig. 10B). It is possible that this 

difference is a result of differing functionality amongst cell types. In particular, macrophages 

are highly active professional phagocytes, which are constantly surveying the environment 

by endocytosis and phagocytosis (see section 1.1), while fibroblasts are non-inflammatory 

cells of the connective tissue known for their role in synthesizing extracellular matrix and 

providing the structural framework for animal tissues (Kalluri and Zeisberg, 2006). A 

comprehensive comparison of important endocytic proteins, such as dynamin, between 

BMDMs and MEFs may reveal why inhibition of dynamin-mediated endocytosis prevents 

necroptosis of macrophages and does not affect necroptosis of MEFs.  
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     After observing that inhibition of dynamin-mediated endocytosis prevented TNFα 

induced necroptosis from occurring in macrophages I wanted to explore the role of dynamin-

mediated endocytosis in Rip1 and Rip3 activation. Previous work has demonstrated that 

within minutes of TNF binding TNFR1, clathrin-mediated endocytosis of the ligand-receptor 

complex occurs, resulting in the formation of a multi-protein receptosome and activation of a 

death-inducing signaling complex (DISC) that can signal for apoptotic death (Schneider-

Brachert et al., 2004). In addition, Schneider-Brachert and colleagues (2004) demonstrated 

that TNF receptosomes are important for establishing which TNF pathway is initiated (i.e. 

NFκB pathway or apoptotic pathway), which provides support for a role of TNFR 

internalization in necroptosis of macrophages. Interestingly, Rip1 activation in response to 

various necroptotic stimuli was unimpaired, thereby demonstrating that Rip1 activation 

occurs at the cell surface following ligand-receptor binding (Fig. 11A,B). Similar to this 

finding, Schneider-Brachert et al., (2004) also observed that Rip1 was recruited to TNFR1 at 

the plasma membrane. In contrast to Rip1, Rip3 activation was strongly impaired when 

dynamin-mediated endocytosis was inhibited, suggesting that Rip3 phosphorylation is 

induced from within an endosome (Fig. 11A,C). It would be interesting to delineate how 

Rip3 gets activated from an endosome following necroptotic activation and dynamin-

mediated endocytosis.  

      In addition to impaired Rip3 activation, the maintenance of NFκB signaling was also 

strongly attenuated when dynamin-mediated endocytosis was blocked (Fig. 11A,D). Initial 

phosphorylation of NFκB protein p65 was similar to dynasore and non-dynasore treated 

groups, however in the presence of dynasore, phosphorylated p65 levels were transient and 

rapidly decreased after initial activation (Fig. 11A,D). Collectively these results provide a 

novel window into the initial signaling events involved in the induction of necroptotic death 
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of macrophages. Understanding upstream mechanisms is important to gain a thorough 

understanding of necroptosis and may also open up new therapeutic avenues to target various 

inflammatory pathologies. 

 
5.2 The role of IFN-I signaling in macrophage necroptosis 

       Previous work from our lab has demonstrated that type I interferons (IFN-Is) play an 

important role in macrophage necroptosis during Salmonella enterica serovar Typhimurium 

(ST) infection (Robinson et al., 2012). More specifically, ST was able to drive Rip3-

mediated necroptosis in macrophages via the upregulation of IFN-Is as a mechanism to 

evade immune detection (Robinson et al., 2012). Building upon this work, I have sought to 

investigate the underlying intracellular mechanisms of IFN-I signaling in macrophage 

necroptosis. Fascinatingly, macrophages lacking the IFNAR1 subunit of the IFN-I receptor 

were highly resistant to LPS, TNFα, IFNβ and PolyI:C induced necroptosis, ultimately 

highlighting the absolute importance of IFN-I signaling for Rip3-mediated necroptotic death 

(Fig. 12A-E, 14A-D). IFNAR1-/- mice have been shown to be resistant to TNFα induced 

septic shock, which supports our finding of a critical role for IFN-Is in necroptosis and its 

influence on inflammatory pathology (Huys et al., 2009). Huys and colleagues (2009) 

demonstrated that IFN-Is act as essential mediators in TNF-induced lethal inflammatory 

shock, however this study did not provide mechanistic insight into how IFN-I signaling leads 

to septic shock, which is potentially by driving highly inflammatory necroptotic death. The 

resistance of IFNAR1-/- macrophages to TNFα/zVAD induced necroptosis was surprising 

since TNFα has generally been considered to be the canonical inducer of necroptosis 

(Christofferson and Yuan, 2010). Furthermore, macrophages deficient in TNFR1/2 remained 

susceptible to LPS, IFNβ and PolyI:C induced necroptosis (Fig. A,C,D). These results 
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support the notion that TNF signaling is dispensable and not necessarily required for 

necroptosis of macrophages to occur. In contrast, these findings demonstrate that IFN-Is play 

an indispensible role in macrophage necroptosis, regardless of the particular necroptotic 

signaling pathway initiated.  

       To elucidate the role of IFN-Is on necrosome activation, Rip1 and Rip3 expression was 

examined in response to LPS/zVAD stimulation. Interestingly, the initial activation of Rip1 

and Rip3 was similar in WT and IFNAR1-/- macrophages, however macrophages with 

impaired IFN-I signaling demonstrated a significant decrease in activated Rip1 and Rip3 

expression after only a few hours of treatment (Fig. 15A,B). In contrast to Rip1 activation, 

where the difference between WT and IFNAR1-/- macrophages was less appreciable, the 

difference in Rip3 activation was consistently greater over at least five biological replicates. 

Based on these findings it appears that IFN-I signaling is needed to sustain Rip3 activation 

long enough for necroptosis to be executed. 

      Previous studies focusing on Rip kinases have demonstrated that genetic ablation of Rip1 

results in early postnatal lethality since Rip1 is needed to prevent excessive apoptotic, 

necroptotic and NFκB signaling during critical developmental stages (Dillon et al., 2014; 

Kelliher et al., 1998). In contrast, Rip3 deficient mice are viable and appear phenotypically 

normal, making it much easier to examine the role of Rip3 in a variety of different models 

including atherosclerosis, brain injury and septic shock (Khan et al., 2014). The importance 

of Rip3 for necroptosis is undisputed, however the importance of Rip1 is currently a topic of 

debate. Initially, Rip1 was considered to be a fundamental protein in which necroptosis could 

not proceed without, however studies have now reported that necroptosis can occur 

independently of Rip1 (Dillon et al., 2014; Moujalled et al., 2013). More specifically, studies 

have demonstrated that TNF-mediated necroptosis of MEFs requires the presence of Rip1 
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and its kinase activity, a result I also observed when I treated MEFs with TNF/zVAD and 

Nec-1 (Vandenabeele et al., 2010) (Fig. 10A). Interestingly, other inducers of necroptosis, 

such as interferons, have been suggested to activate Rip3 independently of Rip1 via TRIF 

binding (Dillon et al., 2014). In my own findings however, Rip1 kinase activity does appear 

to have a role in necroptosis of macrophages, as Nec-1 treatment rescues cells from 

necroptosis (Fig.6A). It is possible that Rip1 is needed for the initial activation of Rip3, 

however IFN-I signaling is required to sustain this activation leading to necroptosis.  

      In addition to examining Rip1 and Rip3 activation, I also evaluated the activation of 

signal transducer and activator of transcription 1 (STAT1), a key protein involved in IFN-I 

signaling (see Fig. 2), and RNA-responsive protein kinase R (PKR), a protein recently 

implicated in type II IFN-mediated necroptosis of MEFs (Cheon et al., 2013; Thepa et al., 

2014). PKR and phosphorylated PKR levels were similar between WT and IFNAR1-/- 

macrophages, suggesting that PKR does not necessarily play an important role in necroptosis 

of macrophages (Fig. 15A). Data from our lab has also shown that PKR-/- BMDMs are 

susceptible to all necroptotic stimuli providing further support for the notion that PKR is not 

required for necroptosis of macrophages (McComb et al., 2014). In the case of STAT1, 

phosphorylation occurred quite rapidly in WT BMDMs after only a few hours of LPS/zVAD 

stimulation. Interestingly, the timing of STAT1 phosphorylation correlated with robust 

activation of Rip3, providing further support for the importance of IFN-I signaling in Rip3 

activation (Fig. 15A). As mentioned previously, studies have demonstrated that LPS 

signaling through TLR4 and TRIF induces the production of IFN-Is, which can autocrine 

signal back through IFNAR (Kagan et al., 2008). Importantly, rapid IFN-I production in 

response to LPS/zVAD treatment was confirmed in an L929 cell line with a luciferase 
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reporter gene cloned under the regulation of an interferon stimulated response element 

(ISRE) promoter (Fig. 15D). 

      To further characterize the mechanisms of LPS-mediated necroptosis, I examined 

necroptotic susceptibility in BMDMs deficient in either TRIF or MyD88; the two key 

adaptor proteins needed for TLR4 signal transduction. Recently it has been suggested that 

TRIF plays an important role in necroptosis via Rip homotypic interaction motif (RHIM) 

domain interactions with Rip3 (Kaiser et al., 2013).  Providing further support for a 

necroptotic role of TRIF, I observed that macrophages lacking TRIF were significantly 

resistant to LPS and PolyI:C induced necroptosis (Fig. 16A,D). TRIF is well known for its 

role in IFN-I production in response to LPS, thus in the absence of TRIF, IFN-I production is 

strongly attenuated, Rip3 phosphorylation is abolished and subsequent necroptotic death is 

prevented (Fig. 16A, 17A,B). When stimulated with IFNβ/zVAD, TRIF-/- macrophages 

underwent necroptotic death similar to WT macrophages due to the fact that cells were being 

supplemented with IFNβ resulting in the activation of IFNAR signaling, effectively 

bypassing the need for TRIF-mediated production of IFN-Is (Fig. 16C). A role for TRIF in 

the context of TNF signaling has not been identified and in response to TNFα/zVAD 

treatment TRIF-/- macrophages showed similar susceptibility to necroptosis relative to WT 

macrophages (Fig.16B).  

      In terms of MyD88 deficiency, no substantial effect on necroptosis of macrophages was 

observed, however a slight resistance to PolyI:C-mediated necroptosis was detected (Fig. 

16A-D). Unlike TRIF-/- BMDMS, Rip3 phosphorylation was unaffected in MyD88-/- 

macrophages (Fig. 17A,B). Additionally, MyD88 null macrophages displayed a lag in the 

initial activation of Rip1 (Fig. 17B). In contrast, TRIF deficient macrophages showed robust 

initial Rip1 phosphorylation (Fig. 17B). Collectively, these results suggest that LPS signaling 
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through TLR4 activates Rip1 via TRIF and MyD88 dependent pathways, which may involve 

multiple kinases or converge upon a common pathway. Previous studies have reported that 

Rip1 is able to autophosphorylate following stimulation of Jurkat T cells, however in my 

own findings, I have observed Rip1 phosphorylation in the presence of Nec-1, suggesting 

that this may not necessarily be the case in macrophages (Christofferson and Yuan, 2010; 

Degterev et al., 2008; Ting et al., 1996). Inquiry into functions of MyD88 outside of NFκB 

signaling revealed that MyD88 is capable of activating IRF1, IRF5 and IRF7, which may aid 

in the production of IFN-Is needed for necroptotic death (O’Neil and Bowie, 2007). Further 

investigation into converging and diverging kinases that are downstream targets of MyD88, 

such as interleukin-1 receptor-associated kinases 1 and 2 (IRAK1/2), and TRIF, such as 

TANK-binding kinase 1 (TBK1) and Akt, may provide a clearer picture into the early events 

of Rip1 activation (Joung et al., 2011; Muzio et al., 1997; Warner and Núñez, 2013). In 

contrast to the modest differences in Rip1 phosphorylation observed in TRIF null and 

MyD88 null macrophages, Rip3 activation is largely dependent on TRIF and less so MyD88. 

More specifically, TRIF is needed to induce IFN-Is in response to LPS, which autocrine 

signals through IFNAR and promotes sustained Rip3 phosphorylation leading to eventual 

necroptotic demise.  

      After observing an imperative role for IFN-I signaling in necroptosis of macrophages, I 

wanted to better understand the mechanism involved. To evaluate the downstream effects of 

IFNAR signaling on necroptosis, I examined a variety of interferon regulatory factor (IRF) 

knockout mice. Consistent with previous findings, various IRFs showed redundancy in 

activating and releasing IFN-Is in response to TLR stimulation (Schmid et al., 2010). More 

specifically, impairment to one or even two IRFs only resulted in partial resistance to 

necroptosis unlike the dramatic resistance observed in IFNAR1-/- macrophages. Partial 



   126 

resistance to LPS-mediated necroptosis was observed in macrophages lacking IRF1, IRF3, 

IRF7 or IRF3/7 (Fig. 18A, 19A). In addition, IRF3, IRF7 and IRF3/7 macrophages also 

displayed resistance to treatment with TNF/zVAD and IFN/zVAD (Fig. B,C). A cumulative 

effect was not observed in the IRF3/7 double KO, thus providing support for a redundant 

role of IRFs in necroptosis. Previous work has demonstrated that TNF induces IFN-I 

production through IRF1 activation (Yarilina et al., 2008). Interestingly and consistent with 

this finding, IRF1 was particularly important for TNFα induced necroptosis (Fig. 18B). No 

significant effect was observed in IRF1 null macrophages treated with IFNβ/zVAD since 

macrophages were being supplemented with IFNβ rather than depending on IRF1-mediated 

production of IFN-Is (Fig. 18C).  

      In contrast to the results observed in various IRF KO macrophages, IRF9 deficiency 

resulted in significant resistance to all necroptotic stimuli, which was similar to the resistance 

observed in IFNAR1-/- macrophages (Fig. 20A-D). Importantly, rather than promoting IFN-I 

production, IRF9 has a unique role in facilitating the response to IFN-I signaling through 

IFNAR (Honda and Taniguchi, 2006). More specifically, IRF9 is able to associate with 

STAT1 and STAT2 to form a heterotrimeric transcription complex known as interferon-

stimulated gene factor 3 (ISGF3) (Tsuno et al., 2009). IRF9 is particularly important for the 

recognition of an ISRE site in the nucleus, thereby allowing ISGF3 to bind and activate the 

transcription of targeted ISGs (Tsuno et al., 2009).  In terms of necrosome activation, Rip1 

phosphorylation was not affected by the lack of IRF9 expression, however Rip3 

phosphorylation was strongly attenuated as a result of IRF9 deficiency (Fig. 21A-C). To my 

knowledge, the impact of IRF9 deficiency on various inflammatory pathologies has not been 

evaluated. Taken together, these results convincingly demonstrate a key role of downstream 

IFNAR signaling component IRF9 in inflammatory necroptotic death of macrophages.  
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      To decipher whether IRF9 was exclusively important or if instead ISGF3 as a whole was 

needed for necroptosis I evaluated the impact of STAT1 and STAT2 deficiency. In addition 

to IRF9, STAT1 and STAT2 deficiency also resulted in significant resistance to necroptosis, 

supporting a view that ISGF3 has a pro-necroptotic role in macrophages (Fig. 22A-D, 24A-

D). It is important to mention that STAT1-/- mice were maintained on a 129S6 genetic 

background. To ensure that the STAT1-/- results were comparable to the C57BL/6 model I 

evaluated necroptosis in IFNAR1-/- macrophages on a 129S6 background. Importantly, I 

found a similar resistant phenotype in IFNAR1-/- macrophages on a 129S6 background to 

that observed in IFNAR1-/- macrophages on a C57BL/6 genetic background (Fig. 23A-C). 

Interestingly, STAT1 and STAT2 deficiency also resulted in strongly attenuated Rip3 

activation, suggesting that ISGF3 mediates necroptotic death through the late activation of 

Rip3 (Fig. 25A,B). Consistently, Rip1 activation has been unaffected by various knockouts 

or treatments, providing support for the concept that Rip1 phosphorylation is an upstream 

event that follows rapidly after necroptotic stimulation.  Rip3 activation, however, is 

hindered with impairment to IFNAR signaling through ISGF3. Further work is required to 

unveil the exact mechanism of how IFN-I signaling through ISGF3 influences Rip3 and also 

MLKL, the effectors of necroptosis.  

      Previous work examining IFN-I signaling hypothesized that macrophages constitutively 

secrete low levels of IFNβ as a priming mechanism to ensure adequate subsequent responses 

to other cytokines or pathogens (Gough et al., 2012). Interestingly, macrophages stimulated 

with IFNβ for varying time intervals over the course of 14 hours showed a time-dependent 

increase in STAT1 and STAT2 levels (Fig. 26A). Fascinatingly, both STAT1 and STAT2 

expression levels peaked at approximately 12-14 hours, which is around the timing of 

programmed necrotic death (Fig. 26A). Previous studies have suggested that tonic IFNβ 
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signaling is needed to maintain basal levels of various proteins, such as STAT1 and STAT2 

(Gough et al., 2012). Supporting this view, I observed significantly lower basal STAT1 and 

STAT2 levels, which remained low even after stimulation with LPS/zVAD, in IFNAR1-/- 

macrophages (Fig. 26B). Furthermore, impairment to ISGF3 components also resulted in 

dramatically reduced basal STAT1 and STAT2 levels (Fig. 26C-E). Unfortunately I was 

unable to examine IRF9 protein expression due to the poor quality of anti-IRF9 antibodies. 

Subsequent work in our lab did notice that IRF9 transcript levels, both basal and LPS/zVAD 

stimulated, were substantially lower in IFNAR1-/- macrophages relative to WT (McComb et 

al., 2014).  Collectively these results indicate that tonic low level IFNβ signaling through 

ISGF3 is needed to maintain adequate basal levels of ISGF3 components. Furthermore, 

sustained IFNβ signaling is needed to gradually increase STAT1 and STAT2 levels such that 

protein expression eventually peaks around 12-14 hours, ultimately correlating with the 

timing of necroptosis.  

      To date, many questions surrounding the necrosome and its formation remain 

unanswered. It is well known that Rip1/Rip3 necrosome formation is dependent upon 

necroptotic receptor stimulation and impaired caspase activity. Previous work examining the 

mechanisms of TNF-mediated necroptosis reported that Rip1 and Rip3 associate via their 

RHIM domains to form heterodimeric filamentous structures characteristic of β-amyloids (Li 

et al., 2012). This study provided novel insight into the structural changes that occur 

following Rip kinase activation specifically in response to TNF induced necroptotic death 

(Li et al., 2012). Whether or not this phenotype occurs during LPS-, IFNβ- or PolyI:C-

mediated necroptosis is unclear.  

      Interestingly, in my own experiments evaluating necrosome activation I observed a 

progressive decrease in Rip1 expression in response to LPS/zVAD treatment (Fig.  27A). In 
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contrast, Rip3 levels were fairly stable and decreased ever so slightly at a much later time 

point. This curious observation promoted further investigating to determine how Rip1 was 

being degraded in response to LPS/zVAD treatment. Fascinatingly, Rip1 degradation was 

prevented in the presence of lactacystin, a proteasomal inhibitor, thereby demonstrating that 

Rip1 is being actively degraded by the proteasome in response to necroptotic stimulation 

(Fig. 27B). Importantly, several pieces of data rule out the possibility that Rip1 is being 

passively released from the cell due to a loss of membrane integrity resultant from 

necroptotic death. First, it is important to note the timing of Rip1 degradation, which begins 

after 2 hour of LPS/zVAD treatment (Fig. 27A). The timing of Rip1 degradation long 

precedes the timing of necroptotic death, which occurs after approximately 12-14 hours of 

LPS/zVAD treatment (Fig. 27C,D). Furthermore, Rip1 degradation was also observed in 

IFNAR1-/- macrophages, which are highly resistant to necroptosis displaying only marginal 

amounts of cell death (Fig. 15A, 12A,B) Finally, the expression levels of other proteins, 

including STAT1 and PKR, remain consistent in response to LPS/zVAD treatment (Fig. 

15A).  

      I was next interested in understanding the mechanism driving proteasomal degradation of 

Rip1 in response to LPS/zVAD stimulation. In particular, I wanted to determine whether or 

not Rip1 was being targeted to the proteasome via ubiquitination. Considered to be one of 

the most common post-translational regulatory processes within a eukaryote, ubiquitination 

of substrate proteins can have a variety of different functions ranging from degradation to 

signal transduction (Ben-Neriah, 2012). The process of protein ubiquitination is mediated by 

the activity of three enzymes (Liu et al., 2005). First E1 ligases activate ubiquitin in the 

presence of ATP (Liu et al., 2005). Next activated ubiquitin is transferred to a ubiquitin-

conjugating enzyme, which is referred to as E2 (Liu et al., 2005). Lastly E3 ligases bring the 
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E2-ubiquitin complex together with the targeted protein and aid in the transfer of ubiquitin 

from E2 to the substrate protein (Liu et al., 2005). Previous studies have demonstrated an 

important relationship between E3 ligases cIAP1/2 and Rip1 in TNF-mediated NFκB 

signaling (Beug et al., 2012). More specifically, cIAP1/2 polyubiquitinate Rip1 with K68-

linked ubiquitin chains that act as a docking site for proteins needed to transduce the NFκB 

signal (Shih et al., 2011). In addition, work from our lab has shown that cIAP1 and cIAP2 

limit macrophage necroptosis via inhibition of Rip1 and Rip3 activation (McComb et al., 

2012). Using SMAC mimetic 164 (SM-164) to degrade cIAP1/2, I wanted to determine if 

Rip1 was being selectively targeted to the proteasome via cIAP1/2-mediated K48-linked 

ubiquitination. Interestingly, degradation of cIAP1/2 had no effect on Rip1 degradation, 

demonstrating that Rip1 is being targeted to the proteasome independent of cIAPs (Fig. 29A). 

Instead of mediating Rip1 degradation, I found that cIAP1/2 are degraded in a similar 

fashion to Rip1 following LPS/zVAD treatment (Fig. 29B). Further experimentation is 

needed to clarify how Rip1 is being targeted to the proteasome. Other potential E3 ligase 

candidates that could be mediating the proteasomal degradation of Rip1 include TRAF2/6, 

important E3 ligases that facilitates NFκB signaling, or A20, which functions as both an E3 

ligase and a deubiquitinating enzyme (DUB) in macrophage NFκB signaling (Liu et al., 

2005).  

      Interestingly, I next observed that in the presence of Nec-1, LPS/zVAD no longer 

induced Rip1 degradation (Fig. 29C).  As mentioned prior, Nec-1 disrupts the association of 

Rip1 and Rip3 thereby preventing Rip3 activation (Degterev et al., 2008; He et al., 2009). 

Building on this finding I next observed that Rip1 degradation was prevented in Rip3-/- 

macrophages stimulated with LPS/zVAD (Fig. 29C). Finally, in response to LPS stimulation 

in the absence of zVAD, Rip1 degradation was also prevented (Fig. 29C). Studies have 
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shown that functional caspase-8 is able to cleave Rip1 and Rip3, preventing necroptosis from 

occurring (Feng et al., 2007; Lin et al., 1999). Since cells were only stimulated with LPS and 

caspase activity was still intact, Rip3 activation was prevented (Fig. 29C). Collectively, these 

data reveal that Rip1-induced activation of Rip3 concurrently leads to a previously 

unidentified mechanism of Rip1 degradation. Since proteasomal degradation of Rip1 and 

cIAP1/2 occurs early on during necroptotic activation, this may act as a protective 

mechanism where the necrosome self-regulates to prevent death until a sustained necroptotic 

signal, such as IFN-I signaling then results in the execution of necroptosis. Further 

exploration into the role of protein degradation in necroptosis is being continued in the lab. 

 

6.0 CONCLUSION 

 
      In this Masters thesis I have presented novel insights into the mechanisms of necroptotic 

cell death. Exploration into the induction of necroptosis of macrophages has unveiled an 

important role for dynamin-mediated endocytosis. More specifically, in response to 

TNFα/zVAD or IFNβ/zVAD stimulation my work has revealed that dynamin-mediated 

endocytosis is required to transmit the necroptotic signal intracellularly rather than at the cell 

surface, which is particularly important for Rip3 activation. Furthermore, cytokines produced 

in response to necroptotic stimuli are significantly attenuated in the absence of dynamin-

mediated endocytosis, highlighting the importance of intracellular signal transduction for 

necroptosis and immune signaling. Interestingly, LPS-mediated necroptosis did not rely on 

dynamin-mediated endocytosis, suggesting that there are some vital underlying differences 

between cytokine and PAMP induced necroptosis. Understanding how macrophages initiate 

necroptosis and communicate these upstream signals to culminate in necroptotic suicide is 
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hugely important. In particular, piecing together the puzzle of necroptotic signaling is crucial 

to gain a better understanding of this inflammatory form of death, while at the same time 

shedding light on novel potential drug targets for various inflammatory pathologies. This 

work is currently ongoing in the lab and these findings should be published in the near future.  

      Building upon previous work by Robinson et al., (2012) in Dr. Sad’s lab, I next 

investigated the mechanistic relationship between type I interferon (IFN-I) signaling and 

necroptosis.  Remarkably, my results revealed that IFN-Is act as a fundamental mediator of 

necroptosis of macrophages. In addition, the importance of TNF signaling for necroptotic 

death of immune cells has been redefined. The results detailed in this thesis suggest that TNF, 

LPS and PolyI:C signaling indirectly promote necroptosis by facilitating the production of 

IFN-Is through IRF1, IRF3, IRF7 and TRIF, as oppose to directly driving necroptotic death. 

Following the production of IFN-Is, autocrine signaling through IFNAR and ISGF3 sustains 

Rip3 activation necessary for necroptosis of macrophages (Fig. 32). Collectively, these 

results have illuminated IFN-Is as a central, indispensible mechanism of necroptosis of 

macrophages (McComb et al., 2014). These findings may provide an alternative therapeutic 

target for acute inflammatory pathologies, such as sepsis.  

      Lastly, a proteasomal mechanism that leads to autoregulation of necrosome activation 

was identified. In response to LPS/zVAD stimulation Rip1 is rapidly degraded by the 

proteasome, which is independent of cIAP1/2 E3 ligase activity. In contrast to mediating 

Rip1 degradation, LPS/zVAD treatment induces cIAP1/2 degradation similar to Rip1. 

Furthermore, activated Rip3 mediates the proteasomal degradation of Rip1. Proteasomal 

degradation of necrosome components is an important regulator of cell death signaling, 

potentially acting as a protective cellular mechanism to prevent unwanted necroptosis from 

occurring. Furthermore, sustained Rip3 activation by IFN-I signaling may counterbalance  
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Figure 32. Model of the role of IFN-I signaling in necroptosis of macrophages. Induction of 
necroptosis can occur through various cell surface receptors, such as TNFR, TLR4 and 
IFNAR, and endosomal receptor TLR3. Initial activation of Rip1 occurs directly after 
receptor stimulation, however IFN-I signaling is needed to drive sufficient Rip3 activation. 
Importantly, these necroptotic receptors are able to promote the production of IFN-Is through 
the activation of various IRFs. Once production, IFN-Is autocrine signal through IFNAR and 
ISGF3 to sustain Rip3 phosphorylation. Prolonged Rip3 phosphorylation and necrosome 
activation subsequently results in the execution of necroptosis. 
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this degradative regulation to promote necroptosis. 

      Collectively, the results presented in this thesis have uncovered previously unidentified 

mechanisms of necroptotic death of macrophages (Fig. 33). Inflammatory pathologies, such 

as sepsis, affect millions of individuals worldwide each year (Husak et al., 2010; Van der 

Poll and Opal, 2008). Specifically in Canada, sepsis mortality rates range from 30-50% and 

account for the majority of in-hospital mortalities (Husak et al., 2010). Simply put, by 

gaining a better understanding of necroptotic death we are taking steps towards preventative 

measures and perhaps cures to combat harmful inflammation. I hope that the findings 

presented in this thesis can in some way, small or large, aid in the development of therapies 

for a variety of inflammatory pathologies, including sepsis. 
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Figure 33. Thesis model of the mechanisms of necroptosis. Induction of necroptosis begins 
upon engagement of necroptotic receptors with corresponding ligands in the absence of 
caspase activity. Rapidly after stimulation, Rip1 is phosphorylated at the cell surface. In 
order to activate Rip3, dynamin-mediated endocytosis is required, however, LPS-mediated 
necroptosis specifically does not depend on this internalization process. Once phosphorylated, 
Rip3 drives the proteasomal degradation of Rip1 to prevent unwanted necroptosis from 
occurring. For necroptosis to occur, IFN-I signaling is needed to counter this protective 
degradative mechanism. Importantly, necroptosis inducing receptors are also able to promote 
IFN-I production through the activation of various IRFs. Once produced, IFN-I is able to 
autocrine signal through IFNAR and ISGF3 to prolong Rip3 activation. Sustained necrosome 
activation via Rip3 ultimately leads to the execution of necroptosis resulting in oncosis, 
plasma membrane rupture, release of intracellular content into the environment and a 
subsequent potent inflammatory response. 
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