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ABSTRACT

Cell death plays a vital role throughout the immune response, from the onset of inflammation
to the elimination of primed T cells. Understanding the regulation of cell death within immune cells
is of vital importance to understanding the immune system and developing therapies against various
immune-disorders. In this thesis I have investigated the regulation of cell death and its functional
role in of the innate and adaptive arms of the immune system.

The mechanisms that govern expansion and contraction of antigen stimulated CD8" T cells are
not well understood. In the first section of this thesis, I show that caspase-3 becomes activated in
proliferating CD8" proliferation, yet this does not result in cell death. I used both in vivo and in
vitro models to demonstrate that caspase-3 activation is specifically driven by antigen presentation
and not inflammation, and that it likely plays a role in promoting T cell proliferation.

Next, I present novel data regarding the regulation of a newly identified form of programmed
cell death via necrosis, known as necroptosis. I show that the cellular inhibitor of apoptosis (cIAP)
proteins act to limit activation of key necroptosis proteins in macrophage cells. Furthermore, I show
that necroptosis can be exploited by intracellular bacterial pathogens to escape removal by the
immune system. I also demonstrate that necroptosis is highly intertwined with the pathway of
inflammation, and the autocrine production of type-I interferon constitutes a vital positive feedback
loop in the induction of inflammatory cell death. In the final section of my thesis work, I delve into
the specific regulation of Rip1 kinase and demonstrate that in addition to previously demonstrated
regulation by caspase-8, cathepsins are also able to cleave Rip1 kinase and limit necroptosis.

This thesis presents a wide variety of novel data regarding the regulation of cell death within

immune cells. In total, the results reveal a picture of two divergent forms of programmed cell death,



apoptosis and necroptosis. Through improving the understanding of the cross-regulation of these two

key cell death pathways this work aims to improve the understanding of the immune function.
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1.0 INTRODUCTION

Cell death is an indispensable mechanism for development and maintenance of all forms of
complex life. Without the ability to trim unnecessary or damaged cells from the body, multicellular
life would likely be impossible. Programmed cell death has even been observed within bacterial
colonies in order to remove damaged cells'?. Programmed cell death also plays a particularly
important role at every level of an immune response. From the outset, cell death, induced by cellular
damage or by pathogens directly, is thought to play a central role in the initiation of an inflammatory
response’. In some cases, immune cells must also become resistant to normal cell death pathways in
order to function within infected and cytotoxic microenvironments. In adaptive immune cells, these
cells maintain the ability to rapidly expand massively by clonal proliferation in response to specific
antigenic stimulation. Paradoxically, cell death pathways appear to play a role in this process of
immune cell proliferation®’. Following an adaptive response, the removal of the majority of
activated immune cells while maintaining a reservoir of memory cells, also seems to rely on
programmed cell death mechanisms®’.

A clear understanding of the regulation of cell death pathways within immune cells is essential
to understanding of the immune system as a whole. In the work presented here, I will delve into new
mechanisms that regulate cell death within innate and acquired immune cells. I will begin by
presenting work in CD8 T cells, wherein we have uncovered novel data showing the activation of
apoptotic cell death proteins without the induction of cell death in proliferating T cells. In follow up
to this work, we next became interested in the role of non-apoptotic cell death pathways. Thus, I will
next present work investigating the role of a new form of programmed necrotic cell death within

innate immune cells, with a focus on macrophages. Finally, I will apply new understanding of the
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regulation of programmed necrosis to bona fide models of infection and inflammation. Through
revealing novel pathways by which immune cells have evolved to regulate cell death, I provide new
insight into the regulation of key immune processes such as inflammation and T cell activation.
Using both in vitro and in vivo techniques, I will demonstrate in a number of different systems how

dysregulated immune cell death can lead to poorer immune response and pathology.

1.1 THE IMMUNE SYSTEM

The mammalian immune system can be broadly divided into the innate and adaptive arms.
The innate immune system is made of the physical, chemical and cellular barriers which react
directly to damage or infection. To accomplish this ends, the innate immune system has genetically
fixed receptors which are programmed to be activated by a large number of molecules indicative of
damage or infection. The specific cells of the innate immune system include macrophages,
monocytes, neutrophils and dendritic cells, among others®. These cells usually react first to infection,
often acting to induce the earliest inflammatory immune responses. In contrast to the innate immune
system, the adaptive immune system is populated by cells that are constantly generated within
specialized immune tissues, each carrying a specialized and specific immune receptor. These unique
adaptive immune receptors are generated in developing T and B cells through a process of random
shuffling of genetic elements known as VDJ rearrangement®. Only if adaptive immune cells
encounter a molecule which can specifically bind their specific receptor will they become activated
and able to perform their specific immune function. By combining the general ability of the innate
immune system to initiate inflammatory immune reactions with the ability of the acquired immune

system to focus its effects on particular targets, the mammalian immune system can effectively
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recognize and defend against the staggering variety of bacteria, viruses and parasites present in the
external environment (see ? for more).

There is a large body of work covering the ways in which innate immune cells are able to
respond to pathogens and initiate specific immune responses. Given that this thesis concentrates
mainly on the functional role of macrophage cells, I will utilize these cells to introduce the important
innate immunity concepts of pattern recognition receptors, cytokines, and inflammation. Similarly,
within the adaptive immune compartment, the work described in this thesis examines the role of
CDS8 T cells. Thus, I will utilize the CD8 T cell section of this introduction to discuss important
adaptive immune cell concepts such as antigen presentation, T cell activation, effector functions, and
contraction of the response.

1.1.A Macrophages

Innate immune cells are found throughout the tissues of the body, where they continually

scan the environment through phagocytosis. These tissue resident innate immune cells are formed
when circulating monocytes extravasate from blood vessels and mature at peripheral sites.
Macrophages are one important subtype of these highly phagocytic cells found in all tissues of the
body’. Because they are found in high numbers throughout the body, macrophages are generally
considered the first line of defense against pathogens. Upon encountering particles of appropriate
size [0.5-2uM'?], macrophages will ingest the particulate matter via phagocytosis. For smaller
particles such as macromolecules and viruses, macrophages also show high levels of endocytosis
through a variety of receptors, as well as performing pinocytosis''. The cell will then analyze the
contents of this ingested material through an array of specialized immune pattern recognition
receptors (PRRs)'. Depending on specific pathogen or damage associated molecular pattern

(PAMPs and DAMPs) in the material ingested or in the environment around the macrophage, the
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cells may become activated. Macrophages will then digest the particulate matter through
proteolytic enzymes, become activated to produce various cytokines, and diminish pathogen
replication". Ultimately it is thought that inflammatory macrophage activation represents a key
step in the initiation of the immune response to pathogens and in various inflammatory
pathologies'*.

The role of macrophages in controlling bacterial infections has been well characterized. For
example, mice lacking the key innate immune cell proliferation factor, GM-CSF, have been shown
to be highly susceptible to Streptococcus'® and Listeria'® infections. While lack of GM-CSF might
also have significant off-target effects on innate immune cells other than macrophages, the specific
depletion of macrophages through a genetically encoded drug-inducible apoptosis system has also
been shown to enhance susceptibility to Yersinia pestis'’. Anti-bacterial macrophage activity has
also been demonstrated as a vital element in control of Salmonella enterica serovar typhimurium

18,19

(Salmonella typhimuirum) infection ™. In a number of viral infection models, it has also been

20-22 :
. In dengue virus

shown that macrophages are specifically important in limiting viral replication
infections for example, it has been shown that depletion of macrophages actually had slightly lower
virus within draining lymph nodes but allowed much higher systemic viral load, suggesting that
macrophage cells act to pull virus into immune sites and limit peripheral spread®.

While there is certainly strong evidence to support the vital role of macrophages in controlling
acute infection, macrophages have deleterious effects in some infections. For example, in mouse
models of necrotizing fasciitis it was shown that depletion of macrophages resulted in less systemic
dissemination of Streptococcus bacteria from a site of subcutaneous infection, ultimately leading to
improved survival®. Similarly, Salmonella typhimuirum®*, Listeria monocytogenes™, C.

27-29 e . . . .
7% also utilize macrophage cells for systemic dissemination. In

14
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pneumoniae™ and several viruses



the case of chronic pathogens such as HIV?, Salmonella® and Mycobacterium tuberculosis’" it is
thought that macrophages can also act as a key reservoir, aiding in persistence of these diseases.
In addition to possible deleterious effects in various infection models, macrophages are also
implicated in inflammatory pathologies. In a macrophage specific CD11b promoter driven
diphtheria toxin (DT) receptor model of macrophage depletion, macrophages have been shown to
play a key role in the acute peritoneal inflammatory response’ and atherosclerotic plaque
formation®. Similarly, liposome mediated macrophage depletion has been used to demonstrate the
role of macrophages in many models of inflammatory pathology including endotoxic shock®*,
rheumatoid arthritis®®, and implant-wear associated inflammation®’. These experiments clearly
place macrophages at the centre of inflammatory program. Whether such inflammation leads to a
protective immune response or becomes pathological will ultimately be determined by a careful

balance of key signaling factors which are not yet fully understood.

1.1.4-1 Innate Immune Cells and Inflammation — See Figure 1

The innate immune system relies on an array of pattern recognition receptors (PRRs) to
become activated in response to signals of damage or infection. When PRRs bind their cognate
pathogen (PAMP) or damage (DAMP) associated ligands, it is thought that this generally drives
clustering of two or more receptor monomers™'. In the case of TLR proteins, ligand binding
allows the toll/IL-1 domains (TIR domains) of two or more receptors to associate, inducing a
conformational change which in turn allows signaling molecules such as Myd88 and TRIF to bind
at the intracellular tail of the receptor'®. Interactions with additional signal kinases leads to the
formation of a larger complex of proteins that drives downstream signaling, eventually

culminating in the activation of nuclear transcription factors such as NF-kf, MAPK or IRFs'.
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Figure 1: Inflammatory signaling pathways. PAMPs and DAMPs are able to stimulate
immune cells through specific PRRs. PRRs can be located on the cell surface, on vacuoles,
or in the cytosol. Activation of these PRRs cause the translocation of various signaling
elements to the nucleus which can induce the expression and release of inflammatory
cytokines. Inflammatory stimulation can also have important metabolic affects, which may
drive the release of ROS. Inflammatory cytokines can have a wide range of effects on the
cell, including activation of additional transcriptional modifiers such as STATs or NF-xf.
Some cytokine receptors can also induce cell death, as is the case for the TNF-receptor.
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Recently, many PRR signaling pathways have been demonstrated to also interact with key
programmed necrosis proteins Ripl and Rip3 (discussed in section 1.2.B-I).

The activation of nuclear transcription factors drives the expression of target genes. Taking
the activation of NF-kf} by the PRR TLR4 for example, signaling is initiated by binding of
bacterial lipopolysaccharide to the TLR4 receptor. This binding, which also involves extracellular
factors such as CD14 and MD?2, activates a conformational change in TLR4. This conformational
change results in the recruitment of Myd88 to the intracellular tail of the receptor complex, which
subsequently recruits members of the IL-1 receptor associated kinase (IRAK) family™. As the
IRAKSs (IRAKI, 2 and 4) become phosphorylated they associate with and catalyze the K63-
autoubiquitination of TRAF6*". Non-degradative K63-ubiquitnation of TRAF6 allows the
recruitment of the NF-«f3 activating TAB2/TAK1/NEMO complex. Subsequently, NEMO
becomes K63-ubiquitinated by TRAF6*', which then allows it to associate with IKKa and IKKp.
Interestingly, NEMO seems to act as a signal integrator by receiving stimulus from a number of
signalling pathways in activating NF-kf, including TNF, Toll-like receptors, and genotxic
stress™. This complex of NEMO/IKKa/IKK is then able to phosphorylate the key inhibitor of
NF-«p, Ikp*. Phosphorylated Ip becomes rapidly degraded, which finally allows the
translocation of NF-kf3 into the nucleus (reviewed in . Once in the nucleus, NF-k can interact
with cell specific transcription factors and bind available genes depending upon methylation and
histone interaction®’. Contingent on the specific immune cells wherein NF-«p is being activated,
the transcription of a different subset of cytokines can be activated.

Similarly to NF-xf, expression of type-I interferon is also activated downstream of a number
of PRRs. In this case, TRIF drives the phosphorylation of the interferon-regulatory factor 3 and/or

7 (IRF3 and IRF7)*. The subsequent translocation of phosphorylated homo- and hetero-dimers
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of IRF3 and IRF7 to the nucleus induces the expression and release of type-I interferons (IFNa
and/or IFNp) from innate immune cells*®. Thus, through the translocation of various transcription
factors into the nucleus in response to PRR stimulation, innate immune cells induce the
expression of powerful inflammatory mediators. While these inflammatory mediators can include
chemokines and cytokines; this thesis will focus on the role of cytokines in particular.

Inflammatory cytokines released by innate immune cells will quickly diffuse into the
immediate areas surrounding the site of inflammation. While cytokines are released more widely
into the body, the local effects of higher concentrations of cytokines are better defined in most
cases. Cytokine receptors have varying expression patterns depending on their specific function,
ranging from wide to highly specific expression on just a subset of immune cells’.

Upon binding their cognate receptors, cytokines can also activate a range of signaling
pathways. For example, the inflammatory cytokines IL-1 and TNFa activate NF-xf3, whereas IL-6
and interferons generally signal through the JAK/STAT1 signaling axis*’. Similar to PRR
signaling, the movement of transcription factors to the nucleus induces cells to increase
expression of various genes involved in lowering the susceptibility of cells to infection, induction
of cell death, or attraction of immune cells*. In addition, cytokine signaling often drives negative
feedback cycles, as occurs with increased suppressor of cytokine signaling (SOCS) expression in
response to interferon, as well as other inflammatory stimuli*. In some cases, cytokines can also
drive cell death, as is sometimes the case in TNF signaling (see section 1.2.A-I).

Inflammatory stimulation also induces important metabolic changes within the target cell, in

50,51 52-54

particularly within immune cell types. Specifically, both PRRs™"" and cytokine receptors
have been shown to increase glucose uptake and glycolytic metabolism. In the case of innate

immune cells, such as neutrophils and macrophages, investigations have revealed a significant
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shift in the cellular metabolism away from mitochondrial respiration and towards aerobic

glycolysis during inflammation®>°

. It is believed that this switch to glycolysis actually provides
faster access to energy in inflamed tissue, despite being significantly less efficient than
mitochondrial respiration”’. In addition, the glycolytic shift is thought to lower cellular
susceptibility to infection®, allow cells to resist the hypoxic environment of inflamed tissue™’, and
increase cellular proliferation™.

Coincident with the metabolic shift to glycolysis, there is also an increase in the production
of reactive oxygen and reactive nitrogen species (ROS and RNS)*. Within macrophages and
other innate immune cells, ROS production occurs both at the plasma membrane, by NADPH
oxidase, and within the cytosol, by the mitochondria®. ROS and RNS can damage sensitive
biological molecules®'. Some forms of these small ROS and RNS are also able to diffuse across
membranes and into neighbouring cells where they can propagate the effects of inflammation®.
In recent reports, some of the more specific connections between inflammation and ROS have
been defined. In particular, it has been shown that the cytosolic protein NLRP3 undergoes a
conformational change when it is exposed to elevated ROS levels®”. In turn, NLRP3 forms a
complex with ASC and caspase-1, termed the inflammasome, which activates the cleavage and
release of a mature form of the inflammatory cytokine IL-1p%. Thus, the production and release
of ROS/RNS represents an important step in the inflammatory program (see Figure 1).

Inflammation significantly alters the metabolic state and gene expression patterns of
surrounding cells. Specific genes induced include those that code for adhesion molecules, kinases,
proteases, chaperones and various other factors*. The expression and release of cytokines and
chemokines from sites of infection leads to recruitment of innate immune cells to the site of

infection. Increased adhesion protein expression on vascular endothelial cells attracts phagocytic
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innate immune cells to the site of infection, where they can extravasate from blood vessels®. Cell
specific effects of inflammation can also decrease the cells ‘infectability’. Taking the case of
interferon for instance, several anti-viral genes are induced: (1) ISG15 is a small protein
modifying factor akin to ubiquitin that lowers susceptibility to some viruses®’; (2) the
expression of OAS pathway factors induces the activation of RNAse-L which in turn leads to the
transient degradation of all RNA within the cell, potentially nullifying a viral infection®’; (3)
Protein Kinase R (PKR) is activated by long strands of dSRNA and leads to the phosphorylation
of elF2a, shutting down protein translation and limiting viral replication®®.

In addition to the induction of an anti-viral state, it has been demonstrated that interferon
signaling also increases cell death. By inducing a number of pro-apoptotic genes, it is thought that
interferon can promote a pro-cell death state®. There is also evidence for a more direct pathway
for interferon induced cell death. Dendritic cells, for example, have been shown to undergo a
type-I interferon dependent cell death in response to poly-I:C treatment’’. Similarly, there is
evidence that interferon-B is able to induce apoptosis directly in a number of cancer cell lines’"’?,
By promoting cell death in this way, type-I interferons function to increase death of infected cells

and prevent the propagation of viral pathogens®. It has yet to be investigated what effect

interferon signaling might have on programmed necrotic cell death (see section 1.2.B).

1.1.4-11 Macrophage Cell Death in Bacterial Infections

Given the central role of macrophage activity in the inflammatory program outlined above,
cell death of macrophages may have particularly important implications for the pathology of an
infection. In particular, the specific mode of cell death (see section 1.2) may have important
implications for the inflammatory effect of macrophages. Interestingly, death of macrophages is

consistently observed during early stages of microbial infection’ . For the most part, this death
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has been previously attributed mostly to apoptotic cell death’, but new forms of cell death have
recently been shown to be of importance.

Work in Shigella infection was the first to show that IL-1p converting enzyme (ICE), also
known as caspase-1, was vital for both production of the inflammatory cytokine IL-1f and death
of macrophages’”. This caspase-1 dependent inflammatory death of macrophages occurs in the
first few days of infection with both intracellular pathogens Shigella and Salmonella typhimurium
(ST)’®. In this form of death, caspase-1 is activated through the assembly of a protein complex
known as the inflammasome, which normally cleaves pro-IL-1f to produce active cytokine’”.
Activation of caspase-1 can also lead to an inflammatory form of cell death now known as
pyroptosis78. Importantly, caspase-1 has not been implicated in the pathways of extrinsic and
intrinsic apoptosis (see section 1.2.A). It was shown that pyroptosis aids in the dissemination of
ST from the gut, with pyroptosis resistant caspase-1/11-deficient mice showing less ST
invasion”. In contrast, caspase-1/11 deficient mice are more susceptible to intravenous infection
with ST**®! | underlining the complex relationships of immune response and cell death. Similarly,
components of the caspase-1 activating complex (known as the inflammasome) have also been
associated with improved responses to viral infections®*®, but a clear characterization of the role
of cell death through pyroptosis in this model was not made.

In contrast to the rapid pyroptotic form of cell death, which can be induced in macrophages
under conditions of LPS priming or high infection loads™, ST infection has also been observed to
induce a delayed mode of cell death®. For delayed ST-induced death, it has been demonstrated
that expression of PKR and TLR4 are key players in the death of infected macrophage cells*®.
Somewhat similarly, the delayed death in Listeria monocytogenes infected macrophages was

found to be mediated by type-I interferon signaling®’. In vivo, mice deficient in [IFNAR
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expression were also shown to be resistant to Listeria monocytogenes challenge, but viability of

macrophages was not assessed™. A deleterious role for type-I interferon signaling in bacterial

infection is somewhat paradoxical, given the well-established role of type-I interferons as key

anti-viral cytokines (discussed above). This emphasizes the need for immune responses to be

suited to specific pathogens.
1.1.B CD8" T cells

Whereas innate immune cells are primed to react directly to a wide range of pathogen
molecules, acquired immune cells, such as B and T cells, must receive highly specific stimulus in
order to become activated (see Figure 2A). New T cells are formed throughout the lifetime of an
organism. As T cells develop, they undergo a random rearrangement of V(D)J DNA elements, to
create a highly specific, and highly unique T cell receptor (TCR). T cells will continually
interrogate antigen loaded MHC molecule displayed on the surface of target cells. Generally, only
if the TCR has a high affinity for the antigen-MHC complex will it be able to form a long lasting
interaction, resulting in signals necessary for activation. In some cases, lower affinity TCRs and
MHC/antigen complexes can also form activating connections, as occurs in T cell selection and
some immune diseases. T cells can be classified by their ability to bind type-I or type-I1 MHC-
antigen complexes. MHC-II molecules usually present extracellular antigens to CD4 T cells, and
are mostly expressed on specialized antigen presenting cells. In contrast, MHC-I molecules are
expressed on all cell types, and present cytosolic antigens to CD8 T cells (reviewed in °).
Following activation, antigen specific T cells will begin to proliferate. The affinity of the TCR

for the MHC-antigen complex, as well as amount of MHC-antigen complexes available on the
antigen presenting cell will determine the potency of stimulus delivered to the T cell. In addition,

the expression of costimulatory molecules and inflammatory cytokines by the APC will also impact
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Figure 2: Antigen presentation activates the T cell response. Unlike innate immune cells, T
cells must receive very specific stimulation in order to become activated. (A) T cells will
continually scan the MHC-peptide complexes presented by antigen presenting cells. If the T
cell encounters a high affinity MHC-peptide complex, it receives an activation signal
involving the TCR. The activation signal for T cells is communicated through complex
interaction of many molecules on or released from the APC (including MHC/antigen
complex, CD28 and inflammatory cytokines) and molecules present on the T cell (including
the TCR, CD3, and CD8 receptors). (B) Co-stimulatory molecules are engaged by signalling
through PAMPs. T cell response can be divided into 4 phases. First the antigen specific T
cells expand rapidly, then they reach a peak and differentiate into effector cells. Majority of T
cells are removed during contraction phase, leaving a small stable pool of memory T cells.
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the ultimate level of T cell activation. Depending on this multitude of stimulatory factors, activated
T cells will proliferate slowly or very rapidly, up to 10 000 fold within 7 days*’. Activated T cells
will undergo a differentiation program into effector cells and are then endowed with the ability to
perform specific functions, such as killing target cells and producing cytokines which aid in
elimination of specific pathogens.

CD4 T cells produce cytokines that aid in the generation of antibody responses by B cells. In
addition, activated CD4 and CD8 T cells can emigrate into the periphery, homing to sites of
inflammation by following cytokine and chemokine gradients. In contrast to CD4 T cells, CD8 T
cells can scan all peripheral cells via the ubiquitously expressed MHC-I. Upon binding their
cognate antigen-MHC complex in the periphery CD8" T cells can induce apoptosis in target cells,
in order to eliminate intracellular infections. For this reason, CD8" T cells are commonly known as
cytotoxic T lymphocytes (CTL) [reviewed in 1.

Following activation of T cells, the expanding numbers of antigen specific CD8" T cells
eventually reach a point where competition of clonal cells outstrips the local resources of activation
(e.g. IL-15, antigen-MHC complexes etc...). This loss of activating stimulus pushes T cells to stop
proliferating. In acute viral and some intracellular bacterial infections, the peak of expansion

typically occurs approximately 7-8 days after challenge’**

. It is important to note that most
bacterial pathogens are extracellular and thus predominantly activate an MHC-II dominated
response, as their antigens are not present in the cytosol. Following this peak, a significant
proportion of effector CD8" T cells emigrate to the periphery to mediate immune-surveillance and
effector function in non-lymphoid tissue. Between days 7-20 of an acute response, the majority of

primed cells are eliminated through a poorly understood process known as contraction. For

example, in an acute antigen specific responses to lymphocytic choriomeningitis virus (LCMV) or
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Listeria monocytogenes, responding CD8" T cells populations will contract to form a stable

memory population of ~5-10% of the peak number of cells’**

(see Figure 2B). The exact
mechanisms that control the expansion, activation, contraction and memory of T cells are an area
of intensive investigation. While some of the key molecular interactions that control CD8" T cell

activation have been well identified (eg MHC/TCR, costimulation, cytokine production), the

interaction of these pathways with cell death is not yet well understood.

1.1.B-I Cell Death Pathways in CD8" T Cell Function

The role of cell death pathways in regulating T cell function is a prime example of the
complex and often paradoxical functions cell death pathways can have. When lymphocytes lack
the death receptor Fas or its ligand, this results in a serious lymphoproliferative disorder in both
mouse and human’®. While this defect in the homeostatic balance of T cell numbers might seem
predictable, mutations in Fas or its signaling partners FADD and caspase-8, also result in

perplexing defects in antigen induced T cell proli’feration‘”’98

. The importance of caspases in T
cell activation is reiterated by defective T cell activation observed in humans lacking functional
caspase-8”°. Furthermore, chemical inhibitors of caspases have been shown to inhibit T cell
activation®. This adds to a growing paradigm whereby apoptotic mechanisms, normally
associated with cell death, seem to also play a role in cell proliferation and differentiation'®.
Specifically, caspase-3 activation without cell death has been observed associated with the normal
differentiation of skeletal muscle cells'”', macrophages'®?, and erythroblasts'®.

Recently it has been revealed that the reason that caspase-8 expression is needed in CD8" T
cells is that it specifically limits the induction of a specialized type of cell death known as

programmed necrosis'**. Consistent with this, defective T cell responses can thus be rescued by

concurrent knockdown of Rip3 in order to eliminate the activation of programmed necrosis'®.
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These Rip3/caspase-8 double knockout animals do show an accumulation of atypical

106

lymphocytes similar to Fas deficient animals . At this time while it is clear that caspases are

97,107,108 .. :
107108 't is unclear what processes

expressed and activated within in vitro stimulated T cells
drive this activation. Through examination of apoptotic markers during the entirety of the CD8" T
cell response to a constant antigen (OVA) under divergent conditions, we hope to gain insight
into the link between the signaling networks of immune stimulation and cell death.

Interestingly, Rip3/caspase-8 double knockout T cells also showed a normal contraction of an
antigen specific response, suggesting that neither extrinsic apoptosis (see section 1.2.A-I) nor
programmed necrosis (see section 1.2.B) are required for T cell contraction'®. Treatment of mice
with caspase inhibitors during T cell contraction has similarly been shown to have no effect on
contraction'”. In contrast to this view, mice deficient in the pro-apoptotic mitochondrial outer
membrane protein, Bim, have been demonstrated to show less T cell contraction following a CD8
T cell response' "', A protein which is very similar to Bim, Puma, has also been shown to

12, Furthermore, double knockout mice for Fas and

function in the removal of activated T cells
Bim show almost no contraction following an antigen specific T cell response and severe
autoimmune pathology”''*!'!"*. Given the additive effects that observed for these pro-apoptotic

mediators, it seems likely that overlapping death pathways are at play in the removal of activated

T cells by contraction.

1.2 PROGRAMMED CELL DEATH

Death of tissues of the body following extreme injury and/or infection has been referred to as
necrosis since the time of Galen in ancient Rome''>. By the mid-19" century, medical journals were

publishing many accounts of painful necrosis of tissue, mostly within damaged bones in a process
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that would now be known as osteonecrosis''®. Even at this early time, it was recognized that damage
effecting the vascular conveyance of nourishment was likely driving the ‘mortification” of tissues'"’.
The association of necrosis with infections and immune reactions was also becoming clear by 1885,
as scientists observed the ‘inflammatory exudation’ of fibrous tissue associated with tissue necrosis

induced by experimental models of diphtheria''®,

In parallel with these observations of necrosis, the first scientific observations were also being
made of a quieter (non-inflammatory) type of cell death associated with natural fetal development. In
a seminal 1885 paper, after having recently coined the term mitosis, the German biologist Walther
Flemming observed that the maturing ovarian follicle was littered with cellular debris released from
cells with shrunken (pyknotic) nuclei''’. In beautiful camera obscura drawings, Flemming clearly
showed the nucleus of the cell breaking into smaller fragments in a process he coined
chromatolysis'*’. While it was proposed that this form of cell death might provide a key function in
all organs of the body whenever cells must be eliminated, the subject remained largely restricted to
developmental biology throughout the early part of the 20th century. It wasn’t until 1972 when this
type of cell death was rediscovered and coined apoptosis'?'. At this time, scientists quickly saw the
potential role of this form of cell death and acknowledged that it was a “basic biological
phenomenon” which occurred throughout all tissues'>'.

Today, several more forms of cell death have been defined (such as autophagy or pyroptosis), but
the two most studied remain apoptosis and necrosis. Owing to its association with various
inflammatory tissue pathologies, necrosis has usually been seen as a ‘death by default’ caused by
cellular damage or nutrient withdrawal. However, recent work has shown that necrosis can also

122

occur by specific programmed mechanisms (discussed below) “. The existence of this specialized

pathway of necrosis has now led some to question whether necroptosis might have a specific
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functional relevance. Can a controlled level of inflammatory cell death be beneficial for the rapid
activation of an immune response at the site of an infection? What role does this type of cell death
potentially play in pathologies? These questions have become the subject of intensive research, and
are the subject of much of this thesis.
1.2.A Apoptosis
Apoptosis has been specifically defined as cellular death characterized by cell rounding,
chromatin condensation, nuclear fragmentation, and plasma membrane blebbing (release of small
membrane vesicles) by the Nomenclature Committee on Cell Death'>. Generally, apoptosis is
differentiated into that induced by extrinsic signaling (death receptors, see section 1.2.A-I) and

124 Both of these pathways

intrinsic signaling (mitochondrial signaling, see section 1.2.A-II)
usually involve the activation of apical caspases (caspase-8 or caspase-9) which in turn activate
downstream effector caspases such as caspase-3 (see Figure 3). Ultimately, the activation of the
caspase cascade leads to the activation and/or translocation of various factors to the nucleus which
begin to fragment the DNA'?. Concurrently, the plasma membrane of apoptotic cells becomes
highly active, displaying rapid blebbing which can extend over the course of several hours. The
final demise of the cell can eventually lead to loss of plasma membrane integrity known as
secondary necrosis; although, it is thought that phagocytic removal of apoptotic cells mostly

prevents this process from happening in vivo'*°.

1.2.4-1 Extrinsic Apoptosis

Extrinsic apoptosis occurs when death receptors on the cell surface are stimulated. Upon ligand

binding, pre-assembled trimers of death receptors undergo conformational changes which allow
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Figure 3. Extrinsic and intrinsic apoptotic signaling pathways. Apoptosis is initiated by
intrinsic and extrinsic signaling. In extrinsic signaling, binding of death receptors to their
specific ligands causes a change in the intracellular domains of the receptors and leads to the
binding of additional factors in the DISC. This can either directly lead to cell death or the
release of a cytosolic 2° signaling complex. In intrinsic apoptosis, changes in the expression
levels of mitochondrial outer membrane proteins can lead to the formation of a
mitochondrial outer membrane channel. The subsequent release of cytochrome c leads to the
formation of the apoptosome. Both extrinsic and intrinsic apoptosis drive the activation of
initiator caspases (8 or 9) which in turn will activate effector caspases (3, 6, and 7).
Ultimately this leads to apoptotic cell death characterized by DNA fragmentation and
membrane blebbing.
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the assembly of the death inducing signaling complex (DISC) at the intracellular tail of the
receptor'?’. The first member of the DISC to be recruited is the Fas-Associated Death Domain
protein (FADD), through homotypic interaction of death domains (DD) found in both the death
receptor and FADD'?®. FADD also contains a death effector domain (DED) which can form
homotypic interactions with a DED in caspase-8'?’. There is also evidence that higher level
clustering of death receptors aid in the initiation of death signaling'*.

In addition to the membrane associated DISC complex, the caspase-8 and FADD containing
complex can be released into the cytosol where it forms what is known as the secondary
complex'®!. The Fas/TRAIL induced secondary complex may contain additional signaling factors
such as the TRADD, TRAF2 and Rip1-kinase which can drive other non-cell death signaling such
as cytokine or chemokine production'*2. Overall, both the membrane associated DISC and
cytosolic secondary complex are thought to function by allowing multiple caspase-8 molecules
into close proximity with each other, leading to their mutual cleavage and activation'**. This
active form of cleaved caspase-8 can in turn cleave and activate caspase-3, eventually resulting in
apoptotic cell death. Interestingly, new data suggests that propagation in the activation of apical
caspases may also rely on feedback from effector caspases'**'*’.

While death receptors can drive cytokine or chemokine expression in some cases, the typical
outcome of signaling through FAS/TRAIL receptors is considered to be apoptosis. In contrast to
this, TNF receptor (TNFR) signaling is chiefly associated with pro-inflammatory signaling and
will only induce apoptosis under certain conditions'*® (See Figure 2). Instead of binding to
FADD, the TNFR recruits the TNFR-associated death domain protein (TRADD) which lacks a
DED, and thus cannot recruit caspase-8 directly'*’. Through homotypic interaction between their

death domains, TRADD then recruits receptor interacting protein kinase 1 (Rip1)'**. Other
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members of the TNFR membrane complex (known as Complex I), also include TNFR-associated
factor 2 (TRAF2) and cellular inhibitors of apoptosis (cIAP)"*°. Currently it is thought that cIAP
proteins mediate non-degradative (K63) ubiquitination of Rip1, which in turn allows the
recruitment of the NF-kB signaling factors, and the initiation of pro-inflammatory signaling' .

In contrast to the view that cIAPs are required for NF-kf} signaling, Rip1 knockout fibroblast
cells were recently shown to only have only minor defects in NF-xf activation and normal

140,141

cytokine production in response to TNF stimulation . It has also been shown that treatment of

some cancer cells with a cIAP inhibitor actually results in an increase in constitutive NF-k[3

142,143 144

activation , which in turn can drive the autocrine secretion of TNF-a . Genetic deficiency

for cIAP expression can also increase non-canonical NF-kxf signaling downstream of the TNF-

146 While the exact

receptor'*, and is associated with B-cell cancers such as multiple myeloma
role of cIAPs in NF-«kf} remains unclear, there is strong evidence to show that cIAPs are key
regulators of Ripl dependent cell death (discussed further in section 1.2.B). Regardless of the
specific signaling axis responsible, TNFR signaling typically leads to the activation of NF-kB,
ultimately resulting in the production of pro-inflammatory cytokines such as IL-6 and TNF-a'*".
For TNFR signaling to result in apoptosis instead of cytokine production, the membrane
associated TNFR complex must be released into the cytosol to form what is known as complex II.
Similar to the secondary complex sometimes formed in FAS/TRAIL signaling, complex 11
involves the association of the cytosolic TRADD/Ripl1/TRAF2 complex with FADD and caspase-
8'*®. In addition to these factors, cytosolic death signaling complexes may recruit the cellular
FLICE/caspase-8 like inhibitory protein (cFLIP)'*’. Because cFLIP lacks the protease function of

caspase-8, it will inhibit caspase-8 cleavage and activation of apoptosis'*’. Thus, depending on

the mix of components present in complex I, it may or may not result in cleavage and activation
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of caspase-8. As in other death receptor signaling, active caspase-8 amplifies the apoptotic signal
through further cleavage of caspase-8, eventually resulting in activation of effector caspases and

apoptotic cell death™"

1.2.A-1I Intrinsic Apoptosis

The other major form of apoptosis is known as intrinsic apoptosis (see Figure 3). Unlike
extrinsic apoptosis, this form of cell death is controlled by signals intrinsic within the cell,
specifically by signals derived from the mitochondria. This form of cell death can be triggered by
a number of cell stressors such as DNA damage, oxidative stress, growth factor deprivation or
hypoxia'*. For instance, cell exposure to ionizing radiation results in double strand breaks (DSB)
in DNA, which in turn recruits a DSB complex and activates ATM kinase' . Active ATM kinase
then activates the key tumor suppressor transcription factor p53 through phosphorylation153.
Active p53 induces increased expression of many target genes, including death receptors such as
FAS and the pro-apoptotic protein Bax'>*.

Bax is a member of a group of pro-apoptotic and anti-apoptotic regulatory proteins known as
the BCL-2 family. The namesake of this family of proteins was initially identified for its
overproduction in B cell lymphomas (hence BCL-2)"**. Since its discovery, a number of BCL-2
homology (BH) proteins have been discovered, which are further subdivided according to the
number of BH domains the proteins contain. Those containing 4 BH (numbered 1-4) domains are
anti-apoptotic and include Bcl-2, Bel-XL and Bcel-w. Proteins with only 3 BH domains are pro-
apoptotic and include Bax and Bak. Finally, there are several pro-apoptotic proteins which have

only one BH domain (BH3-only); these include Bid, Bim and PUMA (reviewed in '°).
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Under optimal conditions, Bax is located in the cytosol of cells, where protein chaperones
such as 14-3-3 silence its activity'>’. Phosphorylation of 14-3-3 allows Bax to then translocate to
the mitochondrial outer membrane. The translocation of Bax to the mitochondria is not adequate
for activation of apoptosis, however, as anti-apoptotic Bcl-2 proteins are also located at the
mitochondrial membrane and will act to bind and inhibit Bax or Bak'*’. Similarly, the expression
of BH3-only proteins is thought to inhibit anti-apoptotic Bcl-2 family proteins, thus de-inhibiting

Bax and Bak and precipitating mitochondrial apoptosis'™®

. In addition to this, Bid cleavage by
caspase-8 has been shown to produce a truncated Bid (tBid) which can directly interact with Bax
and encourage apoptosis induction'. As the amount of Bax or Bak at the mitochondrial
membrane begins to outweigh the amount of Bcl-2, this will allow Bax and Bak to increasingly
associate. Eventually 9 or 10 Bax and/or Bak monomers will associate into oligomeric channels
in the outer mitochondrial membrane'®’.

The assembly of Bax/Bak channels on the mitochondrial surface results in mitochondrial
outer membrane permeabilization (MOMP). This leads to the release of several pro-apoptotic
factors from the mitochondria, including cytochrome ¢'®'. Once in the cytosol, cytochrome c is
able to interact with APAF, which drives the association of up to 7 APAF-1/cytochrome ¢
molecules into a macromolecular complex'®. This oligomerization process exposes the CARD
domains of APAF-1 which results in the recruitment of caspase-9 through homotypic
interaction'®, similarly to the DD interactions between FADD and caspase-8 noted above. In
contrast to caspase-8, it is thought that cleavage of caspase-9 is not strictly necessary for the

activation of caspase-9; rather, simple dimerization of caspase-9 within the apoptosome is

adequate to activate catalytic activity of caspase-9'®. Assuming there is adequate caspase-9

33



available, the apoptosome will drive cleavage of effector caspases and apoptotic death in a similar

. . . . . 165
fashion as described for caspase-8 in extrinsic apoptosis .

1.2.4-11I Caspase-3

Activation of the effector caspases, caspases-3, -6, and/or -7, occurs downstream of both the
extrinsic and intrinsic apoptosis pathways. The gene homologous to human caspase-3 was
initially discovered for its role in programmed death of specific cells during C. elegans
development, and was thus coined C. elegans death protein 3 (CED-3)'°. It was later shown that
this protein was homologous to the protease then referred to as IL-1p converting enzyme (ICE),
now known as caspase-1'®". This family of cysteine-aspartic acid proteases was eventually

168
6

renamed caspases in 1996 °. The vital need for caspase-3 and apoptosis in development is

exemplified by the fact that caspase-3 deficient mice show perinatal death due to abnormalities in

1% Tt is thought that compensatory

brain formation, although some strains of mice are viable
upregulation of caspase-7 is responsible for survival within these mice'”’. Consistent with this,
thymocytes deficient in caspase-3 show some delays in death but are still able to undergo
apoptosis in response to a number of stimuli'”', whereas caspase-3/7 double knockout thymocytes
were shown to be deficient for intrinsic apoptosis' .

Generally, the function of these effector caspases is to activate a variety of mechanisms
associated with cell death through promiscuous cleavage of a large number of substrates'”>. One
well characterized target is the DNAse inhibitor ICAD; cleavage of ICAD by caspase-3 results in
de-inhibition of DNA fragmentation'’*. Similarly, caspase-3 also cleaves and inactivates

multiple members of focal adhesion kinases'”” and the actin filament network'™® contributing to

the cell detachment, shrinkage, and rounding associated with apoptosis. Thus, by targeting a
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variety of proteins for cleavage, effector caspases directly affect the terminal phases of apoptosis
and drive cell death.

In addition to its role in precipitating apoptosis, caspase-3 has been shown to have some non-
apoptotic roles in various cell signaling pathways. In Drosophila, the connection of caspase
activation to proliferation has been well characterized. Studies have shown that expression of an
exogenous inhibitor of caspases can allow the activation of caspase-analogues without cell death
in the insect cells; fascinatingly, this activation of caspases leads to enhanced cellular
proliferation'”’. Caspase-3 has specifically been implicated in the differentiation of neurons, and
in the maintenance of synaptic plasticity'"". In both inhibitor studies and caspase-3 deficient mice,
it has been shown that memory formation is affected, although the exact mechanism of this action
is not entirely clear'””. Similarly, caspase-3 has also been shown to act in the differentiation of
macrophage cells through an unknown mechanism, although it seems to involve protection from

102
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cell death . Finally, there is evidence to indicate that caspase-3 as well as other caspases are

important for normal T cell activation, proliferation and differentiation (see section 1.1.B-I).

1.2.4-1V SMAC and IAPs

In addition to the release of cytochrome ¢ following MOMP (as described in section 1.2.A-
II), many other regulators of apoptosis are also released from the mitochondria. Among these
factors is a small protein which acts to drive the degradation of the inhibitor of apoptosis proteins
(IAPs), known as SMAC. SMAC was first identified when a research group noticed that
detergent lysed membrane fractions had novel caspase activating properties'*’. These researchers
were able to specifically identify and isolate a novel protein which they coined as the second

180

mitochondrial activator of cell death (hence SMAC) ™. Published simultaneously, the work of
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another group was focusing on finding an IAP binding protein'®', analogous to the known pro-
apoptotic mediators in Drosophila'™. This group showed that a specific protein was capable of
binding and inhibiting the X-linked inhibitor of apoptosis (xIAP); they coined this protein as the
direct IAP binding protein with low pI (DIABLO). Thus, SMAC/DIABLO (henceforth referred to
as SMAC) was shown to be a key de-inhibitor of caspases and promoter of apoptosis.

It was later shown that SMAC can form homodimers, greatly increasing their ability to
inhibit the xIAP'™®. It has also been demonstrated that SMAC is able to induce the auto-
ubiquitination and degradation of the cellular-IAPS (cIAP1 and cIAP2)"**. Both xIAP and cIAPs
were initially identified to directly bind apoptotic caspases, and were thus thought to act as

183186 While xIAP is generally accepted to be a bona fide caspase

inhibitors of apoptosis
inhibitor, cIAPs are no longer thought to directly inhibit caspases'®’. Rather, cIAPs have been
identified to have important alternative roles in NF-kp signaling'®’. The best studied mechanism
of cIAPs is their E3 ubiquitin ligase activity. In particular, cIAP seem to have a key role in
ubiquitination and regulation of Rip1 kinase in the TNFR complex (discussed further in section
1.2.B, see Figure 2)"**'®_ Interestingly, monoubiquitylation of caspases 3 and 7 by cIAPs has
been observed'”’, but at this time it remains unclear what the functional consequences of this
might be. Thus, through interaction with many targets, poly-, mono- and auto-ubiquitylation, IAP
proteins perform many complex functions in the regulation of apoptotic signaling.

Since the discovery of SMAC, there has been intense scientific interest in the role of [APs
and SMAC. This interest has been accelerated by the discovery that cIAPs are overexpressed in
many forms of cancer'*’. Given that TNF-o is also overexpressed in many tumours'®', the ability

of cIAPs to convert the TNF-a signal from pro-apoptotic to pro-survival/inflammatory NF-«k[3

signaling (see section 1.1.A-I) may be important in the enabling the process of oncogenesis'*.
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With the goal of inhibiting the activity of IAPs within cancer cells, small molecule SMAC

mimetics (SMs) have been developed. While these SMs were initially intended as a means to

inhibit XIAP and thus induce caspase mediated apoptosis, a number of papers have shown that

these compounds are often dependent on the degradation of cIAPs'*. This loss of cIAP

expression drives cell death via a TNF-o dependent apoptosis pathway involving Riplkinase and

caspase-8'** 1% (discussed further below).

1.2.B Necroptosis
Since the term apoptosis was coined in the 1970’s, the bulk of research into cell death has

concentrated on discovering the mechanisms that regulated this form of cell death (as described
above). During this time, apoptosis was often used synonymously with any form of programmed
cell death, whereas necrosis described unregulated mechanisms such as nutrient deprivation or
cellular damage'". This over-simplified paradigm was never truly accurate. Rather, types of cell
death are better defined based on their morphological characteristics; with apoptosis showing
blebbing and nuclear condensation (see above), whereas necrosis exhibits rapid membrane collapse
and release of cytosolic material'>.

Over the last 15 years, findings have conclusively demonstrated that necrosis can be the result of
programmed signaling'**'*>. It was only a short time after the canonical apoptosis inhibitor z-
VAD-FMK (zVAD) was demonstrated to specifically inhibit caspases'*’, researchers reported that
death receptor stimulation combined with zVAD could result in necrotic-like cell death'”’. This
observation was quickly followed up with a number of other publications showing that something
akin to necrosis occurs in caspase inhibited cells'”®2°!. It has now been conclusively shown that
caspase-8 is the key inhibitor of programmed necrosis, as embryonic lethality observed in caspase-

8 knockout mice can be rescued by also knocking out the key programmed necrosis protein
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Rip3'%. Now known as necroptosis, programmed necrosis is often thought of as a back-up
mechanism of apoptosis, normally inhibited by caspases®*, although it is now clear that caspase
inhibition is not always required in order to activate necroptosis.

It was in work examining the induction of this caspase-independent cell death by Fas-receptor
signaling, wherein Rip1-kinase activity was first shown to be required for programmed necrosis™”,
but a similar effect for TNF soon followed'**. The next big leap forward for the field of
programmed necrosis came with a seminal paper from the Yuan group at Harvard Medical School,
wherein they coined the term necroptosis to refer to programmed necrosis™*. In this paper, they
also identified a novel small molecule inhibitor of cell death induced by combined TNF-a and

zVAD treatment, which they called necrostatin-1 (nec)204

. This group also later confirmed that nec
specifically inhibits Rip1 kinase activity to block necroptosis™”. Rip3 was later demonstrated to
also be essential for sensitivity to necroptosis®®.

With the advent of an unambiguous name for Rip1-dependent programmed necrosis and an
easily employed inhibitor, research into necroptosis has greatly accelerated in recent years. As

188
1

discussed above, cIAPs function as E3 ubiquitin ligases for Ripl ~". Through this ubiquitination of

Ripl it has been proposed that cIAPs prevent the activation of necroptosis in response to TNF-a

L 1 14820
signaling'***"’

, Whereas other enzymes such as A20 and CYLD can deubiquitinate Rip1 and
promote necroptosis®” *'°. Similar to the initiation of apoptosis through TNFR signaling,
necroptosis also relies on the formation of a secondary cytosolic complex known as complex IIb or
the necrosome”'' (see Figure 4). It is unclear at this point whether additional factors in the TNFR
DISC are responsible for the initial phosphorylation of Rip1, but the ultimate formation of the

necrosome complex is known to depend on the sequential phosphorylation of Rip1 and Rip3

. 206
kinases™".
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Figure 4: The many outcomes of TNF receptor signaling. Depending on the specific mediators
that are present in the cell, activation of TNF signaling by binding of the receptor to TNF can
result in a variety of outcomes. (1) cIAP1 or cIAP2 have been considered to ubiquitinate
Ripl. This enables the docking of the TAB/TAK complex and drives downstream NF-«xf3
signaling. Degradation of cIAPs can be activated by release of SMAC from the
mitochondria. (2) In the absence of cIAP1 and cIAP2, TNF signaling can lead to either
apoptosis through successive formation of complex I and complex II, followed by activation
of caspase-8. (3) In the absence of caspase-8, or caspase-8 activity, TNF signaling can drive
the phosphorylation of Rip1 which subsequently associates with and phosphorylates Rip3, in
a complex known as the necrosome. The formation of the necrosome drives cell death via the
necroptosis pathway.
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The involvement of factors other than Rip kinases in the necrosome complex is unclear at this
point. It has been shown that genetic depletion of either FADD or caspase-8 results in embryonic
lethality due to uncontrolled necroptotic cell death in the developing embryo'™’, suggesting that the
formation of FADD and caspase-8 containing complexes (ie Fas 2° complex or TNFR complex II)
inhibits the formation of the necrosome. Consistent with this, knocking out of either Rip3 or Rip1

140,150

rescues embryonic lethality in FADD™ mice . It is not known what role TRADD plays in the

formation of the necrosome, although knockdown of this gene seemed to have little impact on

sensitivity to necroptosis in 1929 fibroblast cells*'?

. Importantly, an apoptosis inducing complex
similar to the necrosome, involving Rip1 kinase activity, caspase-8 and FADD has recently been
reported””’. This complex is also inhibited by cIAP activity, and is known as the Ripoptosome®"”.
Generally, the phosphorylation driven assembly of the Rip1 and Rip3 necrosome has been
consistently associated with the initiation of necroptosis; although, new evidence has shown that
when Rip3 is overexpressed, TNF stimulation is able to induce necroptosis in the absence of
Rip1?'. This suggests that Ripl may simply act as a signal amplifier in activating the downstream
necroptotic activity of Rip3. Rip1 and Rip3 associate through binding of their RIP homotypic

interaction domains (RHIMS)215

. One recent paper has shown that many phosphorylated Rip1 and
Rip3 proteins can assemble in amyloid like structures via interactions of their RHIM domains®'.
This raises the possibility that the amyloid-like oligomerization of the necrosome could constitute a
feedback mechanism to amplify pro-necroptotic signaling and drive cell death.

Downstream of the activation of Rip1 and Rip3 phosphorylation, recent work has also shown
that Rip3 associates with, and phosphorylates the mixed-lineage kinase like protein (MLKL),

which leads to necroptotic cell death®'”. In addition to the MLKL dependent pathway, Ripl

activation has also been shown to lead to the inhibition adenine nucleotide translocase (ANT) pores
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on the mitochondria; this drives the release of ATP from the mitochondria®'®. Some cells can also
be protected from programmed necrosis through the inhibition of cylophilin D (CYPD) by
cyclosporine A*'’. CYPD is a key protein for generating the mitochondrial permeability transition
pore (MPTP), which allows unregulated movement of ions into the mitochondria®*’,

Necroptosis has also been associated with the elevated production of reactive oxygen species
(ROS)*'. The release of mitochondrial ROS during necroptosis has been documented to steadily
increase preceding necroptotic cell death in fibroblast cells, followed by a rapid collapse as the
plasma membrane integrity is lost**'. Consistent with this, some results have shown that treatment
with ROS scavengers can protect some cell lines from necroptotic cell death (eg. L929 fibroblast or
HT-22 neuronal cells)**%. Complicating the situation, however, it appears that cells of
hematopoietic origin (eg. U937 or Jurkat lymphocyte cells) are not protected from necroptosis by

218224 Ty resolve this dissonance, it has been proposed that there exist at least two

ROS scavengers
classes of cells which are susceptible to necroptotic cell death. In type-I cells, death relies on
activation of the MPTP pathway without requiring ROS, whereas type-II cells require the
generation of high levels of ROS in order to undergo necroptosis"”. The recently discovered
Rip3/MLKL necroptosis pathway has been associated with ROS production®’, but it remains
unclear whether it might also play a role in ROS independent necroptosis.

While the best characterized mode of inducing necroptotic cell death is through the death
receptors TNFR, FAS and TRAIL**?% it has very recently been shown that certain
immunoreceptors can also activate necroptotic signaling. In particular it has been shown that
stimulation through toll-like receptors 3 and 4 (TLR3 and TLR4, see section 1.1.A-I) can induce

necroptosis when combined with the zZVAD to block caspase activity”*’. Specifically, it was shown
p p y p

that ligand binding by TLR3 or 4 caused TRIF to interact directly with Rip3 via a RHIM contained
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in TRIF. Thus TRIF drives activation of the necrosome and necroptosi5226. Similar to TRIF, it has
also recently been demonstrated that the cytoplasmic DNA sensor DAI is able to interact with both
Ripl and Rip3 via its RHIM domain®’. The DAI dependent pathway was also shown to be
important in murine cytomegalovirus (MCMYV) induced cell necrosis*®. In addition to these
pathogen associated molecular pattern (PAMP) sensing pathways, new work has demonstrated that
genotoxic stress can activate assembly of a Ripl and Rip3 dependent complex similar to the
necrosome, and which promotes both apoptotic and necroptotic cell death?***’. These examples
add to a new paradigm wherein the necrosome acts as a functional integrator of multiple signaling
axes in the initiation of necroptosis (see Figure 5, reviewed in 230y,

The activation of Rip1 and Rip3 kinases and downstream effectors eventually leads to rapid
necrotic release of cytoplasmic material into the extracellular space. It is thought that this cytosolic
release likely represents a potent inflammatory stimulus. The specific cytoplasmic components
responsible for this effect are collectively known as damage associated molecular patterns
(DAMPs). The archetypal DAMP, HMGBI, has been well associated with inflammatory

33 While it can also be secreted by

pathologies such as rheumatoid arthritis™', lupus®*?, and sepsis
mechanisms independent of cell death, release of HMGBI is usually associated with the loss of

plasma membrane integrity” ", and has been recently observed following Rip1 kinase dependent

death207’235.

1.2.B-I Necrotic Cell Death and Inflammation

There is ample evidence to show that inflammation is an important activator of cell death (as
discussed above), but the reverse question should also be asked: how important is necrotic cell

death as a source of inflammation? The existence of a programmed pathway of necrosis begs the
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Figure 5: The necrosome as a functional integrator of many signaling pathways. Many
different pathways have been demonstrated to induce phosphorylation of Rip1 including
TLRs, cytosolic PRRs, genotoxic stress and death receptor stimulation. Under pro-necrotic
conditions (usually involving caspase inhibitors) this can also lead to the association of Rip1
with Rip3 in the necrosome complex. Downstream, Rip1 activation has been shown to
promote NF-kf3 signaling and inflammasome activation. Downstream of Rip3, MLKL and
PGAMS have been recently shown to activate mitochondrial fission, which leads to
necroptosis, associated ROS production may also be implicated in inflammasome activation.
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question as to its potential functional role. Through active (cytokines) and passive (DAMPs)
mechanisms, necroptosis is clearly associated with the local release of inflammatory mediators.
Ultimately this necroptosis induced inflammation could be a driver of wider processes, ranging
from a normal immune response to acute pathological inflammation, depending on the context
and extent of cell death (see Figure 6).

The initial study which coined the term necroptosis, also demonstrated that in vivo
application of the inhibitor of Rip1 kinase significantly reduces infarct size in a model of
ischemic brain injury*®*. While inflammation plays a complex role in ischemic disease etiology, it
is thought that the immediate inflammation following brain ischemia acts to aggravate tissue
injury”°. In particular, it has been shown that HMGBI released by the initial ischemic injury
plays an important role in tissue damage and disease pathology™***. Similarly, both Rip1
dependent necroptosis®® and HMGB1%* have been shown to play a role in ischemic tissue
damage associated with myocardial infarction models. Thus, in these cases of extreme cell stress,
it seems that the induction of necroptotic cell death is a significant factor in exacerbating disease
pathology.

The release of HMGBI can also have a range of inflammatory effects on cells. Once
released, extracellular HMGBI is able to interact with a variety of immune receptors, including
TLR2, TLR4, and TLR9**'. HMGBI stimulation of TLR4 has been shown to drive further release

24228 HMGBI can also interact with the

of inflammatory cytokines such as TNF, IL-6, and II-1P
RAGE receptor which can drive chemotaxis, proliferation and differentiation of immune
cells®**** . Other DAMPs released by necrotic cells include ATP, mitochondrial DNA, heat-shock

proteins, uric acid, and others**, although the specific release of these DAMPs by necroptotic cell

death has yet to be shown. Interestingly, the recently established roles for necroptosis®’ in
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Figure 6: The functional spectrum of necroptosis. Depending on the context and extent of
programmed necrosis there is evidence that death can range from inadequate to pathological.
In cases of some viral infections, such as vaccinia, it has been shown that mice deficient in
key necroptosis proteins do not mount a normal immune response. There is also evidence
that in some cases necroptosis is associated with inflammatory pathology. This occurs in
ischemic injury models as well as models of systemic shock.
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various inflammatory pathologies are mirrored by work investigating the role of HMGB1%**,
underlining the likelihood of an intimate connection of DAMPs and necroptotic cell death.

In addition to the indirect inflammatory effects of necroptotic release of DAMPs, current
evidence also suggests a more direct impact of Rip1/3 kinase signaling on inflammatory cytokine
expression. The dual role of Ripl in death and cytokine signaling is well accepted, particularly
downstream of TNFR. Commonly, it has been thought that these functions of Rip1 can be
separated based on kinase activity, wherein the phosphorylation activity is associated with death
and is dispensable for its role in cytokine expression®*®. In contrast to this simple bifurcation of
Ripl activity, it was also recently shown that production of TNF-a in macrophage cell lines can

be inhibited using necrostatin®****’

. This work suggests that increased Rip1 kinase activity can
actually drive expression of inflammatory cytokines. Consistent with this, DNA damage induced
expression of IL-8 has also been shown to require Rip1 kinase activity”*’. Work examining
TLR3/4 signaling has also shown that Rip1 phosphorylation and ubiquitination is required for
TRIF mediated NF-kp signaling®’. Furthermore, TLR4 mediated inflammasome activation and
IL-1p production in response to LPS stimulation can be blocked through either overexpression of

caspase-8 or treatment with necrostatin®'.

These data clearly show that across diverse signaling
pathways Ripl kinase is a key inducer of inflammatory cytokine expression (see Figure 5).

Similar to the kinase activity of Rip1, the lack of an overt phenotype of Rip3-deficent mice
has led to it being disregarded in cytokine signaling. Consistent with this view, expression of
Rip3 is dispensable for NF-kB signaling in response to B-cell, T-cell, TLR, and TNF

receptors” >3

. In contrast however, Rip3 has been shown to play a key role in NF-kB activation
downstream of the cytosolic DNA sensor, DAT*?. In the case of inflammasome activation, the

ROS production downstream of Rip3 expression has also been specifically implicated in
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inflammasome mediated IL-1p activation®*. Production of IL-6 and TNF in response to
endotoxin injection in vivo is also significantly decreased in Rip3 knockout animals, although this

h?*°. Based on these data, it seems clear that in at

may be a secondary effect of necrotic cell deat
least some cases, activation of the necrosome can directly drive inflammatory cytokine
expression.

This type of induction of inflammatory cytokine expression by Rip1/Rip3 kinase signaling
may constitute a key step in driving the ultimate death of the cell. Case in point: autocrine TNF-a
signaling has been consistently shown to be both induced by necroptotic stimulus and ultimately

249

253236 Thus, the release of TNF induced by Rip1 kinase activity

to be necessary for necroptosis
could be acting as a positive feedback for the induction of necrotic cell death. It is unclear at this
time whether the expression of other inflammatory cytokines, such as interferon or IL-1f, plays a
role in the induction of cell death.

One recently published commentary has suggested that the immediate function of Rip1/Rip3
kinases may be to induce cytokine expression, with the induction of necroptotic death being a

257 ‘Whether it turns out to be the ‘chicken or the

secondary effect of this inflammatory stimulation
egg’ in this case, the data clearly underlines a complex intertwining of inflammation and
necroptotic cell death. Additional experiments to examine the timecourse of events preceding
necroptosis may be highly informative regarding the interaction of these pathways.

Necroptosis has recently been demonstrated in models of sepsis. Mice deficient in Rip3 show
lower cytokine release and significantly improved survival in the caecal ligation and puncture

226.258 .. . . . . ..
", In TNF-injection induced inflammation, similar

(CLP) and LPS injection models of sepsis
protection by Rip3-deficiency was observed, but pathology was exacerbated by the Rip-1 kinase

inhibitor”’, underlining important as of yet undistilled complexities. Findings showing
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necroptosis in sepsis are mirrored by an established role for HMGBI in acute inflammation
models. Antibody treatment targeting extracellular HMGBI in the (CLP) mouse model of sepsis
have shown a significant benefit in terms of cytokine release and mouse survival”***®!, These
results clearly point to a model by which necroptosis and associated HMGBI release could be the
key driver acute pathological inflammation in sepsis; further studies are well justified to further
characterize the mechanisms regulating this effect.

Very recently, Rip3 dependent necroptosis of macrophages has been associated with the
formation of advanced atherosclerotic plaques®®*; a pathology which also has a well-established
connection to HMGB1?%2%*, Given the medical significance of atherosclerosis to Canadians,
further research is needed to investigate how this occurs, and whether interventions targeting
necroptosis could be effective in treating advanced atherosclerosis.

While the inflammation induced by necrotic cell death can be associated with the pathologies
described above, it also appears that necroptosis can aid in the activation of an immune response.
In a clear example of this effect, Rip3-deficient mice infected with vaccinia virus showed
significantly lower tissue pathology in response to infection but eventually succumbed to high
viral loads. In contrast, WT mice infected with the same virus which showed tissue pathology but
were able to control the infection®”. Similar results were observed in vaccinia virus infection of
TNFR2”" mice’®. It has also been discovered that the MCMYV virus has evolved means of
inhibiting necroptosis by targeting Rip1 kinase with its M45 (or vIRA) protein®®®. MCMV
mutants lacking vIRA are unable to infect WT mice, but show normal infection in Rip3 knockout

228

mice™". Other viruses also appear to modulate programmed necrosis through expression of viral

FLIP-like proteins, such as K13 in Kaposi sarcoma virus, E8 in equine herpesvirus-2, and MC159
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295 These studies clearly demonstrate that necroptosis can

in poxvirus Molluscum contagiosum
have a pro-inflammatory effect which aid in immune response and viral clearance.

While the results discussed above illustrate how programmed necrotic cell death can have a
positive role in the initiation of an appropriate inflammatory response to pathogens, key questions
remain regarding the role death of particular cell types might play in this response: Is the death of
infected cells the primary source of this of necrotic inflammation? Do innate immune cells
undergo inflammatory suicide to enhance the inflammatory cascade? What is the role of
necroptosis in chronic inflammation? What is the role of necroptotic cell death during bacterial
infections? Experiments to address the complex role of cell death of specific cell types across the

full-spectrum of inflammation are essential to a more complete understanding of the function of

the immune system.
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2.0 SUMMARY

2.1 HYPOTHESIS: Cell death pathways have significant impact on the immune function in both
innate and acquired immune responses.

2.2 A1mS:
1. To determine the factors which regulate the induction of caspase-3 activity during CD8"
T cell activation.

a. Careful experiments will confirm whether caspase-3 high cells are undergoing cell
death during CD8 "proliferation.

b. The relative impact of inflammation and antigen presentation to caspase-3 will be
investigated.

c. Experiments will investigate the timing and magnitude of caspase-3 activation during
in vivo CD8" responses to the same antigen (OVA) under varying conditions of
presentation.

d. Experiments will probe the role of caspase-3 in promoting CD8" proliferation.

2. To investigate the factors which regulate programmed necrosis within innate immune
cells, with particular focus on macrophages.

a. The newly developed small molecule mimetic of SMAC, SM-164, will be employed
to investigate the regulation of necroptosis by IAPs

b. The relative sensitivity of macrophages and dendritic cells to the induction of
necroptosis will be studied.

c. The relative release of inflammatory cytokines in the response of dendritic cells and
macrophages to immunostimulatory and/or necroptotic stimulus will be assessed.

d. Specific knockout models will be used to delineate the specific roles of cIAP1,
cIAP2, and xIAP in the regulation of necroptosis.

e. Knockout models and SM-164 treatment in vivo will be utilized to investigate the
importance of necroptotic control during the immune response to intracellular
bacterial infections.

3. To investigate the relationship of the necroptosis death program with the production of
inflammatory cytokines.

a. The role of necroptosis in Salmonella-induced death of macrophages will be
investigated

b. The specific interaction of the type-I interferon pathway in necroptosis of
macrophages will be investigated.

4. To examine the proteolysis of RIP kinases in the regulation of necroptosis.

a. The relative effect of immune-activating TLRs in necroptosis will be investigated.

b. The canonical model of necroptosis induction using the pan-caspase inhibitor zZVAD
will be utilized to examine changes in Rip1 cleavage products during the necroptotic
program.

c. Using various small-molecule protease inhibitors, the relative role of different
proteases to limiting necroptosis will be investigated.

d. Using a totally cell free cleavage assay, the ability of cathepsins to directly cleave
Rip1 kinase will be demonstrated.
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3.0 METHODS AND MATERIALS

3.1 ANIMAL WORK: All animals were housed at the animal facilities of the National Research

Council Institute for Biological Science, or at the University of Ottawa. Animals were
maintained in accordance with CCAC guidelines. Protocols and procedures were approved and
monitored by the National Research Council of Canada-Institute for Biological Sciences Animal
Care and Ethics Board and/or the University of Ottawa Animal Care Committee. The strains of
mice utilized for experiments and their sources are listed in Table 1. Any genetic analysis
necessary for strain determination was performed utilizing tail clips and genomic PCR.
Experiments utilizing multiple transgenic mice utilized age and sex matched mice.

Adoptive transfer of OT1 splenocytes: For experiments requiring adoptive transfer of OVA-
specific T cells, OT1 TCR transgenic mice were sacrificed and spleens were removed. Cells
were counted and resuspended at appropriate concentrations in HBSS. Generally 10°
splenocytes were transferred to each recipient mouse unless otherwise stated in the text. Sex-
matched recipient mice were injected intravenously (iv) with cells followed by 1 week of
equilibration prior to further manipulations.

In vivo Infection Models: Animal infections were performed by iv or intraperitoneal route
according to descriptions given in the text. In brief, stated pathogens were resuspended at
appropriate concentration in HBSS and 200 pL was injected into mice. Daily monitoring was
utilized to assess animal health, and mice were sacrificed at established humane endpoints
(>20% weight loss or symptoms of illness such as lethargy, hunched, shivering etc...). Mice
were euthanized by carbon dioxide inhalation followed by cervical dislocation. Various
inhibitors (see Table 2) were also injected into mice as described in the text. In brief, inhibitors
were
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Table 1: Mouse strains utilized in experiments, their source and the derivation of the strain are

also given.
Mouse Strain Source Origin/Notes
C57BL/6J Jackson Laboratories
Stock #000664

*OT1 Transgenic Mouse
(CD45.2%)

*OT1 Transgenic Mouse
(CD45.1%

C57BLx129SvJ
“F1 mice”
*c[AP17
*c[AP27

*IFNAR™

*Rip3™
*CTSB™

*CTSS™

Bred in house

Bred in house

Bred in house

Bred in house

(University of Ottawa)
Bred in house

(University of Ottawa)
Bred in house

A kind gift from K Murali-
Krishna

Bred in house

A kind gift from V. Dixit
Bone marrow samples
received from collaborator
Bone marrow samples
received from collaborator

OT1 mice have transgenic CD8"
TCR expression. >90% of CD8" T
cells were confirmed to be OVA
specific via FACS

OT]1 transgenic mice were
backcrossed to CD45.1 expressing
C57BL mice to provide a marker for
identifying adoptively transferred
cells

F1 mice show resistance to
Salmonella infection yet are
immunologically compatible with
OT1 adoptive transfer

As described in **

. - 268
As described in

Backcrossed to C57BL in ** from
mice generated as described in 2’

As described in 23

As described in 27!

*Note: all transgenic mice were bred on the C57/BL background.
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suspended at appropriate concentration in phosphate buffered saline (PBS) to achieve desired
dose/kg and injected intraperitoneally.

For experiments examining immune cells in other tissues (lungs or brain), mice were first
bled to obtain blood samples, then anaesthetized and perfused using 50 mL of PBS before
sacrificing. Following this, organs were removed and placed in RPMI (Invitrogen 31800-022)
on ice. Tissues were dissociated in RPMI using a Potter-Elvehjem homogenizer and a cell
strainer to obtain a single cell suspension before FACS analysis as described below.

Following euthanasia, for peritoneal lavage studies, the skin was first removed to expose the
peritoneal membrane. 10 mL of cold PBS was then injected into the peritoneal cavity using a
washing motion 4-5 times before removing the lavage liquid. Samples were then placed
immediately on ice. For splenic examinations, the spleen was removed and placed immediately
in RPMI media and placed on ice. For experiments requiring bone marrow cells, mouse hind-
and forelimbs were removed, taking care to include the ischium with the hind limbs. The skin
was removed and samples were placed on ice in RPMI before further processing (see section
3.3).

In vivo Antigen Presentation: For evaluation of antigen presentation in vivo, CFSE labeled OT-
1 cells were injected (5x 10%) into mice iv. After allowing 3—4 days for cells to equilibrate,
mice were infected with bacteria through the iv route as described in the text. Four to five days
after infection, spleens were removed from the recipient mice. The presence of donor OT-1
CDS8" T cells (CD45.1") and the reduction in CFSE intensity of donor cells was evaluated by
FACS (see below).

3.2 BACTERIAL METHODS: Bacterial lines utilized for experiments outlined in this thesis include

SL1344 strain Salmonella enterica serovar typhimurium, OVA expressing Salmonella SL1344
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(ST-OVA as described in 2’?), Listeria monocytogenes strain 10403S , and OVA expressing
Listeria (LM-OVA as described in *7).

CFU Assay: For in vivo infection models, the bacterial load in the peritoneum and/or spleen was
assessed at various timepoints after infection as described in the text. Bacterial colony-forming
units (CFU) assessment was performed by diluting peritoneal lavage, or splenic suspension to
varying extent in saline and plating on BHI-agar plates. CFU numbers were then counted after
incubation for 24 hours at 37°C.

3.3 CELL PURIFICATION AND SORTING: In order to obtain high concentrations of different cell

types, various cell purification and sorting procedures were utilized.

Magnetic Isolation of Cells: CD8" T cells were enriched by negative selection (Stem cell
Cat#19753) according to the manufacturer’s instructions. In brief, a single suspension of
splenic cells was stained with a cocktail of biotinylated antibodies targeted against the non-
CDS" cells of the spleen (e.g. B cells, CD4 T cells, macrophages, stromal cells etc...). These
cells were then combined with streptavidin conjugated to magnetic beads. Using a magnetic
field, the non-CD8" cells can then be retained as the cell suspension is decanted, leaving only
the enriched CDS8" cells.

Similarly, macrophages were isolated using positive magnetic separation. In this case
peritoneal cells were placed in single cell suspension in PBS with 1% BSA, then stained using
anti-F4/80 PE (BD Biosciences, Franklin Lakes, NJ, USA; 123109). Magnetic isolation was
then performed using anti-PE magnetic beads (StemCell Technologies Inc., Vancouver, BC,
Canada; 18554). Purification was performed according to manufacturer’s protocol, similar as
described above but retaining magnetically retained F4/80" cells. Cell purity was confirmed to

be >90% by flow cytometry (see below).
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Cell Sorting by Flow Cytometry: For studies examining CD8" cell populations, splenic cells
were first enriched for CD8" by negative selection as described above. A single cell suspension
of CD8" cells was then stained for CD45.1 APC and caspase activity using PhiPhiLux (see
antibodies and stains in table 3). Cells were then sorted on MoFlo cell sorter into CD45.1"
OVA-specific CD8" T cells that express low or high levels of caspase 3 activity. Sorted cells
were then placed in 96 well plates with or without the addition of supporting IL-7 (1 ng/ml)
using limiting dilutions. Cells were examined for viability over several days using TMRE
staining similar as described above.

3.4 CELL CULTURE: Cells used for experiments outlined in this thesis were primarily bone marrow

derived macrophages and dendritic cells, J774 macrophage cells (C57BL6 mouse background)
were also employed. Unless otherwise stated, all cell culture experiments were performed in
RPMI supplemented with 8% fetal bovine serum, 50uM 2-mercaptoethanol, and 50 pg/mL
gentamicin. Cells were incubated at 37°C at 5-7% CO..

In vitro Antigen Presentation to CD8" T cells: For evaluation of antigen-presentation in vitro,
a single cell suspension of OT-1 splenocytes was seeded in a 24-well plate at 5x10° cells/well
in 1 ml of media. Soluble SIINFEKL (OVAZ*"2%*) peptide was added directly to the culture
(0.1 pg to 1 mg). Cells were allowed to proliferate for 24—72 hours and then analyzed by
FACS (as described below). In some cases OT-1 cells were first labeled with 1 mM of
carboxyfluorescein succinimidyl ester (CFSE, See Table 3) for 8 minutes before antigen
presentation. After 3—4 days of culture, cells were harvested from the wells and stained, and
the expression of CFSE or other markers evaluated by flow cytometry.

In vitro LM-OVA Infection and Limiting Dilution Assay: OT1 spleen cells were obtained

from a naive donor animal and placed in a flask at approximately 5x10° cells/ml. 10* LM-
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OVA bacteria were then added to the flask and the infected culture was incubated overnight at
37°C. At this time, cells were spun down and washed in fresh media to remove bacteria from
the culture. Gentamicin (50 mg/ml) was also added to prevent further bacterial replication.
Cells were washed and returned to a flask at 2x10° cells/ml and allowed to proliferate
overnight. At 48 hours after initial infection, the cells are split to allow further proliferation to
occur; at this time supporting IL-7 is also added to the culture at 1 ng/ml. After a total of 3
days in culture, an aliquot of cells was stained using a similar procedure as detailed above to
confirm that >90% of cells are CD8" and active-caspase-3+. Cells were then counted and
placed in a 96-well round bottom plate at approximately 200 cells/well. Two fold dilutions
were performed row-wise to approximately 6.25 cells/well. At various time intervals, TMRE
was added at 1 nM and live cells were examined using Olympus IX81 fluorescent microscope
after 18 h. At least 6 wells were examined for every dilution of cells. 12.5 cells/well was
chosen for daily analysis because the number of cells was adequate for counting, while
providing a small enough number to preclude the possibility that a sub-population outgrowth
accounts for the majority of the culture. Similarly as described, cells were also plated for
limiting dilution analysis after 12 days in post-infection culture with regular media changes
(every 2-3 days) and added IL-7 cytokine.

Generation of Bone Marrow Macrophages and Dendritic Cells: In order to generate primary
bone marrow derived macrophages (BMDMs) and dendritic cells (BMDCs) for in vitro
experiments, mouse bone marrow was used as a cell source. In brief, mouse femurs and radius
bones were removed from mice of the appropriate genotype (as described in the text) and the

muscle and tissue was removed using scissors and forceps. Gentle rubbing using a paper towel
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wetted with 70% ethanol was also employed to clean the bone of muscle. The bones were then
flushed with PBS using a small-gauge needle to obtain the bone marrow.

To generate macrophages, cells were then placed in RPMI with 8% FBS (R8 media) in
50mm plastic petri dishes. It is of note that non-tissue culture grade petri dishes were
employed here, as macrophages seem to develop better on adherent plastics®™*. In developing
the protocol for BMDM cells, I also observed that spreading the M-CSF (at 5 ng/ml) on the
petri dish before plating bone marrow lead to higher yields of macrophages. Cells were then
given 7-12 days (as described in the text) to allow cell differentiation before being used for
experiments. Flow cytometry was used to confirm the purity of macrophages
(F4/807/CD11b").

The generation of BMDCs was performed in T150 tissue culture flasks. Bone marrow cells
were placed at ~20-30x10° cells per flask with GM-CSF (at 5 ng/mL). After 3 and 5 days, the
media was changed to remove non-adherent cells with very gently washing in order to retain
the less adherent dendritic cell population, with the addition of more GM-CSF at each media
change. After 7 days in culture, the non-adherent cells were then utilized for experiments as
described in the text.

In vitro Inhibitor Assays: BMDMs and BMDCs were treated with a variety of different small
molecule inhibitors over the course of experiments as described in the text. A full list of
inhibitors employed and their sources can be found in Table 2. A variety of techniques were
used, with pertinent details given in the text. In general, cells were differentiated from bone
marrow as described above for 7-10 days, before being placed in R8 media within 96-well
plates at ~50 000 cells/well. Cells were given 24 hours to adhere to the plates before treatment

with inhibitors was initiated. At this time, cells were treated with appropriate concentrations of
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inhibitors and left for 24 hours before assessing cell death or viability, unless otherwise stated
in the text. Experiments to generate protein lysates from cells were performed with 250 000
cells/well in 24-well plates, and terminated at various timepoints.

RNA Interference: siRNA targeted against specific genes was obtained from various
commercial sources as follows: scrambled control (Santa Cruz sc-37007), cathepsin S (Santa
Cruz sc-29941), cathepsin B OnTarget SMARTpool siRNA (Thermo Scientific L-044712-00-
0005), TRIF (Santa Cruz sc-106845). J774 macrophages were transfected with siRNA using
Dharmafect 4 (Thermo Scientific T-2004-02) according to manufacturer’s instruction. In brief,
cells were plated at low density (~15 000 cells/well) in 96-well plates 24 hours before
transfection. 0.2 pL of Dharmafect was combined with 0.5uL of 5pM siRNA in 20uL of total
serum free RPMI and incubated at room temperature for 20 minutes to allow complexes to
form. 80uL of R8 medium without antibiotics was then added and the total volume was placed
on the cells. For bone marrow derived macrophages, cells were transfected using the Lonza
electroporation kit for bone marrow macrophages (Lonza VPA-1009) in accordance with
manufacturer’s protocol. In brief, siRNA and cells were combined in the specialized
transfection buffer and electroporated. For both J774 and BMDMs, 24 hours after transfection,
cells were then treated with various inhibitors and incubated for an additional 24 hours. At this
time, cells were assessed for protein expression or viability as described in the text.

Mitochondrial Activity Cell Viability Assay (MTT): Cell viability was assessed using the MTT
assay. MTT staining reagent was added to cells at a final concentration of 0.5 mg/ml and
incubated at 37°C for 4 h. Cells were then lysed and the MTT crystals solubilized using SmM
HCI in isopropyl alcohol. Results were quantified by measuring absorption at 570 nm with a

reference wavelength of 650 nm on a Molecular Devices Emax plate reader.
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Table 2: Inhibitors utilized in experiments

Inhibitor Source Cat# Notes Conc. Used
and Solvent
z-VAD-FMK EMD Millipore 627610 Pan-caspase inhibitor 10-200pM
(zVAD) DMSO
z-IETD-FMK EMD Millipore 218759 Caspase-8 Selective 10-100uM
(Caspase-8 Inhibitor) Inhibitor DMSO
z-DQMD-FMK EMD Millipore 219002 Caspase-3 Selective 50uM
(Caspase-3 Inhibitor) Inhibitor DMSO
YVAD-CHO EMD Millipore 400010 Caspase-1 Selective 50uM
(Caspase-1 Inhibitor) Inhibitor DMSO
Necrostatin Sigma-Aldrich 9037 Rip1-kinase Inhibitor 25-50uM
(Nec) DMSO
SM-164 Dr. Shaomeng Asin*” SMAC Mimetic targets 100nM-5pM
Wang cIAP1, cIAP2 and xIAP PBS
(Collaborator)
E-64-D Santa Cruz sc-201280 Inhibitor of cysteine 10pg/mL
(E64D) Biotech cathepsins DMSO
Calpeptin Tocris 0448 Inhibits cathepsins and 10pug/mL
(Cal) calpains DMSO
Ca-074-Me EMD Millipore 205531 Specific inhibitor of 10pug/mL
cathepsin B DMSO
Bacterial Sigma-Aldrich L2630 Used to stimulate in vitro:
Lipopolysaccharide macrophage activation via  10ng/mL
(LPS) the TLR4 Receptor in vivo:
10mg/kg
RPMI
Poly-I:C Sigma-Aldrich ~ P9582 Used to stimulate 100 ng/mL
macrophage activation via PBS

the TLR3 Receptor
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Cell death assay (LDH release): Cell death was assessed using a commercial LDH release
assay (Sigma-Aldrich #TOX7). Supernatants were collected from SM-treated cell cultures and
subjected to analysis for total LDH according to manufacturer’s instructions. In brief, the assay
mixture was first prepared by mixing equal parts of LDH substrate, LDH dye and LDH
cofactor. This was then combined in equal parts with supernatants generated experimentally.
After 20-30 minutes of incubation the reaction was stopped with 1/10 volume of 1N HCI and
the signal was measured at 490nm with background subtracted using 650nm reading on a
Molecular Devices Emax plate reader. Cell death was alternatively measured using various
fluorescent staining techniques (described below).

3.5 IMMUNOFLUORESCENT ANALYSES: Various commercial antibodies were used for FACS and

immunofluorescence staining, see Table 3 for a complete list of antibodies employed.

Flow Cytometry: For surface staining, aliquots of cells derived from various in vitro or in vivo
experiments as described above (5x 10° cells) were incubated in 100 ul of PBS with 1% BSA
(PBS-BSA) with Fc block (anti-CD16/32) at 4°C. After 10 min., cells were stained various
antibodies of interest for 30 min. at room temperature. When OV A-tetramer was utilized, cells
were stained first with tetramer for 15 minutes before the addition of other antibodies. Cells
were washed, fixed in 0.5% formaldehyde and acquired on BD Biosciences FACS Canto
analyzer.

For analysis of apoptosis, annexin V staining for phosphatidylserine exposure was employed
as follows. Aliquots of cells (5x10° cells) were first surface stained with desired surface
markers as described above. This was followed by washing cells with PBS and resuspension in

3 ml annexin binding buffer (provided in Annexin staining kit). Annexin V was then added,
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Table 3: Antibodies and staining reagents

Antibody/Stain Source Cat# Notes

Flow Cytometry (Conjugated) Antibodies

Anti-F4/80 APC-Cy7 BioLegend 122614

Anti-CD11b PE-Cy7 BD 552850

Anti-CD3 APC BD 557030

PE-H-2K’OV Ass7.264 Beckman Coulter

(Tetramer)

Anti-CD8" Percp-Cy5.5 BD 553036

Anti-PD1 PE BD 551892

Anti-CD128 (IL7Ra) BD 560733

Anti-CD62L BD 510516

Anti-Ki67 BD 556026

Anti-active caspase-3 BD 554714 Specific antibody only reacts with the
cleaved active form of caspase-3

Fluorescent Stains

Propidium lodide (w RNAse) BD 51-6551AZ In unfixed samples, PI only stains
dead cells after loss of plasma
membrane integrity

Annexin V Staining Kit BD 556419 Detects phosphatidylserine exposure
on apoptotic cells

PhiPhiLux Oncolmmunin A304R1G-3 Fluorescence activated when cleaved
by Caspase-3

Apo-Direct TUNEL Kit BD 556381 Labels terminal nicks in DNA found
in apoptotic cells

CFSE

Hoechst Stain

Tetra-Methyl Rhodamine Ester

(TMRE)

Western Blot and Microscopy Antibodies

Mouse Anti-Ripl BD 610458

Mouse Anti-Rip3 ProSci Inc. 2283

Goat Anti-cathepsin S Santa Cruz Biotech  sc-6505

Rabbit Anti-cathepsin B Santa Cruz Biotech  sc-6490

Mouse Anti-actin BD 612656

Rabbit Anti-cIAP1/2 Santa Cruz Biotech  sc-12410

Rabbit Anti-cIAP2 Abcam ab23423-100 Detects both cIAP1 and cIAP2

Goat Anti- TNFR1 Santa Cruz sc-1070

Biotech

Secondary Antibodies

Goat-anti rabbit Alexa-fluor 488 Invitrogen A11070

Goat anti-mouse Alexa-fluor 594 Invitrogen A11020

Donkey anti-Goat Alexa-fluor 546 Invitrogen A11056

Goat anti-mouse HRP Bio Rad 172-1011

Goat anti-mouse HRP Bio Rad 170-6515
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and the cells were incubated with annexin V for 15 minutes. Cells were then analyzed by flow
cytometry as above, leaving the cells in annexin binding buffer.

Intracellular Staining: Staining for intracellular markers was also employed to examine cells
for active caspase-3 and Ki67 expression. Cells were first stained with surface markers as
above, then washed and fix/permeabilized for 15 minutes on ice (BD — Cat#554714). Cells
were then washed in permabilization/wash buffer (PW, BD — Cat#554723) and resuspended in
100uL PW and stained with a biotin conjugated antibody against active caspase-3 and Ki67.
The cells were subsequently washed and resuspended in 100pL PW for streptavidin labelling.
Finally the cells were analyzed by flow cytometry as described above.

DNA cleavage was also examined using the Apo-Direct TUNEL kit. Briefly, cells were
stained with surface markers of interest, then fixed using the combination
fixative/permeabilization solution described above. Cells were washed, resuspended in
TUNEL buffer, and incubated at 37°C with a solution containing terminal transferase enzyme
and a FITC labeled dNTP. After incubation for 1 hour, cells were then fixed in 0.5%
formaldehyde and read by flow cytometry.

Live Cell Flow-Cytometry: For live staining techniques, cells (up to 5x10°) were resuspended in
100uL of RPMI and surface markers were directly added to the mixture. Cells were then
incubated at 37°C for 20 minutes. Cells were then washed and resuspended in RPMI for flow
cytometric analysis. Live cell flow cytometric analysis was used to determine the cleavage
activity of caspase-3. This was accomplished using a cell permeable fluorogenic substrate,
PhiPhiLux, according to the manufacturer’s recommended protocol.

Confocal Microscopy: Cells obtained by various in vitro experimental techniques, as described

in the text and above, were examined via fluorescence microscopy. Cells were first fixed using
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4% paraformaldehyde and washed with PBS containing 1% FBS. Cells were then
permeabilized using 0.4% Triton X-100 for 15 minutes at room temperature. Cells were rinsed
3% in PBS with 0.1% Triton X-100. Primary antibody was then diluted in PBS with 0.1% TX-
100 and 0.5% FBS and incubated on the cells overnight at 4°C. Cells were again rinsed 5% in
PBS with 0.1% Triton X-100. Appropriate fluorescently conjugated secondary antibodies (see
Table 3) were diluted in PBS with 0.1% TX-100 and 0.5% FBS and incubated on the cells for
1 hour at room temperature. Appropriate unstained and secondary only controls were utilized
to confirm the specificity of antibodies in initial testing. Images were captured using an
extended focus image constructed from 10 exposures on the Olympus Fluoview 1000 confocal
microscope.

Live Cell Fluorescence Microscopy: Cell viability and function were tested using live cell
fluorescence microscropy in various experiments as described in the text. For experiments
measuring mitochondrial activity via TMRE staining, the stain was added directly to fresh R8
media and the cells were pre-incubated for 15 minutes before measurement. Cells were then
examined for TMRE signal at 37°C using an Olympus IX81 fluorescence microscope. Dead
cells were determined by lack of TMRE signal and clear dead cell morphology (i.e. small,
rounded and granular). Time-lapse monitoring of cell viability following treatment with
various inhibitors as described in the text was also performed. In this case, cells were
maintained at 37°C with 5% CO; and images were acquired every 30 seconds over an
extended time period.

An additional technique used to confirm cell viability results determined by techniques
described above was the use of propidium iodide (PI) to identify loss of plasma membrane

integrity. Hoechst and PI stains were added directly to R8 media, and cells were incubated for
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15 minutes at 37°C. Images of cells after various treatments were then acquired using an
Olympus IX81 fluorescence microscope. The percentage of dead cells was then determined
using Image Pro Software (Mediacybernetics) to perform automated counting of Hoechst
versus PI positive nuclei.

3.6 BIOCHEMICAL ANALYSES:

Quantitative RT-PCR: RNA for qRT-PCR was isolated from cells after various inhibitor
treatments as described in the text. RNA was converted to cDNA using Superscript III Reverse
Transcriptase (Invitrogen). cDNA was then analyzed using Sybr green fast method performed
on an Applied Biosystems 7500-Fast qRTPCR System. Specific primers for mRNA of interest
were synthesized using the NCBI primer tool in order to amplify 150-200bp sequences
spanning at least one exon junction. The qRTPCR amplification of a fragment of the correct
length was also confirmed by electrophoresis.

SDS-PAGE and western blotting: Cell lysates were obtained during various experiments by
lysing cells directly in SDS lysis buffer with 0.5% B-mercaptoethanol and boiling immediately
to minimize protein degradation. SDS-PAGE and PVDF membrane transfer was performed by
standard protocol. In brief, 10% or 8% polyacrylamide gels were poured with stacking gels
and allowed to set. Gels were then loaded with 15-20uL of lysates and gels were run at 120 V
for 1-1.5h. Transfer to PVDF was then performed via wet transfer using 20% methanol
transfer buffer. Membranes were subsequently blocked in a blocking buffer of 5% skim milk
in Tris Buffered Saline (TBS, 0.5M Tris 1.5M NaCl pH7) for 1 hour at room temperature.
Western blotting was performed with varying concentrations of primary antibody (see Table 3,
dilutions were 1/1000 or in accordance with manufacturers’ suggestions) overnight in blocking

buffer. Washes were done using TBS with 0.5% Tween-20 before probing with appropriate
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secondary antibody for 2 h. Finally, blots were visualized using either luminol ECL reagent
(Thermo Scientific #32106) the highly sensitive West Femto ECL (Thermo Scientific #34095)
for proteins with low expression. Results were obtained by exposing photosensitive film
(Sigma-Aldrich, Carestream Health 785019). Densitometric measurement was performed for
some blots using Image-J software.

Protein Dephosphorylation: Some proteins ran as two forms which migrated slightly differently
by SDS-PAGE. Because it has been reported that these bands correspond to the
phosphorylated form of the proteins, we wished to confirm this by dephosphorylation of the
proteins. In this case, cells were plated at 250 000 cells/well in 24-well plates, and treated with
various inhibitors as described in the text. Cells were then lysed using RIPA buffer containing
a protease inhibitor cocktail (Roche Applied Science, 04693132001). Phosphatase treatments
were performed using 500 units of lambda phosphatase (Santa Cruz Biotechnology sc-200312)
for 30min at 30°C. SDS lysis buffer was then added and the samples were boiled before
analysis via western blot (as describe above).

Immunoprecipitation: Co-immunoprecipitations were performed as follows. Cells were plated
at 250 000/well in 24-well plates. Cells were subsequently treated with inhibitors as described
in the text and lysed with RIPA buffer containing a protease inhibitor cocktail (Roche Applied
Science 04693132001) and phosphatase inhibitor cocktail (Sigma-Aldrich P5726). Lysates
were then sonicated for 5 minutes and pre-cleared using unconjugated protein-G sepharose
beads (GE Healthcare, Waukesha, WI, USA; 51-3478-CO-EG) and mouse control IgG.
Specific antibodies targeting protein of interest (see Table 3) were incubated with cell lysates
overnight at 4°C. Lysates were then incubated with protein-G sepharose beads for 1 hour with

agitation on ice. Finally, immunoprecipitates were collected by centrifugation and washed with
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PBS several times. Immunoprecipitates were then denatured by boiling in SDS for 5 minutes
before analysis by western blot (as described above).

Plasmid constructs and protein purification: Bacterial strain E. coli DH5a harboring plasmid
encoding for mouse RIPK1 with N terminal GST tag was obtained from Addgene, plasmid
11972%7°. By the use of restriction free cloning strategy”’ ', a plasmid encoding the shorter
version of mouse RIPK1 from 280aa to 656aa also with N terminal GST tag was generated and
E. coli BL21 was transformed with it. The GST-RIP***%°® protein was purified with GE
Healthcare GSTrap FF (17-5130-01) according to manufacturer recommendations and eluted
at pH-8.0.

128095 \yas performed as follows.

Cell free cleavage assay: Cell free cleavage of GST-Rip
Purified GST-Rip1%***°® (6ug) was combined with active mouse Cathepsin S (Sino
Biologicals 50769-MO08H) or mouse Cathepsin B (R&D Systems 965-CY) or cathepsin L
(R&D Systems 1515-CY-010). Reactions were performed as recommended by manufacturers
under following conditions. Cathepsin S reaction was set for 2 hours at 37°C, pH-7.4; the
cathepsin B reaction for 4 hours at 37°C, pH-6.3; cathepsin L 2 hours at 37°C, pH-7.4. At
appropriate times after each reaction, SDS lysis buffer was added and samples were boiled
immediately. The results were subsequently examined by western blot (as above).

3.7 STATISTICS: All error bars show standard error of the mean; where shown in the text Student T
tests were used to determine the significance of results. All statistical analyses were performed

using Graphpad Prism software.

3.8 TECHNICAL ACKNOWLEDGEMENT: The following technical procedures described in this thesis
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post-doctoral researchers in the lab of Dr. Subash Sad: (1) Renu Dudani — intravenous injections
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for ST and LM infection models, (2) Edmund Yao — performed some of the ELISAs for TNF
and IL-6 measurements following BM cell SM treatments, (3) Dr. Nirmal Robinson —
performed in vitro infection of macrophage cells with ST with necroptosis inhibitors (Fig. 28, 29
used with permission of Dr. Robinson), (4) Susan Thurston — performed some of the western
blotting to examine degradation of Rip1 kinase (Fig. 36, 37), (5) Dr. Bojan Shutinoski —
performed molecular biology for generating GST-Rip12****_ and part of the cell-free cleavage
of Rip1 experiments (Fig. 40), (6) Erin Cessford — aided in the generation of macrophage cell

and zVAD/LPS necroptosis assay in IFNAR ™" macrophages (Fig. 32).
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4.0 RESULTS

4.1 CASPASE-3 ACTIVATION IN CD8' T —CELL FUNCTION

4.1.4 Caspase-3 is upregulated in proliferating CD8" T cells: The first goal of this thesis was
to investigate how antigen specific stimulation of CD8" T cells in vitro would affect caspase-3
activation. OVA-specific CD8" TCR transgenic mouse (OT-1) splenocytes were isolated and
resuspended in a single cell suspension. Cells were then placed in culture with various
concentrations of OVA peptide (SIINFEKL). The CD8" T cells began proliferating within 24
hours of initial stimulation, as confirmed by the presence of blasting cell clusters. After allowing
48 hours for activation, CD8" cells were examined via intracellular staining using fluorescently
labeled antibodies as described in the methods section. Those OT-1 CD8" T cells that were
stimulated with peptide levels that were greater than ~0.1 nM (10™* ug/ml) showed active
proliferation, as identified by high expression of the active cell cycle marker Ki67 (Fig. 7A).
Based on calculations, this amount of OVA peptide corresponded with only about 1000 molecules
of SIINFEKL per cell. Proliferation of these cells was also confirmed by the sequential loss of
CFSE staining after activation with OVA peptide (Fig. 7B). In direct correlation with the
increase in CD8" proliferation, a significant increase in the level of active caspase-3 within the
proliferating CD8" population was observed (Fig. 7). Co-staining revealed direct correlation
between the level of caspase-3 activation and expression of a marker for cell proliferation, Ki67,
within the CD8" population (Fig. 7D). I also confirmed that caspase-3 cleavage activity was
upregulated in OVA stimulated CD8" T cells using the fluorogenic caspase-3 substrate PhiPhiLux

(data not shown).
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Figure 7: Active caspase-3 is upregulated in proliferating T cells. A single cell suspension of
OT1 TCR transgenic splenocytes were placed in culture with varying concentrations of
SIINFEKL peptide for 48 hours and analyzed by intracellular flow cytometry (n>3). Cells
were stained with extra- and intra-cellular stains as described in the methods section (A) MFI
of active caspase-3 versus Ki67 shows a linear correlation in their expression levels
(P<0.05). (B) MFI of CFSE versus active caspase-3 shows a significant inverse correlation
(P<0.01). (C) MFI of TUNEL stain versus active caspase-3 shows a significant inverse
correlation (P<0.01). (D) Scatterplots show the relative expression of active caspase-3 versus
Ki67 in gated CD8" cells of splenocyte cultures treated for 48 hours with varying
concentrations of SIINFEKL peptide as shown. Data shown is representative for two
repeated experiments performed in triplicate.
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4.1.B Active caspase-3 in proliferating CD8" T cells does not lead to cell death: Next, |
wished to confirm whether this increase in active caspase-3 corresponded with an increase in cell
death in primed CD8" T cells. The terminal dUTP nick end labeling (TUNEL) assay labels
cleaved DNA by enzymatically conjugating free 3’ ends of DNA molecules with one or more
fluorescently labeled deoxyuridyl molecules. In cells with elevated DNA cleavage due to
apoptosis, TUNEL should show much higher signal. In this case, a drop in the TUNEL signal was
observed following stimulation with OVA peptide (Fig. 7C). Interestingly, CD8+ T cells were
TUNEL-positive only when they were cultured with very low amounts of peptide, a situation
wherein CD8" T cells are well known to die due to lack of stimulation. OVA-peptide stimulated
active-caspase-3" cells do not show TUNEL staining by fluorescence microscopy (Fig. 8).

Despite the lower overall decrease in the level of TUNEL staining associated with OVA
peptide stimulation, it remained possible that the rapid proliferation of CD8" T cells was masking
a concurrent increase in cell death associated with active caspase-3 expression. To address this
possibility, OT1 CD8" T cells were monitored directly for their death. OT1 spleen cells were first
activated by in vitro infection with OVA expressing Listeria monocytogenes (LM-OVA) as
described in the methods section. After allowing 3 days for proliferation to occur, CD8" T cells
were confirmed to express a high level of active caspase-3 (Fig. 9A fop). In contrast, after 12 days
in culture, the majority of CD8" proliferation had ceased and cells expressed only a basal level of
active caspase-3 (Fig. 9A bottom).

In order to monitor the absolute level of cell proliferation and cell death on a per-cell basis,

cells were placed in a 96-well plate by limiting dilution to achieve a countable number of cells
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Figure 8: Active caspase-3" CD8" T Cells do not exhibit DNA fragmentation. OT1 spleen
cells were stimulated in vitro for 48 hours with SIINFEKL peptide or left unstimulated.
Control cells were treated with 1 pg/ml staurospaurine for 24 hours to induce apoptosis.
Cells were stained with anti-CD8 antibody, fixed and permeabilized before TUNEL and
caspase-3 staining. Cells were mounted on slides and examined by fluorescence microscopy.
Images show TUNEL staining (green), and active caspase-3 (red) in CD8 labeled T cells
(blue). The images are representative of 3 repeated examinations for each differentially
stimulated culture. Arrows shown identify cells with positive staining for both caspase-3 and
TUNEL.
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Figure 9: Active Caspase-3 in proliferating CDS T cells does not lead to cell death. OT1
splenocytes were placed in a flask and infected at low MOI (0.001) in vitro with LM-OVA
overnight. Extracellular bacteria were then washed from the culture using a high does of
gentamicin. (A) After 3 or 12 days after stimulation with LM-OVA, OT1 cultures were
confirmed to be >90% CD8" cells. The expression of active caspase-3 was also examined.
(B) Cells were placed at low numbers in 96-well plates and monitored for cell viability using
TMRE staining for mitochondrial activity. (C) Line graphs show the number of live and dead
cells in culture over several days.
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(~25/well). After 24, 48 and 72 hours in sub-culture the total number of cells, and the number of
dead cells was quantified, using the active-mitochondrial stain TMRE to identify the cell
viability. Results clearly show that despite high caspase-3 expression, there is only a very low
level of cell death concurrent with CD8" proliferation (Fig. 9A-C). Conversely, after 12 days in
culture, CD8" T cells show low levels of caspase-3, low proliferation, and a steady increase in the
level of cell death when placed in limiting dilution culture (Fig. 9A-C). These data indicate that
proliferating CD8" T cells express a high level of active caspase-3 without a significant level of
cell death.

4.1.C Proliferating CD8" T Cells show elevated caspase-3 in vivo: While the above data, as
well as previous work™'?"'®® has consistently shown that in vitro stimulation of CD8" T cells can
drive caspase activation, few studies have examined the activation of caspase-3 in an in vivo
CD8" T cell response. Thus to accomplish this, OT1 splenocytes were adoptively transferred to
WT recipient mice 7 days before the mice were infected with OVA expressing Listeria
monocytogenes or Salmonella typhimurium (LM-OVA or ST-OVA) as described in the methods
section. Following this, OVA specific CD8" T cells were examined at various timepoints using
OVA-tetramer and other intracellular stains.

By as early as 3 days after infection with LM-OVA the level of active caspase-3 expression
was elevated within the OVA-specific CD8" T cell population (Fig. 10A). Specifically, the
population of proliferating OV A-specific CD8" T cells showed elevated active caspase-3 at 3 and
4 days post-infection. By 7 days post-infection, the OVA-specific CD8" response was at its peak,
but the active caspase-3 expression had returned to a basal level (Fig. 10B), and remained as such

up to at least 40 days post-infection (Fig. 10A). I also confirmed similar results using a sensor
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Figure 10: Proliferating CDS* T Cells show elevated Caspase-3 during in vivo response.
Recipient C57/BL6 (LM-OVA) were parked with 105 OT1 T cells After 7 days of
equilibration, mice were then challenged intravenously with 10* LM-OVA as shown. At
various time points challenged mice were sacrificed and a single-cell suspension obtained
from spleens and other organs. Cells were then stained for CD8", OVA-tetramer binding,
active caspase-3 or caspase-3 activity (PhiPhiLux). (A-B) The % OVA-specific and % active
caspase-3"egh in OVA-specific CD8" T cell population is shown (C) The relative level of
caspase-3 activity in OVA-specific CD8" T cell population is shown. (D) The % OVA-
specific CD8" T cells in various organs, and the caspase-3" cells in the OVA-specific CD8+
population is shown. n>3 mice/time point.
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of caspase-3 cleavage activity PhiPhiLux, which only fluoresces when it is cleaved by caspase-3
type protease activity (Fig. 10C). These results elevated caspase-3 activity coincides with the
proliferation phase of the CD8" T cell response (day 2-7), and it returns to base line levels of
throughout the contraction and memory phases of the response (day 7-40). It was also observed
that caspase-3"¢" OV A-specific CD8" T cells are primarily found within the spleen, whereas
OVA-specific CD8" T cells found in the lungs, brain or blood showed very few active caspase-
3heh D8 T cells (Fig. 10D). This is also consistent with the view that proliferating CD8" T cells
specifically express active caspase-3, as T cell proliferation occurs primarily in lymphoid tissues
and not in the peripheryg.
4.1.D The timing and magnitude of caspase-3 activation corresponds with the timing and
magnitude of antigen presentation: Next, | was interested to analyze how the magnitude and
timing of antigen presentation in vivo effects the onset of caspase-3 activation. To accomplish this
two OVA expressing bacterial models, each which induce divergent modes of CD8" T cell
activation, were utilized. In contrast to infection with LM-OVA, ST-OVA infection induces a
muted and protracted proliferation of OVA —specific CD8" T cells due to a phagosomal lifestyle

. . 272278279
and very low levels of antigen expression®’>*"%?’

. In this case, it was observed that there was a
significant decrease and delay in the activation of active caspase-3, correlating with the delay and
decrease in the magnitude of the OVA specific CD8" T cell response in ST-OVA infection
relative to a response to LM-OVA (Fig. 11A,B). I also confirmed that the timing and magnitude
of proliferation in both infection models of OV A-specific CDS" T cells using Ki67 staining (Fig.
11C). These data indicate that poor antigen presentation in the ST-OVA model drives delayed

and protracted proliferation and activation of caspase-3 in OVA-specific CD8" T cells.

Furthermore, these results support the connection of active caspase-3 to proliferation specifically.
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Figure 11: The timing and magnitude of caspase-3 activation corresponds with the timing and
magnitude of antigen presentation. Recipient 129xC57 (B6F 1) mice were parked with 10°
OT1 T cells. After 7 days of equilibration, mice were challenged intravenously with 10* LM-
OVA 10° ST-OVA as shown. At various time points post-infection mice were sacrificed and a
single-cell suspension of splenic cells was stained for CD8*, OVA-tetramer binding, active
caspase-3 or Ki67. (A) The % OVA-specific CD8" T cells at various time points are shown.
(B) The % active caspase-3high in OVA-specific CD8* T cell population are shown. (C) The
%Ki67" in OVA-specific CD8* T cells are shown. n>3 mice/time point.
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4.1.E Proliferating caspase-3+ CD8+ T cells show an apoptotic like phenotype: In vitro
results showed the surprising result that CD8" T cells expressing active-caspase-3 co-express the
marker for proliferation Ki67, thus I next wanted to confirm similar results in vivo. At day 3 after
infection with LM-OVA, cells showed a high expression of both Ki67 and active caspase-3;
conversely, by the peak of OVA-specific CD8" numbers at day 7, the population showed low
expression of both Ki67 and active caspase-3 (Fig. 12A). Interestingly, at time points during the
proliferative phase of the CD8" response, all active-caspase-3+ cells were also high for Ki67
expression, but not all Ki67" cells were high for active caspase-3 (Fig. 12A, day 4). This data
suggests that active caspase-3 is specifically expressed in proliferating CD8" T cells early after
antigen stimulation.

In addition to expression of active caspase-3, proliferating CD8" T cells also showed an
apoptotic like phenotype. At day 3 after infection with LM-OVA, proliferating OV A-specific
CD8" T cells had elevated exposure of phosphatidylserine as measured by Annexin V binding
(Fig. 12B). Similarly, it was observed that activated OV A-specific CD8" T cells co-expressed
elevated levels of active caspase-3, annexin binding (Fig. 12C) and programmed death marker 1
(PDI, data not shown). These results indicate that following antigen specific activation, CD8" T
cells not only express active caspase-3, but also exhibit other hallmarks of apoptosis.

4.1.F Active caspase-3"" CD8" T cells do not progress to cell death: Given the apoptotic-like
phenotype of activated CD8" T cells in vivo, it was next necessary to confirm whether active
caspase-3"€" CD8" T cells were progressing to cell death. During the antigen specific CD8" T cell
response to LM-OVA infection, a moderate increase in the staining for TUNEL within the active-
caspase-3" population was observed (Fig. 13A). Similar moderate increases in TUNEL staining

have previously been associated with proliferating cells**’. During delayed proliferation
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Figure 12: Activated antigen specific CD8" T cells simultaneously display markers for
apoptosis and proliferation. Recipient mice were injected with 10° OT1 splenocytes 7 days
before challenge with LM-OVA (iv). Infected mice were sacrificed and spleens were
examined via flow cytometry at various time points after infection as shown. The co-
expression of (A) Ki67 and active caspase-3, (B) OVA-Tetramer binding and annexin-V, or
(C) annexin-V binding and active caspase-3 is shown.
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Figure 13: Caspase-3" proliferating CD8" T cells in vivo do not show signs of progressing to
cell death. Recipient B6.F1 mice were injected with 10° OT1 splenocytes 7 days before
challenge with (A) LM-OVA (iv) or (B) ST-OVA. At various time points after infection,
mice were sacrificed and a single cell suspension of splenocytes was stained for CD8*, OVA-
tetramer, active caspase-3 and TUNEL. Scatterplots show caspase-3 and TUNEL staining for
CD8* OVA-tetramer* cells.



Day 4 Day 7 Day 13
156 i 4.0[f25 i 05[f0.5 : 05

Active
“ — Caspase-3 ~

» TUNEL

4. ;.- 2.6
i <« Day 15

<« Day 20

<« Day 35

» Active Caspase-3

< Day 60

79



of OVA-specific CD8" T cells in response to ST-OVA, only a small increase in TUNEL staining

with active caspase-3"€" population was again observed (Fig. 13B). These results suggest that

there is little ongoing apoptotic DNA fragmentation and cell death in either the proliferating

active caspase-3"€" CD8" T cell population or the contracting caspase-3'" population in vivo.

The lack of a population of terminally dead TUNEL" CD8" T cells in the proliferating

caspase-3"¢" cells may be alternatively explained by rapid clearance of dying cells by phagocytic
cells in the spleen. Thus I employed PhiPhiLux to sort proliferating CD8" T cells, at day 5 of LM-
OVA infection, into caspase-3 high and low populations (Fig. 14A), which were subsequently
placed in low density culture so as to monitor the absolute level of death and proliferation in vitro.
When placed in culture with supporting IL-7, both caspase-3 high and low populations did not
show a significant difference in capacity to proliferate or the level of cell death (Fig. 14B,C).
Similarly, both populations showed rapid progression to cell death with little proliferation when
no supporting IL-7 was added to the culture (Fig. 14B,C). These results show that the expression
of active caspase-3 during CD8" T cell expansion is not associated with cell death either in vivo
or in Vvitro.

4.1.G Active caspase-3 is driven by antigen presentation and not inflammation: Our data thus
far showed that activation of CD8" T cells drives an increase in active caspase-3, but it remained
unclear what signals regulated this activation of caspase-3. To investigate this purified CD8" T-
cells were exposed to OV A peptide and/or inflammatory stimulus in the form of heat-killed
Listeria bacteria. I observed that while antigen stimulation led to a significant increase in active
caspase-3high cells, inflammatory stimulus alone did not (Fig. 15A). Furthermore, the addition of

inflammatory stimulus to OV A stimulated cultures did not appreciably alter the level of active

caspase-3 in antigen stimulated cultures (Fig. 15A).
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Figure 14: Caspase-3" proliferating CD8" T cells do not undergo significant cell death when
supplemented with supportive cytokine ex vivo. Mice were parked with 10* CD45.1+ OT1
spleen cells and challenged with 10* LM-OVA (iv). Mice were sacrificed at day 5 post LM-
OVA infection and CD8" T cells were magnetically isolated by negative selection. Cells
were stained with anti-CD45.1 antibody and PhiPhiLux. (A) Cells were sorted into CD45.1+
caspase-3 activity"eh and CD45.1+ caspase-3 activity'®™ fractions. (B) Sorted cells were then
plated at low cell densities (~12.5 cells/well) and examined for viability over several days
using TMRE staining. (C) The total number and number of dead cells were counted directly
in at least 6 replicate wells and the changes observed over 72 hours in the plates. (D) Cells
were also maintained at higher concentrations (~100 000/well) and stained for DNA cleavage
(TUNEL) after 1 day in culture.
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Figure 15: Active caspase-3 is driven by antigen presentation and not inflammation. (A) OT-1
cells were placed in culture and either stimulated with 1 pg/ml of SIINFEKL peptide or left
unstimulated. Additional inflammatory stimulation was added to some cultures by adding
10% heat killed Listeria monocytogenes (HK-LM). After 48 hours in culture cells were
intracellular stained for active caspase-3 and Ki67 and examined by FACS. Data is
representative of at least 3 repeated experiments. (B) WT mice were injected with 10> CFSE
stained OT1 cells concurrent with PBS, LM-OVA, or ST-OVA (104, iv). Four days later mice
were sacrificed and spleen cell suspensions stained with anti-CD8 antibody, OVA-tetramer,
followed by intracellular staining with anti-caspase-3 antibody. (C) Ragl”- mice were
injected with 10* CFSE stained OT1 cells. The expression of active caspase-3 was examined
at 4 days after adoptive transfer as described above. All scatterplots show data is obtained
from gated OVA specific CD8" T cells and is representative of 3 mice per group



A OVA;57.264 HG/MI

Caspase 3
HK-LM

“T10

PBS LM-OVA ST-OVA PBS

Caspase 3

» CFSE

82



Similar results were also confirmed in vivo, where mice parked with CFSE-labeled OT1 T
cells were challenged with LM-OVA, ST-OVA, or a vehicle control. Within our lab, we have
observed that ST-OVA presents little antigen early on in infection, despite significant induction of

inflammation®’

. At day 5 after infection, ST-OVA stimulated cells showed some low level
proliferation but had little induction of active caspase-3, whereas those cells which received
strong antigenic stimulus from LM-OVA infection showed significant proliferation and induction
of active caspase-3 (Fig. 15C). Thus, these results show that both in vitro and in vivo, the strength
of antigenic stimulation and not inflammation corresponds with the increase in active caspase-3
within proliferating T cells.

Given the correlation between activation of caspase-3 and T cell proliferation, I was also
interested to examine whether antigen independent, homeostatic proliferation of CD8" T cells
also led to an increase in active caspase-3. To test this I adoptively transferred CFSE-stained OT1
CDS8" T cells into Ragl'/' animals, which lack T cells. After 4 days in this lymphopenic
environment, a significant “homeostatic expansion” of CD8" T cells was observed, but there was
no significant increase in the level of active caspase-3 within these cells (Fig. 15D). These data
show that it antigenic stimulation specifically drives increased expression of caspase-3 within
proliferating CD8" T cells.

4.1.H Caspase-3 activation occurs before the emergence of differentiated CD8" effector
cells: 1 next wanted to further probe the phenotype of active caspase-3 expressing CD8" T cells.
To do this, I examined the expression of markers of CD8" T cell differentiation, CD62L and
IL7R0. CD62L and IL7R are lymphoid homing markers that aid in retaining proliferating CD8" T
cells in secondary lymphoid tissue. Effector CDS" T cells have low expression of these markers to

allow their T cell emigration to peripheral sites®™'. Examining cells at day 3 and 4 of LM-OVA
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infection in vivo, proliferating OVA specific CD8" cells displayed an activated
CD62L"#Y/IL7R ™" phenotype, while also being active caspase-3"¢" (Fig. 16A). By day 7 of
infection, the majority of cells showed a CD62L'°"/IL7Ra*" effector phenotype, but active
caspase-3 expression had returned to a basal level.

To further investigate the relationship of expression of active caspase-3 and lymphoid
homing markers kinetically, I next examined CFSE-stained adoptively transferred OT1 CD8" T
cells as they were proliferating in response to LM-OVA. At day 4 of infection, those cells that
retained the most CFSE, and thus had undergone less division, also showed the highest levels of
active caspase-3 and CD62L (Fig. 16B,C). Conversely, those cells which had undergone the most
proliferation had the lowest levels of CD62L and active caspase-3 (Fig. 16B,C). These data show
that proliferating CD8" T cells rapidly upregulate active caspase-3 in the earliest cell divisions
following antigenic stimulus, and then progressively lose both active caspase-3 and lymphoid
homing markers as proliferation proceeds.

4.1.1 Active caspase-3 promotes CD8" T cell proliferation: Given the clear evidence that
antigenic stimulation drives early activation of caspase-3 without cell death in proliferating CD8"
T cells, the question remained as to what the function of caspase-3 is in this context. To probe this
question, CFSE-stained CD8" T cells were treated with antigen, or left unstimulated for control
cells, with the caspase-3 specific inhibitor z-DQMD-FMK. After 48 hours, those cells treated
with a caspase-3 inhibitor showed significantly less proliferation compared to control cells (Fig.
17A). It was also observed that caspase-3 inhibited cells showed significantly more cell death
when compared to stimulated control cells (Fig. 17B). It should be noted that because death was
not significantly different than observed in unstimulated cells, this death cannot be specifically

ascribed to either inhibition of cytokine production in activated T cells* or induction of an

84



Figure 16: Caspase-3 activation occurs before the emergence of differentiated CD8™ effector
T cells. C57BL/6 mice were initially parked with 10* OT1 spleen cells. After infection with
10* LM-OVA, mice were sacrificed at various time points and spleens were harvested. Single
cell suspensions were co-stained for CD8*, OVA-Tetramer, CD62L, IL7Ra and active
caspase-3. (A) Scatter plots show the relative staining of OVA-tetramer+ CD8" cells for
activation markers and active caspase-3. (B) 10 CFSE stained OT1 splenocytes were
injected concurrently with 10* LM-OVA. Scatterplots show expression of active caspase-3
versus CFSE and CD62L in OVA-tetramer+ CD8" T cells after 4 days in vivo. (C) OVA
specific CD8" T cells at specific division number were examined for expression of active
caspase-3 and CD62L/IL7Ra as cell proliferation proceeds (**P<0.01, *P<0.05, n = 3 per
time point)
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Figure 17: Caspase-3 inhibition slows CD8" T cell proliferation and enhances cell death. 10°
CFSE stained OT1 cells were stimulated in vitro with SIINFEKL peptide in the presence or
absence of 50 uM caspase-3 inhibitor (z-DQMD-FMK) and examined for proliferation after
48 hours. Proliferation was examined by FACS staining for Ki67. (A) There is a significant
decrease in proliferation induced by OVA peptide in the presence of caspase-3 inhibitor. (B)
Cells were also examined for viability using loss of propidium iodide exclusion as a marker
for loss of plasma membrane integrity (* P<0.05). Experiments shown are representative of
at least 3 repeated experiments.
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104

alternative death pathway ~ . These data support a model wherein caspase-3 activation promotes

CD8" T cell proliferation, potentially by limiting alternative modes of cell death.

4.2 THE ROLE OF IAPS IN INNATE IMMUNE CELL FUNCTION

Given our discovery of a protective role for caspase-3 in proliferating CD8" T cells, I next
questioned why the antigen stimulated CD8" T cells did not progress to cell death despite high levels
of caspase activation. Thus, in consultation with my thesis advisory committee, I turned my focus to
the inhibitor of apoptosis proteins (IAPs), which can act to limit cell death in various cell types. In
order to probe the role of the IAPs, we obtained the IAP antagonist SM-164 through a collaboration
with the lab of Dr. Shaomeng Wang at the University of Michigan. SM-164 (SM) is part of a newly
developed class of small molecule inhibitors of cIAP1, cIAP2, and XIAP proteins. SM is a mimetic
of the death promoting protein SMAC released from the mitochondria during apoptosis. Treating
activated CD8" T cells with SM had relatively little effect on the proliferation and survival of
antigen stimulated CD8" T cells (Fig. 18A). Treating mice in vivo with SM yielded no significant
difference in the magnitude or timing of an OVA-specific CD8" T cell response (Fig. 18B). These
data suggest that the expression of IAPs do not play a role in limiting cell death induction by active
caspase-3 within proliferating CD8" T cells.
4.2.A cIAPs limit cell death in innate immune cells: While there has been no report of
dysfunction in CD8" T cells within cIAP1- or cIAP2-deficient mice, several reports have
demonstrated that mice deficient for either cIAP show significantly altered macrophage

function?6%2%2,

Consistent with a view that cIAP is particularly important in innate immune cells,
it was observed that splenic macrophages showed significantly higher expression of cIAP1 and

cIAP2 relative to B cells, T cells or dendritic cells (Fig. 19A).
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Figure 18: c/APs inhibition does not have a signifiant impact on CD8" T cell proliferation.
OTT1 cells were stimulated in vitro with OVA peptide in the presence or absence of 1uM of
SM-164 SMAC mimetic. After 48 hours, cell proliferation was evaluated by Ki67 staining
and cell death by propidium iodide staining. (A) No significant impact on the number of
proliferating cells or cell death was observed with SMAC mimetic treatment. (B) Mice were
parked with 10 CD45.17OT1 splenocyte 7 days before challenge with LM-OVA (104, iv).
Mice were bled and the blood was examined by flow cytometry for the number of CD45.1+
CDS8" T cells at various time points after infection as shown (n>3 mice/treatment group).



>

% Proliferating (Ki67"'9")

100+ 601
804 1 1 Control
[ | T El +SMAC Mimetic
o 40-
60- N—
o
o
401
A 20-
o~
20- i
01 = . 0 . [ 1,
None +OVA-peptide None +OVA-peptide
B
25+
20- I 3 Control
+ Bl SMAC Mimetic
o 15-
<
(]
O 10-
X
54
ol o |1 I"I,I_
Q ) A K3

88



Figure 19: c/APs limit cell death in bone marrow derived macrophages and dendritic cells.
(A) Spleen cells were obtained from WT C57BL6/J mice and a single cell suspension was
prepared. Cells were sequentially isolated via positive magnetic selection of CD11b+
macrophages, B220+ B cells, CD3+ T cells and CD11c+ dendritic cells as described in the
methods section. Isolated cells were then examined for cIAP expression via western blot. (B)
Bone-marrow derived dendritic cells (BMDC) and macrophages (BMDM) cells were
differentiated for 7 days as described in the methods. Cells were then plated in 96 well plates
and treated with various doses of SM as shown. Viability was determined 24 hours after
treatment using MTT. (C) BMDM cells treated with SM for 1 hour were examined for
expression of cIAPs via western blot. (D) BMDM cells were derived from WT, cIAP1-- or
cIAP2”- mice and treated for 1 or 4h with SM, then examined for expression of cIAPs or
XIAP via western blot. Experiments are representative of at least 3 repeated experiments.
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To probe the function of cIAP expression within innate immune cells, I treated bone marrow
derived dendritic cells (BMDCs) and bone marrow derived macrophages (BMDMs) with varying
concentrations of SM. Both BMDMs and BMDCs showed a concentration dependent loss of
viability in response to treatment with SM-164 (Fig. 19B). SM-164 is known to function by
inducing the proteasomal degradation of cIAP1 and cIAP2**, thus the dose-dependent
degradation of cIAP expression with SM treatment was confirmed (Fig. 19C). Finally, cIAP1- or
cIAP2-deficient macrophages were employed to confirm that treatment with SM-164 was able to
target and deplete both cIAPs (Fig. 19D). It was noted that there was only a very modest effect
on the expression level of XxIAP (Fig. 19D), but this is not necessarily indicative of XxIAP function,
as SM has been shown to impact xIAP function in a non-degradative fashion®*’,

4.2.B SM-induced death is associated with increased inflammatory cytokine production: In
addition to their role in various cell death pathways, cIAPs have also been extensively implicated
in various inflammatory signaling pathways, for instance in TNF-o induced NF-kf signaling'®
(see introduction). Thus, in order to investigate the role of cIAPs in the production of
inflammatory cytokines, BMDCs or BMDMs were treated with SM and/or varying amounts of
the TLR4 agonist, LPS. In response to LPS, both BMDC and BMDM cells increased their
production of IL-6 and TNF cytokines (Fig. 20A,B). Furthermore, the addition of SM treatment
resulted in a significant increase in LPS-induced production of both IL-6 and TNF, although SM
treatment alone resulted in only a low level of TNF production (Fig. 20A,B). It is of note that
treatment with LPS did not have a significant impact on the sensitivity of macrophages to SM-
induced loss of cell viability (unpublished results from our lab). These results indicate that cIAP

inhibition increases pro-inflammatory signaling within innate immune cells.
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Figure 20: SM-induced death is associated with increased inflammatory cytokine production.
(A) BMDC and (B) BMDM cells were examined for inflammatory cytokine production in
response to SM treatment and/or LPS. Cells were plates at 50 000 cells/well in 96 well plates
and treated for 24 hours with varying concentrations of SM and LPS as shown. The level of
TNF in the supernatant was evaluated by a bioassay and IL-6 was determined by a sandwich
ELISA as described in the methods section. Results show the mean of at least 3 experiments
performed in duplicate.
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4.2.C SM induces programmed necrosis in macrophages: Due to the highly similar results
obtained between BMDM and BMDC cell types thus far, I decided to examine only macrophages
for the remainder of experiments. In order to probe the exact mode of cell death induced by SM,
I next combined SM-treatment with inhibitors of death pathways. Addition of the pan-caspase
inhibitor z-VAD-FMK (zVAD) resulted in a significant increase in sensitivity of cIAP inhibition
at lower concentrations of SM (Fig. 20A,B). Notably, treatment with high levels of SM (~2.5-
5uM) alone was a potent inducer of cell death and was not significantly affected by the addition
of zVAD (Fig. 21A,B).

In contrast to caspase inhibition, treatment with the specific inhibitor of necroptosis,
necrostatin, resulted in a consistent rescue of SM-induced cell death (Fig. 21A, B). Necrostatin
functions by specifically inhibiting the kinase function of Rip1, preventing the downstream
phosphorylation of Rip3, which in turn drives necroptotic cell death®”®. Thus to confirm our
results, the response of necroptosis deficient Rip3” macrophages were also examined *>°. Indeed,
results showed that Rip3'/' were highly resistant to SM-induced cell death (Fig. 21C), implicating
the pathway of necroptosis as the specific death pathway induced by SM treatment.

4.2.D cIAPI and cIAP?2 additively limit macrophage necroptosis: In order to delineate possible
differences in the function of cIAPs, the relative response to SM treatment of WT, cIAPl'/', and
cIAP2”" macrophages was next examined. A significant increase in sensitivity of cIAP17" and
cIAP2” macrophages to a sub-lethal dose of SM-164 (1uM) was observed (Fig. 22A). Rescue by
necrostatin was similar to WT in the cIAP1 and 2 knockout macrophages (Fig. 22A). These
results indicate that cIAP1 and cIAP2 can function redundantly in an additive fashion to limit

necroptosis.
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Figure 21: SM treatment induces programmed necrosis in macrophages. (A) BMDM cells
were treated with various concentrations of SM and necrostatin or zZVAD as shown. Cell
viability was examined via MTT assay (A) or by counter-staining with Hoechst and
propidium iodide to mark all cells and dead cells respectively (B) BMDM cells were treated
with various concentrations of SM and 10pg/mL of necrostatin or zZVAD (or nothing for
control cells). Cells were then left for 24 hours before being examined for viability via
microscopic analysis. Graph shows the average % of dead cells by counting images from 3
repeated experiments (C) BMDM cells were derived from WT or RIP3”- mice and treated
with SM and/or necrostatin as shown. *P<0.05 **P<0.01. Experiments show the mean of 3
experiments performed in duplicate.
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Figure 22: c[API and cIAP2 are functionally redundant and additive in limiting macrophage
necroptosis, while XIAP limits SM-induced apoptosis. (A) BMDM cells derived from WT,
cIAP17- and cIAP2”- mice were treated with SuM SM and/or necrostatin as shown. 24 hours
after treatment cells were examined for viability using the MTT assay. (B) BMDM cells
derived from XIAP and WT mice were treated with various concentrations of SM and
necrostatin as shown. 24 hours after treatment cells were examined for viability using MTT.
*P<0.05 **P<0.01 ***P<0.001. Results show the average result of 3 experiments performed
in duplicate.
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4.2.E xIAP limits SM-induced apoptosis: While both cIAPs have been previously demonstrated
to ubiquitinate Rip1 and thus limit the induction of necroptosislgg, the role of XxIAP in the
programmed necrosis has remained enigmatic. Thus, I next treated macrophages deficient in xIAP
with SM. It was observed that xIAP-deficient macrophages showed a significant increase in
sensitivity to SM treatment, and more importantly these cells could not be rescued by the addition
of necrostatin (Fig. 22B). Unlike the cIAPs, xIAP is thought to be a bona fide inhibitor of
caspases™ . Taking this combination, our data supports a view that xIAP may act to limit SM-
induced apoptosis and allow the alternative necroptotic pathway to be revealed.

4.2.F Loss of cIAPs increases Ripl activation: In order to more directly investigate how cIAPs
specifically regulate necroptosis, the expression of Rip1 and Rip3 kinases over the timecourse of
cIAP degradation were next investigated. Consistent with its reported activity’>, SM-164 induced
the rapid degradation of cIAPs within 10 minutes following treatment (Fig. 23A). As
macrophages lost their cIAP expression, a coincident increase in a secondary slightly slower-
migrating form of Ripl was observed (Fig. 23A). It has been previously reported that this slower
migrating band is the phosphorylated form of Rip1 kinase***. I also confirmed this by
dephosphorylating Rip1 with A-phosphatase, causing it to resolve as a single band (Fig. 23B).
These results indicate that the loss of cIAP expression causes Ripl to become phosphorylated.

4.2.G Loss of cIAPs reduces constitutive degradation of Ripl and Rip3 kinases: In addition
to increased expression of Rip1 kinase, it was also observed that a significant increase in the
expression of Rip3 kinase (Fig. 23A). Densitometry measurements averaged over 3 repeated
experiments show a greater then 15-fold increase in the expression of Rip3 kinase, and an
approximately 4- to 5-fold increase in Rip1 expression (Fig. 23C). To investigate whether this

increase in expression might be transcriptional, the transcript levels for Ripl and Rip3 following
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Figure 23: Loss of cIAPs increases Ripl and Rip3 expression and activation. BMDMs were
placed in a 24-well plate at 30 000 cells/well. Cells were then stimulated for various time
with SM and/or Nec-1 as indicated. (A) Cell lysates were analyzed or expression of cIAP,
Ripl, and Rip3 via western blot. (B) Cell lysates were also treated with A phosphatase as
shown to confirm that phosphorylated Rip1 can be resolved as a secondary band. (C) Three
separate western blot experiments were performed (as described in A) and examined by
densitometry using ImagelJ software. The mean expression level of Ripl and Rip3
normalized to actin and relative to untreated control is shown. *P<0.05. (D) BMDM cells
were stimulated with SM for 1 or 4 h as indicated. mRNA levels for Rip1 and Rip3 were then
quantified by qRT-PCR analysis. The average relative transcript level of Ripl and Rip3
relative to untreated control and normalized to actin is shown from three separate
experiments performed in duplicate (E) BMDM cells were treated with zZVAD or lactacystin
for 1h and examined for the level of Rip1 and Rip3 expression via western blot.
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treatment with SM were next examined. While results showed a small increase in mRNA levels at
1 hour following SM treatment, this was consistently much smaller than the increase observed in
protein levels (Fig. 23C,D). To test whether constitutive degradation of Rip1 and Rip3 kinase
might be occurring, macrophages were next treated with either the 20S proteasome inhibitor,
lactacystin, or the caspase inhibitor, zZVAD. Treatment with either inhibitor resulted in a small
increase in both Rip1 and Rip3 protein levels (Fig. 23E). In total these data suggest that cIAPs
may function to promote constitutive degradation of both Rip1 and Rip3 kinases.

4.2.H Autocrine TNFRI1 or 2 signaling is necessary for SM-induced necroptosis: Generally,
studies have shown that necroptosis requires exogenous death receptor signaling®'', although it
has been shown that autocrine production of TNF can fill this role in some cell typ65256. Given
that I had identified the production of TNF in response to SM treatment (Fig. 20), I wished to
investigate what role this might play in the ultimate induction of macrophage necroptosis.

TNFR 1/2-deficient (TNFR ") macrophages showed almost complete resistance to TNFR-induced
cell death (Fig. 24A). Upon examining Rip1 directly by western blot, it was observed that no SM-
induced phosphorylation occurred in TNFR”™ macrophages (Fig. 24B). Interestingly, there also
appeared to be no changes in the expression levels of Rip1 or Rip3 following SM treatment in
TNFR-deficient macrophages, suggesting that the receptor may play a role in the degradation of
Ripl and Rip3.

I also wished to probe the role of TNFR signaling within WT cells by confirming association
of Rip1 with the receptor following SM treatment. Confocal fluorescence microscopy also
showed increased colocaliztion of both Rip1 and Rip3 with the TNFR following treatment with
SM (Fig. 24C). In addition, I was also able to immunoprecipitate Rip1 along with the TNFR (Fig.

24D). Interestingly, only the phosphorylated form of Rip1 appeared to precipitate with TNFR,
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Figure 24: Autocrine TNFRI signaling is necessary for SM-induced necroptosis. (A) The
viability of WT and TNF-R”- cells after SM treatment was measured using MTT assay. (B)
Bone marrow macrophages from WT and TNFR1/27-mice were exposed to SM and/or Nec
for varying time intervals as indicated. Cell lysates were then examined for Rip1 and Rip3
expression via western blot. (C) BMDM cells were grown on cover slips in six-well plates
and exposed to SM for 4 h. After staining with primary and secondary antibodies for TNF-R
(blue), Ripl (red) and Rip3 (green), cells were examined via fluorescent confocal
microscopy. (D) WT macrophages were treated with SM and Nec for various time intervals
as shown. Cells were then lysed using RIPA buffer and co-immunoprecipitation was then
performed using Protein-G sepharose beads and an antibody targeting TNF-R1 (E) TNFR-
deficient and WT BMDM cells were treated with zVAD, zVAD/SM, or zVAD/SM/Nec as
shown. Viability was assessed after 24 hours by MTT assay. All graphs show the average
result for at least 3 experiments performed in duplicate. ***P<0.001
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supporting a model wherein phosphorylation of Rip1l occurs at the receptor. Unfortunately, the
size of Rip3 precluded visualization by western blot following immunoprecipitation using our
system, as it migrates very closely to the immunoprecipitation antibody heavy chain.

Taken together, these results show that autocrine TNF signaling is necessary for SM-induced
necroptosis. However, [ was interested in whether additional pro-necroptotic stimuli could push
TNF-receptor 1 and 2-deficient (TNFR™) macrophages to undergo programmed necrosis. By
combining zVAD with SM, a significant induction of necroptosis within TNFR”™ macrophages
was induced. This data demonstrates that TNF receptor signaling is not strictly necessary for the
induction of necroptosis if multiple necroptosis inhibitors are simultaneously targeted (Fig. 24E).

4.2.1 In vivo administration of SM results in macrophage cell death: Given the discovery that
SM treatment of macrophages results in cell death in vitro, I next wanted to investigate what
effect SM treatment would have in vivo. Intraperitoneal injection of SM results in a rapid loss of
cIAP expression in both the peritoneum and the spleen (Fig. 25A). Staining of cells obtained by
peritoneal lavage 6 hours after injection of SM164 or vehicle showed a significant increase in
macrophage death, as measured by uptake of propidium iodide (Fig. 25B). Furthermore, daily
injections of SM over 4 days resulted in a significant depletion of the macrophage pool (Fig.
25C). These data show that SM treatment can also drive increased death of macrophages in vivo.

4.2.J Loss of cIAP function in vivo decreases control of Listeria monocytogenes: To assess
what effect the depletion of macrophages by SM treatment might have upon immune function,
mice were next challenged intraperitoneally with the intracellular bacterial pathogen, Listeria
monocytogenes (LM), concurrent with daily injections of SM. At day 3 of infection, significantly
higher bacterial loads in both the spleen and peritoneum of mice treated with SM relative to

vehicle treated mice were observed (Fig. 26A). Examining the cells within the peritoneum of
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Figure 25: In vivo administration of SM results in cIAP degradation and macrophage cell
death. C57TBL/6J] mice were injected intraperitoneally with 100 pg of SM164. After 6 h,
control and treated mice were sacrificed and peritoneal lavage was performed. (A) An equal
number of spleen and peritoneal cells were lysed and analyzed by western blot for expression
of cIAP. (B) Peritoneal cells were stained for macrophage cell markers and cell death
(propidium iodide). Histograms show gated populations of F4/80*CD11b* macrophages or
CD3* T cells as labeled. Results are representative of at least three mice analyzed per
treatment group. The mean percentages of dead cells for three mice per group (£S.E.M.) are
shown. (C) Mice were injected daily (IP) with 100 pg (85mg/kg) of SM164. At day 4, mice
were killed and peritoneal lavage was performed. Cells were stained and analyzed by flow
cytometry. Graphs show the average number of F4/80* and CD3* cells within these
populations. Similar results were obtained in two experiments each with n>3 mice per group.
***%p<0.001
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Figure 26: Decreased cIAP function in vivo decreases control of Listeria monocytogenes.
C57BL/6J mice were injected intraperitoneally with 10* LM bacteria. Mice were also
injected intraperitoneally with 100 ug (~5mg/kg) of SM or vehicle control daily. At day 4
post infection, mice were killed and peritoneal lavage was performed. (A) Bacterial burden
in the spleen and peritoneum of mice was assessed. (B) Peritoneal cells were also stained for
F4/80 and CD3 expression as well as cell death (propidium iodide). (C) The percentage of
cell death (PI") in the macrophage and T-cell populations from peritoneum as assessed by
flow cytometry is shown. (D) Similarly as described, WT, cIAP1”~ and cIAP2”- mice were
challenged with 10° LM intravenously. Numbers of macrophages and T cells in the
peritoneum (E), and their commitment to cell death (F, propidium iodide) were assessed at
day 3 post-infection. The mean values of five mice per group are shown. *P<0.05; **P<0.01,
*#%P<(0.001, n>3 mice/group
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treated mice also showed a significant increase in cell death of macrophages (F4/80°CD11b") in
SM-treated mice relative to control mice (Fig. 26B,C).

Next, mice deficient in either cIAP1 or cIAP2 were challenged with LM. Consistent with
our observations using SM, genetic deficiency for either cIAP1 or cIAP2 also resulted in a
significantly higher burden of LM bacteria (Fig. 26D). These mice also showed significantly
lower numbers of macrophages (Fig. 26E) and elevated cell death within the macrophage
population (Fig. 26F). Overall this data showed that cIAP1 and cIAP2 expression act redundantly
and additively to regulate cell death in macrophages, with decreased activity of either cIAP

leading to a deficient immune response to intracellular bacterial infection.

4.3 SALMONELLA INDUCES INTERFERON DEPENDENT NECROPTOSIS

4.3.4 cIAPI”" or cIAP2”" mice are more susceptible to Salmonella typhimurium: Having
identified that a defect in cIAP function leads to overactive necroptosis and less control of LM
infection, I next wanted to test whether a similar effect occurs in infection with Salmonella
typhimurium (ST). Thus, cIAP1”" and WT mice were injected with 10> CFU of ST intravenously.
At day 3 after infection, mice deficient in cIAP1 expression showed significantly more splenic
CFUs compared to WT mice (Fig. 27). Based on this and our previous work demonstrating that
cIAPs regulate macrophage necroptosis, it was inferred that death of macrophages by necroptosis
might be driving a deficient immune response to ST infection similar to LM.

4.3.B ST infection of macrophages leads to delayed necroptosis: In order to further probe
whether ST infection indeed leads to necroptosis, in vitro infections of macrophages were next
performed. Unstimulated bone marrow-derived macrophages (BMDMs) were plated in round

bottom plates and allowed 24 hours for cells to adhere. Infections were then performed as
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Figure 27: cIAP1 Deficient mice are more susceptible to infection with Salmonella
Typhimurium. WT and cIAP17- mice (C57BL/6J background) were challenged with 10> ST
bacteria intraperitoneally. At 3 days post-infection mice were sacrificed and the bacterial
CFU in the peritoneum was assessed as described in the methods section. n=3 mice/group.
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described in the materials and methods section at an MOI of 10. In this model, it was observed
that delayed death of infected macrophages occurred after 24-48 hours. Macrophages have
previously been shown to undergo an inflammatory caspase-1 dependent form of cell death
known as pyroptosis. At 48 hours after infection, a significant rescue of ST infected cells with a
caspase-1 specific inhibitor was noted (Fig. 28A). However, the addition of necrostatin resulted in
a significantly better rescue of macrophage viability (Fig. 28A). The involvement of necroptotic
mechanisms in ST-induced macrophage cell death was also confirmed through an siRNA
knockdown of Rip3 (Fig. 28B), which resulted in significantly less ST-induced macrophage cell
death (Fig. 28C). This evidence indicates that infection with ST induces necroptotic cell death
within macrophages.

4.3.C ST induces necroptosis in macrophages in vivo: 1 next wanted to confirm whether death
of macrophages following ST infection in vivo was occurring by necroptosis. Thus, WT and
Rip3-deficient were infected mice intravenously with 10° CFU of ST and examined the numbers
of macrophages in the spleen at day 3 of infection. Consistent with an induction of necroptosis by
ST infection, significantly less death of Rip3-deficient than WT macrophages was observed, as
determined by uptake of propidium iodide (Fig. 29A). Importantly, there was no significant
change in the survival of Rip3-deficient mice (Fig. 29B), signifying a complex phenotype of ST
pathogenesis occurring within these mice. Overall, this data supports the model that ST induces
macrophage necroptosis in vivo, but resistance to this effect alone is inadequate to protect from
infection.

4.3.D Type-I interferon signaling is required for ST-induced necroptosis: At this time, several
members of the lab were studying the role of type-I interferon in ST pathogenesis. In their work,

they had observed that interferon receptor alpha-deficient (IFNAR™) mice showed significantly
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Figure 28: Infection of BMDM cells with ST induces delayed necroptotic cell death. BMDM
cells were plated in round bottom 96-well plates at 50 000 cells/well and infected with ST at
10 MOI. After 30 minutes of infection, cells were washed with high concentration of
gentamicin (50 micrograms/ml) to remove extracellular bacteria. Infected cultures were also
treated with various inhibitors (at 10ug/mL) as shown. (A) 48 hours after infection BMDM
viability was assessed using neutral red assay (for lysosomal activity). (B) WT BMDM cells
were transfected with control or Rip3 target siRNA as shown. After 24 hours, knockdown of
Rip3 was assessed by western blot. (C) Following siRNA knockdown cells were challenged
with ST bacteria as described above, and assessed for viability after an additional 48 hours of

infection. All experiments are representative of at least 3 experiments performed in duplicate.
**P<0.01
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Figure 29: Rip3-deficient mice show less macrophage cell death during ST infection in vivo.
WT and Rip3~- mice (C57BL background) were challenged with 103 ST intraperitoneally.
(A) At day 3 post-infection mice were sacrificed and the number of macrophages in the
spleen was assessed. The level of cell death within the macrophage population was also
assessed by propidium iodide staining (n=3 mice per group) (B) Survival or WT and Rip3~-
mice during ST-infection was also examined. (n=4 mice per group)
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extended survival following ST infection (see **°

). In addition, mice also showed higher numbers
of macrophage cells during infection with ST, suggesting the possibility that type-I interferon
could be participating in the death of macrophages during ST pathogenesis. To test this
hypothesis, WT and IFNAR macrophages were infected with ST in vitro. It was observed that
IFNAR-deficient macrophages showed much more resistance to cell death induced by infection
with ST (Fig. 30A). To confirm that type-I interferon is indeed inducing increased necroptotic
signaling, the induction of Rip1l and Rip3 phosphorylation was also examined. In ST infected
IFNAR ™" macrophages there was less of the slower migrating phosphorylated forms of Ripl and
Rip3 (Fig. 30B). I also confirmed that treatment with lambda phosphatase caused these
phosphorylated forms of Ripl and Rip3 to largely disappear (Fig. 30B). These results confirm
that IFNAR signaling is a key signaling factor for ST-induced necroptosis within macrophages.

4.3.E Treatment with IFN-f and zVAD induces necroptosis: Follow-up work performed by Dr.
Nirmal Robinson in the lab showed that necroptotic signaling derived from type-I interferon
receptor is driven specifically by interferon beta (IFN-). He also showed that treatment of cells
with IFN-f alone leads to a transient phosphorylation of Rip1 but was unable to drive significant
cell death (see **°). Thus, I next wanted to test whether blocking the anti-necroptotic activity of
caspases in combination with IFN-f would lead to full blown necroptosis. Indeed, treatment of
J774 macrophages with IFN-§ and zVAD resulted in a potent induction of cell death which could
be inhibited by the addition of necrostatin (Fig. 31). This data supports the model that interferon-3
signaling directly induces activation of the necrosome but requires caspase inhibition for
progression to cell death.

4.3.F Type-I interferon is a key feedback in LPS induced necroptosis: A combination of

ZVAD and LPS has been recently shown to be a potent inducer of necroptosis*®. This means of
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Figure 30: /FFNAR-deficient BMDMSs show less phosphorylation of Ripl and Rip3 kinases and
less necroptosis upon infection with ST. (A) WT and IFNAR- mice were challenged with ST
in vitro as described in the methods section. At 24 and 48 hours after infection the viability of
cells was examined using the neutral red assay. Results show the average % viability for at
least 3 experiments performed in duplicate. (B) After 24 hours of infection as described, WT
and IFNAR macrophages were examined for Ripl and Rip3 phosphorylation as shown.

Some lysates were also treated with A phosphatase to confirm phosphorylation bands for
Ripl and Rip3.

Experiments presented in this figure were performed in collaboration with N. Robinson.
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Figure 31: Treatment of J774 macrophages with IFNJ; drives necroptosis. J774 macrophages
were plated at 50 000 cells/well in a 96-well plate. Cells were then treated with varying
concentrations of IFNB, zVAD, and necrostatin as shown. Viability was assessed after 24
hours of treatment via the MTT assay. Results show the average viability of at least 3
experiments performed in duplicate.
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inducing necroptosis by stimulating PAMP receptors recapitulates some elements of ST infection,

286, Thus, I was interested to test whether

and is known to induce release of type-I interferon
induction of necroptosis by this method is also dependent upon IFNAR signaling. Whereas WT
macrophages showed a significant loss of viability 24 hours after treatment with zVAD and LPS,
IFNAR™ macrophages were highly resistant to this effect (Fig. 32). This result supports the
highly novel conclusion that type-I interferon signaling is a key feedback for the induction of
macrophage cell death by LPS/zVAD-induced necroptosis.

4.3.G Type-I interferon induced death drives systemic shock in vivo: Next, | wished to
confirm the role of interferon in zZVAD/LPS induced necroptosis within an in vivo setting.
Following injection with a combination of zZVAD and LPS, WT mice displayed a hunched posture
and were moribund by 18 hours after injection. In stark contrast, IFNAR mice appeared relatively
normal. At this time, all mice were sacrificed and a peritoneal lavage was performed. Both
IFNAR and WT mice showed a drop on the total number of peritoneal macrophage cells (Fig.
33A,B), although IFNAR mice had significantly less cell death occurring within the macrophage

pool (Fig. 33C). These results support the view that interferon-induced macrophage necroptosis

may exacerbate the effects of LPS induced shock within mice.

4.4 CATHEPSINS REGULATE NECROPTOSIS

4.4.A zVAD alone can induce macrophage necroptosis: Next, a further investigation of how
Rip1 and Rip3 kinases are regulated to within macrophages was initiated. To accomplish this, I
wished to examine how the canonical inducer of necroptosis, zVAD, drives changes in Rip1 and
Rip3 expression, and results in necroptosis of macrophages. High doses of zZVAD have been

previously documented to induce cell death within macrophage cell lines®®’. In our model, we
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Figure 32: Autocrine production of type-I interferon is a key mechanism in the induction of
necroptosis through the zZVAD/LPS pathway. WT and IFNAR”- BMDM cells were plated at
50 000 cells/well in 96-well plates. Cells were then treated with LPS (100 ng/mL) and
various doses of zZVAD as shown. After 24 hours cell viability was assessed using the MTT
assay. Results show the mean of at least 3 experiments performed in duplicate. ***P<0.001
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Figure 33: Macrophages in INAR-deficient mice undergo less death following LPS/zVAD
injection in vivo. WT and IFNAR”- mice were injected with 10mg/kg of LPS and 50 pg of
zVAD suspended in PBS. After 18 hours, mice were sacrificed and a peritoneal lavage was
performed. (A) FACS staining for CD11b and F4/80 expression was utilized to assess the
number of macrophages in the peritoneal lavage. (B) The average % of macrophages is
shown. (C) The viability of macrophages in the peritoneal lavage was also assessed using
propidium iodide staining. n=3 mice/group, *P<0.05
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observed that treatment of BMDMs with 50-200uM of zVAD lead to a significant loss of
viability (Fig. 34A). It was confirmed that zZVAD was in fact inducing necroptosis by combining
zVAD with necrostatin, wherein macrophages were completely rescued from cell death (Fig.
34B). Similar to what I reported for SM, zVAD drove a dose-dependent increase in Ripl
phosphorylation (Fig. 34C). Furthermore, macrophages deficient in Rip3 kinase were highly
resistant to treatment with zZVAD-FMK (Fig. 34D,E). These results indicate that treatment of
macrophages with high doses of zZVAD is sufficient to induce necroptosis.

4.4.B LPS stimulation drives Ripl kinase activation independently of TNFR signaling:
Much work in recent years has underlined the connection between immunostimulatory signaling
and the necroptosis pathway (see section 1.2.B). Thus, I next wished to investigate what impact
LPS stimulation would have upon zVAD-induced necroptosis. Stimulation with a low level of
LPS (100ng/mL) led to a significant increase in sensitivity of macrophages to zZVAD treatment
(Fig. 35A). Whereas normally at least 50-100uM of zZVAD was necessary for necroptosis
induction, treatment with LPS sensitized macrophages to necroptotic cell death at as low as 25-
50uM of zVAD (Fig. 35A). Interestingly, LPS treatment alone was able to induce
phosphorylation of Rip1 kinase, but this did not result in phosphorylation of Rip3 kinase (Fig.
35B). Only when LPS signalling was combined with zZVAD treatment did Rip3 phosphorylation
occur (Fig. 35B). These results indicate that zVAD acts to somehow de-inhibit the
phosphorylation of Rip3 downstream of Rip1 activation.

It has recently been reported that LPS specifically induces necroptotic signaling through
TLR4 via the TRIF signaling axis**®. To test this in our model, targeted siRNA knock down of
TLR4 or TRIF expression was performed in BMDMs. Macrophages showed significantly lower

sensitivity to zVAD/LPS-induced necroptosis following siRNA knockdown (Fig. 35C). I was
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Figure 34: zVAD alone can induce macrophage necroptosis. (A) BMDM cells were treated
with various concentrations of zZVAD (as shown) for 24 hours and viability was assessed
using the MTT assay. (B) Macrophages were treated with 100 uM of zVAD with or without
the addition of necrostatin for 24 hours and stained with Hoechst, dead cells were identified
using propidium iodide staining. The % of dead cells was obtained using automated counting
of Propidium lodide™ cells versus Hoechst" cells (top bar graph). An MTT assay was also
performed in parallel to confirm inverse correlation of cell death and viability results.
(bottom bar graph) (C) Macrophages were treated with various concentrations of zZVAD for 1
hour and examined via western blot for Rip1 protein expression. (D) Bone marrow
macrophages were derived from WT and Rip3~- mice. Cells were treated with 100uM zVAD
for 24 hours and cell death was assessed via MTT assay. (E) WT and Rip3 BMDMs were
examined for viability as described for (B). All experiments were performed a minimum of 3
times in duplicate. ***P<0.0001 **P<0.005
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Figure 35: LPS stimulation drives necroptosis independently of TNFR signaling (A)
Macrophages were treated with 100 ng/mL of LPS in combination with various
concentrations of ZVAD as shown, with or without the addition of necrostatin. Viability was
assessed after 24 hours by MTT assay. (B) Macrophages were treated with LPS and zVAD or
zVAD/necrostatin for one hour, after which cells were lysed and examined for Ripl and Rip3
expression via western blot. (C) J774 macrophages were transfected with TRIF, TLR4 or
untargeted control siRNA for 24 hours and lysates were examined for TRIF knockdown
(right). Cells were then treated with various concentrations of zZVAD and LPS and incubated
for an additional 24 hours, and viability measured using MTT assay. (D) Macrophages were
derived from WT or TNFR /27 mice and treated with LPS and various concentrations of
zVAD as shown. After 24 hours viability was examined via the MTT assay. All graphs show
cell viability relative to controls without zZVAD. All experiments were performed a minimum
of 3 times in duplicate. ***P<0.0001 **P<0.005
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next interested to test whether this TLR4/TRIF-dependent induction of the necroptotic signaling
cascade occurred independently of TNFR signaling. While TNFR” BMDMs were highly
resistant to zZVAD-induced necroptosis, these cells were highly susceptible to necroptosis as
induced by zVAD/LPS. Taken together, this data clearly demonstrates that LPS can directly
activate the phosphorylation of Rip1 kinase through the TRIF pathway, while zZVAD allows the
activation Rip3 downstream of Ripl.

4.4.C Cysteine cathepsins cleave Ripl1 kinase: To more directly examine the regulation of Rip1
and Rip3 kinase following treatment with zZVAD/LPS, western blotting experiments were next
performed. Cells were treated with various combinations of inhibitors and LPS for 1 hour and the
expression of Ripl and Rip3 was examined. Western blots using the highly sensitive West Femto
enhanced chemiluminescence reagent revealed several lower molecular weight bands in Ripl and
Rip3 blots. I hypothesized that these bands were likely cleavage products of Rip1 kinase.
Supporting this view, there was a consistent loss of these cleavage bands following treatment with
zVAD (Fig. 36A Lane 3). It should be noted that the anti-Rip1 antibody employed targets the C-
terminal portion of the protein (385-650), and thus these cleavage products would likely be C-
terminal fragments of Rip1 kinase protein. In the case of Rip3, several lower molecular weight
bands were also observed, however only one band (~20 kDa) was affected by the application of
zZVAD.

Next, macrophages were treated with a specific inhibitor for caspase-8 (z-IETD-FMK, 100
uM) for 1 hour. There appeared to be mostly no change in the cleavage of Rip1 kinase in
macrophages, although one faint band at approximately 42 kD was absent with caspase-8
inhibition (Fig. 36A Lane 4). In addition to its ability to potently inhibit caspases, zVAD has also

been previously demonstrated to also inhibit cysteine family cathepsins, such as cathepsins B and
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Figure 36: A non-caspase-8 cysteine protease cleaves Ripl Kinase. BMDM cells were treated
with various combinations of LPS, zVAD, caspase-8 inhibitor (C8I), and/or cathepsin
inhibitor (E64D) as shown. After 1 hour of treatment, cells were lysed and examined for
expression of Ripl and Rip3 via western blot. Short (1 min.) and long (15 min.) exposures
were utilized in order to identify Rip1 expression by western blots. Actin expression was
used as a loading control. Results are representative of at least 3 repeated experiments.
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S, at the concentration ranges which were necessary to induce necroptosis (~50-100 pM)***,

Based on this, I hypothesized that cathepsins may also cleave Ripl and Rip3. Application of a
cell-permeable cysteine cathepsin/calpain inhibitor, E64-D, completely abrogated the cleavage
bands of Ripl kinase, similar to zZVAD treatment (Fig. 36A Lane 5). Also similar to zVAD,
possible cleavage of Rip3 kinase was only effected for the ~20kDa band. Finally, a caspase-8
inhibitor was combined with the cathepsin inhibitor, where I observed elevated Rip1
phosphorylation and expression along with a decrease in cleavage bands (Fig. 36A Lane 6). Thus,
these data imply that the inhibition of cathepsins by zZVAD may be a considerable factor in the
induction of necroptosis.

4.4.D Cathepsin S and B both cleave Ripl kinase: To further confirm cathepsin mediated
cleavage of Rip1, an siRNA knockdown targeting two key members of the cysteine cathepsin
family was next performed®®’. Knockdown of either cathepsin S or cathepsin B resulted in less
cleavage of Rip1 kinase (Fig. 37A), as well as a small but significant increase in the sensitivity of
macrophages to zVAD-induced cell death (Fig. 37B). Importantly, siRNA knockdown of an
alternative cysteine protease, calpain-1, actually resulted in less necroptosis of macrophages (Fig.
37C). Based on this, it was hypothesized that cysteine cathepsins may have a redundant role in
regulating Rip1 activity. Consistent with this, there was no significant differences in the induction
of necroptosis in macrophages specifically deficient in either cathepsin S or cathepsin B (Fig.
38A,B). We also attempted combined siRNA knockdown of multiple cathepsin family members.
Unfortunately, I was unable to achieve efficient simultaneous knockdown of both cathepsins,
potentially due to deleterious effects on cell viability. Thus, these data suggest that cysteine
family cathepsins may act redundantly to cleave Rip1 kinase and limit necroptosis within

macrophages.
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Figure 37: Cathepsin S and B can cleave Rip1 kinase. (A) BMDM cells were transfected
using the Lonza system (as described in the methods section) with untargeted, cathepsin S, or
cathepsin B targeting siRNA via electroporation for 24 hours. Cells were then treated with
LPS for 2 hours and examined via western blot for Rip1, cathepsin S (CatS), and cathepsin B
(CatB) expression. Actin was used as a loading control. (B) Macrophages transfected for 24
hours with untargeted control, cathepsin S, or cathepsin B targeted siRNA were treated with
LPS and varying concentration of zZVAD as shown. After an additional 24 hours, cells were
tested for viability using MTT assay. Similar experiments were repeated at least 3 times. (C)
To confirm the role of cathepsins specifically, BMDM cells were also transfected with
control or calpain siRNA and examined for sensitivity to zZVAD/LPS induced necroptosis as
described in (B) **P<0.01 All graphs show the average cell viability relative to untreated
control from at least 3 experiments performed in duplicate.
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Figure 38: Single knockouts for cathepsin S or cathepsin B show no change in susceptibility
to necroptosis. BMDM cells were generated from WT, CTSS- (A) and CTSB-(B) deficient
mice as described in the methods section. Cells were then plated at 50 000 cells/well in 96-
well plates and treated for 24 hours with LPS (100ng/mL) and various concentrations of
zVAD and necrostatin as shown. Graphs show the average viability relative to untreated
control from 3 repeated experiments performed in duplicate.
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4.4.E Cathepsins associate with Ripl kinase directly: To test whether Rip1 is indeed being
targeted by cathepsins in vivo I performed experiments to examine colocalization of cathepsins
with Ripl. Co-immunoprecipitation were able to pull down Rip! kinase along with cathepsin S
(Fig. 39A). Importantly, it was observed that a significant amount of cleaved Riplwas in
association with cathepsin S, supporting a view that cathepsin S can directly cleave Rip1 kinase.
Curiously, a detectable amount of cathepsin S was not immunoprecipitated in associated with
Rip1 kinase (Fig. 39A), potentially due to a fairly small fraction of Rip1 being actually associated
with cathepsin S. Finally, it was confirmed that Rip1 kinase colocalizes with cathepsins S and B
in LPS-treated macrophages (Fig. 39B,C). In total these results support a view that cathepsin S
and B directly associate with Rip1 in macrophages.

4.4.F Cathepsins can directly cleave Ripl kinase: Given the surprising nature of our finding
that cathepsins can act in an anti-necroptotic role, I wanted to prove that cathepsins are indeed
capable of cleaving Ripl kinase. Thus, a cell-free cleavage assay was next performed using
purified Rip1 and various cathepsins. We found that bacterial expression of full length Rip1
kinase was highly inefficient, and therefore we expressed a GST fusion protein with truncated
Ripl (GST-Rip1?**%°%). Importantly, given the size of c-terminal fragments observed in our
macrophage experiments, this truncated form of Rip1 should still contain putative cleavage site(s)
for cathepsins based on the Rip1 cleavage fragments in experiments described above (Fig. 40A).
By combining purified GST-Rip12**%°® with active recombinant mouse cathepsin S at cytosolic
pH, a clear dose-dependent cleavage of Rip1 kinase was observed (Fig. 40B). Cleavage of
recombinant Rip1 by cathepsin S resulted in a ~35-40 kD cleavage product, consistent with what
has been observed in macrophage cells. A similar cell free cleavage of Rip1 using cathepsin B

and cathepsin L was also observed, although it was significantly less efficient. A number of
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Figure 39: Cathepsins associate with Rip1 kinase directly. (A) BMDM cells were plated at
2.5%10° cells/well in 24-well plates. Cells were then treated for 1h with LPS and/or zVAD as
shown. Cells were then lysed and immunoprecipitations were performed as described in the
methods section. Lysates and immunoprecipitates were then examined by western blot for
Rip1 and CTSS. (B-C) BMDM cells were treated with LPS for 1h and stained with CTSS or
CTSB, and Rip1 specific antibodies as described in the methods section. Cells were then
examined using confocal microscopy.



A Lysates IP:Rip1 IP:CTSS

LIPS - + + + +

ZVAD - -+ -

122

<« Ripl
<+ HC

< Cleaved Ripl

<«1LC




Figure 40: Cathepsins can directly cleave Ripl kinase in a cell free environment. (A) Diagram
showing the domains of Rip1 kinase as identified in the conserved domain database. The
approximate sites for cathepsin B cleavage were identified using online SitePrediction tool
(Tool can be found at: hitp.// www.dmbr.ugent.be/prx/bioit2-public/SitePrediction/). Diagram
showing the recombinant GST fusion of Ripl we employed in our cell free cleavage assays.
(B) Recombinant GST-Rip1280-65¢ was exposed under cell free conditions to CTSS, CTSB,
and CTSL as described in the methods section. After treatment, the cleavage of recombinant
Rip1 was examined by western blot as shown. Results are representative of at least 3
repeated experiments.

Experiments shown in this figure were performed in collaboration with B. Shutinoski
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bands were visible which were generally consistent with those observed in LPS treated
macrophages (Fig. 40C,D). Importantly, at the neutral pH utilized for cleavage experiments,
cathepsin B has been reported to cleave targets much more selectively than at acidic pH**’. These
data provide clear evidence that cysteine cathepsins can directly cleave Rip1 kinase.

4.4.G Cathepsins and caspase-8 cooperate to limit necroptosis: Finally, | wanted to directly
assess the role cathepsin mediated cleavage of Ripl might play in regulating necroptosis of
macrophages. This was accomplished by applying various cathepsin inhibitors in combination
with zZVAD/LPS. The addition of cathepsin inhibitors E64D, Ca-074-Me or calpeptin resulted in a
small but significant increase in sensitivity of macrophages to zZVAD/LPS (Fig. 41A). The
relatively minor effect of cathepsin inhibitors is likely due to overlapping effects of cathepsins
and zZVAD/LPS in terms of protease inhibition. Cathepsin inhibition alone did not result in any
significant loss of viability of macrophages (Fig. 41A-D). These results indicate that, within
macrophages, the induction of necroptosis by zVAD treatment occurs via its inhibition of
cathepsins as well as caspase 8.

Previous work has clearly demonstrated that Rip! is cleaved directly by caspase-8 '°°. Thus,
to confirm the role of both caspase-8 and cathepsins in the regulation of necroptosis, macrophages
were treated with LPS and a caspase-8 specific inhibitor, z-IETD-FMK (C8I). While treatment
with C8I and/or LPS alone did not induce significant cell death, when it was combined with
cathepsin inhibitors treatment resulted in increased macrophage necroptosis (Fig. 41B-D). Similar
results were obtained with a number of different cathepsin inhibitors in combination with CS8I
(Fig. 41B-D). Consistent with necroptosis, this death was abrogated by the addition of necrostatin
(Fig. 41B-D). Finally, other caspase inhibitors were utilized to confirm the specific role of

caspase-8. Combined inhibition of cathepsins and caspase-9 or -3 inhibitors resulted in no
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Figure 41: Cathepsins and caspase-8 cooperate to limit necroptosis. (A) BMDM cells were
treated with LPS (10 ng/mL), cathepsin inhibitors (10png/mL) and varying concentrations of
zVAD as shown for 24 hours. Cell viability was then assessed by MTT assay. Graph shows
cell viability relative to controls without zZVAD. (B) BMDM cells were treated with LPS,
zVAD (50uM), caspase-8 inhibitor (C8I - 100uM), necrostatin (Nec), and cathepsin
inhibitors (10pg/mL) as shown. Cells were incubated for 24 hours with inhibitors and
assessed for viability via MTT assay. Graph shows cell viability relative to cells treated with
LPS alone. (C) Macrophages were treated with caspase-8 inhibitor (100uM) or zZVAD
(25uM) in the presence or absence of the cathepsin inhibitors. Cell death was then assessed
using Hoechst and propidium iodide costaining. (D) The average cell death counts from 3
experiments performed as described for (C). (E) BMDM cells were treated for 24 hours with
caspase inhibitors with LPS and calpain, then assessed for viability via MTT assay. All
graphs show viability measurement relative to the untreated control. All experiments were
repeated a minimum of 3 times in duplicate *P<0.05, **P<0.005, ***P<0.0001.
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significant increase in necroptosis (Fig. 41E). Together, these results point to the novel conclusion

that cathepsins and caspase-8 cooperate to regulate necroptosis in macrophages.
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5.0 DISCUSSION

5.1 THE ROLE OF CASPASE-3 IN CD8" T CELLS

CD8" T cell responses are vital for effective clearance of intracellular pathogens, as well as long-
term protection against re-infection’. Depletion of the CD8" T cell population in mice greatly
enhances their susceptibility to infection with viruses such as LCMV®" and HIV**?, as well as
intracellular bacteria such as Mycobacterium tuberculosis™", Salmonella typhimurium** (ST) and
Listeria monocytogenes™> (LM). It is thought that breakdown of normal CD8" T cell surveillance in
the central nervous system is responsible for the re-emergence of latent viruses in
leukoencephalopathy**®*"’. Despite the clear importance of CD8" T cells in immune response to
many infections, the mechanisms that govern the highly dynamic processes of T cell proliferation,
contraction and memory formation remain unclear. By better understanding the intricate interaction
of the biochemical signaling pathways that control life and death of T cells during their
differentiation, we may be better able to improve responses to vaccines, or to prevent or reverse
undesirable T cell responses in cases of autoimmunity.

Previous work has revealed an unexpected and paradoxical link between the activation of the
canonical regulators of apoptosis, the caspases, and cell proliferationloo. In T cells specifically, work
has connected caspase activation to both proliferation'®” and contraction®” of primed CD8" T cells.
While a link between T cell activation and apoptotic mechanisms has been repeatedly reported,
previous studies have not specifically addressed what stimulatory mechanisms drive caspase
activation. Furthermore, to our knowledge no study has yet confirmed that activation of caspases
occurs in activated CD8" T cells during an in vivo response to bacterial infection. Thus, in this study

I have used two divergent infection models, which differ in intensity and timing of antigen-
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presentation, to evaluate the induction of caspase-3 activation in antigen-specific CD8" T cells
during their proliferation, differentiation and contraction.

Caspase-3 cleavage is often referred to as the key downstream apoptotic event preceding cell
death, and can be activated by a variety of pathways including death receptor driven caspase-8
cleavage, or mitochondrial driven caspase-9 cleavage (see section 1.2 of introduction). Our data
clearly demonstrates that caspase-3 can also be activated downstream of antigen specific stimulation,
while excluding a role for inflammation in regulating this process (Fig. 7, 14). This adds to previous
work showing that caspase-3 mRNA is increased following TCR stimulation'®®. The question
remains as to how caspase-3 is activated downstream of the TCR? Work in other cell types has
shown that in some cases calcium flux can activate calpains which in turn can cleave and activate

298,299
347

caspase- . It seems possible that activation of caspase-3 could be mediated by the high levels

of calcium flux within activated T cells’®.

Probably the most interesting questions in regards to caspase-3 in T cell activation pertain to
what function caspase-3 might have in a proliferating cell. Using targeted inhibitors of caspases, it
has been shown that caspase activity is actually necessary for efficient T cell proliferation in
response to anti-CD3 stimulation®'®”. This suggests that caspase activation actually promotes T cell
proliferation. In contrast to this, it has also been shown that caspase activation can function to cleave
important TCR signaling mediators such as Vav and Grb2, and thus can drive T cell anergy in some
cases ’'~*. In the data presented here, treatment of antigen stimulated CD8" T cells with a selective
caspase-3 inhibitor led to less proliferation of CD8" T cells (Fig. 17). Furthermore, I show that cells
expressing active caspase-3 consistently also show elevated levels of the cell cycling marker, Ki67

(Fig. 7). Taken together, these data indicate that caspase-3 plays a role in promoting T cell

proliferation, but the molecular mechanism of this activity remains elusive.
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While several careful studies of caspase activation in CD8" T cells have been performed in vitro,
most have employed anti-CD3 stimulation with relatively few examining bona fide antigen
presentation, and fewer still looking at caspases in T cell proliferation in vivo. In only one study was
it previously observed that antigen specific CD8" T cells upregulate caspase-3 during proliferation in

response to LCMV*®

. In this case, the authors suggest that this activation of caspase-3 might
somehow prepare cells for a delayed form of apoptosis, which could occur during contraction. Given
the fact that caspase-3 is known to be a terminal step in the process of apoptosis'’", this type of
delayed cell death seems highly unlikely. In my observations, I saw that caspase-3 was most active
during the proliferative activation of CD8" T cells in response to similar antigen in the context of
two divergent infection models, and remained low during contraction phases of the response (Fig.
11). I also observed little evidence that these caspase-3" CD8" T cells are undergoing cell death in
vitro or in vivo (Fig. 9, 11). These data support a model wherein caspase-3 likely plays a non-
apoptotic role in the proliferative phases of CD8" T cell activation.

Several reports have previously indicated that caspase-3 induction does not drive the death of

activated CD8" T cells in vitro™'"’

, yet the possibility that a vigorous outgrowth of small population
of caspase-3'"" cells was masking a significant level of cell death remained a possibility. Thus, I
diluted activated CD8" T cells to very low cell numbers ex vivo, greatly reducing the possibility of a
minority contaminating population being responsible for significant outgrowth. In this case, there
were few signs of cell death (cell debris, or TMRE™ cells) in the active caspase-3" activated CD8"
T cells (Fig. 9). I also confirmed these findings in vivo, where despite the relatively high level of
active caspase-3, I was unable to detect a significant population of TUNEL'CD8" T cells (Fig. 12).

Even purified caspase-3" CD8" T cells ex vivo did not exhibit significantly elevated number of dead

cells (TMRE™) when compared to those cells with the lowest level of caspase-3 (Fig. 14). I
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conclude that caspase-3 activation does not result in a significant amount of cell death concurrent
with CD8" T cell proliferation.

Although early inflammation is an important determinant of CD8" T cell contraction®~%*, no
programmed death mechanisms have yet come to light to explain the mechanism of contraction of
the antigen specific population. Apoptosis might seem to be a likely candidate for the removal of
activated cells following resolution of an infection, but in previous work the in vivo application of
caspase inhibitors during T cell contraction had little effect on the dramatic drop in T cell numbers
following the peak of the CD8" response'”. Consistent with this, I also observed that active caspase-
3 actually remained at basal levels throughout the contraction phases of the OV A-specific response
to two divergent intracellular bacterial pathogens (Fig. 10). These data indicate that caspase-
dependent apoptosis may not play an important role in T cell contraction. It should be noted that
recent work in Bim, Bid, and/or Fas deficient mice indicates that redundant pro-death mediators

- . . 7,305,306
cooperate to remove activated T cells during contraction’>">

. It is an interesting possibility that
these upstream activators of apoptosis might drive caspase-independent death mechanisms in
contracting T cells, but more work will be necessary to address this possibility.

Following the realization that caspases do not seem to play a significant role in T cell death, it
has been suggested that the alternative programmed death pathway of necroptosis might function to
remove activated cells. Supporting this view, it has been shown that specific deficiency in caspase-8
in T cells or its adapter, FADD, leads to dysfunctional T cell responsesW, which was later shown to

307,308

be due to overactive necroptosis . Pharmacological or genetic ablation of the necroptosis

pathway by targeting either Rip1 or Rip3 rescued the ability of these T cells to proliferate in

104,105,140

response to stimulation . These observations indicate that expression of caspase-8 is required

in order to limit necroptosis in activated T cells.
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While the findings that caspase-8 is needed to reign in Rip3 dependent death in activated T cells
might point to necroptosis as the means of T cell contraction, it is important to note that deficiency
for Rip3 alone does not seem to have any appreciable effect on the T cell activation or

195233 1 confirmed similar lack of any effect of Rip3-deficiency on the CD8" T cell

contraction
response to LM-OVA (unpublished results from our lab). In addition, T cells with concurrent
deficiency for Rip3 and caspase-8 show a normal contraction of CD8" T cells following an antigen
specific responselOS. In contrast to the antigen specific contraction, these mice do suffer a
progressive accumulation of dysfunctional T cells, although these cells seem to be restricted to an

abnormal population of non-functional T cells '°*'>°

. This is highly reminiscent of what is seen in /pr
or gld mutations of the Fas pathway’®. Based on these observations, it seems that necroptosis likely
is not an important factor in contraction of an antigen specific T cell response under normal caspase-
8 sufficient conditions.

Though the role of caspase-8 in limiting necroptosis has been well documented*”

, the potential
activity of caspase-3 in this process has not been thoroughly investigated. Unlike caspase-8 knockout
which is embryonic lethal due to overactive necroptosis'®, caspase-3 knockout animals remain
viable with no documented T cell defects. This may be due to significant redundancy between
caspase-3 and caspase-7, as double knockout caspase-3/7 animals die immediately after birth'">.
Whether caspases-3 or -7 can inhibit necroptosis through cleavage of Rip1 kinase or other means
remains to be investigated. Supporting this possibility, I saw both less proliferation and somewhat
increased cell death in antigen stimulated T cells with the addition of a caspase-3 inhibitor (Fig. 15).

One intriguing possibility may be that caspase-3 could also function to promote or maintain caspase-

8 activation, as this type of retrograde activation of caspase-8 by caspase-3 has recently been
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demonstrated'**!"". Further work will be needed to investigate the role that effector caspases might
play in the regulation of necroptotic cell death.

Interestingly, I have observed that in addition to elevated levels of active caspase-3, antigenic
stimulation of CD8" T cells also led to more exposure of phosphatidylserine (Fig. 18), another
cardinal signal of apoptotic cell death. This type of reversible exposure of phosphatidylserine in
activated T cells has been previously reported®'?. The question remains as to how these cells, which
show many of the hallmarks of apoptosis, manage to escape actual cell death. One possible
explanation might be differential subcellular localization of caspase-3 in activated T cells versus
apoptotic cells. In previous work, it has been shown that active caspase-3 preferentially localizes to

301,313,314
=27 whereas caspase-3 would normally need to

the membrane in activated CD8" T cells
translocate to the nucleus to induce apoptotic death®'’. Consistent with this, immunofluorescent
staining for active caspase-3 appeared to localize at the cell membrane in activated CD8" T cells,
whereas it appeared more cytosolic in cells stimulated to undergo apoptosis by staurosporine
exposure (Fig. 8).

In addition to the importance of controlled localization of caspases, I felt that the expression of
inhibitors of apoptosis proteins (cIAP1, cIAP2, xIAP) might also have a significant impact on CD8"
T cell function. Thus, I also attempted treating cells with a small molecule mimetic of SMAC, which
would normally inhibit IAP function in apoptotic cells. SMAC mimetic (SM) treatment had little
impact on CD8" T cell responses both in vitro and in vivo. Consistent with this, mice with single
gene deficiencies for cIAP1, cIAP2 or XIAP do not appear to have significant defects in T cell
responses' > 2**1° Based on this, I conclude that IAP expression likely does not play a significant

role in controlling caspase function within proliferating T cells in mice. Despite this, it should be

noted that there is significant evidence supporting a role for IAPs in regulating T cell responses in
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humans, with particular note to the X-linked lymphoproliferative disorder associated with xIAP
muations®'”.

Thus, by studying OVA specific CD8" T cell responses in a variety of in vitro and in vivo
contexts, [ have provided new evidence to support a model by which caspase-3 becomes activated
and promotes CD8" T cell proliferation and precedes differentiation to effector cells (Fig. 16).

Similarly, caspase-3 cleavage has been implicated in the normal differentiation of skeletal muscle

101 103

cells'”', macrophages'®?, erythroblasts'®, as well as others. The promiscuity of caspase-3 as a
protease has hampered attempts to specifically dissect the molecular mechanisms by which caspase-
3 affects its function in differentiation. This frustrating property of the apoptotic proteases to target
many proteins' > must surely be relevant to its function. Perhaps the ability of caspase-8 to cleave
and limit the function of the pro-necrotic Rip1 kinase offers us a glimpse at a more general function
of caspases to break down signaling networks. By targeting many proteins for cleavage, caspases
could aid in degrading the established signaling pathways and precipitate change in the cellular
signaling program from a naive latent state to one of active proliferation and differentiation.

Taken together, these results resolve some controversies surrounding caspases in CD8" T cell
activation by providing strong evidence that active caspase-3 is: (a) directly stimulated by antigen,
(b) expressed transiently and lost progressively during proliferation and differentiation of CD8" T
cells, (c) not associated with contraction of the response, (d) coupled with activation of other
canonical apoptotic mediators, and (e) does not lead to cell death (see Figure 42 for model). Our data
using a specific inhibitor also indicates that caspase-3 activation plays some role in limiting death

during T cell activation. This supports a model wherein the activation of caspases is key in limiting

necroptosis during T cell proliferation'®, perhaps as a mechanism to remove activated T cells if they
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Figure 42: CDS8* T cells become active caspase-3 high soon after activation and
progressively lose this as cells proliferate. Antigen presentation from antigen presenting cells
drives the upregulation of caspase-3 at the cell membrane. As activated cells continue to
proliferate they progressively lose expression of active caspase-3. Throughout later phases of
the CD8" T cell response cells maintain a low level of caspase-3, suggesting that cell death
by caspase 3 may not play a role in contraction and memory formation.



T
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fail to receive sustained stimulation. Further work will be necessary to fully characterize the role of

caspase-3 in regulating T cell death and proliferation.

5.2 THE ROLE OF IAPS IN INNATE IMMUNE CELL FUNCTION

As discussed above, there is no evidence that expression of inhibitor of apoptosis proteins
(IAPs) such as cIAP1, cIAP2, and xIAP have a significant role in regulating T cell survival. In
contrast, there have been several reports to show that expression of IAPs is important in regulating
the survival of innate immune cells. For example, it is known that innate immune cells upregulate
cIAP expression during differentiation and activation’'*>%°. Furthermore, the inflammatory immune
response to LPS and bacterial infection has been shown to be significantly altered in mice deficient
for cIAP1°%%, cIAP2?%®, or xIAP?*! expression. Consistent with a key role in macrophage function in
particular, I observed that purified macrophages expressed significantly higher levels of cIAPs than
B cells or T cells (Fig. 19A). Despite the apparent importance of IAPs in regulating innate immune
responses, the signaling mechanisms behind this function are not yet well understood. Thus, in this
thesis [ have employed a newly available SMAC mimetic (SM) as an inhibitor of IAPs, SM-164. In
addition, I use genetically-deficient mice to explore the in vitro and in vivo role of cIAPs in
protecting innate immune cells from programmed cell death.

Our data clearly demonstrates that treatment of bone marrow derived macrophages (BMDMs) or
dendritic cells (BMDCs) treated with SM results in a dose dependent loss of viability (Fig. 19B, 20).
These results seem to contradict a recent paper examining human innate immune cells, wherein it
was found that monocytes were susceptible to SM-induced death but that macrophage cells were
highly resistant to this effect’**. The differences between our results and those presented by Muller-

Sienerth et al. can potentially be explained by differences between human and mouse immune cells
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in IAP function, as is exemplified by xIAP associated immunodeficiency observed in humans®'” but

316
not mouse models

. In addition, in collaboration with other Sad lab members, I have recently
examined the susceptibility of macrophage cells over several weeks of differentiation using M-CSF.
In this case we observed a consistent loss of susceptibility to SM over time, with macrophages
differentiated for 15 days being completely non-responsive to SM treatment (unpublished results
from our lab). This data indicates that SM inhibition of cIAPs in freshly derived (~day 7)
macrophages and dendritic cells drives a potent induction of cell death. It is likely that persistent
culture of cells with M-CSF modulates pro- and anti-apoptotic mechanisms, and this may have
significant influence on their resistance to cell death. This may provide an interesting avenue for
future work in the Sad lab.

In most studies examining the effects of SMs in cancer cell lines, it has been shown that SM will
induce apoptosis which can be inhibited by zVAD treatment'*****. In BMDM cells, I saw that co-
treatment with zZVAD in addition to SM actually resulted in a significant increase in loss of viability
(Fig. 21). In contrast, necrostatin completely rescued SM treated macrophages, pinpointing the
mechanism of death to be necroptosis (Fig. 21). Similar papers showing SM-induced necroptosis in
cell lines have mostly also employed a caspase inhibitor, zZVAD-FMK (zVAD), to allow robust
activation of the programmed necrotic cell death pathway'*®. Interestingly, necroptosis induced by
SM has also been reported to occur without addition of a caspase inhibitor’>. Our data shows that
cIAP inhibition through SM treatment alone is adequate to activate necroptotic cell death, but this
can be further enhanced by the application of zZVAD.

Many reports have implicated cIAPs in the evasion of programmed death within cancer
cells'*'*?, but results have been conflicting as to the roles of cIAP1 or cIAP2 specifically. In

pancreatic cancer cells, it was shown that the knockdown both cIAP1 and cIAP2, through either
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combined siRNA targeting or SM treatment, was necessary to sensitize pancreatic cancer cells to
TNF-0/zVAD-induced cell death'*®. In contrast to this, work in L.929 fibroblasts showed that
knockdown of cIAP1 but not cIAP2 led to significantly increased sensitivity to TNF-a-induced cell
death, although it was not tested whether simultaneous knockdown of cIAP1 and cIAP2 could
further enhance cell death®®. In this case primary macrophages lacking either cIAP1 or cIAP2
displayed increased sensitivity to SM-induced necroptosis; although this sensitization effect was
more prominent cIAP1- than cIAP2-deficient cells (Fig. 22A). Based on this, our data supports a
model whereby cIAP1 and cIAP2 act redundantly to limit the activation of necroptosis.

Similar to what has been observed in necroptosis, it was recently revealed that cIAP1, cIAP2
and xIAP function jointly to suppress the formation of a pro-apoptotic ripoptosome, a cell death
signaling platform containing both Rip1 and caspase-8 which is similar to the necrosome*’*".
Interestingly, these two simultaneous reports revealing the existence of the ripoptosome signaling
complex differed in terms of their observed importance of Rip1 kinase activity. While the TLR3-
induced ripoptosome required both zZVAD and necrostatin (nec) for rescue””’, the genotoxic stress
(etoposide)-induced ripoptosome was inhibited by necrostatin alone*". In my observations, I saw
that xIAP knockout animals showed significantly elevated sensitivity to SM-induced cell death, but
could not be rescued by necrostatin treatment alone (Fig. 22B). The addition of both zZVAD and nec
resulted in a somewhat increased but still incomplete rescue of SM-induced cell death (data not
shown). These data suggest that in macrophages xIAP specifically functions to block the apoptotic
axis of SM-induced death, although further work will be needed to confirm if this involves the
formation of a ripoptosome. Importantly, this also suggests a qualitative difference between the

inhibition of xIAP-induced by SM-164>"> and that achieved by complete genetic-deficiency.
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Reports have previously implicated cIAPs in limiting cell death thorough their E3 ligase activity
in the ubiquitination of Rip1 kinase'*****. Correspondingly, the deubiquitinating enzyme

148,323

cylindromatosis has been shown to promote Ripl dependent death pathways . Importantly,

although cIAP ubiquitination of Rip1 is generally associated with non-degradative K63-linked

S . 139,189
ubiquitin chains "

, it has been recently reported that cIAPs can participate in the ubiquitination of
both Ripl and Rip3 with degradative K48 as well as K63 ubiquitin chains®®. Herein I report that
SM-induced loss of cIAPs corresponds with an increased expression of both Rip1 and Rip3 (Fig.
23A), which appears to be mediated by post-translational mechanisms (Fig. 23C,D). Furthermore, |
show that treatment of cells with the 20S proteasome inhibitor, lactacystin, results in an increase in
expression of Ripl and Rip3 (Fig. 23E). Taken together this data indicates that cIAPs increase the
degradative turnover of Rip1 and Rip3 kinases, potentially through K48 ubiquitination.

In addition to the increased expression of Rip1 and Rip3 kinases associated with SM
treatment, I also observed a consistent increase in a secondary slightly slower migrating form of
Ripl (Fig. 23A), which I confirmed to be phosphorylated Rip1 (Fig. 23B). It has been shown
repeatedly that TNF-receptor (TNFR) signaling drives the activation (phosphorylation) of Rip1 194,
While exogenous TNF-a can serve this function, it has also been demonstrated that SM treatment of
some cell lines can induce the autocrine production of TNF-a necessary for cell death””>. BMDM
cells appear to be no exception to this, as macrophage death was dependent upon the expression of
TNFR1/2 (TNFR™) (Fig. 24A). Interestingly, the addition of both zZVAD and SM resulted in a potent
induction of necroptosis even within TNFR™™ macrophages (Fig. 24E), suggesting that alternative

pathways to necroptosis may become activated under conditions where multiple necroptosis

inhibitors are blocked.
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At first glance, an increase in TNF-a production in response to SM might seem somewhat
confusing given that cIAPs have been reported to act in pro-inflammatory NF-«p signaling'®’. It
should be kept in mind however that the reported NF-xf§ promoting effects of cIAPs apply primarily
to signaling downstream of TNFR signaling and should not be generally applied to all pro-
inflammatory signaling. Indeed, spontaneous production to cytokines has recently been reported to

actually increase with application of a SM>*°

. Furthermore, it has been shown that inhibition of Rip1
kinase activity through nec-1 can also inhibit the production of TNF-0****. Production of IL-1p has
also been linked to SM-induced activation of the necrosome, although it appears to be Rip3 rather
than Rip1 specific**. In my case, I observed increased inflammatory cytokine production in BMDM
and BMDC cells in response to SM treatment, with a much more potent effect in combination with
LPS (Fig. 20). This data supports a model whereby Ripl activation promotes increased pro-
inflammatory signaling and cytokine production.

Interestingly, I also observed no increase in Rip1/3 expression in TNFR1/2-deficient
macrophages treated with SM (Fig. 24B), perhaps suggesting that the TNFR may itself participate in
this turnover of Rip1 and Rip3. It seems plausible that cIAP1 and cIAP2 could function to
specifically promote the degradation of Rip1 and Rip3 as they become associated with the TNFR
complex, and thus limit downstream signaling. A similar effect of [APs to limit the recruitment of

Ripl to the FAS receptor was recently reported®*’

, although the authors do not provide evidence to
suggest whether degradation of Ripl may be involved. Taken with our observations here I propose a
model wherein cIAPs selectively degrade Rip1 and Rip3 as they become activated by the TNFR.
Furthermore, given the lack of a plausible mechanism to explain spontaneous TNF-a production in

the absence of TNF production, I speculate that this TNFR activation of the necrosome occurs

constitutively at a low level which is kept in check cIAPs.
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The extensive in vitro analysis of cIAPs and SMs has clearly shown that their expression is
often important in preventing programmed cell death in cancer cells, but the role of cIAPs within
normal immune cells has been much less clear. Recently, one study showed that cIAP1-deficient
mice have higher C. pneumoniae burden®®?, but the in vivo viability of macrophages was not
assessed. Their finding of reduced macrophage numbers in infected lungs of knockout mice is
compatible with increased cell death. Another study has shown that cIAP2-deficient mice are highly

h?®®. In this data, I show that

resistant to LPS-induced shock due to elevated macrophage cell deat
loss of cIAP activity, either through genetic ablation or using a specific inhibitor, results in
significantly increased necroptosis of macrophages (Fig. 26). This increased death of macrophages
in vivo, led to poorer control of an intracellular bacterial pathogen (Fig. 26A,D). Thus, I conclude
that cIAPs function to limit necroptosis in macrophages in vivo.

Based on recent data showing that mice deficient in Rip3 expression are significantly more
susceptible to infection with vaccinia virus™, it has been suggested that necroptosis provides an
important means to eliminate infected cells. Furthermore, it is thought that necroptosis will cause the
release of important DAMPs, driving acute inflammation which may be beneficial in initiating an
immune response”*’. Consistent with this, cytomegalovirus has also been demonstrated to evade
immune response by inhibiting Rip3; mutants of cytomegalovirus which lack this ability to inhibit
Rip3 exhibit severely attenuated pathogenesis’>*. In contrast to this view, I show that overactive
necroptosis associated with loss of cIAP activity leads to impaired control of Listeria
monocytogenes. Taken together, these data underline the complexity of cell death regulation in
immune cells, and the need for an appropriate balance between too little and too much cell death.

In conclusion, I have provided novel mechanistic insights into how cIAPs protect macrophages

from cell death, through direct interaction with key members of the necrosome. I propose that
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because activated macrophages can carry elevated levels of ROS and other cytotoxic inflammatory
mediators, it is possible that the action of caspases and cIAPs may represent an important
mechanism to counteract a natural predisposition toward necrotic cell death. In addition, as I have
observed in SM treated cells, and has been reported by others, Rip1 phosphorylation seems to be an
important driver of necroptosi5249. Based on this I propose the following model: (1) Preclustering of
the TNFR complex, or low level TNF release drives low level activation of the necrosome, (2)
Constitutive necrosome activation is kept in check by cIAP mediated degradation of Ripl and Rip3
kinase, (3) SM driven degradation of cIAPs leads to elevated necrosome activation, (4) Rip1 kinase
activity drives increased release of TNF-a, (5) TNFR signaling results in a potent induction of both
necroptosis and apoptosis, (6) XIAP prevents the induction of apoptosis, resulting in necroptotic cell
death (see Figure 43 for model). Given the increasing push for clinical application of SMAC
mimetics, it represents an interesting possibility that the pathway I have revealed here may also

operate in some tumor cells.

5.3 NECROPTOSIS AND INTERFERON

I next wished to address the issue of necroptotic cell death in Sa/monella infection. Our initial
investigations into the infection of mice with Salmonella typhimurium (ST) somewhat mirrored the
results of LM infection, namely that cIAP1-deficent animals had much worse control of ST infection
(Fig. 27). Based on this, I formulated a hypothesis that necroptosis might play a significant role in
the pathogenesis of ST.

Previous work investigating cell death of macrophages associated with ST infection has
revealed two divergent forms of death. The faster of the two forms of cell death, pyroptosis, occurs

within as little as 1 hour after infection and is dependent upon the activation of caspase-1*>. This
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Figure 43: Activation of Ripl is kept in check by cIAP mediated degradation. Our data
indicates that loss of cIAP expression following SM treatment leads to increased expression
of Rip1 and Rip3. Loss of constitutive inhibition of necrosome activity leads to increased
expression of inflammatory cytokines, including TNF. Ligation of the TNFR leads to high
level activation of the necrosome and drives cell death through both apoptotic and
necroptotic pathways. Expression of XIAP is necessary to dampen the TNFR induced
apoptosis pathway.
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form of death was proposed to be to be a key mechanism for systemic dissemination of ST, as
caspase-1-deficient mice were resistant to oral infection”’. More recent studies have contrasted this
earlier work however, instead showing that caspase-1-dependent inflammasome activation resistance
to oral ST infection®*’. Caspase-1-deficient mice have also been shown to have higher susceptibility

8081 While these conflicting results yielded from groups testing

to intravenous delivery of ST
Salmonella infection have are still somewhat unresolved, the prevailing model now views caspase-1
as an inflammatory mechanism which aids the immune response to ST. In addition to pyroptosis, ST
has also been demonstrated to elicit a delayed form of cell death occurring 6-18 hours or more after

infection of macrophages®. This form of cell death appears to be primarily revealed in infections

33031 Interestingly, this

with Salmonella pathogenicity island-1 (SPI-1) deficient mutant strains
delayed macrophage cell death has also been reported to rely on activation of TLR4 signaling and
protein kinase R®.

In contrast to these previous reports, our lab had observed that cell death of infected
macrophages primarily occurred between 24 and 48 hours of infection, more consistent with the
delayed phenotype of ST-induced death. It is not entirely clear why rapid pyroptosis was not seen in
our model, but it should be noted that pyroptosis has been previously induced by infecting either
LPS-primed macrophages or using very high multiplicities of infection (MOI) of ST*. Consistent
with such an explanation, it was observed that LPS pre-treatment of macrophages significantly
accelerated cell death induced by ST (unpublished results from our lab).

Despite the delayed kinetics of macrophage death induced by ST in our infection model, cell
death was significantly reduced using a specific inhibitor of caspase-1 (Fig. 28A). Interestingly, we

found that the application of the Rip1 inhibitor, necrostatin, was significantly more effective at

rescuing macrophages from delayed ST-induced cell death (Fig. 28A). I also confirmed that cell
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death was occurring through activation of necroptosis by targeted siRNA knockdown of Rip3
followed by ST-infection of macrophages (Fig. 28B). This data provides the first evidence that
Salmonella can indeed induce programmed necrosis in macrophages, although several previous
reports investigating ST-induced cell death have repeatedly noted a necrotic like phenotype™~>,
Given the well-established role for caspase-1 in ST-induced cell death, these data also seem to
support a possibility that there may be points of molecular interaction between the pathways of the
caspase-1 inflammasome and necrosome that are as yet undetermined.

At this time, ongoing work in our lab had also identified that IFNAR-deficient macrophages
were highly resistant to ST-induced cell death (Fig. 30A). Based on this, it was hypothesized that
IFNAR signaling might play a role in activating ST-induced macrophage cell death. Indeed, whereas
WT macrophages showed elevated Ripl and Rip3 phosphorylation following ST infection, IFNAR-
deficient macrophages showed much less activation of Rip1 and Rip3 (Fig. 30B). Generally, type-I
interferon is thought to drive the expression of anti-viral genes®, and under some conditions has also

been reported to induce apoptosis®"

. To my knowledge, this is the first data to show that type-I
interferon can lead to programmed necrotic cell death, although one published study did identify
members of the interferon gene family in a genome-wide screen to identify the regulators of
necroptosis®'’.

Work in our lab was also performed to confirm that the type-I interferon receptor directly
associated with Rip1, and that treatment with interferon-f could drive a transient phosphorylation of

Ripl (see **

). Nevertheless, treating macrophage cells with type-I interferon alone was insufficient
to induce necrotic cell death. This was likely due to intact inhibitory effect of caspases when

interferon alone was applied to the cells. Indeed, the addition of zZVAD in combination with IFN-3

induced a significant level of cell death in J774 macrophages (Fig. 31). These data indicate that
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interferon can drive activation of Rip1 kinase, but a mechanism to block the inhibitory effects of
caspases is necessary for full-blown necroptosis. Furthermore, these data indicated that ST must
interfere with the functioning of caspase-8 in some way, which was later confirmed by western blot

for caspase-8 cleavage (see 283

Thus, we have identified a novel model by which ST exploits the host type I interferon response
to eliminate macrophages through RIP-dependent cell death and promote its own survival (see
Figure 44 for model). Furthermore, this work shows how type-I interferon driven necroptosis can
lead to massive inflammation. Interestingly, although type-I interferon is a key resistance factor for
viral infection, this data agrees with recent results demonstrating that it can be highly detrimental in
the context of bacterial infections such as Listeria monocytogenes infection®*. This work highlights
the need for a careful balance of cell death in the immune system, and provides a key demonstration
that inflammatory cytokine signaling can drive massive inflammation through necroptotic cell death.

I next wanted to further probe how type-I interferon signaling was related to the more general
process of necroptosis. In in vitro BMDM cultures, I observed that treatment with LPS and zVAD
can lead to a potent induction of necroptosis (Fig. 35A,B), similarly as recently described**°.
Intriguingly, I observed that IFNAR-deficient macrophages are highly resistant to necroptosis as
induced by zVAD/LPS treatment (Fig. 32). Canonically, the activation of TRIF by TLR4 is thought
to a drive interferon expression through the activation of IRF3, with a positive feedback activation
through IRF7*°. These findings are somewhat in contrast with data indicating that there was no effect
of IRF-3-deficiency on LPS/zVAD mediated induction of necroptosis®>°. I hypothesize that IRF-7
alone may be adequate to produce interferon necessary for necroptosis®>~*. Our lab is actively

addressing the pathway through which type-I interferon expression is activated in this model and

how interferon is able to induce necroptosis.
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Figure 44: Model of how ST induces necroptosis. (1) ST is rapidly phagocytosed by
macrophage cells, where it remains in the phagosome (2) Exposure to ST induces a immune
stimulation through PRRs leading to (3) the release of inflammatory cytokines such as IL-6,
TNF and type-I interferon. (4) Type-I interferon induces an up-regulation of IFNAR
signaling which (5) leads to activation of Rip1 kinase. It remains unclear what other factors
such as JAKs and STATs might play in the activation of Rip1 kinase (6) Activation of Ripl
leads to formation and activation of the necrosome (7) Ultimately, this leads to necroptotic
cell death and release of ST bacteria.
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The in vivo relevance of necroptosis has been an important question since its identification of
the specific mechanisms behind this cell death pathway. Newly published data shows that Rip3-
deficient mice are resistant to systemic shock as induced by TNF injection or caecal ligation and
puncture®®. Given this view of necroptosis as a driver of systemic shock, I wanted to probe what
role interferon might play in this effect. Intraperitoneal injection of LPS/zZVAD led to significantly
more cell death of macrophages in WT than IFNAR™" mice (Fig. 33C). In addition, while WT mice
were largely moribund, IFNAR mice showed drastically reduced symptoms at 18 hours after
LPS/zVAD injection. These results lead to the highly novel conclusion that type-I interferon-induced
necroptosis may constitute a significant factor in the pathology of acute systemic shock.

While work in our lab has recently confirmed Rip1 association with the IFNAR receptor
complex (see **), it remains unclear what signaling component of the type-I interferon signaling
complex might be responsible for the induction of Rip1 phosphorylation and necroptosis. To our
knowledge, none of the key signaling kinases (JAK, Tyk2, STATs) have been previously found in
association with Rip1 kinase. Several of these downstream mediators of IFNAR have however been
implicated in the induction of sepsis. Mice deficient in the signaling components Tyk2 or STAT1
have been shown to be somewhat protected against septic shock™. JAK inhibitors have also been
shown to have an inhibitory effect on septic shock™®. STAT1 has previously been shown to be
involved in a form of LPS-induced caspase-independent cell death within macrophages™’. We are
currently addressing which specific component(s) of IFNAR signaling machinery may be involved
in the phosphorylation of Rip1 kinase.

There is strong evidence to support a role for type-I interferon in septic shock. Several
publications have for instance shown that IFNAR-deficient mice are highly resistant to injection of

TNF-0*** or LPS***. Signaling components upstream of the production of type-I interferon, such
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as IRF3**! or TRIF***, have also been shown to protect against LPS endotoxemia. TNFR1 deficient
mice are not similarly protected from endotoxemia®*, underlining the importance of type-I
interferon signaling specifically. Despite the abundance of evidence implicating type-I IFN signaling
in endotoxic shock, a viable mechanism has not yet emerged to explain how interferon mediates this
effect’™.

Fascinatingly, mice deficient in IFNAR signaling do not appear to have any significant defects
in the early production of the inflammatory mediators (IL-6, IL1p, IL-12, NO or TNF) which occurs
in response to LPS injection, despite their strong protection from death®. Recently, IFN-B-induced
JAK signaling has been implicated in LPS-induced release of another key player in sepsis,
HMGB1%°. Elevated serum levels of HMGBI are commonly seen in septic patients**, and blocking
HMGBI1 has been shown to be somewhat protective in the mouse LPS injection model’***. While
HMGBI is generally accepted as a key component in acute inflammation induced during sepsis™", a
mechanism for such massive release of this intracellular DAMP following endotoxic shock has also
not yet been identified. The ability of interferon to induce necroptosis, which I have identified here,
represents a highly novel mechanism by which such a release of HMGB1 could be occurring. Given
the ability of HMGBI released from necrotic cells to signal through TLR4, I speculate that it may be
possible that HMGBI itself acts to feedback and promote activation of necroptosis.

The discovery that type-I interferon signaling can directly induce Rip1 phosphorylation and
necroptotic cell death potentially represents an important paradigm shift in the understanding of
systemic shock. Based on this I propose the following temporal model of endotoxic shock: (1)
exposure of innate immune cells to LPS initiates necroptotic pathway by inducing phosphorylation
of Rip1 kinase, (2) activation of TRIF dependent signaling drives release of interferon-beta, (3)

signaling through IFNAR directly activates Rip1 phosphorylation, potentially through as of yet
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unknown mediators, (4) prolonged activation of the Rip1/Rip3 necrosome drives necroptotic cell
death, (5) this leads to the extracellular release of inflammatory DAMPs such as HMGBI, driving
intense inflammatory feedback (see Figure 45 for model).

Sepsis is clinically a highly significant disease. In Canada, approximately 9300 people die every
year from sepsis, making up approximately 10% of all hospital deaths™’. Despite this, there exist
few effective strategies to deal with sepsis. Currently, standard protocol dictates that intravenous

3 To date, no effective

antibiotics should be administered as soon as a diagnosis of sepsis is made
anti-inflammatory intervention has been developed to treat sepsis, although many are in
development™. Targeting type-I interferon signaling has been suggested as a candidate for

treatment of sepsis®**

. The identification of the molecular mechanism by which type-I interferon can
induce inflammatory necrotic cell death may lead to novel treatment strategies for sepsis. For
instance, significant synergistic effect might be achieved by combinatorial targeting of both the
interferon pathway and the necrosome.

This novel mechanism of action of interferon may also lead to understanding of the clinical
action of interferon therapy. Type-I interferon is utilized in a wide variety of diseases, ranging from
Hepatitis C infection, to multiple sclerosis, and cancer’>’. Examining the possibility that type-1
interferon-induced necroptosis may play a therapeutic role in treatment of these diseases could lead
to an improved understanding of these diseases more generally. For instance, is the induction of
necroptosis a viable strategy for the removal of cancer cells? Perhaps this alternative form of
inflammatory death may be desirable for cells that have escaped the normal processes of apoptotic
death. In this case, combining interferon therapy with zZVAD or SMAC mimetics may be a viable

strategy to improve this type of cell death. Similarly, these types of strategies could potentially be

employed to improve clearance of viral infection.

149



Figure 45: The role of interferon in LPS/zVAD induced necroptosis. Similarly to ST infection,
induction of necroptosis via LPS/zVAD requires the release of type-I interferon for the
activation of necroptosis. Upstream release of inflammatory cytokines is required for
induction of necroptotic cell death.
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5.4 THE REGULATION OF NECROPTOSIS BY CATHEPSINS

Innate immune cells, such as macrophages, must strike a careful balance between the need for
cell death to prevent propagation of an infectious agent and the need to limit inflammatory cell
death. Because necrotic cell death can lead to the release of potent intracellular danger signals,
understanding the regulation of necroptosis may have important implications for the understanding
of inflammation®"". Currently, the prevailing model of inhibitory dampening of necroptotic
signaling focuses on caspase-8 mediated cleavage of Rip1 kinase as the central mechanism®”*''. As
a novel addition to this, I have found that cysteine family cathepsins are also able to cleave Ripl and
regulate necroptosis in macrophages. Our data thus reveals that the dual-inhibitory effects of zZVAD
on both cathepsins and caspase-8 may explain why zVAD is such a potent inducer of necroptosis,
while other caspase inhibitors fail to do so. Cathepsins acting as a backup mechanism to limit
necroptosis makes biological sense, since redundant mechanisms to limit acute inflammation would
likely be advantageous.

The process of zVAD-induced necroptosis has been observed in a number of different cell lines.
A potent induction of necroptosis generally requires either exogenous > or autocrine TNFa
signaling *°°. In macrophages specifically, zZVAD has been shown to induce cell death in the
RAW264.1 cell line, although the mechanism of death was not clear **”. In bone marrow
macrophages, I observe that ZVAD alone drives necroptosis, which was dependent on autocrine
TNF-a signaling (Fig. 34). I go on to show that LPS/zVAD stimulation is able to stimulate TNFR-
independent necroptosis in macrophages (Fig. 35), as has recently been reported**’.

Stimulation of macrophages with LPS was able to initiate phosphorylation of Rip1

independently of zZVAD. However, the addition of zZVAD was necessary to drive downstream
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phosphorylation of Rip3 and lead to necroptosis. I also demonstrate that the LPS-TRIF pathway
specifically drives Ripl activation, similarly to what has been described in the literature®?°. This
indicates that caspase-8 does not appear to regulate the upstream activation of Rip1, but specifically
inhibits the activation of the necrosome complex and phosphorylation of Rip3.

Interestingly, while zZVAD was able to induce necroptosis, [ found that a caspase-8 specific
inhibitor, z-IETD-FMK (zIETD), did not result in cell death. A similar observation in L929 cells was
previously ascribed to a lack of stimulation of autocrine TNF-a production with caspase 8 inhibitor

(zIETD) relative to pan-caspase inhibitor (zVAD)*®

. Inconsistent with this explanation, the addition
of LPS is able to drive necroptosis independently of TNF-a in our model. Even in combination with
this exogenous signaling from LPS, zIETD fails to induce necroptosis. Given this fact, I questioned
whether the lack of induction of necroptosis by zZIETD indicates that alternative targets are being
inhibited by zVAD in addition to caspase-8.

In examining the expression of Rip1 during necroptosis, I consistently observed smaller bands,
which reacted with our anti-Rip1 antibody. Upon treatment with zZVAD I saw a significant reduction
in these bands, leading us to conclude that they were likely cleavage fragments of Rip1 kinase. In
contrast to zZVAD, treatment with zZIETD did not affect the cleaved Rip1 forms. In addition to its
effects on caspases, zZVAD has been demonstrated to also inhibit cysteine protease family cathepsins,

such as cathepsin B and $**

. Thus I tested the application of targeted cathepsin inhibitors to
macrophages. While zIETD failed to affect the level of cleaved Rip1, the addition of a pan cysteine
cathepsin/calpain inhibitor, E64D, resulted in a total abrogation of cleaved Ripl (Fig. 36). This data
indicated that cathepsins could potentially be cleaving Rip1 kinase in macrophages.

Confirming the role of cathepsins in Rip1 cleavage, I also observed decreased cleavage of Ripl

using siRNA knockdown of either cathepsin S or B (Fig. 37A). Knockdown also resulted in a small
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but significant increase in sensitivity to zZVAD-induced necroptosis, whereas knockdown of calpain
resulted in reduced necroptotic response (Fig. 37B). I also treated cathepsin S- or cathepsin B-
deficient macrophages with zZVAD and LPS, wherein I observed no significant change in the
sensitivity to necroptosis induced by zVAD (Fig. 38). This data suggests that cysteine cathepsins
may act redundantly to regulate Rip1 kinase. Consistent with such a model, single knockout mice for
either cathepsin S or B show no defects in development or immune response™". Interestingly, double
knockout mice for cathepsin B and cathepsin L die in the second to fourth week of postnatal due to
overactive cell death in the brain®>.

Cell-free cleavage experiments, in collaboration with Dr. Shutinoski within the Sad lab, clearly
show that at neutral pH, cysteine family cathepsins are able to directly cleave Rip1, producing
fragments consistent with those observed in macrophages. I also observed some cleavage of Rip1
kinase with cathepsin L, but it was relatively inefficient in comparison to that observed with
cathepsin S or B. Given the size of the Rip1 kinase fragments observed, I estimate that the most
prominent cleavage of Rip1 likely occurs in the 310-340 amino acid range. This may be consistent

with a predicted cathepsin B site at position 330-335 (Fig. 40A) ***

. Prediction for cathepsin S sites
was unavailable. At this time it is unclear exactly how cleavage of Ripl effects necroptotic
signaling given that the pool of full-length Ripl remains relatively unchanged.

Cathepsins have previously been thought of as aggressive proteases, which once released from

the lysosomes will mediate rapid proteolytic breakdown of the cell*>

. While, massive cathepsin
release may result in necrosis under some conditions°, slow release of cathepsins actually results in
selective cleavage of few targets®’. Specifically, controlled lysosomal breakdown enhances

apoptotic cell death via cathepsin-mediated cleavage of Bid into its pro-apoptotic form®”***’. In the

case of necroptosis, cathepsins have been proposed to aid in rapid cellular disintegration®’, but
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specific data supporting this assertion is limited. In contrast with this, I show that inhibition of
cysteine cathepsins actually drove a subtle but significant increase in necroptosis within
macrophages. The minimal effect observed in zZVAD necroptosis is likely due to the fact that zZVAD
already inhibits cathepsins®”%, and this may not be a limiting factor in the cell death observed. In
contrast to the subtle effects on zZVAD-induced death, cathepsin inhibitors resulted in significant
macrophage necroptosis when combined with a specific caspase-8 inhibitor. Taken together, these
data lead to the surprising conclusion that cathepsins function to actively suppress necroptosis
through cleavage of Ripl kinase.

In our western blot analysis, Rip1 cleavage products appear to be predominantly formed by
cathepsins, raising the question of how caspase-8 contributes to regulating necroptosis in
macrophages. Caspase-8 is undoubtedly linked to control of necroptosis in hematopoiesis during
fetal development '°. Cleavage of Rip1-kinase by caspase-8 was identified before the role of Ripl in

d **, and has since been repeatedly confirmed*®’. Given that

non-apoptotic cell death was discovere
FADD is thought to recruit caspase-8 to the necrosome after activation'*’, I hypothesize that
caspase-8 may act as more downstream regulator of necroptosis after Rip1 phosphorylation. In
contrast, I observe cathepsin mediated cleavage in macrophages under steady-state conditions,
indicating that this may be a more upstream mode of regulating Rip1 activity. Given that the
cleavage sites are after the kinase domain and that these cleaved forms persist within the cells, it
seems plausible that Rip1 cleaved forms may interact with and inhibit the formation of the
necrosome. Further work will be needed to elucidate how proteolysis by cathepsins and caspase-8
regulates necroptosis (see Figure 46 for model).

The idea of cathepsins acting as anti-necroptotic factors is a surprising finding, yet given a

newly defined role of cathepsins in the apoptotic program, it seems to fit well into the paradigm of

154



Figure 46: The positive and negative regulators of necroptosis. Through the experiments
reported in this thesis we have uncovered a number of novel positive and negative regulators
of necroptosis. Signaling through TNFR, IFNAR and TLR4 have all been demonstrated to be
competent inducers of Rip1 activation. Caspase-8 is a key inhibitor of necroptosis,
preventing the activation of Rip3 kinase by Ripl. We have also shown that cIAPs appear to
regulate TNFR mediated activation of necroptosis. We have also demonstrated that
cathepsins appear to cleave and regulate the function of Rip1 kinase.
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pro-apoptotic factors acting to inhibit necroptosis. Interestingly, expression of both cathepsin S and
B has been well documented at inflammatory sites in various disease models including pancreatitis
361 inflammatory bowel disease®®, and atherosclerosis®®. It seems plausible that cathepsin mediated
cleavage of Rip1 kinase could play a role in perpetuating macrophage survival and function within
inflammatory sites. In addition to this, elevated expression of cathepsins has repeatedly been shown
to be a marker for enhanced tumourigenicity and poor prognosis®*’. Given the novel role I have
identified for cathepsins in cleaving Rip1 kinase and limiting macrophage necroptosis, it is an
exciting possibility that cathepsins may function similarly to enhance resistance to necrotic cell

death within cancer cells. Furthermore, using cathepsin inhibition to target macrophage function may

represent a novel treatment modality for both cancer and inflammatory diseases.
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6.0 CONCLUSION

In this doctoral work I have presented novel insights into the regulation of cell death mechanisms
across different cell types, and different models of cell death in vivo and in vitro. In CD8" T cells, we
show that caspase-3 is activated by antigen presentation. We also show that elevated expression of
active caspase-3 is progressively lost throughout proliferation and differentiation of antigen
stimulated CD8" T cells both in vitro and in vivo. We also support a model wherein caspase-3 does
not play a significant role in the removal of antigen specific T cells during contraction. At this time,
it remains unclear what the exact purpose of caspase activation is in the process of T cell activation,
but it appears that inhibition of caspases does lead to increased cell death. This work was published
in 2010 in PLoS One*®. While we realized that interaction with necroptosis was likely an important
factor at the time, understanding of the mechanisms that regulated necroptosis were relatively naive
at the time, and still remain somewhat so.

Thus, in order to learn more about how Rip1 and Rip3 were regulated, we launched a project to
investigate necroptosis in the much better characterized system of macrophage cell death. In
studying this model, we provided novel evidence for the regulation of the necrosome by cIAPs. We
show that cIAP1 and cIAP2 redundantly regulate necroptosis in macrophage cells. Through inducing
a constitutive degradation of Rip1 and Rip3, the cIAPs limit the activation of the necrosome,
cytokine production and cell death. We finally showed that loss of cIAP1 or cIAP2 activity leads to
enhanced death of macrophages in vivo, and compromises immune responses to intracellular
bacteria. This work was published in Cell Death and Differentiation in 2012°%. This work has

important implications for the understanding of SMAC mimetics, which are being hotly pursued as
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cancer therapies. Better understanding of how cIAPs regulate the necrosome may lead to new
synergistic strategies to kill cancer cells.

We next investigated the role of necroptosis in Sal/monella typhimurium, quickly realizing that
necroptotic cell death of macrophages might be a significant consideration in this infection model as
well. Rebecca Mulligan and Dr. Nirmal Robinson were working on the role of IFNAR in Sa/monella
infection at this time. The realization that type-I interferon can induce necroptosis in macrophages
was instantly a very exciting proposition. Key work to show the specific role of IFNAR in activating
Rip1 phosphorylation was performed in collaboration with Dr. Robinson. We published the paper
“Type I interferon induces necroptosis in macrophages during infection with Salmonella
enterica serovar typhimurium” in 2012 in Nature Immunology285 .

The work showing that IFNAR is also required for LPS/zVAD-induced necroptosis is very recent
work. In vivo work showing a stark difference in reaction to LPS/zVAD treatment in IFNAR and
WT mice led us to recognize that interferon-induced necroptosis may be a key mechanism in the
pathology of septic shock. This work is currently ongoing in collaboration with Justyna Startek and
Erin Cessford, graduate students in the lab of Dr.Sad. We have made several key discoveries in
regards to the regulation of necrosome activity by type-I interferon signaling, and we hope to publish
this work in the near future. This work not only has the exciting potential to transform the current
understanding of sepsis, but will also lead to new understanding of the mechanism of type-I
interferons in general, as outlined in the discussion section.

The final section of the project was initiated in late 2011, following my observation of key
cleavage bands of Rip1, which disappeared with zZVAD treatment. We provide highly novel
evidence that cysteine cathepsins are implicated in the regulatory cleavage of Rip1 kinase activity.

Only by inhibiting both caspase-8 and cathepsins can necroptosis be-induced efficiently within
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macrophages. The work to show that recombinant Rip1 can be directly cleaved by cathepsins was
performed in collaboration with Dr. Bojan Shutinoski. Significant technical help was also received
from Susan Thurston for this project. We are currently making efforts to identify the specific
cleavage sites targeted by the cathepsin proteases. We have prepared the manuscript for this project
and hope to submit it soon. This work may have important implications for the understanding of
inflammation and cancer, as elevated expression of cathepsins has been consistently associated with
these pathologies.

In follow up to the project presented here, I feel it would be highly interesting to return to the
model of CD8+ T cell activation. Having become relatively adept at identifying the phosphorylation
states of Rip1 and Rip3 kinases, it would be intriguing to examine what effect various stimuli have
on Rip activity within CD8+ T cells. The application of specific inhibitors of caspases and other
pathways could also be helpful in interrogating the glaring question — Why are caspases activated in
proliferating and differentiating cells? There are also interesting connections between caspases, the
necrosome and cellular metabolism, which could lead to interesting work.

Immune cells have the ability to rapidly proliferate in response to pathogens or cellular damage.
At the same time immune cells must maintain a balance to prevent their own overgrowth, and
remove cells if and when they are no longer needed. This is why immune cells have evolved a
specialized balance of cell death, not typically seen in other cells of the body. It is for this reason that
my own study of cell death in immune cells has so often led to unexpected and surprising results.
While this paradoxical nature has often been confounding, it has also made for an exciting scientific
project. Through my work with Dr. Sad, I hope that we have been able to add some small pieces to

scientific understanding of cell death and immune function.
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