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ABSTRACT

Innate immunity and cell death are two interconnected processes that play vital roles in host
defence. However, inappropriate activation of these pathways can have detrimental effects,
leading to inflammatory disorders. These ailments can be initiated by the recognition of cellular
damage and stress by germline encoded pattern recognition receptors (PRRs). The
inflammasome is an intracellular multi-protein complex capable of recognizing both foreign and
host derived danger signals. Its activation leads to the induction of inflammation and the
initiation of cell death. It is now well known that the inflammasome plays an important role in
the development of multiple diseases. In this thesis we assess how the inflammasome and cell
death contribute to metabolic disease and inflammatory bowel disease. Caspase-12 is a reported
inhibitor of the inflammasome and is associated with susceptibility to bacterial infection in mice.
We determined that mice lacking caspase-12 develop obesity, insulin resistance, and adipose
tissue inflammation. Patients deficient in caspase-12 expression also had elevated inflammatory
markers within the adipose tissue. To further investigate the role of the inflammasome in
metabolic disease, we generated mice that express a hyperactive Nlrp3 allele exclusively in
adipocytes. These mice were observed to develop glucose intolerance, implicating a role for the
inflammasome in adipocytes. Finally, we examined the role of necroptotic cell death in
inflammatory bowel disease. Mice deficient in the necroptosis effector Mlkl displayed increased
resistance to an experimental model of colitis. The colons of these mice were characterized by
increased cell death and elevated secretion of reparative cytokines. This thesis furthers our
understanding of metabolic disease and inflammatory bowel disease and implicates new proteins

and pathways in their pathogenesis.



RESUME

L'immunité innée et la mort cellulaire sont deux processus interconnectés qui jouent un réle vital
dans la défense de I'hote face aux dangers et aux infections. Cependant, une activation
inappropriée de ces mécanismes peut avoir des effets néfastes, conduisant a des troubles
inflammatoires. Ces dispositifs de défense peuvent étre initiées par la reconnaissance de
dommages cellulaires ou de stress par des récepteurs capables de reconnaitre des motifs
moléculaires caractéristiques de ces conditions. L'inflammasome est un complexe multi-
protéique intracellulaire capable de reconnaitre des signaux de danger issus de pathogenes ou de
I’hote. Son activation va alors conduire a I'induction de l'inflammation et a l'initiation de la mort
cellulaire. Il est maintenant bien connu que la I’inflammasome joue un rdle important dans le
développement de plusieurs maladies. Dans cette thése, nous évaluons comment l'inflammasome
et la mort cellulaire contribuent aux maladies métaboliques et aux maladies inflammatoires de
l'intestin. La Caspase-12 est un inhibiteur connu de I'Inflammasome et est associée a une
susceptibilité aux infections bactériennes chez la souris. Nous avons déterminé que les souris
dépourvues de Caspase-12 développaient une obésité, une résistance a l'insuline et une plus forte
inflammation du tissu adipeux que des souris sauvages. Les patients déficients pour 1’expression
de la Caspase-12 présentent également des niveaux ¢€levés des marqueurs inflammatoires dans le
tissu adipeux. Afin d’étudier davantage le role de l'inflammasome dans les maladies
métaboliques, nous avons généré des souris exprimant un allele NLRP3 hyperactif
exclusivement dans les adipocytes. Ces souris développent également une intolérance au
glucose, ce qui implique un role pour l'inflammasome dans les adipocytes. Enfin, nous avons
examiné¢ le réle de la nécroptose, un type de mort inflammatoire, dans les maladies
inflammatoire de I’intestin. Les souris déficientes pour 1’expression de la proteine effectrice de la
nécroptose MIkl ont montré une résistance accrue a un modele expérimental de colite. Une
augmentation de la mort cellulaire et de la sécrétion de cytokines réparatrices a été observée dans
ces souris. Cette thése renforce notre compréhension des maladies métaboliques et des maladies
inflammatoires de l'intestin et implique de nouvelles protéines et de voies de signalisation dans

leur pathogenése.
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RATIONALE AND OBJECTIVES

The innate immune system and cell death pathways are a vital component of our defence against
foreign pathogens. However, these mechanisms can also have detrimental effects when they are
activated aberrantly. The increasing incidence of metabolic disease and inflammatory bowel
disease over the last half century has facilitated an increasing necessity to more fully understand
their pathogenesis. While these diseases are complex in nature and develop from a combination
of multiple factors, unregulated inflammation is a strong contributor to both. A better
understanding of the intricacies of innate immune and cell death pathways and their involvement

in disease is crucial for the development of better treatment and therapies.

Beginning in 2009, multiple studies have reported a role for caspase-1 and the inflammasome as
a positive contributor to metabolic disease in humans and mice (1). Despite this involvement,
little is known regarding the role of inflammasome regulators and their respective functions in
obesity and insulin resistance. Caspase-12 has been characterized as an inhibitor of the
inflammasome and other inflammatory pathways. Interestingly, caspase-12 is not expressed in
the majority of the human population due to a single nucleotide polymorphism (SNP) causing a
premature stop codon. However, the full length ancestral form is found in approximately 20% of
people of African descent. Given these findings and the role of the inflammasome in insulin
resistance, in chapter 2 of this thesis we investigated if caspase-12 contributes to metabolic
disease. We determined that mice deficient in caspase-12 developed obesity, insulin resistance,
and inflamed adipose tissue compared to controls. Loss of caspase-11 had no bearing on disease
outcome. This phenotype was dependent on loss of caspase-12 in the radioresistant compartment
and could be rescued by co-deletion of Nlrp3. Finally, caspase-12 was determined to also impair

adipose tissue inflammation in obese humans.

The findings of chapter 2 suggested that inflammatory protein expression in the radioresistant
compartment was a factor in metabolic disease. While there is a multitude of studies detailing the
involvement of immune cells in insulin resistance, there are comparatively little studying
inflammatory genes in other cell types. While a small number of studies have also identified the

inflammasome as a metabolic regulator in the radioresistant compartment (2, 3), there is little

Vi



insight to its cellular origin. /n vitro studies suggest that the Nlrp3 inflammasome may also play
a role in adipocytes (4), though it is unknown how this could factor into disease pathogenesis. In
chapter 3, we sought to address these questions through the study of a mouse expressing a
hyperactive Nlrp3 allele in adipocytes. Analysis of these mice revealed that adipocyte
expression of Nlrp3 correlated with reduced glucose tolerance and suggests that the
inflamamsome may have an in vivo function in adipocytes, in addition to its role in immune

cells.

Cell death is an important response of the immune system and impedes pathogen infection and
replication. Work in multiple labs has linked necroptosis, a regulated mode of necrotic cell death,
to the development of inflammatory bowel disease (5-9). While various genetic mouse models
have confirmed this role, necroptosis has not been studied in isolation from other inflammatory
or cell death pathways. MIKkl is the most downstream effector of necroptosis and is not currently
known to possess alternate functions. Therefore MIkl deficient mice can be utilized to
specifically study necroptosis without confounding effects. In chapter 4, we determined the
role of MIKI in experimental colitis. These studies revealed that loss of MIkl protected mice
from colitis, suggesting a detrimental role for necroptosis in disease. While the colons of MIkl”
mice had reduced cell death, there were also striking signs of epithelial repair. This finding
coincided with elevated levels of 1L-22 and IL-17, cytokines associated with the induction of

repair of the intestinal barrier.
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1. INTRODUCTION

1.1 The Immune System

The immune system is composed of numerous cells, tissues and organs that protect us from an
immense variety of pathogens that we are exposed to within the environment. These defences are
found in evolutionary primitive organisms such as bacteria and in all species of the animal and
plant kingdoms, and have co-evolved with hazardous microbes in an ever advancing arms race.
The distinction between “self” and "non-self" is a principal property of immunity that requires a
complex network of recognition mechanisms and regulatory processes. Besides "non-self", the
immune system can also recognize endogenous danger signals including cancerous cells or
metabolic perturbations, referred to as "altered-self", and elicit important physiological responses

to restore homeostasis.

The immune system can be subdivided into the innate and adaptive branches. Together, they
work synergistically to protect the organism through a wide range of mechanisms. The innate
immune system offers an initial line of defence that is either constitutive or quickly inducible
through broad recognition of highly conserved molecular patterns found on foreign agents or
sterile danger signals. Constitutive innate immunity is conferred through physical barriers, such
as the skin and internal epithelial layers, the microbiota, and soluble factors such as the
complement system. Inducible innate immunity is governed by pattern recognition receptors
(PRRs) following sensing of noxious triggers, and includes the secretion of immunologically
active compounds such as antimicrobial peptides (AMPs), cytokines and chemokines,
phagocytosis, autophagy and many other processes. In addition to these defences, the innate
immune system is also required to prime the evolutionarily more recent adaptive immune system
through the presentation of antigens. This allows for a specific response through cell mediated or
antibody driven humoral immunity. The outcome of this activation leads to immunological

memory and future protection against a similar threat.

Unfortunately, immunological protection is imperfect and can lead to various diseases when
proper regulation fails. Allergies, autoimmune diseases, and chronic inflammatory disorders are

a growing concern due to their increasing global incidence. A broader knowledge and



understanding of the underlying immune mechanisms is warranted to advance medical

treatments and therapeutic discoveries.

1.2 Pattern Recognition Receptors (PRRs)

The initial step in orchestrating an innate immune response is the recognition of foreign or
dangerous entities by the innate immune system. Host cells, including among others cells of the
myeloid and epithelial lineages, express a number of germline-encoded PRRs that recognize
conserved protein, lipid, polysaccharide, or nucleic acid motifs. The concept of PRRs was first
proposed by Charles Janeway in 1989 as a mechanism for innate immunity to interface with the
adaptive immune system (10). His theory was proven in 1996 with the discovery of the first Toll-
like receptor (TLR), TLR4 (11-13). It is now well known that the mammalian innate immune
system is equipped with an ever expanding number of PRR families (trans-membrane TLRs, C-
type lectin receptors (CLRs), cytosolic Nod-like receptors (NLRs), Retinoic acid inducible gene-
I (RIG-])-like helicases and HIN200 proteins (14, 15)) able to recognize specific motifs of
foreign or endogenous origin. These motifs are known as PAMPs (Pathogen-associated
molecular patterns) or DAMPs (Danger-associated molecular patterns). DAMPs are sterile
danger signals arising in the host in response to stress, tissue injury or cell death, or encountered
in the environment such as asbestos or silica crystals. PAMP and DAMP recognition by PRRs
activates downstream transcriptional or post-translational pathways to induce an innate immune

response such as inflammation, cell death, phagocytosis, and autophagy.

1.2.1 TLRs

TLRs were the first PRRs to be discovered and have sparked our understanding of how the
innate immune system responds to specific triggers. This system was first identified in
Drosophila melanogaster with the discovery of the antifungal protein, Toll, the namesake of the
TLR family (11). Since this finding, 13 mammalian TLRs were identified including TLR1-10 in
humans and TLR1-9 and TLR11-13 in mice. TLRs primarily recognize PAMPs including LPS
(TLR4), flagellin (TLRS5), and microbial nucleic acid motifs such as CpG DNA (TLR9) and
dsRNA (TLR3). Notably, nucleic acid-sensing TLRs, i.e. TLR3, 7, 8, and 9, are all localized to
the endosomal membranes whereas the remainder, i.e. TLR1, 2, 4, 5, 6, 10, 11 and 13, are found

on the cell surface.



TLRs are transmembrane proteins consisting of an ectodomain containing leucine-rich repeats
(LRR) for ligand recognition, a transmembrane domain, and a cytoplasmic intracellular Toll—-
interleukin 1 (IL-1) receptor (TIR) domain that propagates signalling. The TIR domain is
essential in recruiting downstream adaptor molecules to initiate an inflammatory response. All
TLRs except TLR3 recruit Myeloid differentiation primary response gene 88 (MYD88) to induce
NF-kB and MAPK activation. TLR3 and TLR4 interact with TIR domain-containing adaptor
inducing IFNB (TRIF), leading to NF-kB activation as well as a type I interferon antiviral
response via IRF3. TLRs typically function as homodimers but can form heterodimers for
differential ligand specificity. TLR2 can dimerize with TLRI1 to recognize Gram-negative
lipopeptides or TLR6 to bind Gram-positive lipopeptides. In addition, co-receptors and co-
factors may also be required for recognition. For example, TLR4 mediated recognition of LPS

requires LPS-binding protein (LBP), MD2 and CD14 (16).

1.2.2 NLRs

The membrane bound TLRs are complemented by the cytosolic NLR family of receptors (Figure
1). To date, there are over 20 human NLRs that have been identified. NLRs are related to disease
resistance R proteins in plants (17) and to Apoptosis protease-activating factor 1 (APAF-1) (18).
They share a tripartite structure consisting of an N-terminal protein-protein interaction module
(e.g. a pyrin domain (PYD), a caspase recruitment domain (CARD), or a baculovirus IAP repeat
(BIR)), a central nucleotide binding and oligomerization domain (NOD) and a C-terminal

agonist-sensing domain consisting of LRRs, as in TLRs.

1.2.2.1 NOD1 and NOD2

The first identified NLRs, NOD1 and NOD2, were determined to recognize bacterial
peptidoglycan moieties (19-21). Specifically, NOD1 detects an L-Ala-g-D-Glu-mesoDAP (Tri-
DAP) motif while NOD2 binds to muramyl dipeptide (MDP). MDP is internalized into endo-
lysosomal organelles before the SLC15A3 and SLC15AS5 transporters mediate its release to the
cytosol (22). Upon ligand recognition, NOD1 and NOD2 self-oligomerize and interact with the

kinase Receptor-interacting serine/threonine-protein kinase 2 (RIP2 or RIPK?2) through a
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Figure 1. The NLR family

The NLR family of proteins share a common nucleotide binding and oligomerization domain
(NOD) and are classified into four different subfamilies based on their N-terminal domain.
CIITA proteins of the NLRA family contain an acidic trans-activating domain (AD). NAIP
contains baculovirus inhibitor of apoptosis protein repeat (BIR) domains on the N-terminus. The
NLRC/X subfamily possesses a caspase activation and recruitment domain (CARD) or an
undefined domain (X). NLRP members share an N-terminal pyrin domain (PYD). Additional
NLR domains include leucine rich repeats (LRRs) and a function to find domain (FIND).



homotypic CARD-CARD interaction. RIPK2 recruits and activates TAK1 and the IKK complex
to initiate NF-kB and MAP kinase signalling (23, 24).

Enzymatic post-translational modifications are important regulators of cell processes and fine-
tune both cell death and inflammatory pathways. For example, ubiquitination of proteins can
promote interactions and the formation of a scaffolding network to form signalling complexes.
The NOD-RIPK2 signalling platform is regulated in this manner by E3 ubiquitin (Ub) ligases
including X-linked inhibitor of apoptosis protein (XIAP) (25), cellular inhibitor of apoptosis
(cIAP)I and cIAP2 (26), ITCH (27), and Pellino3 (28) through the ubiquitination of RIPK2.
These Ub chains allow the recruitment of further signal modulators, such as linear ubiquitin
chain assembly complex (LUBAC), which enhances NF-kB activation (29). The stimulation of
NF-kB and MAP kinase pathways by NODI and NOD?2 illustrates a redundancy with TLR
signalling, as bacterial pathogens could potentially activate both sets of sensors. However, the
importance of these NLRs is evident in murine models of infection where loss of Nod1 or Nod2
confers susceptibility to bacterial pathogens, such as Helicobacter pylori, Mycobacterium
tuberculosis, or Listeria monocytogenes (30-32). Intestinal infections may be of particular
relevance due to the expression patterns of the NLRs. NODI1 is expressed in numerous cells
including epithelial and stromal cells while NOD1 is expressed in numerous cells including
epithelial and stromal cells while NOD?2 is primarily expressed in hematopoietic cells as well as
Paneth cells in the small intestine (23, 33). Interestingly, hyperactivation of NOD signalling can
also have detrimental affects upon bacterial infection. Viral PAMPs or interferon (IFN)B induces
Nodl and Nod2 expression that increases mouse susceptibility to secondary bacterial infections

(34).

In addition to the activation of innate inflammatory pathways, NOD1 and NOD?2 are also capable
of priming the adaptive immune system as their activation leads to T helper cell (Ty)2
polarization (35, 36). Evidence also exists for a link between NOD1 and NOD2 and the cellular
recycling autophagy pathway (37-40). NODI and NOD2 recruit the autophagy protein
ATGI16L1 to the site of bacterial entry along the cell membrane to regulate bacterial degradation
in autolysosomes. In addition to its role in autophagy, ATG16L1 also inhibits NOD?2 signalling
by interfering with RIPK?2 ubiquitination (40).



1.2.2.2 The Inflammasome

NLR family members and other PRRs are capable of forming intracellular multi-protein
complexes, termed inflammasomes (Figure 2). Multiple inflammasomes have been characterized
based on the nature of the scaffolding PRR, leading to the recognition of various pathogenic
microbes and host danger signals. These platforms recruit and activate caspase-1 directly or
through the adaptor protein Apoptosis-associated Speck-like protein containing a CARD (ASC).
This discovery importantly led to the link between pattern recognition and activation of caspase-
1 and its associated IL-1 family cytokines (41). Inflammasome assembly is mediated through
CARD-CARD or PYD-PYD homotypic domain interactions. Imaging of ASC dependent
inflammasome activation determined that ASC oligomers form a highly condensed speck within
a cell (42). This is the result of stimulated PRRs nucleating ASC to undergo prion-like
polymerization and form filamentous chains (43, 44). ASC can then induce caspase-1 activation

"by proximity".

Activated caspase-1 is capable of processing a number of cellular substrates, which is a pre-
requisite to the induction of an inflammatory response. Most notably, caspase-1 converts the pro-
inflammatory cytokines pro-IL-13 and pro-IL-18 into their mature biologically active forms (45-
47). In addition to its pro-inflammatory effects, excessive activation of caspase-1 leads to a form
of cell death called pyroptosis, with characteristics of both apoptosis and necrosis (48, 49). The
major features of pyroptotic cell death include plasma membrane rupture, allowing cellular
contents such as processed cytokines and other alarmins, to leak out into the extracellular
environment, along with nuclear condensation and DNA fragmentation (50). These alarmins act
as immunostimulants to induce innate and adaptive immunity (51). Upon pyroptosis, ASC
specks are also released extracellularly where they can further propagate an inflammatory
response as their phagocytosis by macrophages induces inflammasome activation in these cells
(52). The serum of autoimmune disease patients contains ASC speck reactive autoantibodies that
may contribute to pathogenesis. These antibodies appear capable of opsonising ASC for uptake

by phagocytes to propagate inflammation.
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Figure 2. The inflammasome

The inflammasome is composed of a PRR, such as NLRP3, caspase-1 and ASC. Activation
requires a two step process. Signal 1 induces NF-«B transcription of the inflammasome
components. Signal 2 can be an exogenous or endogenous ligand that is recognized by the PRR
and induces assembly of the complex and the activation of caspase-1. Caspase-1 can then
process its substrates, such as the immature pro-IL-1p and pro-IL-18 cytokines into their
bioactive forms and induce pyroptosis.



1.2.2.2.1 Inflammasome Regulation

Due to the potentially severe effects of caspase-1 activation during disease and infection,
regulation of the inflammasome pathway is tightly controlled through a number of checkpoints
(Figure 3). Firstly, inflammasome activation depends on a two-step process, whereby signal 1
“primes” the inflammasome via transcriptional induction of inflammasome components and
immature cytokines (usually mediated by NF-kB downstream of PRRs or cytokine receptors)
and signal 2, which “activates” the inflammasome by complex oligomerization and activation of
caspase-1 by proximity. Regulation can occur at the levels of both signal 1 and signal 2. For
example, aryl hydrocarbon receptor (AhR) negatively regulates the inflammasome at the
transcriptional level through binding the Nlrp3 promoter to inhibit mRNA synthesis (53). Many
proteins and pathways have been implicated that specifically target the second phase of
activation, acting as positive or negative regulators. Two groups of proteins termed COPs
(CARD-only proteins) and POPs (PYD-only proteins) form CARD-CARD or PYD-PYD
interactions respectively with inflammasome components to inhibit assembly (54). Other cellular
regulators can bind to inflammasome components to enhance activation. For example, NEK7
binds to the LRR of NLRP3 while guanylate binding protein 5 (GBPS5) binds to the PYD domain
of NLRP3 to augment activation (55, 56).

The inflammasome can be further regulated by post-translational modifications. The Ub ligases
cIAP1 and 2 amplify inflammasome activation through K63-linked polyubiquitination of
caspase-1 (57). LUBAC, consisting of the proteins HOIL-1L, HOIP, and SHARPIN, is a known
regulator of NF-kB signalling and also modifies ASC. This linear ubiquitination of ASC is
essential for NLRP3 inflammasome activation (58, 59). NLRP3 is also a target of these post-
translational modifications and requires deubiquitination by BRCC3 to become active (60).
Together these examples illustrate the complex cross-regulation that occurs to fine tune the

inflammatory response.

Phosphorylation and dephosphorylation of key residues are also crucial in controlling cell
processes. The kinases Syk and JNK were demonstrated to phosphorylate Asc at tyrosine 144 in

mice to induce inflammasome activation (61). IxkB kinase (IKK)a negatively regulates
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Figure 3. Regulation of the NLRP3 inflammasome

The NLRP3 inflammasome is highly regulated at multiple steps to prevent unwarranted
activation. Inhibitors such as pyrin only proteins (POPs) and CARD only proteins (COPs) can
bind to inflammasome components to prevent complex assembly. Conversely, other
inflammasome binding partners, such as GBP5 and Nek7, and post-translational modifications,
such as ubiquitination by LUBAC and cIAP1/2, are required for activation. Autophagy is
thought to play a major role in terminating inflammasome activation.
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inflammasome activation by sequestering ASC in the nucleus. Activation requires recruitment of
protein phosphatase 2 (PP2A) to inhibit IKKa and release Asc. This permits phosphorylation by
IKK-related kinase (IKKi) on Serine 58 of ASC (62). The Nlrc4 inflammasome also requires
phosphorylation for its activation that is induced by bacterial flagellin, independently of other

inflammasome components (63, 64).

An additional layer of regulation is applied to the processed cytokines downstream of
inflammasome activation. Secreted IL-1p binds to IL-1 receptor I (IL-1RI) and recruits the
IL-1R accessory protein (IL-1RAcP), which is required for signalling (65). The dominant
negative receptor IL-1RII and soluble IL-1 receptor antagonist (IL-1Ra) are able to inhibit this
process (65).

As inflammasome activation can lead to pyroptosis, the ability to disable the complex and
prevent premature cell death can be advantageous. Evidence suggests that this can be
accomplished through autophagy. PRR stimulation can also independently activate the
autophagy pathway where K63-ubiquitnation of inflammasome components promotes their
engulfment by an autophagosome (66). Mitophagy, an autophagic mechanism targeting

mitochondria, also plays a role in limiting inflammasome activation (67, 68).

Given the widespread activation of the inflammasomes in response to various microbes, it is not
surprising that pathogens have devised multiple strategies to alter inflammasome function and
downstream signalling. Bacteria utilize effector molecules, injected through secretion systems
into the host cytosol, for this purpose. For instance, Y. enterocolitica YopE and YopT (69), Y.
pseudotuberculosis YopK (70), and P. aeruginosa ExoU (71) have been reported to blunt
inflammasome activation. Viruses also encode proteins that target this pathway including
Influenza NS1 (72), Myxoma virus M13L-PYD, and Shope fibroma virus gp013L (73, 74) that
act as POPs. The active inhibition of the inflammasome by various pathogens supports the notion
that its pro-inflammatory effects together with the induction of pyroptosis are deleterious to

infectious microbes.
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1.2.2.2.2 NLRP1

The NLRPI inflammasome represents the first described caspase-1-activating complex
scaffolded by a PRR. Thus, this exciting discovery marked the beginning of inflammasome
research (Figure 4) (41). There is one human NLRP1 gene while gene duplication has led to
three murine isoforms (Nlrpla-c). Human NLRP1 contains a PYD, NOD, LRR, function to find
domain (FIIND) and CARD domain (Figure 1). The CARD domain can directly interact with
caspase-1 without ASC, however ASC speck formation leads to increased activation (75, 76).
Nlrplb is the best characterized mouse isoform and was first determined to be activated by
Bacillus anthracis Lethal Toxin (LeTx) (77). A functional Nlrplb gene is required for murine
resistance to B. anthracis infection (78, 79). The bacteria secrete LeTx which is composed of the
Protective antigen (PA) and the zinc-dependent metalloprotease Lethal Factor (LF) (80).
Mechanistically, LeTx cleaves the N-terminus of Nlrplb to initiate inflammasome activation
(81-83). This mode of activation is not specific to LeTX however, as ectopic proteolysis can also
activate Nlrplb (83). Toxoplasma gondii has also been implicated in murine and rat Nlrpl
activation, however the underlying mechanism is not well understood (84-86). Unlike LeTx
stimulus, Nlrpl cleavage is not required for 7. gondii signalling. MDP is also capable of
activating the Nlrp1lb inflammasome, however bacterial products are not the sole ligands for this
inflammasome, as reduced ATP levels also lead to activation, suggesting that ATP may be a
negative regulator of activation (87, 88). Aside from Nlrplb, the other Nlrpl isoforms are less
well described. Nlrpla was demonstrated to play a role in hematopoietic stress, where a

hyperactive mutant induces pyroptosis in hematopoietic progenitor cells (89).

1.2.2.2.3 NLRP3

NLRP3 is the most studied inflammasome due to its ability to recognize a vast array of
structurally unrelated stimuli including both PAMPs and DAMPs (Figure 5). These include
elevated concentrations of ATP (90), pore forming toxins (90), ER stress (91), host-derived
metabolites (68), bacterial mRNA (92), UVB irradiation, and particulate matter such as
crystalline forms of monosodium urate (MSU) (93), asbestos and silica (94-96), and amyloid 3
aggregates (97). Due to the unrelated nature of these agonists, it has been hypothesized that they

likely converge on one downstream signal that is recognized by NLRP3, though there is no

12



Pseudomonas

B. anthracis

Salmonella
Legionella

Loococooococooocooncocococooocooncocooocooo d Loococooocooocococococoncooncocoon d locccooooss

l

Inflammasome

o PrgJ-like
MDP © @ LeTX . pna NO0000
| NLRP1 @FCOMMMMCDED | NLRC4 @O | | AM2 @~
i ASC D@ | ASC e i ASC oD@
| Caspase-1 [IN@D {iCaspase-1 [CIM@D | Caspase-1 [EIN@ED |

Bacteria
Viruses

3
&F

sis,

_________________ 1

/

Figure 4. Activation of the NLRP1, NLRC4, and AIM2 inflammasomes

Different intracellular PRRs permit the recognition of a multitude of ligands to initiate

inflammasome activation. The NLRPI inflammasome is activated by

bacterial muramyl

dipeptide (MDP) or B. anthracis lethal toxin (LeTX). The NLRC4 inflammasome senses
bacterial flagellin and PrgJ-like proteins of the type 3 secretion system. These are first bound by

Naip5 and Naip2 respectively to induce inflammasome assembly. ASC

is not required for

NLRC4 activation, but can enhance its effects. AIM2 senses intracellular viral or bacterial DNA

to induce inflammasome activation.
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Figure 5. Activation of the “canonical” NLRP3 inflammasome
The NLRP3 inflammasome senses multiple ligands of host or foreign origin. It has been
hypothesized that these ligands converge on a common signal for recognition, however there is
no consensus on its identity. Potassium efflux from the cell is a well known activator of the
inflammasome. The phagocytosis of crystalline substances, such as asbestos and silica, can result
in phagosome rupture and the release of cathepsins that stimulate NLRP3. The mitochondria are
also the source of many activating ligands, including mitochondrial DNA (mtDNA), reactive
oxygen species (ROS), and cardiolipin. Mitophagy and removal of damaged mitochondria can

inhibit activation by these pathways. The transport of mitochondria by dynein via microtubules
has also been linked to NLRP3 activation. Adapted from reference (98)
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consensus over its identity. Currently there are multiple potential theories over what signal is

detected and some ligands may stimulate more than one of these pathways.

Potassium efflux from the cell is a requirement for inflammasome activation driven by ATP,
pore forming toxins, the K+ ionophore nigericin, and phagocytosed particulate matter (99, 100).
Culturing cells in low K+ media can induce spontaneous inflammasome activity while high
concentrations of extracellular K+ can inhibit ligand induced activation. The discovery that
elevated levels of intracellular calcium can also activate the NLRP3 inflammasome further
highlights the importance of cellular ion concentrations as a potential broad signal downstream

of multiple agonists (101, 102).

Mitochondrial dysfunction and reactive oxygen species (ROS) have also been proposed as a
necessity for NLRP3 activation by multiple agonists. Early studies indicated that phagocytosis of
asbestos and silica inflammasome activation was dependent on NADPH oxidase driven ROS
(94). The mitochondria are a second source of cellular ROS that is released upon damage or
depolarization to directly activate NLRP3 (103). Consequently, inhibition of mitophagy, also
leads to inflammasome activation. Inflammasome activation may in fact damage the
mitochondria, further propagating its own signal. This was shown with the demonstration that
Nlrp3 activation by ER stress resulted in caspase-2-mediated processing of Bid, which damages
the mitochondria as in intrinsic apoptosis (104). Caspase-1-mediated cleavage of Parkin, a

regulator of mitophagy, also prevents the clearance of damaged mitochondria (105).

The cellular localization of NLRP3 inflammasome components at the mitochondria and
associated ER further highlights a role for mitochondria in inflammasome regulation (103).
Upon agonist stimulation, microtubule dynamics are required for the transport of ASC found in
the proximity of mitochondria to Nlrp3 at the ER surface to permit complex assembly (106).
Multiple mitochondrial proteins have also been determined to co-localize with these components.
MAYVS (mitochondrial antiviral signaling protein) interaction with the N-terminus of NLRP3 is
required for its recruitment to the mitochondria upon activation (107). MAVS and NLRP3 also
associate with mitofusin (Mfn2), a protein involved in mitochondrial fusion (108). Mfn2 and

mitochondrial membrane potential are required for Nlrp3 activation following RNA viral
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infection. A second protein involved in mitochondrial dynamics, DRP1, was also found to be
necessary for NLRP3 inflammasome activation by RNA viruses (109). Finally, small
heterodimer partner (SHP), a protein localized to the mitochondria was found to negatively

regulate this inflammasome (110).

Aside from ROS, other mitochondrial associated ligands activate NLRP3. Oxidized
mitochondrial DNA released from damaged mitochondria during apoptosis was demonstrated to
bind to and activate NLRP3 (111). Cardiolipin, a phospholipid of the mitochondrial inner

membrane, can also bind NLRP3 to induce inflammasome activation (112).

In the case of particulate agonists, disruption of the lysosomal membrane after phagocytosis
leads to intracellular release of lysosomal contents and NLRP3 inflammasome activation.
Intracellular chemical inhibition of cathepsin B, cathepsin B-deficiency, or treatment of cells

with inhibitors of the vacuolar H™ ATPase results in reduced caspase-1 activation (96, 97).

1.2.2.2.4 NLRC4

The NLRC4 inflammasome specifically recognizes bacterial flagellin and PrgJ, the inner rod
protein of the type 3 secretion system (T3SS), complementing TLRS5 and serving as an
intracellular platform for detection (Figure 4). Ligand binding is initiated by the NLR family
Neuronal apoptosis inhibitory proteins (NAIP) family of proteins. Murine Naip5 and 6 are
required for detection of flagellin and Naipl and 2 interact with the T3SS rod protein (113-116).
The sole human NAIP recognizes the T3SS as well (114).

Activation of the Nlrc4 inflammasome is regulated by a biphasic mechanism, requiring Nlrc4
phosphorylation on Serine 533, followed by Naip binding (63, 64). Crystal structures have
determined that one PrgJ-bound Naip2 protein can engage 9-11 Nlrc4 monomers to assemble a
wheel shaped structure (117, 118). NLRC4 does not require ASC to interact with caspase-1, due
to its own CARD permitting CARD-CARD interactions. However NLCR4 is not prohibited
from forming ASC containing inflammasomes, which allow for the amplification of IL-1 and

IL-18 secretion (119-123).
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Activation of Nlrc4 invokes an immune response to wide range of bacterial pathogens such as
Salmonella typhimurium (122), Pseudomonas aeruginosa (71, 124), and Shigella flexneri (125)
among others. Nlrc4 activation in intestinal mononuclear phagocytes can aid in the distinction
and elimination of enteric pathogens from the gut (126). These cells have repressed TLR
signalling to inhibit a response to the commensal microbiota, however their expression of Nlrc4
permits recognition of infectious bacteria such as Salmonella. Importantly, the Nlrp3
inflammasome is also activated by systemic Sal/monella infection, demonstrating that multiple

inflammasomes play a role in mounting a host immune response (121).

1.2.2.2.5 NLRP6

NLRP6 has been hypothesized to form an inflammasome with ASC, however very little is
known regarding its activation (127). Early in vivo studies reported that Nlrp6” mice are
susceptible to colitis and enteric infections, similarly to mice deficient in Asc (128, 129).
Interestingly, loss of Nlrp6 led to dysbiosis of the microbiome, and transfer of this microbiota to
wild-type (WT) mice through co-housing conferred susceptibility to disease. Defective
autophagy in intestinal goblet cells and reduced mucin secretion was also observed in Nirp6™”

mice and correlated with susceptibility to enteric infection (129).

Nlrp6 is also involved in inflammasome independent functions and can recognize intestinal
viruses through interaction with DEAH (Asp-Glu-Ala-His) box helicase 15 (Dhx15) (130).
Dhx15 is a RNA helicase that binds viral RNA and utilizes Nlrp6 to initiate IFN production and
an antiviral response. Nlrp6 was reported to also impair inflammation through the inhibition of
NF-«B activation (131). Loss of Nlrp6 in mice was associated with resistance to various bacterial
pathogens when injected intraperitoneally. This contrasts with the susceptibility to enteric

infection and suggests Nlrp6 expression can have alternate effects in different tissues.

1.2.2.2.6 Other NLR-forming inflammasomes
In addition to above-described NLR-forming inflammasomes, there is early evidence
documenting that other NLRs might also function through inflammasome signalling. NLRP7

forms an ASC containing inflammasome that recognizes bacterial acylated lipopeptides, a ligand
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also recognized by TLR2 (132). Nlrp12 was demonstrated to confer protection to Yersinia pestis

infection in mice through inflammasome activation and IL-18 secretion (133).

1.2.2.2.7 Non-NLR inflammasomes

In addition to NLRs, other PRRs are capable of forming inflammasomes. Mutations in the
PYRIN encoding MEFV gene can lead to Familial Mediterranean fever (FMF), an inflammatory
disease (134, 135). Mefv gain of function mutations in mice similarly result in autoinflammation
and aberrant IL-1f3 production (136). These disorders have been linked to the ability of PYRIN to
form an inflammasome with ASC and caspase-1 (137, 138). Mechanistically, PYRIN has been
reported to associate with microtubules and actin (139) and may in fact serve as a sensor to
cytoskeleton destabilization. The Pyrin inflammasome can recognize modifications to Rho
GTPases by bacterial pathogens targeting the actin cytoskeleton and consequently, Mefv
deficient mice have increased susceptibility to infection by Burkholderia cenocepacia (140,
141). Hypomorphic mutations to the Wdrl gene in mice result in alterations to actin dynamics

and the development of a Pyrin and IL-18 dependent inflammatory disease (142).

Early studies examining infection with Francisella tularensis, an intracellular bacterium
responsible for tularaemia in humans, demonstrated that caspase-1 and Asc, but not Nlrp3 and
Nlrc4, were essential for macrophage cell death, bacterial clearance in vitro and in vivo and
mouse survival (90, 143). This suggested that caspase-1 activation was mediated by a different
inflammasome that required Asc. The unknown sensor was later determined to be Absent in
Melanoma 2 (AIM2), a member of the hematopoietic interferon-inducible nuclear protein (HIN-
200) family that senses cytosolic DNA (Figure 4) (144-148). Lysosomal activation was shown to
be required to stimulate this inflammasome during infection, possibly due to lysis of bacteria,
which allows the release of DNA into the cytosol (148, 149). DNA viruses, such as vaccinia
virus and mouse cytomegalovirus (MCMV), are also capable of activating caspase-1 through the
Aim2 inflammasome (150). Similarly to its response to bacterial DNA, Aim2 requires Asc, but
not Nlrp3 (146, 150). MCMV-infected Aim2 deficient mice have reduced IL-18 serum levels
that correlate with a reduced population of IFNy" Natural Killer (NK) cells. IL-18 is a known
activator of IFNy production in NK cells (151, 152), which play an important role in eliminating
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tumour or virus-infected cells, and is likely one of the primary contributors to the higher viral

titres found in the spleen of Aim2-deficient mice (150).

The RNA virus Vesicular stomatitis virus (VSV) is recognized by the intracellular PRR RIG-I.
RIG-I detects 5’ triphosphate RNA as a viral signature and induces type I IFN production and
NF-kB activation through recruitment of the adaptor protein MAVS (153). Interestingly,
infection with VSV also triggers IL-1B secretion in a RIG-I-dependent manner (154). ASC
interacts with RIG-I and is required for VSV-induced caspase-1 activation through potassium
efflux, but not Type I IFN. These results indicate that RIG-I serves multiple roles during the
innate immune response to viruses, as it triggers Type I IFN expression and activates the NF-xB

and caspase-1 pro-inflammatory pathways.

1.2.2.2.8 Inflammasome linked diseases

The importance in proper regulation of the inflammasome is evident by the discovery that
genetic mutations in NLRP3 can lead to auto-inflammatory disorders. These hereditary diseases
have been named cryopyrin-associated periodic syndromes (CAPS), and include familial cold
autoinflammatory syndrome (FCAS), Muckle-Wells syndrome (MWS), and neonatal-onset
multisystem inflammatory disease (NOMID) (155, 156). Mutations associated with CAPS are
associated with spontaneous IL-1 release due to hyperactivation of the NLRP3 inflammasome.
Consequently, inhibition of IL-1p has proven to have therapeutic benefit in affected patients

(157, 158).

Other inflammasome forming PRRs have also been genetically linked to disorders. Mutations in
the NOD domain of NLRPI are associated with vitiligo and other autoimmune diseases (159).
NLRP7 and NLRPI2 mutations are linked to familial Hydatidiform mole formation during
pregnancy (160) and CAPS —like autoinflammation respectively (161). FMF is linked to MEFV
mutations (134, 135) and multiple case reports indicate symptom resolution upon treatment with

the recombinant IL-1Ra anakinra (162, 163).
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1.2.3 The "Inflammatory' Caspases

Caspases are a family of proteases that play crucial roles in mammalian physiology (164).
Structurally, they share a critical cysteine residue that is involved in catalytic activity and allows
substrate cleavage at specific aspartic acid residues. Caspases are translated as inactive
zymogens that require activation by oligomerization and/or processing. They can be further
subdivided based on their functions in cell death and inflammation into the apoptotic and
inflammatory caspase subfamilies (Figure 6). The inflammatory subgroup includes murine
caspase-1, -11, -12 and -14 and human caspase-1, -4, -5, -12 and -14. While this subgroup was
originally named based on the pro-inflammatory role of caspase-1, it is now clear that a) other
'apoptotic' caspases, primarily caspase-8, are also inflammatory; b) the inflammatory caspases
are also capable of triggering a form of cell death termed pyroptosis; ¢) caspase-12, a member of
the 'inflammatory caspases' is anti-inflammatory; and d) these enzymes may be involved in
additional host processes unrelated to inflammation or cell death. Structurally, the caspases are
characterized by an N-terminal CARD domain, capable of forming homotypic interactions, and

C-terminal catalytic domain.

1.2.3.1 Caspase-1

Caspase-1 was the first inflammatory caspase discovered and has been the most extensively
studied. It was initially identified due to its ability to cleave the pro-inflammatory cytokine pro-
IL-1P into its mature biologically active form and accordingly named IL-1B-converting enzyme
(ICE) (165). Caspase-1 was later determined to also process and activate pro-IL-18 (166), and
more recently to cleave Gasdermin D to induce pyroptotic cell death (167, 168). In addition to
these pro-inflammatory functions, proteomic screens have also identified numerous other
substrates including glycolysis enzymes and caspase-7, suggesting that caspase-1 activation may
regulate a diverse range of cell processes in addition to inflammation (169, 170). Caspase-1 is

also responsible for the secretion of proteins from the cell beyond its proteolytic substrates (171)

Structurally, caspase-1 is synthesized as a 45 kDa (p45) precursor protein that is incapable of IL-
1B processing (172). Oligomerization induced activation and autoproteolysis result in the
cleavage and release of the CARD domain and a 20 kDa (p20) and 10 kDa (p10) fragment (173,

174). Two p20 and p10 heterodimers form a tetrameric active enzyme complex. The active site
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Figure 6. The Mammalian Caspases

The mammalian caspases can be divided into the inflammatory and apoptotic families. All
caspases are synthesized in an inactive zymogen form and contain a pro-domain as well as a
catalytic domain. The prodomain permits the recruitment to receptors or intracellular signaling
complexes through homotypic domain interactions. Activation requires proteolytic processing
and release of the large and small domains. Caspase-4 and -5 are the human orthologs of murine
caspase-11.
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containing the catalytic cysteine residue is in the p20 fragment while the p10 is required for
substrate specificity. Caspase-1 autoproteolysis is not mandatory for enzymatic activity and

pyroptosis, as was demonstrated following Nlrp1b activation (75, 120)

1.2.3.2 Caspase-8

Caspase-8 is an apoptotic caspase that is instrumental in regulating cell death pathways, however
recent evidence has demonstrated that it also displays inflammatory functions (Figure 7). It has
been linked to regulation of the Nlrp3 inflammasome, as well as possessing the ability to directly
process IL-1B (175). Loss of caspase-8 in macrophages impairs induction of pro-IL-1p in
response to TLR agonists or bacterial infection, though it is unknown precisely how this is
accomplished (176, 177). Fungal pathogens such as Candida albicans activate the dectin-1
receptor and induce Syk signaling. This leads to caspase-8 dependent cleavage of IL-1J through
recruitment into a ‘“non-canonical” inflammasome complex containing CARD9, Bcl-10,
MALTI1, and ASC (178). Other stimuli such as ER stress, CD95 ligand (CD95L), and
chemotherapeutic drugs can also induce caspase-8 processing of IL-1p independently of ASC or
caspase-1 (179-181). It is unknown what additional proteins may associate with caspase-8 during

these responses.

Caspase-8 has also been implicated in the regulation of the Nlrp3 inflammasome. Loss of
caspase-8 results in reduced IL-1P secretion and caspase-1 activation following stimulation by
Nlrp3 agonists (177). Mechanistically, caspase-8 is recruited to the Nlrp3 inflammasome
complex allowing it to cleave and process caspase-1. However, other studies have reported an
inhibitory role for caspase-8, observing hyperactive inflammasome activation in Casp8'/ “cells in
response to LPS alone, an effect dependent on Ripk3, Ripkl, and mixed lineage kinase domain-
like (MIkl) (182). Further work is required to decipher how caspase-8 can differentially regulate
inflammation. Overall, caspase-8 can be recruited to multiple complexes by various stimuli to

play a role in inflammation or cell death.

1.2.3.3 Caspase-11

Murine caspase-11, and its human orthologs caspases-4 and -5, were originally discovered due to
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Figure 7. “Non-canonical” inflammasomes

Inflammasome formation and IL-1 processing can be initiated by caspases other than caspase-1
to form “non-canonical” inflammasomes. The Lipid A moiety of LPS binds to the CARD
domain of caspase-11 leading to its activation and the formation of an inflammasome. Caspase-
11 can cleave Gasdermin D, resulting in the excised N-terminus translocating to the plasma
membrane to initiate pyroptotic cell death. Active caspase-11 can also initiate “canonical”
NLRP3 inflammasome activation by an unknown mechanism to induce IL-1f secretion from the
cell. In addition to its apoptotic functions, caspase-8 has also been reported to induce
transcription of pro-IL-1P and process the cytokine to its active form. This can occur in response
to fungal pathogens, CD95 ligand (CD95L) stimulation, chemotherapeutic drugs, or endoplasmic
reticulum (ER) stress. Caspase-8 can also enhance NLRP3 inflammasome activity and inhibit

RIPK1-RIPK3-MLKL induced activation.
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their homology to caspase-1 (183). Over expression of these proteins was demonstrated to induce
cell death while mice deficient in Caspl1 were resistant to LPS endotoxemia, similarly to Caspl”
" mice (183, 184). In contrast to caspase-1 however, caspase-11 poorly processes pro-IL-1 to its
mature form (183). The two proteases were thought to play similar inflammatory roles until it
was discovered that previously generated caspase-1 knockout mice also carried a null mutation
in Caspl 1, rendering the mice deficient in both proteins (Figure 8) (185). This is the result of a 5
base pair deletion in exon 7 of the Caspl! gene in the 129 strain, embryonic stem (ES) cells of
which were used in developing KO mice. Backcrossing of caspase-1-deficient mice did not result
in a rescuing recombination event, as this event is extremely unlikely due to the close proximity
of the genes. By expressing a transgenic caspase-11 in Caspl “Casp11?”"* mice, the authors
were able to distinguish their effects (185). Caspase-11 was determined to form a “non-
canonical” inflammasome that recognizes cholera toxin B and Gram-negative bacteria, but not
ATP which activates the caspase-1 canonical inflammasome. Non-canonical inflammasome

activation leads to cell death and downstream caspase-1 processing and IL-1f release.

While the caspase-1 canonical inflammasome is activated by numerous triggers, caspase-11 is
solely activated by the lipid A moiety of LPS from Gram-negative bacteria (Figure 7) (186, 187).
Detection of LPS occurs intracellularly and is independent of TLR4. Caspase-11 does not require
a PRR to sense LPS, but is activated by direct LPS binding to its CARD domain (187).
Downstream of this activation, caspase- 11 cleaves Gasdermin D into an N-terminal fragment
that is required for pyroptosis (167, 168). Caspase-11-dependent cleavage of the pannexin-1
channel and subsequent ATP release was also reported to be required for non-canonical
inflammasome mediated cell death (188). Further work is required to elucidate the precise

mechanism by which the N-terminal fragment of Gasdermin D leads to pyroptosis.

1.2.3.4 Caspase-12

In contrast to the other members of the inflammatory caspase family, caspase-12 seems to exert
anti-inflammatory functions. Expression of caspase-12 leads to reduced IL-1B release and
caspase-1 activity (189). Caspase-12 can bind to caspase-1, suggesting this interaction may be

important for its inhibitory activity. While murine caspase-12 is proteolytically active, it is only
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Figure 8. Murine Caspase-11 is not expressed in 129S1 mice
The 129S1 mouse strain Caspl 1 gene contains a 5 base pair deletion in the splice acceptor site of
exon 7. This results in a transcript containing a premature stop codon that is most likely degraded
by nonsense mediated decay (NMD). In contrast the C57/BL6 strain of mice expresses a
functional caspase-11. Knockout mouse lines generated on the 129S1 strain may consequently
lack expression of caspase-11 despite significant backcrossing to a C57/BL6 background if the
targeted mutation lies in close proximity to Casp! . Figure adapted from reference (184).
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capable of autoproteolysis (190), and its protease activity is not required to restrict caspase-1
activity (189). Further studies have also indicated that caspase-12 can diminish numerous
inflammatory pathways, including Ripk2 signalling through displacement of TRAF6 from the
complex, and NF-kB activation by competitive binding with NEMO (191, 192). In response to
West Nile virus, caspase-12 is required for type 1 IFN production through modulating RIG-I
ubiquitination (193).

In mice, caspase-12 is expressed constitutively in the muscle, brain, and heart among other
tissues, but is absent from macrophages under basal conditions (194). Its expression can be
induced by IFNy, LPS, and TNF-a. Interestingly, the majority of humans do not express caspase-
12 due to a premature stop codon (195, 196) leading to an aberrant transcript that is likely
degraded by NMD (Figure 9) (197). However, a T'*C SNP found in a percentage of people of
African descent restores expression of the full length protein and was associated with protection
from sepsis (196). It is unclear to what extent the immune modulating effects of murine caspase-
12 translate to the human protein as other studies have reported little effect of caspase-12
expression in response to pneumonia, candidemia, or rheumatoid arthritis (198-200). Unlike its
mouse counterpart, human caspase-12 lacks a functional catalytic domain though it is unknown

if this may be a contributing factor (195).

1.3 Cell Death

Cell death is an important process for the survival of complex organisms. It plays a vital role in
the immune response, the removal of damaged or cancerous cells, and is crucial for host
development. Multiple pathways have evolved to allow the cell to properly respond to a wide
range of stimuli and circumstances. These cell death pathways can be group into programmed or
passive forms. In the latter, a cell that is exposed to stressful conditions may die through a
process termed necrosis. This may be the result of mechanical or physiochemical stress,
ischemia, or extreme temperature exposure. Due to these suffered injuries, the cell lyses and
releases its contents in an uncontrolled manner. DAMPs entering the extracellular environment
can promote an inflammatory response. Aside from passive or accidental cell death, multiple

pathways have evolved using precise molecular machinery to induce cell death in a regulated
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Figure 9. Mammalian Caspase-12

The majority of humans lack expression of caspase-12 due to a premature stop codon in exon 4.
This leads to the degradation of the mRNA transcript by nonsense mediated decay (NMD).
Approximately 20% of individuals of African descent have a T'>’C SNP that allows expression
of the full length protein. The proteolytic domain of human caspase-12 has a mutation to the
SHG group that renders it inactive. Mouse caspase-12 is expressed and catalytically active.

Figure adapted from reference (189).
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fashion. Regulated cell death pathways include apoptosis, pyroptosis, and necroptosis. These

multiple mechanisms permit cellular suicide in response to various conditions.

1.3.1 Apoptosis

Apoptosis was the first described method of programmed cell death and is an essential function
in development and physiological processes. It is morphologically characterized by cell
membrane blebbing, chromatin condensation, and nuclear fragmentation (201). In contrast to
necrosis, apoptosis is immunologically inert as phagocytes are attracted to consume the dying
cells, preventing the release of DAMPs. A variety of signals can trigger apoptosis, including
DNA damage, ER stress, developmental cues, or the stimulation of cytokine and cell surface

death-receptors.

Apoptosis can proceed through two major pathways: the mitochondria induced intrinsic pathway
and through external cell signalling mediating the extrinsic pathway (Figure 10). These are
carried out by the 'apoptotic' caspases, which can be further subdivided into initiator caspases (-
2, -9, -8 and -10) or executioner caspases (-3, -6, and -7). The initiator caspases are the first to
respond to apoptotic stimuli and in turn cleave and activate the executioner caspases. The

executioner caspases have hundreds of substrates that are processed to induce apoptosis.

Various stimuli can promote apoptosis through the intrinsic pathway, including nutrient
deprivation, endoplasmic reticulum (ER) stress, developmental signals, and DNA damage. This
ultimately results in mitochondrial outer membrane permeabilization (MOMP) and the release of
cytochrome C, an activator of caspase-9. In a healthy cell, the mitochondrial membrane prevents
its contents from entering the cytoplasm. During intrinsic apoptosis, the Bcl2-family proteins
Bax and Bak form oligomers on the mitochondrial outer membrane leading to MOMP and
release of intermembrane proteins and molecules. This process is regulated by pro-apoptotic
BH3 family proteins (Bid, Bim, Bad, and Noxa) and anti-apoptotic proteins (Bcl2, Bcl-xL, and
Mcll). Cytoplasmic cytochrome C binds to APAF-1 forming a complex called an apoptosome.

The apoptosome acts as a platform for caspase-9 auto-activation.
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Figure 10. Apoptosis

Apoptosis can be initiated through two distinct pathways. Death receptor activation induces the
extrinsic pathway, leading to death domain (DD) binding of FADD to the receptor. Caspase-8 is
recruited to FADD and is activated, allowing it to cleave the executioner caspase-3 to begin
apoptosis. Other apoptotic inducers such as DNA damage, cellular stress, or growth-factor
withdrawal proceed by the intrinsic pathway. These signals affect the balance of anti-apoptotic
and pro-apoptotic BH3 family members that regulate BAK and BAX. BAK and BAX form pores
in the mitochondria, leading to mitochondria outer membrane permeabilization (MOMP) and the
release of cytochrome C. Intracellular cytochrome C binds to APAF-1 to initiate apoptosome
complex formation and the activation of caspase-9. Caspase-9 is then capable of activating
caspase-3 to drive apoptosis. Cross-talk does exist between the intrinsic and extrinsic pathways
as caspase-8 is capable of cleaving BID, liberating the C-terminal fragment (tBID) to insert into
the outer mitochondrial membrane and promote BAX or BAK dependent MOMP.
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Cells can also be instructed to die through the binding of death ligands to cell surface receptors,
such as TNFR1, TRAIL-R1/2, and FAS. This signalling leads to the formation of a death-
inducing signalling complex (DISC) on the cytoplasmic receptor tail beginning with death
domain (DD)-mediated recruitment of FAS-associated death domain (FADD). FADD can in turn
bind to caspase-8/-10 through their respective death effector domains (DED), leading to caspase

activation and autoprocessing.

1.3.2 Pyroptosis

Pyroptosis occurs downstream of caspase-1 or caspase-11 activation and has unique
morphological characteristics (202). In contrast to apoptosis, this mechanism of cell death results
in membrane pore formation leading to osmotic lysis and rupture of the cell (203). DNA
fragmentation is common to both cell death forms, though pyroptosis lacks apoptotic nuclear
condensation. Finally, ADP-ribose polymerase (PARP), an NAD+ consuming enzyme that is

cleaved in apoptosis, remains intact in caspase-1 dependent cell death.

Physiologically, pyroptosis has been demonstrated to be an integral defence against pathogenic
bacteria. During in vivo Salmonella infection, Nlrc4 induces pyroptosis of infected macrophages,
leading to bacterial release and phagocytic ROS-dependent killing by neutrophils (204). Listeria
monocytogenes may be eradicated by a similar mechanism as the bacteria are eliminated from
mice by the Nlrc4 inflammasome, independently of IL-1B or IL-18 cytokines (205). It is
currently poorly understood how IL-1f is released from the cell after inflammasome activation
and if the mechanism occurs through an active or passive process. Pyroptosis provides one

explanation as it permits the release of processed mature cytokines from the cell.

1.3.3 Necroptosis

Necrosis was long considered as an unregulated mode of cell death independent of cellular
signalling pathways. However, the discovery of a TNF-driven non-apoptotic, caspase-
independent, cell death that had characteristics similar to necrosis suggested that necrotic cell
death can be regulated. This ‘regulated necrosis’ or necroptosis is blocked by Necrostatin (Nec)-

1, an inhibitor of RIP1 (or RIPKI) activity (206). It is now established that necroptosis is
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initiated by a protein complex, composed of RIPK1, RIPK3 and MLKL, termed the necrosome
(Figure 11) (207).

Necroptosis can be initiated by multiple pathways of which signalling through the TNFa
receptor, TNFR1, was the first to be described. The outcome of TNFR1 stimulation by TNFa is
determined by the activity of downstream signalling events. Under basal conditions, TNFa leads
to inflammation and cell survival. This is initiated through the recruitment of RIPK1 and
TRADD to TNFR1 (208). TRADD recruits the E3 Ub ligases cIAP1 and cIAP2 that conjugate
K63-linked poly-Ub chains on RIPK1, and this Ub scaffold engages LUBAC, NEMO-IKK1-
IKK2, and TAK1-TABI1-TAB2 complexes to activate NF-xB and MAPK pathways (209-211).
LUBAC linear Ub of RIPK1 further promotes NEMO recruitment and TAK1 phosphorylation
and activation of the IKK complex, leading to NF-kB signalling and proinflammatory cytokine

production and cell survival. This signalling platform has been termed complex 1.

Aside from its pro-inflammatory effects, TNFa is also cytotoxic and was named for its ability to
kill tumour cells (212). Depletion of the cIAPs, loss of LUBAC, or the induction of CYLD-
mediated deubiquitination of RIPK1 lead to the formation of an apoptosis-inducing DISC,
termed complex II (213-215). In addition to RIPK1, complex II also includes RIPK3, FADD,
caspase-8 and cFLIP (cellular FLICE-like inhibitory protein). Active caspase-8 initiates
apoptosis while also cleaving RIPK1 and RIPK3 to prevent necroptosis (216, 217). Complex II
activation is negatively regulated by the long isoform of cFLIP (cFLIP.), an inactive caspase-8
homolog, which forms heterodimers with caspase-8 to inhibit its full activity and prevent
apoptosis (218). Interestingly, caspase-8 expresses partial activity in this state, allowing it to
process RIPK1 and block necroptosis (219). cFLIP can also be expressed as a short isoform
(cFLIPg) that binds to caspase-8, but lacks the ability to partially activate it (220). This serves to
inhibit apoptosis but promotes a shift to necroptosis. Therefore relative concentrations of the

cFLIP isoforms can influence these two cell death pathways.

Complex II inhibition (e.g. through ablation of caspase-8 or FADD) leads to necrosome

engagement. RIPK1 and RIPK3 interact through their respective RHIM domains, are cross-
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Figure 11. Necroptosis

TNF signaling at the TNF receptor (TNFR1) initiates the formation of complex I. TRADD and
RIPK1 are recruited to TNFR1 by their Death domains (DD) and TRADD serves as an adaptor
for the recruitment of TRAF2 and the ubiquitin ligases cIAP1/2 and LUBAC. LUBAC and
c[AP1/2 add ubiquitin chains to RIPK1, which act as scaffolding for TAB1-TAB2-TAK1 and
IKK1-IKK2-NEMO complexes to initiate NF-kB signaling. Loss of cIAP1/2 or deubiquitination
of RIPK1 by CYLD results in the formation of complex II composed of RIPK3, RIPK1, FADD,
caspase-8, and cFLIP;. RIPK3 and RIPK1 associate via their RHIM domains while RIPK1 binds
FADD through DD interactions. Caspase-8 recruitment to complex II leads to its activation and
the initiation of apoptosis. cFLIPy inhibits this process through binding to caspase-8 to repress its
activity. Loss or inhibition of caspase-8 and FADD permits formation of a third complex, the
necrosome, comprised of RIPK1, RIPK3, and MLKL. This complex is inhibited by caspase-8
cleavage of RIPK3 and RIPKI. Necrosome formation results in the phosphorylation of each
component and MLKL oligomerization and translocation to the plasma membrane to induce
necroptotic cell death. In addition to TNF and other death receptors, TLR4-TRIF mediated
signaling or recognition of viral DNA by DAI can also induce necroptosis.
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activated by phosphorylation and assemble into an amyloid-like aggregate (221-224). The search
for RIPK3 substrates led to the identification of MLKL (225, 226). MLKL is the most
downstream effector of necroptosis and is absolutely required for this mode of cell death. Its
phosphorylation by RIPK3 within the necrosome leads to a conformational change (227),
promoting its translocation to the plasma membrane where it forms pores to trigger osmotic lysis

(228-231).

A role for necroptosis in inflammatory disease pathogenesis has been demonstrated in vivo
through the study of knockout mouse lines. While mice deficient in the necrosome components
Ripk3 and MIikl survive to adulthood and appear phenotypically healthy, Casp8”" mice die
embryonically (232), but can be rescued with the ablation of Ripk3 and MIkl, demonstrating a
requirement for caspase-8 to inhibit necroptosis (219, 233). Similar studies have shown that
FADD-deficient mice also exhibit an embryonic lethality phenotype that can be rescued with
loss of Ripk3, due to FADD’s ability to induce caspase-8 activation and inhibit necroptosis (234-
236). Ripkl”" mice are also embryonically lethal, but ablation of Ripk3 or MIkl only results in
partial rescue. Full survival of Ripk1-deficient mice is only achieved in RikpI” Ripk3” Casp8”
triple KO mice (237, 238). This finding demonstrates that Ripkl plays an important regulatory
role in caspase-8 dependent apoptosis as well as necroptosis. Survival is independent of Ripkl
kinase activity as kinase dead mutants D138N and K45A live to adulthood, indicating that it is
the scaffolding role for Ripkl that is required to inhibit cell death (239, 240).

Cell death is an important anti-viral host defence strategy and consequently many viruses express
proteins to block apoptosis. Since necroptosis occurs when key apoptotic components, such as
caspase-8, are inhibited, it has been hypothesized that necroptosis has evolved to provide an
alternative mode of cell death to combat viral infection (241). In particular, necroptosis has been
demonstrated to play a key role in providing immunity to MCMV and herpes simplex virus (242,
243). Aside from protection against these viral pathogens, necroptosis has also been implicated
in pulmonary tissue damage in influenza infection, neurodegeneration, atherosclerosis, skin

inflammation, kidney injury, and liver disease (244, 245).
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In addition to classical TNFR1-induced necroptosis, other death receptors and PRRs converge on
necrosome activation. These include recognition of viruses by the DNA sensor DAI (243, 246),

TLR3/4/TRIF (247), and IFN-mediated PKR signalling (248).

1.4 The innate immune system and factors contributing to chronic inflammatory disease

Chronic inflammation is an important pathogenic component of many illnesses. A thorough
understanding of the involved pathways and affected genes can provide crucial insight into
potential therapies. Inappropriate regulation of the innate immunity is now well understood to
result in auto-inflammatory disease. Pathogenesis is independent of the adaptive immune
response, as patients lack high-titer autoantibodies and antigen-specific T cells. Instead, these
diseases are driven by mutations in genes of the innate immune system, including PRRs,
cytokines, and immune cell regulators. An example includes the previously discussed
inflammasomopathies, such as CAPS and FMF. TNF signalling can also become deleterious due
to mutations in the TNFR1 encoding gene TNFRSFIA, leading to TNF receptor—associated
periodic syndrome (TRAPS) (249). These mutations result in ligand-independent receptor
activation, causing recurrent prolonged fevers, arthritis, skin rash, and abdominal pain in

patients.

Mutations to cell death protein encoding genes are also causative for inflammatory disease.
Caspase-8-deficient state (CEDS) results from CASPS8 mutations leading to lymphadenoapthy,
splenomegaly and immunodeficiency (250). Mutations to FAS, FASLG, and CASPI10 result in a
disorder with multiple overlapping symptoms called Autoimmune Lymphoproliferative

Syndrome (ALPS) (251).

Innate immunity and cell death can also contribute to the development of more complex
diseases, which are dependent on more than one initiating factor. Along with host genetics, the
intestinal microbiota, and environmental factors, the innate immune system is also involved in
the etiology of inflammatory bowel disease (IBD) and metabolic disease. For example, mutations
to NOD? represent the greatest known risk for the development of Crohn’s Disease (CD) (252,
253) and anti-TNF therapy can ameliorate symptoms in IBD patients by preventing epithelial
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cell death (254). Elevated inflammatory markers and PRR activation within the adipose tissue of

obese subjects are highly correlative with the development of insulin resistance (255).

1.4.1 The intestinal microbiota and chronic inflammation

The importance and influence of the intestinal microbiota in modulating various diseases is now
well known. The gastrointestinal tract (GI) harbours a vast variety of commensal microbiota,
including bacteria, viruses and fungi, that exist in a symbiotic relationship with the host. The role
of the bacterial flora has been the most heavily studied. It is estimated that the human GI tract
microbiota may include up to 10-100 trillion bacteria, approximately 10 times greater than the
number of host cells. The host and commensal flora have coevolved to share a symbiotic
relationship that is required for healthy intestinal physiological processes. The luminal microbes
aid in the digestion and absorption of nutrients, produce essential vitamins, prevent the
colonization of pathogenic bacteria, and also play an important role in the education and priming
of the immune system from an early age to induce tolerance and protective immunity (256).
Technical advances in high throughput sequencing and the utilization of germ-free mice have
provided important tools to dissect the precise mechanisms involved in microbiome regulation of
host processes. The importance of the gut microbiome is clearly evident through studies of germ-
free mice. The absence of microbiota colonization results in alterations to the gut-associated
lymphoid tissue (GALT), dampened antibody production, reduced mucous layer thickness, an
altered immune system architecture, and changes to intestinal epithelial cell (IEC) microvillus
formation (257).Consequently, germ-free mice are more susceptible to enteric infection by
pathogenic bacteria. Specific types of bacteria are also known to directly modulate the immune
response. For example, it was determined that the presence of segmented filamentous bacteria

can induce Th17 T cell differentiation (258).

The immunoregulatory properties of the microbiota can affect various inflammatory diseases.
Human and animal studies have linked the composition of the intestinal flora to IBD
pathogenesis (259). Interestingly, tissues distal from the gut are also affected by the microbiota.
Fecal bacteria composition correlates with atopic eczema and its incidence can be decreased by
the administration of probiotics (260, 261).Metabolic disease and obesity driven inflammation

are also affected by the microbiome (262). Further analysis of the human microbiota and its
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influence on disease may provide important insight to the treatment of multiple diseases and

modulation of the immune system.

1.5 Metabolic Disease

Obesity is a rapidly growing problem worldwide in both developed and developing countries
(263). It is currently estimated that in the United States, approximately 66% of adults are
overweight and 32% are obese (264). This leads to an enormous healthcare burden as obesity
drastically increases the risk of developing various conditions and diseases such as insulin
resistance, Type 2 Diabetes (T2D), cardiovascular disease (CVD), fatty liver, and numerous
cancers (265). Over 370 million people have diabetes worldwide (266) and CVD is the primary
cause of death globally and in diabetic subjects in particular. Factors like genetics, aging,
inflammation, an unhealthy life style and obesity are known modulators of these complex

diseases.

1.5.1 Insulin resistance

Insulin resistance occurs when the metabolic tissues of the body, namely the adipose tissue, liver,
and muscle, no longer respond effectively to insulin. Insulin is required to increase glucose
uptake into the muscle, inhibit hepatic gluconeogenesis, and inhibit adipose tissue lipolysis
(267). Together these processes allow the body to properly regulate its blood glucose levels. In
order to maintain normal glycemia, insulin secretion increases to compensate for insulin
resistance. However over time, and in conjunction with pancreatic inflammation, -cells undergo
exhaustion, apoptosis and reduced insulin secretion, leading to hyperglycemia and progression to
T2D (268). The inability to properly manage ones blood glucose levels can lead to

cardiovascular complications, diabetic retinopathy, kidney failure, and death.

1.5.2 Inflammation and metabolic disease

While acute inflammation is crucial to innate immunity and host resistance to infection or injury,
obesity-associated chronic inflammation in peripheral tissues is an established instigator of T2D
and associated CVD (269-271). An enormous body of evidence has now linked the development
of insulin resistance to obesity driven inflammation. The first evidence to support this was the

discovery that the adipose tissue of obese mice and humans has much higher levels of the
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proinflammatory cytokine TNFo (272, 273). This landmark discovery promoted a great
undertaking to further characterize the mechanisms and role of inflammation in obesity and T2D.
Our current understanding of the disease suggests that the excess nutrients in obese individuals
initiates inflammation in the adipose tissue and through the effects of various intracellular
inflammatory pathways, cytokines, and immune cells, results in a low level of chronic

inflammation and insulin resistance (Figure 12).

One of the most relevant tissues in relation to the promotion of systemic inflammation and
metabolic abnormalities is the white adipose tissue (WAT) (255). WAT is located throughout the
body in visceral or subcutaneous depots and primarily functions to store energy in the form of
triglyceride lipid droplets. The WAT also plays a significant role in the sensing and modulation
of host metabolism and is a highly secretory endocrine organ. These functions can be
compromised during obesity and result in deregulated secretion of adipokines that normally
control much of the autocrine, paracrine and endocrine functions of the WAT (274).
Inflammation of the adipose tissue is characterized by increased macrophage infiltration,
particularly the M1 or “classically activated”” macrophages, and increased synthesis and secretion
of pro-inflammatory cytokines including IL-1B, IL-6, TNFa, and monocyte chemoattractant
protein-1 (MCP-1) (255). These cytokines act in an autocrine and endocrine manner, further
upregulating WAT and systemic inflammation and suppressing insulin secretion and signalling.
Adipose depot location also affects its contribution to disease. The size and inflammatory status
of visceral WAT is most predictive of metabolic disease (275). Surgical removal and
transplantation studies provide further evidence of the importance of depot location with

metabolic perturbation (276).

Interestingly, adipocyte secreted adipokines can also regulate the inflammatory state of the
tissue. Leptin was originally discovered for its ability to suppress appetite by acting on the
central nervous system (277). Recent work has also demonstrated it can signal immune cells,
such as macrophages, to express pro-inflammatory cytokines (278). Resistin is an adipokine that
is also associated with insulin resistance and similarly induces an inflammatory phenotype on
myeloid cells (279). Conversely, adiponectin has anti-inflammatory effects and is downregulated

during obesity and insulin resistance (274). Stimulation of macrophages with this adipokine can
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Figure 12. Adipose tissue inflammation

Inflammation of the adipose tissue is now a well known consequence of obesity. In the lean state,
the adipose tissue contains resident anti-inflammatory M2 polarized macrophages, iNKT cells,
Type 2 ILC cells, eosinophils, and regulatory T cells (Treg). These cells secrete anti-
inflammatory cytokines, such as IL-10, or IL-4, IL-5, and IL-13 to induce a Ty2 polarizing
environment. During the development of obesity, excess energy is stored within the adipocytes
as lipids and leads to hypertrophy. Rapid expansion of the adipose tissue can result in hypoxic
conditions or the induction of ER stress in adipocytes, promoting inflammation and the
recruitment of circulating immune cells. The immune cells in the adipose tissue of obese
individuals are highly inflammatory and include inflammatory M1 macrophages, CD8" T cells,
neutrophils, and mature B cells. The secretion of pro-inflammatory cytokines, elastase, and IgG
antibodies impair cell function and lead to insulin resistance.

38




promote secretion of the immunosuppressive cytokine IL-10 (280).

1.5.2.1 Initiation of inflammation in the adipose tissue

The initiation of inflammation in obese individuals begins within the metabolic tissues, namely
the adipose tissue, liver, and muscle. In obese individuals, the adipocytes undergo hypertrophy in
order to properly store the available excess nutrients. The rapidly expanding adipose tissue is
prone to hypoxia (281, 282), where the growth of tissue proceeds at a faster rate than proper
vascularisation, similar to what is seen in tumours. Hypoxia results in the induction of hypoxia-
inducible factor 1o (HIF-1a) and proinflammatory gene transcription (281). Mice with adipocyte
specific deletion of HIF-1a are protected from obesity and insulin resistance, demonstrating the

detrimental effects of this pathway (283).

Expanding adipocytes also enter a state of increased protein translation in order to proliferate and
undergo the architectural changes required to meet the demands for increased lipid storage. This
can lead to a build-up of unfolded proteins within the ER, leading to ER stress and triggering of
the Unfolded Protein Response (UPR). The UPR attempts to return the ER back to a state of
equilibrium by inducing the expression of genes to reduce protein synthesis, aid in the folding
and modification of the proteins, or to begin to degrade them. However ER stress also leads to an
inflammatory response, which is seen in the adipose tissue of obese rodents and humans (284,
285). This leads to the production of proinflammatory cytokines, such as IL-6 and TNFa,
chemokines such as CCL2, and activation of the kinases c-jun N-terminal kinase (JNK) and IKK,
which can initiate inflammatory gene expression (284, 286). In support of the role of ER stress as
a contributing factor in T2D, chemical chaperones that reduce ER stress were shown to alleviate

insulin resistance in a diet induced obesity (DIO) mouse model (287).

The effects of adipose tissue hypoxia and ER stress result in localized inflammation that can lead
to adipocyte death and further induce the release of various DAMPs, chemokines and cytokines
(288). This environment promotes the attraction of immune cells into the adipose tissue and
consequently the adipose tissue of obese individuals contains numerous dead cells, surrounded

by infiltrated macrophages, called ‘crown-like structures’ (288).
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1.5.2.2 Infiltrating immune cells

Inflammation of the adipose tissue results in the production of cytokines and chemokines that
promote vascular permeabilization and the recruitment of infiltrating immune cells. These cells
become activated within the tissue upon exposure to the inflammatory environment and are then
capable of propagating the inflammation in a positive feedback loop. Various lymphoid and
myeloid cells have been detected in the adipose tissue and there is a positive correlation between

obesity and the number and type of infiltrating immune cells (289).

Macrophages infiltrate the fat tissue where they proliferate locally (290). Their presence was first
demonstrated by two groups using genetically obese mice and a DIO mouse model that the
adipose tissue had a large number of macrophage specific transcripts that positively correlated
with obesity (291, 292). The presence of macrophages in the tissue was verified through
histological examination and it was also demonstrated that these macrophages were the cell types

primarily responsible for the expression of TNFa and IL-6 in the adipose tissue.

Further examination of the adipose tissue macrophage population revealed the presence of two
different subsets. Macrophages can be induced by environmental stimuli to differentiate into
different classes, either proinflammatory classically activated M1 or anti-inflammatory
alternatively activated M2 macrophages (293). M1 macrophages produce proinflammatory
cytokines and secrete ROS, while M2 macrophages generate anti-inflammatory cytokines such
as IL-10. The adipose tissue of healthy lean mice contains predominantly M2 macrophages. The
adipose tissue of obese mice however has a much higher percentage of M1 polarized
macrophages, contributing to the development of increased inflammation and insulin resistance.
Depletion of the M1 macrophage subset in mice results in insulin sensitization (294). Further
evidence suggesting the importance of M2 polarization to insulin sensitivity is seen in mice
lacking the nuclear receptor peroxisome proliferator-activated receptor 6 (PPARS), which is
required for M2 activation. These mice have increased insulin resistance and reconstitution of
obese mice with PPARJ-deficient myeloid cells leads to increased pathogenesis in comparison to
reconstitution with WT cells (295, 296). This M1/M2 model has been further refined to suggest
that adipose macrophages may develop a “metabolically activated” phenotype due to exposure to

fatty acids, insulin, and glucose (297). In addition to pro-inflammatory cytokines secretion, this
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polarization induces the expression of unique cell surface markers and lipid metabolism genes

that differ from M1 macrophages in other tissues.

Since the discovery of inflammatory macrophages within the adipose tissue, it has been
demonstrated that numerous cells of the immune system also play key roles in obesity and
insulin resistance. Interestingly, many of these cell populations undergo a shift from an anti-
inflammatory phenotype to a pro-inflammatory program during the course of obesity. Lean
individuals have increased numbers of eosinophils, Type 2 innate lymphoid cells (ILCs), and
invariant natural killer T (iNKT) cells that produce IL-4 and IL-13, a requirement for M2
macrophage polarization (298-300). Type 2 ILCs also secrete IL-5 to maintain VAT eosinophil
populations and support this anti-inflammatory axis (299). All three cell types have also been

associated with reduced body weight and improved insulin sensitivity in mice.

The development of obesity induces a flux of pro-inflammatory immune cells. Neutrophils enter
the adipose tissue and induce inflammation through the secretion of the proteolytic enzyme
elastase (301). T cells are found to infiltrate the adipose tissue prior to macrophages and their
differentiation into specific subsets is also vital in determining their contribution to insulin
resistance. Cytotoxic CD8" T cells are found at higher proportion than CD4" T cells in the fat
pads of obese compared to lean mice and were found to promote macrophage infiltration (302).
Thus, depletion of CD8" T cells has a beneficial effect on insulin sensitivity. CD4" T cells also
have an important role in controlling insulin resistance. They can differentiate into different
subsets, including Tyl, Tx2, and regulatory T (Tre) cells. Tyl cells produce the
proinflammatory cytokines TNFa and IFNy to activate macrophages, while Ty2 cells secrete
type 2 cytokines such as IL-4, IL-5, and IL-13 to stimulate the humoral immune system (303). In
the context of obesity, T2 CD4" T cells are capable of reducing insulin resistance, demonstrated
through adoptive transfer into insulin resistant Ragl null mice, which lack an adaptive immune
system (304). In contrast, Tyl cells are pathogenic and consequently, this is the subset that is
most predominant in obese individuals (304). It has been shown that there is a reduction in the
number of Tre, cells in the adipose tissue of obese humans and mice (305). The decrease in Tregs
may be due to an increase in leptin in obese individuals, which is a negative regulator of Treg

development (306). Tregs depletion in mice was also found to lead to an increase in insulin
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resistance, their beneficial function being possibly linked to the secretion of the cytokine IL-10
(305). IL-10 treatment of the 3T3-L1 mouse adipocyte cell line induces protection to TNFa

mediated upregulation of proinflammatory mediators and insulin resistance.

Finally, B cells, the antibody producing cells of the body, have been demonstrated to have a
detrimental effect in the development of insulin resistance (307). In a DIO mouse model, B cells
were found to localize to the adipose tissue where they promote activation of CD8" T cells and
macrophages. The IgG antibodies produced by B cells are also pathogenic, as the transfer of
purified IgG from DIO mice induces insulin resistance whereas IgG from control mice does not.
Mice lacking functional B cells are more insulin sensitive on a high fat diet (HFD), and B cell
depletion from WT mice ameliorates insulin resistance. Interestingly, B cell subsets that secrete

IL-10 can also have a beneficial anti-inflammatory effect in DIO mice (308, 309).

1.5.2.3 Inhibition of insulin signalling through IRS-1 phosphorylation

Insulin receptor substrate-1 (IRS-1) lies downstream of the insulin receptor (IR) and is an
important modulator of metabolism (310). Upon insulin binding, the IR tyrosine kinase
phosphorylates IRS-1 to generate Src homology 2 (SH2) bindings sites, permitting downstream
signalling. This results in the activation of various MAPK, such as AKT, and associated gene
expression programs. Insulin signalling can be positively or negative regulated through

serine/threonine phosphorylation of IRS-1.

It was not clear initially how adipose tissue inflammation could lead to insulin resistance at the
mechanistic level. Analysis of the intracellular insulin signal transduction pathway revealed that
proinflammatory kinases, including JNK, IKK, and protein kinase R (PKR), engaged
downstream of cytokine receptors and PRRs are capable of directly inhibiting insulin signalling
(311). Concordantly, the activation of these kinases is increased in the adipose tissue of obese
subjects (312-314). Besides triggering NF-xB and AP-1 transcriptional programs (315), these
kinases can phosphorylate and inhibit IRS-1 on serine S307 and S3012 of the human protein
(8302 and S307 in mice) (312-314). Mice deficient in JNK, IKK, or PKR are insulin sensitive in
a DIO mouse model, and have reduced inhibitory phosphorylation of IRS-1. Tissue specific

depletion and bone marrow transfer experiments have demonstrated that these kinases exert their
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effects on insulin resistance by acting both in metabolic tissues as well as myeloid cells (316,

317).

1.5.3 PRRs and obesity

PRR expression is not restricted to immune cells, as metabolic cells including adiopocytes, also
express a battery of these receptors. Although PRRs were initially characterized for their role in
detecting foreign microbial motifs, more recently they have been implicated in recognition of
metabolic danger signals arising in metabolic disease (318). TLR4 for instance detects both
bacterial LPS (319) and the fatty acid palmitate (320, 321). Mice deficient in the 7/r4 gene are
thus protected from DIO insulin resistance (320, 322). In this context, Tlr-4 mediated its effects
by acting primarily in myeloid cells, as suggested by bone marrow reconstitution experiments

(323).

During obesity, increased intestinal permeability leads to dissemination of microbial ligands in
the systemic circulation, which is referred to as “metabolic endotoxemia” (324). Recognition of
these microbial triggers by PRRs has been proposed to promote insulin resistance. Loss of the
intracellular NLRs Nod1 and Nod2 in mice correlates with insulin sensitivity and reduced weight
gain on a HFD (325). This is mediated through circulating bacterial peptidoglycans derived from
the host microbiota stimulating the Nod1/2 pathways.

1.5.3.1 The inflammasome and metabolic disease

Earlier work had demonstrated a role for IL-1PB in the development of insulin resistance, and
studies linking the inflammasome to this process soon followed. The use of mice deficient in
inflammasome components, including caspase-1, Nlrp3, and Asc, has unravelled a metabolic

role of this pathway in vivo.

The first direct implication of the inflammasome stemmed from the finding that NLRP3 binds to
thioredoxin-interacting protein (TXNIP), a protein previously linked to pancreatic B-cell death
and insulin resistance (326). TXNIP inhibits thioredoxin (TRX), a protein involved in reducing
oxidative stress and limiting ROS, a common activator of the NLRP3 inflammasome pathway.

Bone marrow—derived macrophages (BMDMs) from Txm’p‘/’ mice have reduced caspase-1
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activation and IL-1 secretion after stimulation with NLRP3 agonists. Interestingly, Nlrp3'/ “mice
on a HFD phenocopy mice ablated for Txnip and were determined to be insulin sensitive
compared to WT controls (326). This groundbreaking study sparked a quick succession of work

further characterizing the role of the NLRP3 inflammasome in obesity and metabolic disease.

Using a DIO model, it was first reported that mice ablated for caspase-1 had a leaner phenotype
than WT mice when placed on a HFD for 10 weeks (4). Metabolic analysis of these mice
detected no differences in food intake, stool output, or energy expenditure; however, an
increased rate of fatty acid oxidation compared to carbohydrate utilization, was measured in
Caspl”” mice through indirect calorimetry. A similar lean phenotype was observed for Casp! ”
Asc¢” and NIrp3” mice in a later DIO study (327). Collectively, these two earlier studies
suggested that Caspl” mice are resistant to obesity. However, such resistance is not observed
universally. For instance, two recent reports found that Caspl " mice were contradictorily more
obese than WT mice, developing increased fat mass on a HFD, or by 40 weeks of age when fed a
chow diet (2, 328). Other studies have reported that Nirp3” mice are not protected from DIO and
instead have equivalent total body weight compared to WT mice at 6 weeks, 4 months and 7

months irrespective of diet type (68, 329).

The contradictory reports on the role of the inflammasome in obesity are difficult to rationalize
and suggest that environmental factors could be a factor. An altered microbiota composition in
different animal colonies might underlie the reported variability. The inflammasome-IL-18
pathway has been implicated in intestinal microbiota regulation (128). Indeed, loss of
inflammasome signalling resulted in dysbiosis and enhanced susceptibility to colitis (128) and
non-alcoholic steatohepatitis (NASH) (330). Bone marrow transplantation studies revealed that
the inflammasome is required in the radio-resistant compartment for its effects on microbial
regulation, arguably through the maintenance of intestinal epithelial barrier integrity.
Consistently, the NASH phenotype involved sensing of microbial products by TLR4 and TLR9

and induction of TNFa-dependent inflammation.
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1.5.3.2.1 Inflammasomes and insulin resistance

Given that obesity can promote insulin resistance through numerous pathways, the role of the
inflammasome can most directly be determined in mice with equivalent body weight. DIO Nirp3
” mice equivalent in body weight to WT controls have reduced inflammation. This is
characterized by reduced caspase-1 activation and IL-1B production in the WAT and liver, and
reduced circulating levels of IL-18 (329). Expression of inflammasome components in the
adipose tissue was attributed primarily to infiltrating macrophages, as opposed to adipocytes. A
second study investigating Asc-deficient bone marrow chimeric mice demonstrated that
inflammasome activation within myeloid cell populations was responsible for insulin resistance
(68). Multiple studies have observed a similar insulin sensitive phenotype in Caspl”", Nlrp3” or

Asc¢”” mice on a HFD, independent of body weight differences (4, 68, 327).

Insulin resistance can be successfully compensated for by increased insulin secretion, however as
the disease progresses, this compensation fails and results in elevated blood glucose levels and
diabetes. This is often the result of pancreatic decline and B-cell failure. Inflammation of the
pancreas, by IL-1p and other inflammatory mediators, has been strongly linked to apoptosis and
reduced function (331). Pancreatic islets express Nlrp3, Asc, caspase-1 and secrete IL-1P in
response to high glucose concentrations (326). Compared to WT controls, Nlrp3 and Asc
deficient mice have increased serum insulin after 1 year on HFD, although they are more insulin
sensitive compared to WT mice (332). Closer examination of the pancreas in the mutant mice
revealed reduced IL-1PB expression in infiltrating macrophages, reduced pancreatic cell death,
and increased islet size. In a Zucker diabetic fatty rat model of T2D, it was demonstrated that
inhibition of endocannabinoid signalling through macrophage CB; receptors is able to block the
progression of diabetes (333). In human macrophages, endocannabinoid treatment can stimulate

transcription of ASC and NLRP3 mRNA and lead to increased IL-1p and IL-18 secretion.

Islet amyloid polypeptide (IAPP) is a 37 amino acid peptide hormone that is secreted by p-cells
along with insulin and its deposition in human islets has been strongly linked to the development
of T2D and inflammation (334). It is capable of activating the Nlrp3 inflammasome in

macrophages and dendritic cells (DCs) while transgenic mice expressing human IAPP have
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elevated pancreatic IL-1B (335-337). In cells undergoing substantial protein translation, such as
B-cells, failure to properly process and fold proteins results in ER stress triggering a UPR. The
UPR is characterized by the activation of IREla, PERK, and ATF6. Recent work has linked
PERK and IRE1 to the induction of TXNIP, and downregulation of microRNA miR-17 that
decreases TXNIP mRNA stability. TXNIP wupregulation in turn results in increased
inflammasome activation and IL-1B secretion in islets and INS-1 832/13 rat Insulinoma cells
(338, 339). Overall, the inflammasome appears to play a role in multiple tissues during the
progression of insulin resistance, primarily mediated by its activation in immune cells and to a

lesser extent in metabolic cells.

The inflammasome has also been implicated in human insulin resistance. There is a positive
correlation between NLRP3 expression in subcutaneous WAT and fasting glucose levels after
patients underwent a 1 year weight loss intervention (329). Moreover, recent studies have
similarly shown that WAT and macrophage expression of NLRP3 inflammasome components is
higher in obese subjects with impaired-glucose tolerance or diabetes compared to healthy
controls (340, 341), and that obese individuals have higher plasma concentrations of IL-1 and
IL-18 (340). Further supporting a correlation between inflammasome activation and clinical
metabolic outcomes is the finding that the WAT macrophages of metabolically unhealthy obese
individuals have increased activation of caspase-1 in comparison to macrophages from

metabolically healthy obese patients (342).

While the Nlrp3 inflammasome has been the most commonly studied regarding metabolic
disease, other inflammasomes may contribute as well. Nlrpl was demonstrated to play a
protective role in murine models of obesity (3). Activation of this NLR leads to increased IL-18
production, a protective factor against increased adiposity. In contrast, the Nlrc4 inflammasome
which recognizes bacterial flagellin and components of the type 3 secretion system has been

tested and found not to play a role in metabolic disease (330).

1.5.3.2.2 Metabolic activators of the Nlrp3 inflammasome
Inflammasome activation during metabolic disease can occur in the absence of pathogens,

indicating that host danger signals can activate this pathway (Figure 13). Circulating levels of
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free fatty acids are elevated during obesity (343). Besides recognition by TLR4, the saturated
fatty acid palmitate also activates the Nlrp3 inflammasome (68). Treatment of macrophages with
palmitate reduces phosphorylation and activation of AMPK, an important regulator of cellular
metabolism and ATP levels. Constitutively active AMPKal represses palmitate driven
inflammasome activation by autophagy induction and reduction in mitochondrial ROS, an
NLRP3 activator. Ceramides, lipids composed of sphingosine and a fatty acid, are heavily linked
to insulin resistance (344) and have been found to activate the Nlrp3 inflammasome in murine

BMDM and WAT (329).

The progression of insulin resistance to T2D leads to elevated blood glucose levels. High glucose
concentrations have been reported to activate Nlrp3 in pancreatic islets (326) and human WAT
(345). Crystalline compounds engulfed by phagocytic cells, which lead to disruption of the
phagolysosome and the release of cathepsins, are also potent activators of the Nlrp3
inflammasome (93, 94, 96). IAPP crystals thus activate Nlrp3, which can be inhibited by
bafilomycin A, APDC, and CA-074 Me, inhibitors of the vacuolar ATPase, ROS, and cathepsin-
B, respectively (337). Cholesterol crystals also induced IL-1p secretion from macrophages, in an

Nlrp3 and cathepsin-dependent manner.

1.5.3.2.3 IL-1p in metabolic disease

A relationship between IL-1p, obesity and insulin resistance was recognized in studies predating
those linking the inflammasome to metabolic disease. IL-1 was identified to be toxic to
pancreatic B-cells and is involved in the pathogenesis of Type 1 Diabetes (331). Recent work on
the inflammasome has implicated IL-1P as one of the primary mechanisms for caspase-1 driven
metabolic phenotypes. IL-1f is increased in the WAT of mice on a HFD and in db/db mice (4,
329). Treatment of the 3T3-L1 murine adipocyte cell-line with recombinant IL-18 induces
insulin resistance (346). In differentiating human SGBS adipocytes, IL-1p represses PPARY,
GLUT4, and adiponectin expression, and inhibits differentiation (4). The opposite effect is
observed when adipocytes are treated with IL-1Ra or IL-1B neutralizing antibodies. IL-1
signalling leads to activation of IKK, which phosphorylates IRS-1, preventing insulin-dependent

signalling and contributing to insulin resistance (347).
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Figure 13. Metabolic activators of the NLRP3 inflammasome

The NLRP3 inflammasome can be activated by various metabolites and signals that are elevated
in states of metabolic disease. Signal 1 and transcription of the inflammasome components
NLRP3, ASC and caspase-1 and can be induced by minimally modified LDL or oxLDL,
mediated through NF-kB. The second activation signal can be induced by cholesterol,
monosodium urate and amyloid fibers that are directly phagocytosed into the cell or form
through the nucleation of soluble ligands upon internalization through CD36. These crystals
induce lysosomal destabilization and the release of cathepsins into the cytosol, stimulating
activation. Reactive oxygen species (ROS) are potent activators of the Nlrp3 inflammasome and
are induced by multiple NLRP3 agonists. ROS are negatively regulated by thioredoxin, which is
in turn inhibited by TXNIP. Elevated glucose levels as well as endoplasmic reticulum (ER) stress
have been linked to the induction of TXNIP. TXNIP is also a binding partner of NLRP3 and is
required for its activation. Numerous lipids also influence inflammasome activation. Palmitate, a
saturated fatty acid, inhibits AMPK in LPS-treated cells, resulting in reduced autophagy and
increased ROS. -3 fatty acids have the opposite effect through [-arrestin-2 binding and
inhibition of NLRP3. Adapted from reference (98).
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The use of mouse models corroborates the deleterious effects of IL-1B on insulin resistance.
Mice deficient in IL-1B or IL-1R1 are insulin sensitive on a HFD and injection of recombinant
cytokine can induce insulin resistance (4, 68, 348). Ilirl 7 mice have reduced WAT
inflammation (348). Interestingly, mice lacking IL-1Ra have a lean phenotype and were reported

to have increased energy expenditure (349, 350).

1.5.3.2.4 IL-18 in metabolic disease

IL-18 plays an important role in innate and adaptive immunity. It was initially discovered due to
its ability to stimulate IFNy production by immune cells. Unlike pro-IL-1B, pro-IL-18 is
constitutively expressed, but also requires processing by caspase-1 for activity. Surprisingly, in
contrast to IL-1B, IL-18 appears to have a beneficial role in mice with respect to obesity and
insulin resistance. Early work demonstrated that ///8” mice develop spontaneous obesity on a
normal chow diet due to hyperphagia, a phenotype that could be reversed through intracerebral
injection of recombinant IL-18 (351, 352). //] & mice were also insulin resistant, which could be
reversed by acute intraperitoneal injection of recombinant IL-18. This phenotype was shared by
1118 mice and mice over-expressing IL-18-binding protein (IL-18BP). Mechanistically, the
liver of IL-18-deficient mice had increased expression of the gluconeogenic enzyme PEPCK and

increased STAT-3 phosphorylation.

A more recent study has expanded on these initial findings to determine that mice lacking IL-
18R were not hyperphagic, despite also developing spontaneous obesity and insulin resistance
(353). Instead, the authors demonstrated that /// 8" mice had reduced phosphorylation of ACCp,
a downstream target of AMPK. Further in vitro and in vivo studies demonstrated that exogenous
IL-18 induced AMPK mediated skeletal muscle lipid oxidation to prevent DIO. Nlrpl
inflammasome induced IL-18 production from the radioresistant compartment has also been

demonstrated to confer protection in DIO mice (3).

This beneficial role of 1L-18 is paradoxical considering IL-18’s proinflammatory effects. Serum
IL-18 is elevated in DIO mice and correlates with metabolic syndrome in humans (354-356). IL-
18 may also promote effector memory T cell differentiation in murine WAT through IFNy (329).

It has been hypothesized that similar to leptin, obese individuals may develop resistance to IL-
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18. It is also speculated that in the metabolic syndrome, IL-18’s beneficial effects may be

overweighed by its inflammatory function.

1.5.4 The intestinal microbiota in obesity and insulin resistance

The composition of microbiota is heavily dependent on the diet and metabolic state of the host.
Changes in abundance of the major phyla Bacteroides and Firmicutes is observed in mouse
studies along with a decrease in species diversity, while conflicting results have been observed in
humans (357-359). Interestingly, while there is high bacterial variation observed in humans at
the phylogenetic species level, there may be common sets of genes encoded by the bacteria
(360). The expression profile of the microbiome can have a profound impact on metabolic
health. A landmark study suggested that specific bacterial phyla may contribute to host obesity
due to an increased ability to extract energy from consumed food (357). Consequently, the
transplantation of microbiota from obese mice into gnobiotic mice transferred this obesity
phenotype when compared to bacteria transferred from lean mice. This effect was similarly
observed when transplanting the microbiome from obese versus lean human twins into mice

(361).

The intestinal flora is also capable of producing short-chain fatty acids (SCFAs) that are derived
from the fermentation of complex carbohydrates. The most abundant SCFAs are butyrate,
acetate, and propionate and recent work has demonstrated a beneficial effect of SCFAs on

metabolic tissues by increasing insulin sensitivity and AMPK activation (362).

Modulation of the microbiome is an intriguing target for the therapeutic intervention of
metabolic disease. Early studies have suggested that antibiotics or microbial transfer may have

potential benefits in humans (363, 364).

1.5.4.1 PRR modulation of the microbiota and obesity

The immune system and PRRs can influence the composition of the intestinal flora and in turn
impact metabolic disease (365). TLRS recognizes bacterial flagellin and is expressed on the basal
lateral surface of intestinal epithelial cells (319). It was demonstrated that littermate mice

deficient in TLRS, have an altered microbiome which correlates to increased weight gain and
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insulin resistance (366). Treatment of the mice with antibiotics rendered them equivalent to WT
mice and importantly, transfer of the TLRS microbiota into germ free mice conferred the
phenotype to them. Nod2 deficient mice are also insulin resistant due to an altered microbiome
(367).These studies represent important contributions to the field, though it remains to be seen if

mutations or SNPs in PRR genes in humans contribute to obesity through the microbiota.

The effect of the inflammasome on metabolic disease may also be dependent on the microbiota
as susceptibility to obesity and NASH was shown to be transferrable from inflammasome-
deficient mice to WT animals through co-housing, which permits microbiota transfer by
coprophagy (330). Db/db obese leptin receptor mutant or DIO WT mice cohoused with Asc”
mice developed increased weight gain compared to those cohoused with WT mice.
Concordantly, antibiotic treatment with ciprofloxacin and metronidazole for 3 weeks before the

start of HFD reduced the obesity phenotype of Asc” mice.

1.5.5 Immunotherapy of metabolic disease

The rising incidence of metabolic disease around the globe has placed an increasing demand for
the development of novel therapeutics. Targeting inflammatory pathways may provide a
promising route for the treatment of insulin resistance and there is preliminary evidence from

mouse models and clinical studies that support this inclination.

Neutralization of TNFa was proven to be effective in rodents in reducing insulin resistance
(273), although clinical trials involving etanercept, a drug capable of blocking TNFa in humans,
were ineffective in promoting insulin sensitivity in obese patients (368, 369). In contrast,
Salsalate, a drug hypothesized to inhibit IKK activity, has been shown to improve insulin

sensitivity in patients (370, 371).

Curtailing IL-1p signalling has been the goal of multiple therapeutic interventions. A
groundbreaking clinical study demonstrated the successful utilization of the IL-1Ra anakinra to
treat insulin resistance in a blinded, placebo-controlled, randomized clinical trial (372).
Compared to placebo controls, treatment of patients with daily injections for 13 weeks reduced

glycated hemoglobin levels, increased pancreatic function, and reduced inflammation.
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Preclinical studies in mice have also provided preliminary evidence about the therapeutic
benefits of targeting the inflammasome. Ob/ob mice treated with the caspase-1 inhibitor
Pralnacasan had reduced weight gain and improved insulin sensitivity (4). Interestingly, multiple
anti-inflammatory compounds used to treat inflammatory disorders and metabolic diseases have
now been demonstrated to inhibit the inflammasome. Fish oil and polyunsaturated w-3 fatty
acids found in fish oil (eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)) are
believed to be anti-inflammatory (373). -3 fatty acids were shown to inhibit Nlrp3 and Nlrplb
activation signalling through the receptors GPR120 and GPR40 in macrophages, partially
through [-arrestin-2 (374). In vivo, the treatment of DIO mice with DHA was capable of
increasing insulin sensitization in an Nlrp3 dependent manner; however, the role of ®-3 fatty

acids in diabetes in humans is controversial.

1.6 Inflammatory Bowel Disease (IBD)

IBD is a chronic inflammatory disorder of the GI tract comprised of two major diseases: CD and
Ulcerative Colitis (UC). Despite similarities between the two, there are distinct differences, the
most telling being the regions of the GI tract they affect. CD can develop throughout the GI tract,
from the mouth to the anus, with affected areas interspersed with healthy tissue. In contrast UC is
restricted to the colon in a continuous region. Symptoms for both can include bleeding,

abdominal pain, and diarrhea.

Interestingly, incidences of IBD have increased over the past few decades, most strikingly in
developed countries. While IBD etiology is unknown, it has been established that genetic
determinants, environmental factors, the immune system, and microbiome are all contributing
factors. Of primary importance lies the balance between tolerating the commensal flora while
maintaining protection against enteric pathogens. Disruption of the anti-inflammatory pathways
that regulate the immune response to pathogens can lead to IBD. A better understanding of these

interactions may yield important therapeutic targets for IBD treatment.
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1.6.1 The intestinal microbiota and IBD

Within a healthy individual, the host immune system is fully capable of responding to enteric
pathogens while suppressing a chronic inflammatory response to the resident microbiota. An
imbalance or inability to perform this task can result in IBD. The composition of the intestinal
bacterial flora is dynamic and constantly in flux depending on the environmental factors and diet.
Interestingly, the gut microbiota of IBD patients is altered and lacks the diversity of healthy
controls (375, 376). Genetic loci associated with CD are also known to affect microbiota
composition (377). Antibiotics administered at an early age to children, have also been linked as
a potential contributor to disease (378). These findings suggest that the acquisition of a healthy
microbiota may have therapeutic potential in IBD patients. Recent studies have investigated this
possibility and demonstrated that fecal microbiota transfer can induce remission in UC patients

(379).

1.6.2 The genetics of IBD

Advances in genetic sequencing technologies such as Genome-wide association studies (GWAS)
have revealed ~200 susceptibility loci for IBD. Many of these loci encompass genes associated
with the immune response and uncontrolled inflammation. The majority of currently identified
loci are associated with both CD and UC, though some are exclusive to only one disorder (380).
However, the currently identified loci are estimated to account for less than 25% of predicted
heritability (381). The concordance rate for monozygotic twins in CD is ~30% compared to

~15% in UC, suggesting genetic factors have a greater impact in the former (382).

In humans, NOD2/CARD15 polymorphisms are associated with the greatest risk of developing
CD (252, 253). It is unknown how these inactivating mutations lead to disease, though multiple
theories have been proposed. These include: reduced MDP dependent inflammation leading to
defective clearance of bacteria, reduced barrier function, impaired Ty2 cell polarization,
diminished AMP secretion, and dampened autophagy (36, 38, 39, 383, 384). The presence of
NOD?2 mutations alone does not confer disease, indicating that environmental factors are
required. In line with this theory, Nod2 deficient mice or those carrying CD associated

polymorphisms do not develop spontaneous colitis (31, 385). IBD linkage studies and GWAS
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have also implicated other proteins involved in the regulation of NOD signalling. Mutations in
XIAP, an E3 Ub ligase that modifies RIPK2, are associated with CD (386). Genes encoding
factors involved in autophagy, such as ATGI6L1 and IRGM have been both implicated in
Crohn’s Disease (387, 388).

Other immune pathways are also risk factors associated with IBD. IL-23 is a cytokine that
induces the differentiation of immune cell subsets. GWAS studies have identified that SNPs in

the gene encoding the cognate receptor, /L-23R, correlate with IBD risk (389, 390).

1.6.3 The immune response in IBD

The intestinal immune system plays a vital role in maintaining tolerance to food antigens and the
microflora while being capable of mounting a response to eliminate pathogens. An imbalance of
anti-inflammatory and inflammatory cytokines or inappropriate cellular activation by both innate
and adaptive immune systems contribute to disease. Both the adaptive and innate branches are
required for intestinal homeostasis and the efficient regulation of the gut microbiota within the

Gl tract (391).

1.6.3.1 The GI tract and barrier defences

To enhance its absorptive capabilities, the GI tract has evolved to maximize its surface area, and
is covered with protruding villi and invaginations called crypts (Figure 14). However this also
vastly increases the organ’s exposure to the environment. Consequently it is equipped with
numerous defences to segregate and restrict the luminal flora from initiating an inflammatory

reaction. These mechanisms include physical barriers and a tightly regulated immune response.

The initial layer of defence separating the host cells from the flora is a mucous layer. The
mucous layer is secreted by goblet cells and consists primarily of the highly glycosylated protein
MUC?2. The mucous concentrates AMPs and IgA antibodies at the epithelial surface to limit
direct bacterial contact with the underlying host cells. The AMP Regllly was similarly
determined to be essential in segregating bacteria from the IECs (392). Besides providing a
physical barrier, Muc2 was also reported to provide immunoregulatory signals to DCs (393). The

importance of the mucous layer in humans is evident by the association of MUC3 mutations and
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Figure 14. The GI tract
The GI tract is comprised of multiple cell types with unique functions and serves to separate the

host from the external environment and luminal microbiota. The small intestine contains
protruding villi and crypts, while the former are absent in the colon. This structure is designed to
maximize surface area to increase absorption of nutrients and energy. At the base of the crypts
lie the stem cells and progenitors that differentiate as they transit towards the tips of the villi.
Paneth cells also reside within the crypts of the small intestine and produce AMPs. M cells
permit the translocation of antigens across the epithelial barrier to antigen presenting cells
(APCs). These APCs can prime lymphocytes within the Peyer’s patches. Other cell types include
mucous secreting goblet cells, enteroendocrine cells, and absorptive enterocytes. Only stem cells,
enterocytes, and goblet cells are present in the colon.
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IBD (394, 395). Mouse models suggest a similar significance, as animals lacking the Muc2 gene

develop spontaneous colitis (396).

The epithelial layer of the intestine serves multiple physiological purposes including the
absorption of nutrients, secretory functions, digestion of food, and as a barrier to separate the
body from the gut microbiota (397). These functions are performed by a number of specialized
IEC types including goblet cells, microfold cells (M cells), enteroendocrine cells that produce
hormones, Paneth cells that secrete AMPs and enterocytes that are involved in absorption. These
epithelial cells are in a constant flux of renewal and death. Proliferating pluripotent intestinal
epithelial stem cells from the base of the crypts migrate to the top of the villi or crypts where
they are sloughed off into the lumen and die. This ensures a healthy epithelium that is completely
renewed every 4-5 days and is essential to maintain barrier integrity in the intestine (398). This
barrier is maintained by tight junctions connecting adjacent IECs. Destabilization of this
epithelial layer can lead to increased intestinal permeability, a phenotype associated with IBD

(399).

Paneth cells reside in the small intestine at the base of the crypts of Lieberkiihn. They contain
granules storing AMPs and other proteins that are secreted into the intestinal environment.
Paneth cell defects are associated with susceptibility to colitis in animal models and human
disease. CD patients have reduced expression of a-defensin AMPs (384, 400). Interestingly, loci
associated with IBD, have also been determined to impact Paneth cell function. Mice expressing
a hypomorphic variant of A7g/6/1 and infected with murine norovirus have defects in Paneth cell
granule morphology and increased susceptibility to dextran sodium sulfate (DSS) induced colitis
(401, 402). DSS is a chemically induced acute model of colitis that damages intestinal

enterocytes.

1.6.3.2 PRRs of the GI tract

PRRs are expressed in IECs and immune cell populations in the gut and are essential for
immunotolerance. PRR activation in the gut epithelium needs to be carefully regulated. In
addition to the previously discussed NOD2, other TLRs and NLRs are also involved. TLR

expression is reduced on the apical side of IECs, limiting activation by the microflora.
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Interestingly, membrane localization of the receptor can lead to different outcomes. TLR9
expression on the basolateral membrane of IECs leads to NF-kB activation while receptor

engagement on the apical surface results in a tolerogenic signal (403).

PRR activation and downstream signalling is also inhibited through multiple immunosuppressive
pathways that are essential for intestinal homeostasis. For example, the TLR and IL-1R inhibitor
SIGIRR in epithelial cells represses inflammatory signalling, and mice deficient in SIGIRR have
increased susceptibility to DSS-induced colitis (404). Despite the importance of limiting PRR
signalling, PRRs also provide important survival and regulatory functions in the gut. Myd88
signalling is required for regulation of mucin production, AMP secretion, and IgA translocation
(405). This signalling pathway also provides basal signals required for proper intestinal
maintenance including the production of anti-apoptotic factors, cell proliferation and the
stabilization of tight junctions. Consequently, mice deficient in Myd88 and therefore lacking
most TLR and IL-1 receptor family signalling, are also susceptible to chemically-induced colitis

(406).

1.6.3.2.1 The Inflammasome and IBD

The inflammasome and its associated PRRs have been implicated in the pathogenesis of IBD.
Deficiency in the inflammasome components caspase-1, Asc or Nlrp3, confers susceptibility to
mice treated with DSS (407-409). These inflammasome knockout animals lack caspase-1-
dependent IL-18 processing and secretion and can be rescued by administration of the
recombinant cytokine (408, 409). Despite its classification as a pro-inflammatory cytokine, in
these contexts IL-18 induces proliferation and repair of the intestinal epithelium. Another
laboratory has also demonstrated that Nlrp6‘/’, Asc” ‘, Casp]‘/’, and 1118 mice have reduced
tolerance to DSS, although the phenotype was dependent on microbiota dysbiosis in the mutant
mice (128). Co-housing of WT mice with the affected KO strains resulted in colitis through
transfer of the microbiota that correlated with the abundance of Prevotellaceae bacteria. Disease
incidence required microbiota induction of the chemokine CCLS5 that presumably attracted

neutrophils to initiate colitis.
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The caspase-11 non-canonical inflammasome was also found to play a role in colitis. Mice
lacking caspase-11 are susceptible to DSS suggesting that its ligand, microbiota released LPS,
provides protection in this context (410-412). Mechanistically, two studies reported a reduction
in IL-18 in the knockout mice as a possible explanation for the phenotype, while the third
observed equivalent levels of this cytokine but suggested a protective role of IEC pyroptosis in

countering colitis.

1.6.3.3 Innate Lymphoid Cells

Innate lymphoid cells are a recently identified subset of immune cells found at barrier surfaces
that have now been implicated in tissue homeostasis, inflammation and numerous diseases (413).
They differentiate from a common lymphoid progenitor, have a lymphoid morphology, but lack
a B or T cell antigen receptor. There are currently 3 ILC subsets that parallel helper T cells based
on their secreted cytokines and induced transcription factors (Figure 15) (414). ILC1s express T-
bet and secrete IFNy, ILC2s express GATA-3 and secrete IL-5, and IL-13, and ILC3s express
RORyt and secrete IL-17A and 1L-22.

Group 2 ILCs have been demonstrated to play a protective role in the gut during helminth
infection (415). ILC3s have specifically been linked to protective functions in the gut due to the
production of the repair cytokine IL-22 (416, 417).

1.6.3.4 Adaptive immunity in IBD

The adaptive immune system also plays a role in the pathogenesis of IBD. T and B cells can
adapt and respond to numerous stimuli by differentiating into multiple phenotypes upon
activation by antigen presenting cells (APCs) and extracellular signals in the local environment
and extracellular signals. Intestinal DCs are APCs that reside in the lamina propria underlying
the epithelium, or in lymphoid tissue such as Peyer’s patches. Specialized epithelial cells called
M cells permit the of transport luminal antigens to the intestinal immune system. These antigens
are delivered to DCs within the subepithelial dome of the Peyer’s patches where they can then
engage CD4" T cells. In addition to M cell mediated antigen acquisition, CD11¢'CX;CR1"

macrophages act as sentinels, sampling the lumen for antigens using transepithelial dendrites

(418). They then transfer the antigen to migratory CD103+ DCs that move to the Peyer’s patches
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Figure 15. CD4" T cell and Innate Lymphoid Cell (ILC) differentiation

CD4+ T cells and ILCs both differentiate from a common lymphoid progenitor (CLP) though
function as part of the adaptive or innate immune systems respectively. Exposure to polarizing
cytokines activates specific transcription factors and induces differentiation into cell types with
specialized functions. ILC1s and Tyl cells express T-bet and produce IFNy. GATA-3 induces
Tu2 and ILC2 differentiation and the secretion of I1L4, IL-5, and IL-13. The RORyt transcription
factor induces IL-17 and IL-22 producing Ty17 and ILC3 cells. Finally, CD4" T cells can also
develop into tolerogenic regulatory T cells (Tregs) that secrete TGF-f3 and IL-10.
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or mesynteric lymph nodes (419). Under basal conditions, DCs are polarized to a tolerogenic
phenotype driven by IEC mediated secretion of TSLP, TGFp, and retinoic acid (420). Naive
CD4+T helper cells (T0) can be polarized to a Tyl phenotype by IL-12, characterized by IFNy,
TNFa, and IL-12 secretion and upregulation of the transcription factor T-bet (Figure 15). Ty2
cells are induced by IL-4 and characterized by IL-4, IL-5 and IL-13 secretion and GATA-3
expression. Tyl cells are important in the eradication of intracellular pathogens while Ty2 cells
restrict parasitic growth. In IBD, initial studies suggested that Tyl T cells were thought to drive
CD while Ty2 polarization was implicated in UC (421). Cells from CD patients were determined
to secrete high levels of IFNy (422), while cells from UC patients secrete enhanced Ty2
cytokines (423). The discovery of Ti17 and Tre, cells reveal that this Ty1/Ty2 paradigm is more
complex than initially thought.

1.6.3.4.1 Regulatory T cells

FoxP3" Tgegs and FoxP3™ Trl IL-10 secreting cells have a vital role in suppressing inappropriate
immune responses and are required for intestinal homeostasis. Under basal conditions and in the
absence of inflammatory signals, presentation of antigen to T cells leads to an anergic phenotype
or differentiation into Tregs (424). The secretion of TGFp and retinoic acid by DCs leads to a
regulatory phenotype (425). The importance of this population is evident in murine adaptive T-
cell transfer models, where the colitis inducing transfer of CD4" CD45RB™ naive T cells to a

host deficient in lymphocytes, can be rescued by the co-transfer of Tre, progenitors (426-428).

1.6.3.4.2 Ty17 Cells

Ty17 cells were discovered due to their role in experimental autoimmune encephalomyelitis and
collagen-induced arthritis murine models. In addition to autoimmune diseases, this T cell subset
is also required for resistance to bacterial, viral, and fungal pathogens (429). Tyl7 cells have
been implicated in human IBD as IL-17 is elevated in the serum and colonic tissue (430).
Interestingly however, monoclonal antibodies targeting IL-17 are ineffective in treating CD and
in one case increased disease severity (431, 432). Neutralization of IL-17 in mice produced

similar results, suggesting that this cytokine may have beneficial properties (433).
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Tyl7 differentiation is induced by IL-23, a heterodimer cytokine composed of the IL-23p19
subunit and the p40 subunit that is shared with IL-12. Antibodies targeting the p40 subunit have
been found to offer protection in mouse models of colitis, effects originally attributed to IL-12
(434). However, it is now known that IL-23 is responsible for disease pathogenesis (435).
Targeting IL-23 may also have therapeutic potential as the use of Ustekinumab, a human
monoclonal antibody against IL-12 and IL-23, resulted in increased rates of clinical remission
(436). It was originally hypothesized that these results were due to downstream effects of 1L-23
on Tyl7 differentiation. However, closer analysis has identified distinct roles for the IL-23 and
IL-17 with respect to IBD. Neutralization of IL-17 leads to exacerbated disease in animal models
while IL-17 deficient mice are protected from DSS-induced colitis (433, 437). Mechanistically,
IL-17 was determined to confer protection by reducing gut permeability and increasing IEC
barrier function (438, 439) and may also inhibit CD4+ Tyl cell differentiation and activation
(440).

In addition to Ty17 cells, IL-17A is produced by numerous cell types, including ydT cells, NKT
cells, and ILC3 cells. IL-17 signals through an IL17RA and IL-17RC heterodimer receptor that is

found on numerous immune and non-immune cell types.

Interestingly, Ty cell differentiation is not terminal and instead exhibits plasticity. This can result
in heterogeneous subsets that express markers of multiple lineages. A transition of Ty17 cells to
Tul-like cells expressing the Tyl signature cytokine IFNy is seen in the colon of IBD patients
and contributes to colitis pathogenesis in mice (441, 442). Intestinal Ty17 cells have also been
reported to differentiate into Trl-like IL-10 expressing cells as determined by murine fate
mapping studies (443). This Ty cell plasticity hints at the possibility that pharmacological

conversion of T cells may be beneficial in restoring intestinal tolerance in IBD patients.

1.6.3.4.3 IgA antibodies

An important arm of the adaptive immune response is the production of immunoglobulin by
plasma cells. IgA is the dominant isotype expressed at mucosal surfaces including the gut (444).
Naive B cells are activated by CD4+ T cells in the Peyer’s patches or mesenteric lymph nodes to

generate IgA secreting plasma cells. Plasma cells within the GALT and lamina propria secrete
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IgA that is transcytosed from the basolateral surface of the IECs to the lumen (445). These
antibodies can bind to commensal and pathogenic microbes to restrict motility and adherence or
invasion on epithelial cells. Humoral immunity has been linked to IBD, however it is unclear
how antibodies against host or bacterial antigens affect pathogenesis. It has been observed that
elevated titers of antibacterial antibodies correlate with CD severity (446). Antibodies targeting
the host protein tropomyosin have been detected in the colonic mucosa of UC but not CD

patients (447), although the significance of this finding is unknown.

1.6.3.6 Cytokines and intestinal inflammation

The GI tract of IBD patients is aberrantly inflamed due to inappropriate activation of the immune
system. A major contributor is the imbalance between pro-inflammatory and anti-inflammatory
cytokines. Pro-inflammatory cytokines such as IL-1p and TNFa are elevated in the disease state
(Figure 16) (448). Consequently, these cytokines may provide a suitable therapeutic target.
Monoclonal antibodies generated against TNFa induce remission in a proportion of IBD patients

(254, 449, 450).

Anti-inflammatory cytokines are imperative to dull the immune response and permit tolerance.
TGFB, a cytokine with anti-inflammatory properties, plays a vital role in suppressing
inflammatory T cell function in mouse models of colitis (451, 452). Interestingly, TGFf is
upregulated in IBD, however its immunosuppressive functions are muted due to the upregulation
of Smad7, which inhibits downstream receptor signalling mediated by Smad2, Smad3, and
Smad4 (453). An early phase II clinical trial indicates that targeting Smad7 may have therapeutic
potential (454).

IL-10 is an anti-inflammatory cytokine secreted by various subsets of leukocytes (455). It signals
through the IL-10Ra and IL-10Rp heterodimer receptor to initiate STAT3 activation through
Jak1 and Tyk2. The regulatory properties of IL-10 are protective for colitis as evident in animal
models. IL-10 deficient mice develop spontaneous colitis that is dependent on the microbiota
(456, 457). Within the GI tract, IL-10 is produced by multiple immune cell types, including Tre,
cells, Trl cells, macrophages and B cells (458, 459). The IL-10 receptor is expressed on various

immune cell populations and plays an important regulatory function in CD4" T cells. In murine
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Figure 16. IBD development and remission

A healthy intestine requires a state of tolerance between host cells and the microbiota within the
GI tract. This is promoted by intestinal barrier integrity, the differentiation of tolerogenic
immune cells, such as regulatory T cells, and the secretion of anti-inflammatory cytokines, such
as IL-10 and TGFp. Microbial dysbiosis, a breakdown in barrier integrity, or IEC death can lead
to chronic inflammation. The infiltration and activation of immune cells by microbial motifs will
induce a pro-inflammatory polarization and the secretion of inflammatory cytokines, such as IL-
1B and TNF-a. Remission and repair of inflammatory colitis is initiated by restoration of the
intestinal barrier. IL-22 secreted by Type 3 ILC cells induces IEC proliferation while IL-17 is

linked to barrier integrity.
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colitis models, IL-10 signalling is required to repress Tyl7 effector T cell activity and boost Treg
function (460, 461). The IL-10 signalling pathway is also involved in human disease, as

mutations in the /L-10 or IL-10R genes have been found in IBD (462, 463).

Repair of the intestinal epithelium after insult or chronic injury is stimulated by multiple signals
(Figure 16). Interestingly, this process can be mediated by cytokines that also have a pro-
inflammatory function in other contexts. IL-22 is a member of the IL-10 family of cytokines that
is produced by numerous cell types including ILC3 (464-468), neutrophils (469), CD4" Ty17 and
Tyu22 cells(470, 471), and NKT cells (472). Essential to IL-22 expression is the transcription
factor RORyt in ILC3 and aryl hydrocarbon receptor (AhR) and T-bet in CD4" T cells (471,
473). The IL-22 receptor is comprised of a heterodimer of IL-22RA1 and IL-10R2 (474-476).
IL-22RAT1 expression is confined primarily to cells of epithelial origin and is not found on
immune cells (477). Cytokine binding initiates Jak1 and Tyk2 signalling, leading primarily to
STAT3 phosphorylation and activation (478). STAT3 activation is crucial for IL-22-induced
intestinal tissue repair (479). IL-22 also induces AMP production including hBD2 and hBD3.

IL-22RA1 expression is confined primarily to cells of epithelial origin and is not found on
immune cells (477). Cytokine binding initiates Jakl and Tyk2 signalling, leading primarily to
STAT3 phosphorylation and activation (478). STAT3 activation is crucial for IL-22-induced
intestinal tissue repair (479). IL-22 also induces AMP production including hBD2 and hBD3
(477), and ReglIIB and Regllly (480). Similarly to IL-17, IL-22 production is induced primarily
by IL-23, which is secreted by DCs, macrophages, and epithelial cells (480-482). Administration
of IL-22 confers protection in murine models of colitis (483). IL-22 is also required for barrier
defence against enteric pathogens such as Clostridium difficile and Citrobacter rodentium (480,
484). In humans, IL-22 positive cells are reduced in inflamed colonic tissue of UC patients but

elevated in CD (485).
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PREFACE TO CHAPTER 2

Inflammation is a crucial component of obesity driven insulin resistance. Recent studies have
implicated the inflammasome as an important contributor to the development of metabolic
disease through the use of mouse models and clinical experiments. Caspase-12 was previously
identified by our lab as an inhibitor of caspase-1 activity, as well as a repressor of other
inflammatory pathways. Mice deficient in caspase-12 are resistant to sepsis and infection by
microbial pathogens. To determine if caspase-12 also plays a role in metabolic disease we

investigated its effects through the use of mouse models and the analysis of patient data.
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CHAPTER 2

Caspase-12, but not caspase-11, inhibits obesity and insulin resistance
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2.1 ABSTRACT

Inflammation is well established to significantly impact metabolic diseases. The inflammatory
protease caspase-1 has been implicated in metabolic dysfunction, however a potential role for the
related inflammatory caspases is currently unknown. In this study, we investigated a role for
caspase-11 and caspase-12 in obesity and insulin resistance. Loss of caspase-12 in two
independently generated mouse strains predisposed mice to develop obesity, metabolic
inflammation and insulin resistance, while loss of caspase-11 had no effect. The use of bone
marrow chimeras determined that deletion of caspase-12 in the radio-resistant compartment was
responsible for this metabolic phenotype. The Nlrp3 inflammasome pathway mediated the
metabolic syndrome of caspase-12-deficient mice as ablation of Nlrp3 reversed Caspl2” mice

obesity phenotype. While the majority of people lack a functional caspase-12 due to a T'*

single
nucleotide polymorphism (SNP) that introduces a premature stop codon, a fraction of African
descendents express full-length caspase-12. Expression of caspase-12 was linked to decreased
systemic and adipose tissue inflammation in a cohort of African-American obese children.
However, analysis of the Dallas Heart Study African American cohort indicated that the coding

T'*C SNP was not associated with metabolic parameters in humans, suggesting that host

specific differences mediate the expressivity of metabolic disease.
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2.2 INTRODUCTION

Metabolic diseases such as Type 2 Diabetes (T2D) and the metabolic syndrome have quickly
become a major global health concern. The increasing prevalence of obesity has led to the
development of these diseases in adults as well as children. While lifestyle is a large contributor
to this problem, the underlying genetic factors are less well understood, and their elucidation
may thus aid in the identification of therapeutic targets. A rapidly expanding number of studies
have implicated the immune system in playing a pivotal role in the development of metabolic

diseases.

Obesity results from an energy imbalance, caused by excess caloric intake that exceeds
metabolic requirements. This energy surplus is stored as lipids, leading to overexpansion of the
adipose tissue, and consequently local inflammation, possibly initiated by hypoxia, ER stress,
and/or pattern recognition receptor (PRR) detection of endogenous metabolic 'danger' signals
(486). The onset of obesity correlates with chronic inflammation of metabolic tissues,
characterized by high pro-inflammatory cytokine secretion and elevated levels of infiltrating
immune cells including macrophages, neutrophils, T cells, and B cells (486). Macrophages in
particular may constitute up to 40% of the cells found in the adipose tissue of obese patients
(292). Genetic studies or antibody depletion of immune cells or chemokines have implicated
numerous inflammatory mediators in metabolic disease. Inflammation can lead to insulin
resistance by acting directly on insulin responsive cells, partially through the action of the
inflammatory kinases JNK and IKK that phosphorylate and inhibit Insulin Receptor Substrate-1
(IRS-1) (314, 347).

The inflammatory caspases are a family of cysteine proteases, comprised of caspases-1, -4, -5
and -12 in humans and -1, -11 and 12 in mice. Caspase-1, along with a PRR and the adaptor
molecule ASC, is capable of forming a cytosolic multi-protein complex termed the
inflammasome. Detection of exogenous or endogenous danger signals by the PRR promotes the
activation of caspase-1, which triggers an inflammatory response that is primarily characterized
by IL-1p and IL-18 secretion (487). Mounting evidence suggests a critical role for the Nlrp3

inflammasome as a major regulator of inflammation in metabolic diseases. In response to several
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metabolic danger signals, including saturated fatty acids, ceramide, Islet Amyloid Polypeptide
(IAPP) and hyperglycemia (68, 329, 337), Nlrp3 assembles an inflammasome, which activates
the pro-inflammatory protease caspase-1. Implementation of the diet-induced obesity (DIO)
experimental model to mice deficient in various inflammasome components, such as Nirp3”,
Asc”, or Ice” mice (deficient in caspase-1 and carrying a null mutation in caspase-11 (184,
488)), has demonstrated that inflammasome signalling alters mouse susceptibility to high fat diet
(HFD)-induced insulin resistance. Whereas many studies have demonstrated that caspase-1-
dependent IL-1 production is the triggering pathological mechanism in insulin resistance, it is
debated whether inflammasome signalling regulates obesity per se and how. For instance, while
some reported that the weight of Nlrp3'/' mice was comparable to that of WT controls in the DIO
model (68, 329), others described Nlrp3'/', Asc”, and Ice” mice leaner in phenotype (4, 327),
possibly mediated by decreased intestinal lipid absorption (489) or increased lipid oxidation (4).

Furthermore, it was shown that the inflammasome pathway might affect obesity
indirectly through effects on the host microbiota (330). While the inflammasome is primarily
studied in cells of hematopoietic origin, it may play a role in both immune cells and stromal cells
in the context of metabolic disease. The radio-sensitive compartment was determined to be
important for the insulin sensitivity observed in Asc”” mice (68). However, bone marrow chimera
experiments have also indicated that caspase-1 is active in radio-resistant cells, where it mediates
host lipid metabolism (2). The precise roles of the inflammasome and its regulation of obesity

and metabolic disease have not yet been fully determined.

Unlike Caspase-1, little is known about how the remaining inflammatory caspases affect
metabolic disease. Caspase-11 has recently been established to recognize intracellular LPS and
Gram-negative bacterial pathogens, leading to activation of a non-canonical inflammasome
(184). A role of caspase-12, as an immunomodulatory factor, has been primarily studied in the
context of infections and exposure to microbial ligands (189, 191-193), however little is known
regarding its function in sterile inflammation, such as that elicited in obesity. While Caspase-1
can cleave a variety of substrates (169), the only known substrate of rodent Caspase-12 is itself
(190), though this proteolytic activity was demonstrated to be unnecessary for its regulation of
innate immune pathways (189). Human Caspase-12 likely lacks this enzymatic activity, due to a

SHG (Ser-His-Gly motif) to SHS (Ser-His-Ser) mutation in the catalytic domain (490).
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Interestingly, a premature stop codon in human Caspase-12 prevents its expression in the
majority of the population with the resulting truncated transcript degraded due to nonsense-
mediated mRNA decay (197). However, a single nucleotide polymorphism (SNP) in the human
CASPI2 gene at amino acid position 125 permits expression of the full length protein in a
fraction of African descendants (196). It is currently unknown what evolutionary pressures have
resulted in the loss of a functional caspase-12 allele from the majority of the human population

or its continued maintenance.

Given the importance of the contribution of innate immunity to metabolic diseases (486), we
investigated the role of caspase-11 and caspase-12 in obesity and insulin resistance in mice and
humans. In this study we demonstrate that mice ablated for caspase-12 develop spontaneous
obesity and insulin resistance. This is dependent on the Nlrp3 inflammasome, though
interestingly independent of the radio-sensitive compartment. Analysis of the effect of the
CASPI12 T'C SNP in the Dallas Heart Study African-American cohort (491) however,
suggested that a functional caspase-12 allele does not correlate with improved metabolic
parameters in humans, although in a small cohort of African American obese children,

expression of caspase-12 was associated with dampened inflammatory markers.
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2.3 MATERIALS and METHODS

Animal experiments

Mice were housed at room temperature with a 12 hour light/dark cycle with food and water
provided ad libitum. The mice were fed either a standard chow diet (LFD) (2020x Teklad Rodent
Diet; 16% calories from fat; 3.1 kcal/g) or a HFD (Research Diet D12451; 45% kcal from fat;
4.73 kcal/g). HFD feeding was initiated in mice at 6 weeks of age.

Mouse strains

Caspll™, Caspl2” ™ Ice”, Nlrp3™", and Ripk2”" mice have been previously described (90,
184, 189, 488, 492). Casp12”"?” are from Deltagen though are not direct descendants of the
Merck Caspl2”?” mice used in reference 18. Caspl2”Ripk2” and Caspl2”"Nirp3” were

generated for this study. Caspl2”®9 (Caspl2™2KOMPIWesi

) mice were generated on a B6
background by the Wellcome Trust Sanger Institute. All experiments were performed under

guidelines of the animal ethics committee of McGill University (Canada).

GTT and ITT
Age matched male mice were fasted for 6h before i.p. injection with 2g/kg dextrose (LFD and
HFD) or human recombinant insulin (Humulin, Eli Lilly) 0.75 mU/g (LFD) or 2.0 mU/g (HFD).

Blood glucose levels were measured from the tail vein using a Onetouch ultra 2 glucometer.

Western Blots

Tissues were lysed in buffer B150 (20 mM Tris-HCI pH 8.0, 150 mM KCIl, 10% glycerol, 5 mM
MgCl2, and 0.1% Nonidet P-40) supplemented with Complete-mini protease inhibitors (Roche
Applied Science, Cat# 11836153001) and phosphatase inhibitors (Sigma Cat# S7920, 71768,
G6376). Protein lysates were separated on SDS-PAGE and transferred to nitrocellulose
membrane. Blots were probed with antibodies against Caspase-1 p20 (Genentech), Caspase-12
(Sigma, Cat# C7611), Caspase-11 (Sigma, Cat# C1354), B-actin (Sigma, Cat# A1978), B -tubulin
(sc-9104), AKT (Cell signalling #4691), and P473 AKT (Cell signalling #4060). Densitometry
was performed using ImageJ (NIH).
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ELISAs and serum analysis

Cytokines were determined using the following ELISA kits: IL-6 (R&D, Cat# DY406), IL-18
(MBL International, Cat# 1625), KC (R&D, Cat#DY453), MCP-1 (R&D, Cat#DY479). Serum
ALT and cholesterol were determined by a Vitros 250/350 machine.

Dual-energy X-ray absorptiometry Scan

Fat and lean mass were calculated using a GE Lunar PIXImus machine.

Hepatic Triglyceride Analysis

Hepatic lipids were extracted using a modified Bligh-Dyer extraction protocol. Approximately
200 mg of liver tissue was homogenized in a 1/2.5/1.25 (vol/vol) mixture of 0.5M acetic
acid/methanol/chloroform. The mixture was shaken and 1.25 volumes of chloroform were
added. After overnight shaking, 1.25 volumes of 0.5M acetic acid were added and the samples
were spun at 1,500 x g. The organic phase was collected, dried, and resuspended in Isopropanol.
Triglycerides were determined using a Serum Triglyceride Determination kit (Sigma TR0100)

and normalized to liver weight.

Bone marrow Chimera

Age matched male mice were irradiated and reconstituted with bone marrow cells from donor
mice. Genotype was verified by PCR analysis of blood. Mice were placed on antibiotics
(Trimethoprim 0.2 g/L, Sulfamethoxazole 1 g/L), beginning 3 days prior to lethal irradiation, for

3 weeks. Mice were allowed to recover for 8 weeks before being fed a HFD.

Flow Cytometry

Epididymal adipose tissue was excised from 26w old HFD mice, minced, and incubated in
Img/ml Type 2 Collagenase (Sigma) for 1 hour at 37°C. Folllowing RBC lysis, the stromal
vascular fraction cells were counted and stained. Data were acquired on a Canto instrument (BD
Biosciences) equipped for the detection of 8 fluorescent parameters. The following antibodies
were used for flow cytometry analysis: anti-CD3-PerCPCy5.5 (145-2C11), anti-CDI11b
eFluor450 (M1/70), anti-B220-APC (RA3-6B2), anti-CD45-PECy7 (30-F11) (all from
eBioscience); anti-CD19-PECy7 (1D3), anti-GR1-APCCy7 (RB6-8C5), (all from BD
Biosciences); anti-F4/80-PerCPCy5.5 (BMS.1) (Tonbo Biosciences).
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Indirect Calorimetry
Mice were placed in Oxymax-CLAMS system (Columbus Instruments) metabolic cages housed
with a 12 hour light/dark cycle and free access to water and food. Animals were allowed to

acclimatize for 48 hours before readings were taken for a 24 hour period.

Immunohistochemistry

Subcutaneous biopsies from 15 subjects were used for immunohistochemical staining and CD68
was used as a marker for macrophages. Staining was performed using a standard protocol on
sections from formalin-fixed paraffin-embeddedtissue blocks. Serial sections were
deparaffinized, rehydrated and treated with 10 mM citrate buffer (pH 6.0) in a steamer and then
endogeneous peroxidase was blocked with 3% H202. The sections were then incubated for 1 h
atroom temperature with primary antibodies, mouse monoclonal anti-CD68 (Ab-3 clone KPI,
Thermo Fisher Scientific, Fremont, CA). After rinsing in TBS buffer containing 0.25% Triton X-
100 (pH 7.2), sections were incubated with ENVISION+ (K4007 or K4011, DAKO, Carpinteria,
CA) followed by visualization with 3.3'-diaminobenzidine tetrachloride (DAKO, Carpinteria,
CA). All sections were counterstained with GILL III Hematoxylin, dehydrated and coverslipped
with a resinous mounting media. For each subject, the number of macrophages (identified as
CD68+ cells) within 10 regions of interest (ROI) were counted by two independent observers

using a light microscope and normalized to the number of counted adipocytes.

Quantitative real-time PCR of human samples

Total RNA was isolated using TRIzol reagent and was further purified using an RNeasy kit
(Qiagen, Valencia, CA). The quantification of IL-6 and TNF-a by real-time RT-PCR was
performed using an ABI 7000 Sequence Detection System (Applied Biosystems, Foster City,
CA). The nucleotide sequences of the primers and PCR conditions can be provided upon
request. For each run, samples were run in duplicates for both the gene of interest and
18S. Quantitative analysis was determined by A/ACT method normalized to both a control and

18S message.
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Yale Pediatric Cohort

The Yale Pediatric Obesity cohort is a multiethnic cohort of obese children and adolescents
carefully phenotyped in regard to glucose and lipids metabolism, liver function as well as to fat
partitioning. As of today the cohort consists of 1109 obese children and adolescents from New
Haven area (New Haven, CT) recruited through the Yale Pediatric Obesity Clinic. For the
purpose of this study we genotyped 256 obese African American children and adolescents with a
mean age of 14.1+/-3.7 and a mean z-score BMI of 2.33+/-0.52 who underwent an oral glucose
tolerance test, and the measure of plasma CRP and IL-6 as described before (493), a subgroup of
15 of them (mean age 14.8+/- 3.4 and mean z-score BMI 2.0 +/-0.4) underwent a subcutaneous
fat biopsy (494). All the patients were genotyped for the T'**C variant by automatic sequencing
using the following primers 5’-ATATAATTCCTATAATATCATAC-3° and 5°-
GTCTAAACTCTCCACCACCT-3’ (TA 55 °C).

Dallas Heart Study Analysis

Dallas Heart Study (DHS) is a longitudinal, multiethnic population-based probability sample of
Dallas County residents. African Americans were oversampled to comprise approximately 50%
of the population. Details of the study design and recruitment procedures have been previously
described (491). The study was approved by the institutional review board of the University of
Texas Southwestern Medical Center, and all participants provided written informed consent.
The present investigation includes all African American participants of the DHS who provided
fasting blood samples during the initial enrollment (2000-2002) or the follow-up examination
(2007-2009) (n=2,360). During each examination, participants completed a detailed staff-
administered survey, which included questions about demographics, socioeconomic status,
medical history, and current medication use, and underwent a health evaluation that involved
measurement of blood pressure, anthropometry, blood and urine sample collection, and imaging
studies. Body mass index (BMI) was calculated as weight in kilograms divided by height in
meters squared. Blood lipid and lipoprotein levels were measured using standard enzymatic
methods. Insulin resistance was quantified from fasting blood glucose and insulin levels using
homeostatic model assessment (HOMA-IR). Diabetes was defined as a self-reported physician
diagnosis of diabetes, use of glucose-lowering medication, or fasting glucose > 126 mg/dL.

Hepatic triglyceride content was measured using 'H-MRS in a subset of 1,106 African
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Americans participants, who completed the initial clinic visit (495). Genotyping was performed
using Illumina Infintum Human Exome-12 vl A BeadChip. Genotype calling and quality
control have been previously described (496). CASPI2 genotypes were in Hardy-Weinberg
equilibrium (p = 0.80). The association between CASP12 T'*C genotype and clinical phenotypes
was tested using linear regression adjusted for age, gender, BMI and type-2 diabetes mellitus,
where necessary. We applied a logarithm transformation to BMI, HOMA-IR, and triglycerides
(TG) and a power transformation to hepatic TG content prior to analysis to achieve approximate
normality of the residuals. Diabetic individuals were excluded from selected analyses as

indicated.
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2.4 RESULTS

Caspase-12 deficient mice develop obesity and insulin resistance on a HFD

Following the extensive evidence linking innate immunity and the inflammasome-caspase-1
pathway to metabolic disease, we sought to investigate a possible role of the related
inflammatory caspases-12 and -11 in metabolic regulation. We examined two independent
CasplZ'/ " mutant mouse lines, the first generated with 129 embryonic stem (ES) cells then

backcrossed to a B6 background (referred to as Caspl2” (1%

mice) and the second generated
using B6 ES cells (referred to Casp! 2/ 9. Kayagaki et al. recently identified that the 129 strain
of mice harbored a null mutation in the Caspl1 gene (184), raising the possibility that knockout
mice of genes neighboring Caspll generated with 129 ES cells might also be deficient in
caspase-11. Indeed, Caspl” mice (herein referred to as Ice”” mice) also carry the 129S-derived
Casp11 null mutation (184). Genotyping for the passenger mutation in Casp!/ indicated that the
Casp12'/'(129)

in Casp12”®% mice (Figure S1A). Interestingly, when placed on a HFD (45% kcal fat) both
2—/—(36) 2-/-(129)

mice in our facility are also deficient in caspase-11, while caspase-11 is expressed

Caspl and Caspl strains both became obese compared to WT mice (Figure 1A).

Caspl1”" and Ice” mice were similar to controls, suggesting that loss of caspase-11 had little

effect on the weight gain of the Casp! 27-(129)

mice. After 16 weeks of HFD, caspase-12 deficient
strains had increased inguinal (iFAT), mesenteric (mFAT), and perirenal (pFAT) adipose depot
weight compared to WT mice (Figure 1B). Ice” mice had increased epididymal (eFAT) fat pad
weight in relation to all other strains, however in our studies, eFAT weight from DIO mice did
not directly correlate with total body weight or the weight of other fat pads (data not shown).
Caspll " mice were similar to controls. Liver weight was increased in Caspl 2702 mice, which
correlated with their overall heavier bodyweight, while reduced in Ice” mice compared to WT
controls. Histological analysis of the eFAT revealed no differences in adipocyte hypertrophy
(Figure 1C), while the liver of caspase-12 deficient mice had increased lipid droplet formation
(Figure 1C). Casp12”"*” mice also had increased serum cholesterol compared to WT mice
(Figure 1D) and both caspase-12-deficient strains exhibited increased liver triglycerides (Figure
1E). Interestingly all strains tested had slightly elevated alanine transaminase (ALT) serum levels

-/-(129)

(Figure 1F), indicative of liver damage, with the highest levels detected in Caspi2 mice,
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which correlated with increased liver weight (Figure 1B, C). Overall these results suggest that

caspase-12 plays a role in inhibiting obesity in DIO mice.

Casp12'/ 2% mice develop spontaneous obesity and insulin resistance even on low fat diet

To further characterize the role of caspase-12 in obesity, we assessed the metabolic phenotype of
Casp12”"?” mice fed a normal chow diet (LFD). Similarly to the HFD phenotype, loss of
caspase-12 also led to obesity on LFD, however this response was confined to male but not
female mice (Figure 2A, B and S1B, C). The difference in body weight gain between LFD fed
Casp12”"*” mice and WT controls was evident starting at 12 weeks of age (Figure 2A, B). The

~129 mice corresponded to increased adiposity, as determined

increased weight gain in Caspl2”
by dual-energy X-ray absorptiometry scan (Figure S1D), increased adipose depot weight of the
inguinal (iFAT), epididymal (eFAT), and mesenteric (mFAT) fat pads (Figure 2C), and
increased eFAT adipocyte hypertrophy in LFD fed mice (Figure 2D, F, G). Although differences
in liver weight and liver injury, as determined by serum ALT levels, were only apparent on HFD
(Figure 2C, H), both diets resulted in increased hepatic lipid deposition and triglycerides in

2712 mice compared to WT controls (Figure 2E, I). Additionally, serum cholesterol was

Caspl
more elevated in Caspl 2712 mice when fed a HFD (Figure 1D and 2J). To determine if there
were metabolic abnormalities associated with caspase-12 ablation, we first determined food
intake in LFD-fed mice and found that it was similar between genotypes (Figure S2A). Next, we
performed indirect calorimetry experiments on 8 week old WT and Casp12”"*” mice fed a LFD.
We selected this time point as it is prior to the onset of differential body weight gains in the two
genotypes to assess causative rather than consequential effects of obesity (Figure S2B). We
observed no significant differences in respiration (VO, or CO;), energy expenditure, or
movement in the cages (Figure S2C-H). However, after HFD, Caspl2”"?” mice had reduced
respiration and movement (Figure S21-O), suggesting that after the onset of obesity, metabolic
abnormalities may begin to contribute to disease. Altogether, these results indicate that loss of
caspase-12 in mice results in spontaneous obesity that is exacerbated with HFD feeding leading
to fatty liver disease. This phenotype, however, is not a result of drastic intrinsic metabolic

-/-(129)

abnormalities in Casp12 mice.
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Caspase-12 deficient mice develop glucose intolerance and insulin resistance
There is a significant correlation between obesity and metabolic diseases in humans and rodent

models, particularly between obesity-induced metabolic inflammation and insulin resistance. To

/H(129)

determine whether obese Caspl mice became insulin resistant, we performed glucose

tolerance tests (GTT) and insulin tolerance tests (ITT). This analysis demonstrated that at
approximately 20 weeks of age Caspl 27/-(129)

resistance both when fed a LFD (Figure 3A, B) or a HFD (Figure 3C, D). HFD fed Casp12”®?

mice developed glucose intolerance and insulin

mice also had impaired tolerance to glucose compared to WT controls (Figure 3E), while loss of
caspase-11 or caspase-1 did not have an effect at this time point (Figure 3F). Analysis of the
epididymal fat revealed reduced expression of the insulin sensitive genes Adiponectin and Ppar-y
in caspase-12-deficient mouse strains but not in Casp/1” mice (Figure 3G). Binding of insulin to
its receptor leads to a downstream signalling cascade, resulting in phosphorylation of AKT. To
assess insulin signalling in metabolic tissues, HFD-fed mice were injected intraperitoneally (i.p.)
with a 5.0 U/kg bolus of insulin and levels of phosphorylated AKT in white adipose tissue
(WAT), muscle and liver were analyzed 10 minutes later by immunoblot analysis. Figure 3H

shows that Casp12”'?

mice exhibited reduced insulin signalling in all three metabolic tissues.
Ablation of Caspase-12 in the radio-resistant compartment leads to obesity

To further delineate how caspase-12 may be contributing to the development of obesity, we
generated bone marrow chimeras. Interestingly, HFD-fed Casp! 2129 recipient mice developed
increased body weight, adiposity, and liver weight irrespective of whether they were transplanted
with bone marrow from WT or Caspl 2712 donors (Figure 4A-B). Thus, the genotype of the
transplanted hematopoietic cells had little bearing on the obesity phenotype of Casp]Z’/ (129
mice. In agreement with this finding, Caspase-12 could not be detected in the radio-sensitive
compartment of adipose tissue (Figure S3A). Similarly loss of caspase-12 in the radio-resistant
compartment was responsible for mediating the glucose intolerance phenotype (Figure 4C).
These results suggested that both obesity and insulin resistance in Caspl 2702 mice are likely

independent of bone marrow-derived immune cells but instead may be linked to the function of

caspase-12 in radio-resistant cells.
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Caspase-12 deficiency leads to increased WAT inflammation

Given our previous findings that caspase-12 can regulate various inflammatory pathways,
including caspase-1, NOD and NF-kB Signalling (189, 191, 192), we examined adipose tissue
inflammation in DIO WT and Caspl2”"?” mice. Overnight organ culture of epididymal adipose

7129 mice after HFD revealed enhanced secretion of IL-6, and to a lesser

tissue from Caspl2
extent KC (Figure 4D). Similarly, Casp]Z’/ 2% mice had significantly more serum IL-18
cytokine, but not MCP1, compared to WT mice (Figure 4E). Consistent with increased 1L-18

2702 and Casp12”®?

levels, Caspl mice also exhibited increased activation of caspase-1 in the
epididymal adipose tissue, evident by elevated levels of the active p20 fragment, as detected by
western blot (Figure 4F and S3B). The epididymal adipose tissue of Caspl 2712 and Caspl 2"
9 had increased expression of CD45 suggestive of increased immune cell infiltration (Figure
4G). We next determined levels of immune cell infiltrates in the epididymal adipose tissue
stromal vascular fraction (SVF) from DIO mice by flow cytometry. Quantification of the
numbers of neutrophils, myeloid cells, NK cells, and T and B lymphocytes revealed a general

trend of increased immune cell infiltration in the WAT of Caspl2”('??

mice compared to WT
controls with macrophages being most significantly increased in the absence of caspase-12

(Figure 4H and S3C).

Ablation of Nlrp3 but not Ripk2 reverses the obesity and insulin resistance phenotype of
Caspl2” 12 mice

To define the mechanism of caspase-12 action in metabolism and metabolic inflammation and
determine whether the inflammasome or Nod1/2 pathways (189, 191) were involved, we bred
Casp12” % mice with Nlrp3” mice or mice deficient in the Nod1/2 pathways central adaptor
Receptor-interacting protein kinase (Ripk)2 (497) to generate Casp12‘/ ’Nlrp3‘/ " and Casp]Z’/ i
Rika'/' double-knockout (DKO) mice. Deletion of Ripk2 did not modify the Caspl 27" mouse
obesity phenotype; Caspl 2'/'Ripk2'/' mice were similar in weight to Caspl 27" mice, both being
significantly heavier than Rika‘/ “and WT mice (Figure 5A). Interestingly, in contrast to Caspl2
" and Casp]Z‘/ 'Rika‘/ " mice, Casp]Z‘/ ’Nlrp3’/ " mice did not develop increased bodyweight gain
and were similar to Nlrp3” mice and WT controls (Figure 5A). These results suggest that the
Nlrp3 inflammasome may promote obesity in Caspl/2”" mice. As expected from body weight

differences, Caspl 27 ‘NlrpS’/ " mice were similar in adiposity and liver weight to Nlrp3’/ “and WT
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mice, which are significantly reduced than in Casp]2‘/’ mice (Figure 5B). Histopathological
examination of the liver revealed that both Caspl 27 ‘Nlrp3‘/ "~ and Nlrp3’/ " mice had similar levels
of steatosis and liver triglycerides compared to WT mice, which is significantly attenuated
compared to Caspl2” mice, though there was no difference in serum ALT (Figure 5C-D). Serum
cholesterol of the DKO mice was similarly reduced compared to Casp]Z’/ " mice (Figure 5E).
Caspl2” 'Nlrp3'/ " DKO mice were also analyzed on a HFD, and as for the LFD, these mice were
leaner and more glucose tolerant compared to Caspl2” mice (Figure 5F, G). While the Nlrp3
inflammasome is commonly studied in macrophages, there is little data regarding its role in
adipocytes. Caspase-1 is expressed during adipogenesis (4) and we were able to detect inducible
Nlrp3 expression in primary differentiated adipocytes (Figure S3D). Thus, adipocytes represent a
potential radio-resistant cell type that expresses both Caspase-12 (Figure S1A) and Nlrp3.

The human CASPI12 T'? allele is associated with elevated metabolic inflammation but not
with metabolic disease.

A SNP in exon 4 of the human CASPI2 gene at amino acid position 125 (T'*

) introduces a
premature stop codon and precludes expression of caspase-12 from the majority of the human
population. In contrast, a fraction of people of African descent carry a functional allele due to a
T'*C SNP (nucleotide substitution ¢.373C>T) (196). To assess if the expression of human
caspase-12 plays a role in modulating metabolic inflammation, we examined African American
obese children of the Yale Pediatric Obesity cohort for inflammatory markers in both the serum
and subcutaneous adipose tissue. ELISA measurements revealed decreased levels of C-reactive
protein (CRP) (p=0.04) and IL-6 (p=0.002) in the serum of carriers of the function C allele. This
was most significant in boys (p=0.02 for CRP and p=0.006 for IL-6) compared to girls (p=0.95
for CRP and p=0.11 for IL-6) (Figure 6A-F). Consistently, quantitative PCR (qPCR) analysis of
the subcutaneous adipose tissue indicated decreased levels of IL-6 and TNF expression in
carriers of the C allele as well as a lower macrophage count revealed by immunohistochemistry
using a CD68-antibody (Figure 6G-I). Next, to determine whether the CASP12 polymorphism is
associated with metabolic disease parameters, we examined the African American cohort of the
Dallas Heart Study (491). Association of the ¢.373T>C SNP with BMI, fasting blood glucose,
HOMA-IR, hepatic triglycerides, and serum triglycerides revealed no protective effect in carriers

of the C allele (Table 1). Together, these results suggest that in humans, loss of caspase-12 may
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not lead to obesity, in contrast to the effects observed in mice, but may contribute to

inflammation associated with metabolic disease.
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2.5 DISCUSSION

It is now well known that inflammation and metabolism are tightly interwoven processes, and
fluctuations in one can have detrimental consequences in the other, potentially leading to disease.
Studies in mice and humans has implicated various inflammatory pathways, including caspase-1
and the inflammasome, to obesity and diabetes (498). In this study we investigated the role of the
two related inflammatory caspases, caspase-11 and caspase-12 in a DIO mouse model.
Interestingly, two mouse strains deficient in caspase-12 developed obesity on a HFD while
Caspl1™ or Ice” mice did not. The increased weight gain and adiposity of caspase-12-deficient
mice was also associated with glucose intolerance and insulin resistance. As Casp!/ " mice were
equivalent to WT mice, deficiency in caspase-11 is unlikely to mediate the phenotype of Casp12

(129 mice. This was confirmed in Casp12”®?

mice that are sufficient for caspase-11. Caspase-
11 is known to recognize intracellular LPS and intracellular bacterial pathogens (499). Obesity
has been linked to increased gut permeability, resulting in elevated levels of circulating microbial
products and LPS (324). While studies have linked numerous PRRs that detect bacterial motifs,
such as Nod1/Nod2 (325) and TLR4 (320) to metabolic disease, caspase-11 may not play a
similar role. However, since we observed slight differences between the two Caspase-12
deficient strains, we cannot rule out that Caspase-11 may become involved in the absence of
Caspase-12. It has been observed that loss of Caspase-11 impacts Sa/monella infection only in
the absence of Caspase-1 (500), and it is possible that Caspase-12 deficiency could result in a
small Caspase-11 dependent effect in our model.

In contrast with males, female Casp]Z‘/ “(129)

mice were found to be equivalent in weight to WT
mice when fed a LFD. Female mice are known to be protected from obesity due to the inhibitory
role of estrogen on adipogenesis (501) and it is possible that the increased weight gain driven by

loss of Caspase-12 could not compensate for this effect.

Caspase-12 has previously been demonstrated to have anti-inflammatory properties. While the
protease is catalytically active, currently its only known substrate is itself (190) and
autoproteolysis was determined to not be required for its ability to inhibit both caspase-1 and

NF-«B activity (189, 192). This suggests that caspase-12 primarily functions through modulating
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various signalling pathways through its ability to form CARD-CARD interactions. These include
binding to caspase-1 (189), Ripk2 (191), NF-kB (192) and RIG-I (193), stearically hindering
protein interactions and leading to attenuation of inflammation. Concordant with these functions,
in our DIO mice we observed increased inflammation in the visceral adipose tissue,
characterized by elevated inflammasome activation and immune cell infiltration. However, it is
difficult to determine if the increased inflammation is a consequence of obesity, rather than an
underlying cause. Within the adipose tissue Caspase-12 was not detectable in the radio-sensitive
compartment and is likely absent in infiltrating myeloid cells. Therefore the robust immune cell
driven inflammation observed in the adipose tissue at later stages of obesity may be independent

of Caspase-12 activity.

It is unknown how caspase-12 may be affecting host metabolism, leading to the obese state of
the mice. Indirect calorimetry and food intake measurements revealed no influence conferred by
caspase-12 ablation. However the obesity phenotype was dependent on loss of caspase-12 in the
radio-resistant compartment. Caspase-12 is expressed in the muscle, liver and fat (data not
shown), tissues that are highly associated with metabolic health. Tissue specific knockouts are
required to determine precisely where the protease is required to suppress obesity. Interestingly,
when Nirp3, but not Ripk2, was deleted in the caspase-12 null background, the mice were
protected from increased adiposity and weight gain. The Nlrp3 inflammasome and caspase-1
have been previously linked to the regulation of metabolic health in humans and animal models,
though there is some discrepancy in how it may regulate obesity in rodents. Caspase-1, Nlrp3,
and ASC deficient mice have been reported to be leaner than WT controls (4, 327), equivalent in
body weight (68, 329) or have increased adiposity (2, 328, 330). Obesity in these mice is also
correlated with reduced glucose tolerance, suggesting that any beneficial effects on metabolic
health that loss of the inflammasome may have, are not significant enough to counteract other
pathways influenced by obesity. Differences in adipogenesis (4), cleavage of SIRT1 (502), and
alteration of lipid metabolism (2, 489) are a few of the proposed mechanisms by which caspase-1
may regulated metabolic processes. In the context of obesity, caspase-12 might impact caspase-1
directly or indirectly. Loss of Nlrp3 may antagonize direct effects of caspase-12 on caspase-1,
conferring a lean phenotype. Nlrp3 and Caspase-12 are both expressed in adipocytes (503)

(Figure ST1A, S3D), which represents one potential radio-resistant cell type where an interaction
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between the two proteins may take place. Alternatively, caspase-12 may affect a parallel
metabolic pathway that is reversed by loss of Nlrp3. For example, the inflammasome has been
linked to gut microbiota dysbiosis, which affects obesity (330). Potential microbial dysbiosis in
caspase-12 deficient mice may be altered upon removal of Nlrp3. Further work is required to
determine how caspase-12 may function in radio-resistant cells, and the use of tissue-specific
knockouts may aid in examining how these potential interactions may drive metabolic health in

mice.

While the majority of people lack a functional caspase-12, the T'*°C SNP has persisted in a small
percent of people of African descent. Many studies have examined why the functional caspase-
12 allele has been maintained, including examining a potential role in protection against bacterial
sepsis (196, 198), candidemia (199), and rheumatoid arthritis (200). Our previous work has
implicated that the T'*C SNP may confer susceptibility to sepsis (196), however a second study
assessing community-acquired pneumonia, did not report similar findings (198). There is no
clear indication what role caspase-12 may play in people and given how the loss of caspase-12
led to obesity in mice, we investigated if it may have similar properties in the human population.
In the Yale Pediatric Cohort, the caspase-12 SNP was associated with reduced inflammatory
parameters in the serum and adipose tissue. These results correlate with previous findings
implicating Caspase-12 playing an anti-inflammatory role. However, genotyping the Dallas
Heart Study cohort of African descent for the T'>>C SNP indicated that there was no association
with improved metabolic parameters. These results are at odds with our findings in mice,
suggesting that host specific differences are involved. It is possible that caspase-12 is
differentially regulated in mice and humans. For example, we have previously reported that
human caspase-12 is repressed by estrogen, an effect not observed in the murine system (197).
Therefore in humans, loss of caspase-12 appears to recapitulate the pro-inflammatory effects
observed in mice during obesity though may not be involved with the development of an altered

metabolic state. Further analyses of other populations are required to further clarify its role.
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Figure 1. Caspase-12 deficient mice develop obesity on a HFD

A) Body weight curve of male mice fed a HFD started at 6 weeks of age, WT n=31, Casp12”"??
n= 10, Casp12”"®” n=13, Ice” n=15, Caspl1”" n=12. B) Relative weight of adipose depots and
liver after 16 weeks of HFD. C) H&E staining of epididymal adipose (eFAT) and liver sections
after 16 weeks of HFD. Scale bar is 200 uM. D) Serum cholesterol. E) Liver triglycerides. F)
Serum ALT. Data represent the mean +/- SEM. Statistical analysis was performed using
Student’s t-test. Statistical significance is presented as follows: # P<0.05 ## P < 0.01, ###
P<0.001 for Casp12”®? vs WT; * P<0.05 ** P < .01; *** P <0.001 for Caspl2”"*” vs WT in
A).
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Figure 2. CaspIZ'/ 2 mice develop spontaneous obesity on a LFD

A) Photos of male C57BL/6 WT mice and Casp12”"*” at 30 weeks of age, fed a LED or HFD.
B) Body weight curve of male mice. HFD started at 6 weeks of age, n=24-39 mice per group. C)
Relative weight of adipose depots and liver at 26 weeks of age (n>15 mice per group). D) H&E
staining of epididymal adipose tissue at 26 weeks of age. Scale bar is 200 uM. E) H&E staining
of liver tissue from 26 week old mice. Scale bar is 200 uM. F-G) Average epididymal adipocyte
area from LFD fed mice. H) Serum ALT (LFD WT n=13, LFD Casp12”"* n= 12, HFD WT
n=12, HFD Casp12”"?” n=10). I) Hepatic triglycerides. (LFD WT n=14, LED Casp12”"* n=
13, HFD WT n=6, HFD Casp]Z‘/ “(129) n=6). J) Serum cholesterol. Data represent the mean +/-
SEM. Statistical analysis was performed using Student’s t-test. Statistical significance is
presented as follows: ** P <.01; *** P <0.001.
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Figure 3. CaspI12” mice are glucose intolerant and insulin resistant

A) LFD fed C57BL/6 WT and Caspl 2702 mice were injected 1.p. with 2.0 mg/g dextrose at 20
weeks of age (n=5). B) LFD WT and Casp]Z‘/ 12 mice were injected 1.p. with 0.75 U/kg insulin
at 20 weeks of age (n=4). C) HFD fed WT and Casp12” " mice were injected i.p. with 2.0
mg/g dextrose at 20 weeks old (n=6-7). D) HFD fed mice were injected with 2.0 U/kg of insulin
at 25 weeks of age (n=6). E) GTT of WT, Casp! 27129 and Caspl 2759 mice at 20 weeks of age
(n=8). F) GTT of WT, Caspll " and Ice” mice at 20 weeks of age (n=8). G) qPCR analysis of
epididymal adipose tissue in HFD mice (n=8-16). H) WT and Casp! 2712 mice on HFD were
injected i.p. with 5.0 U/kg insulin and sacrificed 10 minutes later. Tissues were frozen and
immunoblotted for Ser-473 phospho-AKT and total AKT. Ratio of phospho-AKT to total AKT
was calculated using ImagelJ. Data represent the mean +/- SEM. Determined by student’s t-test.
(*p <0.05, “p<0.01, p<0.001 vs. WT). For 2E, *p < 0.05 for Casp12-/-(129) vs WT and #p
< 0.05 for Caspl12-/-(B6) vs WT.
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Figure 4. Loss of caspase-12 in the radioresistant compartment results in obesity and
glucose intolerance

89



Figure 4. Loss of caspase-12 in the radioresistant compartment results in obesity and
glucose intolerance

Age matched male C57BL/6 WT and Caspl 27129 recipient mice were irradiated and
reconstituted with bone marrow from WT and Casp! 2712 donor mice. The mice were then fed
a HFD. A) Body weight curve. (n=12-13) B) Relative weight of adipose depots and liver after 14
weeks of HFD. C) GTT after 14 weeks of HFD injected i.p. with 2.0 mg/g dextrose. Data
represent the mean +/- SEM. Statistical analysis was performed using Student’s t-test. Statistical
significance is presented as follows: * P < 0.05, ** P < 0.01; *** P <0.001 for WI>WT vs
Caspl12>Caspl2. ## P < 0.01, ### P <0.001 for WT>WT vs WT>Caspl2. D) Organ culture of
epididymal adipose tissue excised from HFD mice and incubated overnight in media. IL-6 and
KC levels were analyzed by ELISA and normalized to adipose tissue mass. E) Serum ELISA of
HFD mice. F) Epididymal (eFAT) adipose depots were excised from 26 week old HFD mice and
immunobloted for Caspase-1. G) qPCR analysis of eFAT from HFD fed mice. (n=7-16 per
genotype). H) Flow cytometry analysis of eFAT infiltrating immune cells after HFD (n=5 per

genotype).
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Figure 5. Casp12”" Nlrp3” mice are protected from obesity and glucose intolerance
Casp12”"*” mice were crossed with Ripk2” or Nlrp3” mice to generate double knock-out
strains Caspl 2'/'Nlrp3'/' and Caspl 2'/'Ripk2'/'. A) Body weight curve of male mice fed a LFD. B)
Relative weight of adipose depots and liver at 26 weeks of age. Statistical analysis was
performed using Student’s t-test. Statistical significance is presented as follows: * P <0.05, ** P
< 0.01; *** P <0.001 vs the Casp]Z'/ " group. C) H&E staining of liver tissue of 26 week old
mice. Scale bar is 200 uM. D) Hepatic triglycerides and serum ALT. E) Serum cholesterol. F)
Body weight curve of male mice fed a HFD. G) GTT of HFD mice at 22 weeks of age injected
1.p. with 2.0 mg/g dextrose. Data represent the mean +/- SEM. Determined by student’s t-test.
(*p<0.05, p<0.01,  p<0.001 vs. WT).
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Figure 6. Human caspase-12 dampens metabolic inflammation.

204

104

TT(72) CT (24) cC (6)

p=0.005

—-—

. ———

T (12) cT(3)

CRP (mgiL)

IL6 (pg/ml)

boys p=0.02
p=0.01

°« =003 o4,

T (44) cT (13) cc (3)
boys p=0.03

p=0.006

e p=0.72

*1 ' 0=0.02
|

£ oo

0.0

T (24) cT (1) cc (3)

p=0.05

cT(3)

C girls p=0.95
p=0.97
301 ol |
=0.96
.
%2"' .J p=0.99
£ y 1
o 104 o
5 Coglgee ™ [
04 ] %
T (79) CT(14) cc (3)
F girls p=0.11
10- p=0.26
I 1
- e p=0.21
= [ ]
Eef o 1 pe0s3
o
©0 44 -] ]
= .
1% & T
| | | |
TT (48) cT(13) cc (3)
I
. p=0.03
6.
g
w44
=
'—
< 2]

Subjects carrying the risk allele for the T'*C SNP showed lower CRP (A-C) and IL-6 (D-F)
levels than the non-carriers. This phenomenon seemed to be more marked in males than in
females. In the subgroup of subjects who underwent an adipose tissue biopsy, the T'*°C allele
was associated with a lower percent of macrophages by IHC, and a lower expression of CD68,
IL-6 and TNF-alpha by qPCR (G-I).
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Figure S1. CaspIZ'/ %) mice develop spontaneous obesity

A) Western blot of primary differentiated adipocytes treated overnight with 100 ng/mL LPS. B)
Weight curve of female WT and Casp]Z'/' mice fed a LFD (n=14-19). C) Relative weight of
adipose depots and liver of female mice at 30 weeks of age. D) DEXA scan of 20 week old WT
and Caspl2” mice. Data represent the mean +/- SEM. Determined by student’s t-test. (*p < 0.05,
“p<0.01, p<0.001 vs. WT).
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Figure S2. Indirect calorimetry of WT and Casp12”"*” mice.



Figure S2. Indirect calorimetry of WT and Casp12”"*” mice.

A-H) LFD fed 8 week old mice were allowed to acclimatize for 48h in Oxymax-CLAMS system
metabolic cages and readings were taken over a 24h period. A) Food intake. B) Initial weight. C)
VO,. D) VCO,. E) RER (respiratory exchange ratio). F) Energy Expenditure. G) Total
movements. H) Ambulatory movements (consecutive beam breaks). I-O) Mice fed a HFD for 20
weeks. I) Weight. J) VO,. K) VCO,. L) RER. M) Energy Expenditure. N) Total movements. O)
Ambulatory movements (consecutive beam breaks).
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Figure S3. CaspI2” mice have increased adipose inflammation

(High Exposure)

A) Epididymal adipose tissue of bone marrow chimera mice immunoblotted for Caspase-12. B)
Epididymal adipose tissue of 22 week old HFD fed WT and Caspl2”®*” mice. C) Flow
cytometry analysis of eFAT infiltrating immune cells after HFD (n=5 per genotype). D) Primary
differentiated adipocytes from WT or Nlrp3‘/ " mice were treated with or without LPS overnight

and immunoblotted for Nlrp3. Data represent the mean +/- SEM

96



wauoo O dneday ‘OO H
"SAELIBAOD JOYJ0 0) UOIPPE Ul $JGEIP J0j pajsnlpe sisk[euy/,

"PAPNJOX? S[ENPIAIPUL doqeI(],
-ad A1ouayd yoea JOJ BIEp J[qE[IBAR YIIM S[BNPIAIPUI JO JOqUINU 9} AJBOIPUI SIsatpuated Ul sIoquunu oY ], "AJessaoau se ‘[ pue ‘a3 Xas Joj
paisnipe ‘sjopowr uoissaidal teaul] Suisn apew dm suosuedwo)) (dFuer a[enbidjur) ueipaw 10 (IS 9 UBAW 1B SAN[RA X3S AQ paLjuens pue [INg
pue a5e 10j pajsnlpe ‘uoissaiFar Jeaur Suisn pautiopiad sem sisA[BUER S ] "SPOYIRJA PUE S[ELIZJBJA Ul PaqLIdSap se ‘dIyo 9WoXH UBWNH BUIWN[]]

al) Suisn NS DSZ1.1 Z1-asedse) ay JoJ padKouad sem uonendod SH( 2Y1, "'SH( JO MO0 UBDLIAWY UBJLIJY UT JNS DSZ .1 JO sisAJeuy

ad £ ouds (91 1L6HSH) XSTTH ZIdS V) Pue Japuas £q
payneays Apmg 1ed[ sepeq 2y} Jo sjuedpinaed uedIdWY UBILIFY JO SONSLIdEIRYD [edu]d pue dpdwodorpue dngdesSownd(q | sqe],

8500 (001-00¢¢ @esDee (s+1se 90  OF1DoT  €orpvz (€6-01)TT 9500 BTI-LE68  (FO0I-1DS (968Dt (19LT1=N) $d4D
I=N)
960 (6c-1'D6T (8¢0Tee ([@s0TE +Fo  WLerDvT  (€c0DrE (€60 I'e LFo  8eoDIE (€900 €€  (I'S-61) €€ Aw@ww _7_~_
q 70 L
(€9€°T=N)
090  (0TI-09) 6L  (TTI-€D¥8  (TTI-€998 890  (8h1-09168  (b€1-99)T6  (LE1-S 16  9L0 (L8-€9) €L O11-1998L  (F11-19) €8 %Wmsm iy
a r
) e eyt s . s S s . [ . N (1£0°Z=N)
F F F ¥ F F F F
60 L'SFHS 6 YTt 9+FC Y LED LLFLS 8CFOF 0SFEF LED €EFTC I't78F Py {1 U-VINOH
: . . (£00°Z=N)
1o 11F£6 ¥1¥26 ZIF16 €70 11F26 S1¥£6 1526 670 115£6 TIF16 Z1F06 TP/ ‘oo
110°0 9LFYTE 9LFELE 8'LFLOS €10 € LF9°6T I'LF+'6T ¥'979'8C 8€0°0 69F€'SE LLF9CE €8FTTE (6v¢ wnzw
AU/3Y N
) . . (L9£T=N)
0 0159 [RE Y LIFSt LD TIFLY [REy L1F¢H *1I0 gFCh 11Fht LIF9F smak 9By
(9F=N) (£8¢=N) (8€L1=N) (1z=N) (8€7=N) (969=N) (€Z=N) (SFE=N) (Tr01=N)
anfea anfea anjea
- 20 oL Il -n_ 20 oL LL -n_ 20 oL LL ANSHRPRIBYD
(L9€°T=N) [®10], (§56=N) 2[e (I 1=N) 2[euwa ]

97



PREFACE TO CHAPTER 3

The results of chapter 2 suggested that loss of caspase-12 in the radioresistant compartment led
to obesity in mice. This effect was dependent on the Nlrp3 inflammasome. While inflammasome
function is well characterized in immune cells, its potential role in other cell types is less well
understood. Preliminary data suggests that the inflammasome plays a role in the radioresistant
compartment in regulating metabolism and may affect adipocyte function, as shown in in vitro
studies. However, it is unknown how inflammasome activation in adipocytes in vivo may
contribute to disease. To investigate this possibility, we utilized mice expressing a hyperactive
Nlrp3 allele specifically in adipocytes and assessed their development of obesity and insulin

resistance.
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CHAPTER 3

Adipocyte specific Nlrp3 inflammasome activity contributes to glucose intolerance
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3.1 ABSTRACT

The inflammasomes exert important functions in innate immunity and tissue tolerance but are
also key determinants of several human diseases. Specifically, the Nlrp3 inflammasome has been
implicated in obesity and metabolic disease but its tissue-specific roles in these conditions
remain unclear. To examine the role of the Nlrp3 inflammasome in adipocytes we generated
knock-in (KI) mice that express the hyperactive Nlrp3 D301N mutant allele in adiponectin-
expressing cells. Using a diet induced obesity (DIO) model, we show that while body weight was
unaffected in these mutant mice, they had reduced glucose tolerance. This evidence points to an
adipocyte-specific role for the Nlrp3 inflammasome in contributing to insulin resistance and

metabolic disease.
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3.2 INTRODUCTION

Obesity and its associated metabolic diseases are becoming an immense problem worldwide.
Consequently, a better understanding of the biological processes contributing to the development
of these disorders is rapidly growing in importance. It is now well established that the immune
system plays a significant role in the development of insulin resistance and Type 2 Diabetes
(255). Numerous immune cell types, cytokines, and inflammatory signalling pathways have been

identified as causative factors leading to metabolic disease.

Recent work has implicated the inflammasome as an important source of metabolic
inflammation, arising during metabolic disease (1). The inflammasome is a cytosolic complex
composed of an intracellular pattern recognition receptor (PRR), the adaptor molecule Asc, and
caspase-1 (487). Of the multiple pattern recognition receptors determined to form
inflammasomes, several studies have suggested that Nlrp3 is primarily responsible for
inflammasome activation during metabolic dysfunction. Various metabolites that are elevated
during obesity, such as cholesterol crystals, palmitate, and ceramide act as endogenous activators

of the Nlrp3 inflammasome.

Inflammasome activation leads to caspase-1 mediated cleavage of its downstream substrates,
including the pro-inflammatory cytokines IL-18 and IL-18 and Gasdermin D, which leads to
pyroptotic cell death. IL-1p has been linked to insulin resistance (68, 331, 504) and has been a
target of therapeutic intervention in clinical trials (372, 505). In contrast, IL-18 is reported to
have beneficial effects in murine models of obesity due to its appetite suppressant properties and
ability to activate AMPK (351-353). However collectively, the inflammasome appears to
produce a detrimental effect with respect to metabolic disease. Multiple studies have
demonstrated that loss of caspase-1, Asc, or Nlrp3 activity leads to insulin sensitivity (4, 68, 326,
327, 329). Additionally, the inflammasome might affect obesity and insulin resistance indirectly
through regulation of the intestinal microbiota (330). In humans, expression of inflammasome
components is induced in the adipose tissue of obese patients and correlates with insulin

resistance (329, 341, 506).
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Inflammasome function has been most widely studied in myeloid cell lineages, and
comparatively little data exist for roles in non-immune cell types. The use of tissue specific
knockout mice of inflammasome components has been under-utilized and currently bone marrow
chimeras have offered the best, albeit crude, tool to dissect a role of the inflammasome in
different compartments. Radiosensitive cells were shown to mediate insulin resistance in Asc-
deficient mice, which agrees with the well established role of the inflammasome in macrophages
(68). However, other studies also employing bone marrow chimeras have pointed to alternative
inflammasome functions in the radio-resistant compartment. For instance, the Nlrpl
inflammasome was determined to inhibit obesity through its actions in radio-resistant cells (3).
Moreover, triglyceride clearance was shown to require caspase-1 and Nlrp3 actions in non-
hematopoietic cells, independently of IL-1B and IL-18 (2). In both cases, further studies are

required to identify the specific cell type involved in these processes.

A role of inflammasome activity in adipocytes as a potential determinant of metabolic disease
has recently gained added interest. Caspase-1 is induced in adipogenesis and its ablation
correlates with increased differentiation and insulin sensitivity (4). Nlrp3 expression is also
induced during obesity or after glucose exposure in purified adipocytes from humans and mice
(345, 503). SIRT1, a metabolic regulator, was reported to be a caspase-1 substrate in vitro (502).
Adipocyte-specific deletion of SIRT1 in mice is associated with obesity and insulin resistance,
suggesting that cleavage by Caspase-1 could confer a similar phenotype. However, despite this
mounting evidence, the in vivo contribution of adipocyte-specific inflammasome activation

remains unclear.

To determine the role of adipocyte-specific inflammasome activation in metabolic disease, we
generated KI mice expressing a hyperactive Nirp3°°’"" mutant allele, specifically in adipocytes.
D301N mutation in murine Nlrp3 corresponds to D303N mutation in human NLRP3 that is
associated with Cryopyrin-Associated Periodic Syndromes (CAPS) (507, 508). Preliminary
studies indicate that adipocyte-specific expression of this hyperactive Nlrp3 results in a reduction
in glucose tolerance, suggesting that the inflammasome might play a role in adipocytes to

influence metabolic disease outcome.
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3.3 MATERIALS AND METHODS

Animal experiments

Mice were housed at room temperature with a 12 hour light/dark cycle with food and water
provided ad libitum. The mice were fed either a standard chow diet (LFD) (2020x Teklad Rodent
Diet; 16% calories from fat; 3.1 kcal/g) or a HFD (Research Diet D12451; 45% kcal from fat;
4.73 kcal/g). HFD feeding was initiated in mice at 6 weeks of age.

Mouse strains
Nirp3® SOINDIOIN (Nlrp3tm3'1th) and adipog-Cre (B6;FVB-Tg(Adipog-cre)1 Evdr/J) mouse strains

D30IN
3

were purchased from The Jackson Laboratory. Expression of the Nirp mutation requires

. .. . . D30IN
Cre mediated excision of a neomycin resistance cassette. The Nlrp3°*

allele is expressed by
the natural Nlrp3 promoter. All experiments were performed under guidelines of the animal

ethics committee of McGill University (Canada).

GTT
Age matched male mice were fasted for 6h before i.p. injection with 2g/kg dextrose and blood

glucose levels were measured from the tail vein using a Onetouch ultra 2 glucometer.

Genotyping

To genotype the D30IN Nlrp3 allele, the following primers were used: Mutant forward, 5'
GCTACTTCCATTTGTCACGTCC 3'. Wild type Forward, 5' CACCCTGCATTTTGTTGTTG
3'. Common Reverse primer, ' CGTGTAGCGACTGTTGAGGT 3'. To genotype the adipog-
Cre expression the following primers were wused: Transgene Forward, 5'
GGATGTGCCATGTGAGTCTG 3'. Transgene Reverse, 5' ACGGACAGAAGCATTTTCCA
3'. Internal Positive Control Forward, 5' CTAGGCCACAGAATTGAAAGATCT 3'. Internal
Positive Control Reverse, 5' GTAGGTGGAAATTCTAGCATCATCC 3'.
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Western Blots
Cells were lysed in 2X laemmli sample buffer and separated on SDS-PAGE and transferred to a
nitrocellulose membrane. Blots were probed with antibodies against caspase-1 p20 (Genentech),

Nlrp3 (Adipogen Cryo-2), ASC (SantaCruz SC-22514) and B-actin (Sigma, Cat# A1978).

Primary adipocyte culture

The inguinal adipose tissue was removed from age-matched male mice, minced and incubated in
Img/ml Type 2 Collagenase for 1 hour at 37°C. The stromal vascular fraction was resuspended
and cultured following standard protocols. Differentiation was induced using 850 nM insulin,
125 nM indomethacin, 500 uM IBMX, 1 uM rosiglitazone and 1 pM dexamethasone for the first
2 days. On day 2, media was replaced with 850 nM insulin and 1 pM rosiglitazone for the

following 4 days. Cells were harvested on day 6.
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3.4 RESULTS

To determine the function of the Nlrp3 inflammasome in adipocytes, we generated mice
expressing the hyperactive Nlrp3”**"" gene by adipog-Cre expression (Figure 1A). This mutation
in the nucleotide binding domain has been reported to lead to a constitutively active
inflammasome due to a conformational change in the protein (509). Mice expressing the
Nirp3P”N mutation globally or in myeloid cells develop inflammatory disease and die
prematurely (510, 511).

D30IN
3

To detect expression of the mutant Nirp allele, we cultured primary differentiated

D30IN
3

adipocytes that were homozygous for Nirp with or without adipog-Cre expression (Figure

1B). The cells were treated with or without LPS to induce expression of Nlrp3. Immunoblot of

cell lysates determined that Nlrp3°**'™

is expressed in adipocytes (Figure 1C). Expression levels
were elevated in response to LPS, as expected. Mice lacking Cre expression and heterozygous
for the WT protein had much higher levels of Nlrp3. This may be a consequence of
contaminating cells, such as immune cells, that may express comparatively higher levels of the
protein or inefficient Cre expression. Caspase-1 and Asc were also present in the differentiated

adipocytes suggesting that all components for a functional inflammasome are present in

adipocytes.

To determine if adipocyte expression of the Nirp3”**'" allele has an effect in vivo, we fed mice a
45% kcal lipid based HFD. As Nlrp3 expression is induced by NF-kB activation (Figure 1C), the
excess lipids and adipose inflammation that result from a HFD model should ensure expression
in the adipocytes. WT, Nirp3”"V* Cre-, and Nirp3”*""™* Cre+ mice were placed on HFD
beginning at 6 weeks of age and were subsequently weighed weekly (Figure 2A). The latter

expresses both the Nirp3™**'V

and WT Nirp3 alleles. No differences in body weight were
observed between the three genotypes. To assess adiposity, the inguinal (iFAT), epididymal
(eFAT), mysenteric (mFAT), and perirenal (prFAT) adipose depots were weighed after 20 weeks
of HFD (Figure 2B). While Nirp3”**""'* Cre+ mice had slightly larger mFAT depots compared

to control mice, there were no differences in the other fat pads, suggesting adiposity was not
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greatly affected by expression of the hyperactive Nlrp3 gene. No differences in liver weight were

observed.

A glucose tolerance test was also conducted to assess metabolic disease in the mice after 13
weeks of HFD (Figure 2C). Glucose at a dose of 2.0 g/kg was administered intraperitoneally to
the mice and blood glucose was determined every 30 minutes. Interestingly, Nirp3” SOV Cre+
mice had elevated blood glucose levels and were glucose intolerant compared to controls. This
result suggests that Nlrp3 expression specifically in the fat cells negatively impacts the metabolic

health of the mice.
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3.5 DISCUSSION

The Nlrp3 inflammasome has been implicated as an important contributor of metabolic disease.
The function of this complex is well defined in immune cells however its role in metabolic cell
types has only been suggested and there is a lack of in vivo evidence to confirm its importance.
To determine if the Nlrp3 inflammasome plays a role in adipocytes during obesity, we expressed
the D*'N constitutively active Nlrp3 mutant specifically in these cells. Expression was

confirmed in primary adipocytes along with the inflammasome components caspase-1 and Asc.

Nirp3”3 ™™ Cre+ mice were equivalent in bodyweight to Cre negative controls, suggesting that
Nlrp3 expression in the adipose tissue does not affect body weight or adiposity. The glucose
intolerance observed in Cre expressing mice suggests that Nlrp3 is negatively impacting
metabolic function within the adipocytes, in a manner that is independent of differential obesity.
Further work is required to determine the functions of Nlrp3 in adipocytes. As adiponectin is
expressed not only in white adipocytes, but also the brown and beige adipocyte cell-types, D**'N
Nlrp3 mutant is expected to be also induced in these cells (512). Brown and beige adipocytes
play an important role in energy balance through the induction of adaptive thermogenesis and
affect metabolic health (513). Further insight into activation of the inflammasome in these

adipocytes may be required for a full understanding of its role in fat tissue.

Inflammasome activation can lead to the secretion of IL-1 and IL-18, pyroptosis, as well as the
cleavage of other caspase-1 substrates. Whether adipocytes are capable of secreting
inflammasome derived pro-inflammatory cytokines in vivo is unclear. Immature pro-IL-1p has
been detected in the lysates of human adipocytes, but it is not clear if it is secreted (345). Some
studies have detected IL-1p secretion by the murine 3T3-L1 adipocyte cell-line (514), while
others have been unable to (515). Our own studies could not detect pro-IL-1p expression by
Western blot in 3T3-L1 cells (Data not shown). In the obese state it is likely that adipose tissue
macrophages would represent the predominant source of secreted cytokines as adipose tissue

macrophages have higher expression of inflammasome components relative to adipocytes (329).
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Inflammasome-dependent death of adipocytes could be another contributing factor to glucose
intolerance, as adipocyte cell death has been found to play a role in insulin resistance (516). Cell
death morphologically resembling pyroptosis has been observed in adipocytes (517), however a
more precise readout, such as Gasdermin D cleavage, is required to verify this claim (167, 168).
Caspase-1-dependent cleavage of substrates such as SIRT1 may also impact host metabolism
(502). While screens have identified novel caspase-1 targets (169), these studies have not been
performed in adipocytes, which may be required to detect cell-specific protein activity. The
requirement of caspase-1 for sterol regulatory element binding proteins (SREBP) activation
could also be involved (518). SREBPs are transcription factors that stimulate cholesterol and
fatty acid biosynthesis and are required for adipocyte differentiation (519). Finally, Nlrp3 may
have functions that are independent of inflammasome activation. It has been reported that Nlrp3
can act as a transcription factor in T2 cells (520). It is unknown if it may function similarly in

other cell types such as adipocytes.

Overall, these results suggest that a full understanding of the inflammasome in metabolic disease
requires examination of its role in specific tissues. The study of the inflammasome in adipocytes
provides insight into disease pathogenesis and may reveal future targets for therapeutic

intervention.
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Figure 1. Nirp3” H0IN s expressed in adipocytes.

A) Diagram detailing the Nirp3”*"’" construct and Cre recombination. B) PCR Genotyping of
transgenic mice. C) Primary adipocytes were differentiated in vitro and stimulated overnight
with or without 100ng/mL LPS overnight. Cells were harvested and immunoblot performed on
lysates.
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Figure 2. Nlrp3”""V* Cre+ mice are glucose intolerant.

A) WT, Nirp3P""™* Cre+ and Nirp3P°""™™ Cre- mice were fed a 45% kcal lipid HFD beginning
at 6 weeks of age. Weight was recorded for 20 weeks of HFD. B) The inguinal (iFAT),
epididymal (eFAT), mysenteric (mFAT), and perirenal (prFAT) adipose depots and Liver were
weighed after 20 weeks of HFD. C) After 13 weeks of HFD, mice were fasted for 6 hours before
i.p. injection with 2g/kg glucose. Blood glucose was recorded every 30 minutes. Data represent
the mean +/- SEM. Significance was determined by student’s t-test. (*p < 0.05, **p <0.01, ***p <
0.001).
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PREFACE TO CHAPTER 4

Cell death and inflammation are interconnected processes that play pivotal roles in disease.
Previous studies in our lab have examined how these pathways contribute to inflammatory bowel
disease using mouse models. Necroptosis is a recently defined regulated mode of necrotic cell
death that has been indirectly linked to the development of colitis. To specifically examine a
direct role of necroptosis in the pathogenesis of colitis, we investigated how absence of the

central necroptosis effector MIkl affects experimental colitis in mice.
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CHAPTER 4

The necroptosis effector MLKL mediates erosive colitis
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4.1 ABSTRACT

A breach in intestinal barrier integrity is a key initiating event in inflammatory bowel disease
(IBD). Necroptosis of intestinal epithelial cells (IECs) has been previously described, but
whether necroptosis contributes to IBD pathogenesis and how is not fully understood. To more
precisely determine the role of necroptosis in IBD, we applied the dextran sulfate sodium (DSS)
erosive colitis model to mice lacking MIkl, the most downstream effector of this cell death
pathway. MIkI”" mice were highly resistant to colitis, had reduced cell death in the colon elevated
IEC proliferation. Pro-inflammatory cytokines secreted by the colons of MIkI”™ mice were
equivalent to control animals, however loss of MIkl resulted in increased secretion of the repair
cytokines IL-22 and IL-17. These results indicate that Mlkl-dependent necroptosis promotes

colitis and that its inhibition may have therapeutic potential in IBD.
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4.2 INTRODUCTION

Necroptosis is a regulated form of necrotic cell death that has been linked to the development of
numerous diseases, affecting multiple tissues and organs (245). Activation requires assembly of
the necrosome, comprised of the kinases Receptor-Interacting Protein Kinase (RIPK)1 and
RIPK3 and the downstream effector Mixed Lineage Kinase Like (MLKL). This process can be
triggered through various pathways such as TNFa signalling, death ligand stimulation, TLR3 or
TLR4 activation of TRIF, and IFN pathways (521).

Necroptosis activation is initiated by RIPK3 recruitment to RIPKI1 through RHIM domain
binding, permitting the phosphorylation of RIPK3 and its activation. RIPK3 dependent
phosphorylation of the pseudokinase domain of MLKL leads to a conformation change,
permitting the N-terminal executioner 4 Helix Bundle (4HB) domain to be released for
oligomerization (522). MLKL oligomers proceed to form pores in the plasma membrane leading

to osmotic lysis.

The induction of necroptosis typically occurs following inhibition or loss of the pro-apoptotic
proteins caspase-8 or FADD. Caspase-8 can cleave RIPK1 and RIPK3 to block necroptosis
induction (216, 217). Mice deficient in caspase-8 or FADD have long been known to die
embryonically, but can be rescued through ablation of RIPK3-dependent necroptosis (219, 233,
236). Recent studies have expanded on these results to implicate necroptosis in the development
of IBD. Mice lacking caspase-8 in IECs and therefore more susceptible to RIPK3-dependent
necroptosis, have basal ileal pathology, loss of Paneth cells, and are also susceptible to

IEC-KO

chemically induced colitis (5). Comparable results were observed in FADD mice which

could also be rescued by ablation of the Ripk3 gene (6).

Despite the proposed pathogenic role of necroptosis in these IEC specific models, it is important
to note that genetic deletion of necrosome components not only affects necroptosis but also
perturbs other signalling pathways, thus could contribute to the development of colitis indirectly.
For instance, loss of Ripkl in IECs results in intestinal inflammation, mediated by caspase-

8/FADD-dependent apoptosis (7, 9). Indeed, Ripkl"*“*°FADD"™*° compound mice are rescued
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from apoptosis. However, they become susceptible to necroptotic cell death and require ablation
of Ripk3 to completely restore intestinal health (7). Mice globally ablated for the necrosome
component Ripk3 were surprisingly more susceptible to DSS-induced colitis. This phenotype
was ascribed to a novel cell death-independent function of Ripk3 in dendritic cells (DCs), where
it controls NF-kB-mediated production of inflammatory cytokines including IL-23 (8). Other
studies have similarly identified necroptosis-independent functions of Ripk3, such as a role in
inflammasome activation (523, 524), apoptosis (239, 525), and proinflammatory cytokine
secretion (526). Ripkl is also involved in multiple pathways and has similarly been linked to

apoptosis and NF-kB and ERK activation (207, 527).

Preliminary evidence has suggested a potential role for necroptosis in human IBD. RIPK3 and
MLKL expression are increased while caspase-8 is decreased in the intestine of patients,
suggesting an association between necrosome components and intestinal inflammation (528).
Biopsies also indicate RIPK3 induction may specifically correlate with Paneth cell death (5).
Inhibition of the necroptosis inducing cytokine TNFa by the monoclonal antibody Infliximab has

demonstrated positive therapeutic outcomes and is approved by the FDA for CD patients (529).

While these reports have suggested a role of necroptosis in colitis in mice and IBD in humans,
the results are difficult to interpret because of necroptosis-independent roles of RIPK1 and
RIPK3, namely in apoptosis, NF-kB activation, and potentially others pathways. To study
necroptosis in the absence of these confounding factors, mice deficient in MIkl represent a more

suitable model, based on our current understanding of its necroptosis-restricted functions.

In this study, we identify an important role for Mlkl in mediating the development of colitis in
mice. MIkI”" mice exhibited reduced cell death in the ileum and colon coupled with elevated
production of the repair cytokines IL-22 and IL-17. Consequently, increased IEC proliferation
was observed in the colon of MIkI”" mice. These results specifically implicate necroptosis as an

important regulator of colitis.
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4.3 MATERIALS AND METHODS

Animal experiments

Mice were housed at room temperature with a 12 hour light/dark cycle with food and water
provided ad libitum. Only male mice, aged 6-12 weeks were used. MikI”" mice were obtained
from Jiahuai Han, Xiamen University, under MTA (530). WT C57/BL6 mice and MIkI”™ mice
were maintained separately bred colonies. All experiments were performed under guidelines of

the animal ethics committee of McGill University (Canada).

DSS Colitis model

To induce experimental colitis in mice, DSS (55 000 kDa, MPBiomedical Cat# 160110) was
added to the mouse drinking water at a concentration of 5% (w/v). After 5 days of DSS
treatment, mice were either sacrificed or administered normal drinking water for another 2 days

before sacrifice. The animals were monitored and weighed daily during treatment.

Western Blots

Tissues were lysed in buffer B150 (20 mM Tris-HCI pH 8.0, 150 mM KCl, 10% glycerol, 5 mM
MgCl2, and 0.1% NP40) supplemented with Complete-mini protease inhibitors (Roche Applied
Science, Cat# 11836153001) and phosphatase inhibitors (Sigma Cat# S7920, 71768, G6376).
Protein lysates were separated on SDS-PAGE and transferred to nitrocellulose membranes. Blots
were probed with antibodies against Ripkl (BD #610459), Ripk3 (ProSci #2283), MLKL
(Abcam #172868), cleaved caspase-3 (Cell Signaling #9661), cleaved caspase-8 (Cell Signaling
#9429), B-actin (Sigma, Cat# A1978), cyclin D1 (Thermo Fisher Scientific #SP4), and GAPDH
(Santa Cruz sc-25778).

Colon organ culture and ELISAs

Approximately 0.5 cm” sections of colon tissue were weighed and incubated overnight in OPTI-
MEM (ThermoFisher) culture media. Cytokines were determined using the following ELISA
kits: IL-6 (R&D, Cat# DY406), IL-1B (R&D, Cat# DY401), IL-23 (R&D, Cat# DY 1887), IL-22
(R&D, Cat# DY582), IL-11 (R&D, Cat# DY418), IL-17 (R&D, Cat# DY421).
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Dendritic cell culture

Bone marrow was obtained by flushing the femurs and tibias of WT and MikI”” mice. Cells were
cultured in non-tissue culture-treated dishes and differentiated into dendritic cells at 37°C 5%
CO; for 10 days in RPMI-1640 media (containing 10% heat-inactivated FBS, 2 mM glutamine,
100 pg/ml penicillin/streptomycin, 50 uM 2-mercaptoethanol). 20 ng/mL GM-CSF (Peprotech
#AF-315-03) was added to the media on Days 0, 3, 6 and cells were treated on Day 10 with LPS
(5 ng/mL).

Hematoxylin and eosin staining

Colons were fixed in 10% buffered formalin overnight, paraffin embedded, and cut and
processed for hematoxylin and eosin staining. Sections were digitally scanned using a ScanScope
XT digital scanner (Leica). ImageScope software (Leica) was used to quantify colon pathology.

The length of healthy, damaged, or fully eroded crypts was measured to assess colon damage.

Immunohistochemistry

Paraffin embedded slides were dewaxed with xylene and rehydrated in ethanol beginning at
100%, followed by 90%, 70%, and 50% ethanol for 5 min each. The slides were then incubated
in water for 5 min before a 95°C incubation for 15 min in a 0.1 M citrate buffer (pH 6.0) for
antigen retrieval. Slides were permeabilized with 0.25% Triton X-100 in PBS for 20 min at room
temperature. Click-iT TUNEL Alexa Fluor 647 (Life Technologies, Cat no. C10247) staining
was performed according to the manufacturer’s instructions. Slides were then blocked (10% fetal
bovine serum and 3% bovine serum albumin) for 30 min at 37°C and tissues were incubated with
primary antibodies in PBS containing 3% bovine serum albumin overnight at room temperature.
The following antibodies were used: PCNA (Abcam, Cat no. AB2426), active caspase-3 (R&D,
Cat no. AF835), and E-cadherin (BD Bioscience, Cat no. 610182). Slides were then washed and
incubated with secondary antibodies coupled with AlexaFluor 488, 594, or 647 (Invitrogen).
Finally, nuclei were stained with Hoechst 33342 (Invitrogen, Cat# H3570). Slides were imaged
on a Zeiss Axioskop upright wide-field microscope. Analysis of images was performed using
Volocity 6.0 software (Quorum Technologies). For PCNA analysis, the E-cadherin positive crypt
area was selected and the total number of PCNA+ nuclei calculated as a percentage of total

nuclei. For each colon, 2-6 fields of view were analyzed, containing greater than 500 nuclei each.
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For quantification of cell death, apoptosis (caspase-3+) and TUNEL (late apoptosis/non-

apoptotic death) cells were quantified. A minimum of 3 fields of view were analyzed per colon.
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4.4 RESULTS

MIkI” mice are resistant to DSS-induced colitis

Recent evidence has implicated necroptosis in the pathogenesis of colitis, but the genetic models
used are difficult to interpret as the effect of necroptosis is confounded by functions of RIPK1
and RIPK3 in other pathways. We aimed to specifically study necroptosis in the development of
colitis through the use of Mlkl deficient mice. MikI” and WT mice were administered 5% (w/v)
DSS in the drinking water for 5 days to induce erosive colitis followed by 2 days of normal
drinking water for recovery. DSS-treated MikI”" mice had reduced bodyweight loss and increased
survival compared to WT controls (Figure 1A, B). Interestingly, this phenotype was independent
of differences in colon length or cecum weight, indicators commonly associated with intestinal

inflammation, both on day 7 (Figure 1C, D) and day 5 (Figure S1).

MIKT” mice have reduced colon pathology and cell death

H&E stained colon tissue sections from WT and MIkI”" mice were assessed for tissue damage
and crypt erosion. MIklI”" mice had relatively healthier tissue with fewer fully eroded crypts on
Day 7 compared to WT mice (Figure 2A). As the DSS model is associated with cell death in the
colon, colon tissue sections were next stained for the cell death markers active caspase-3 and
terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) (Figure 2B). Cell death
was assessed on experimental day 5, as we have previously shown that this time point is the cell
death peak in this model (531). Caspase-3 activation is indicative of apoptotic cell death, while
TUNEL staining will reveal late apoptosis as well as necrosis. In contrast to colon tissue sections
from WT mice, those from MIkI” mice exhibited decreased cell death staining including

decreased numbers of TUNEL positive cells, potentially indicating reduced necroptosis.

Absence of MIKI leads to accumulation of Ripkl and Ripk3 in the colon

To further understand why MIkI” mice were resistant to DSS colitis, we analyzed colon lysates
of DSS-treated animals by immunoblot. There were no differences in apoptosis markers, namely
cleaved caspase-3 or caspase-8, on Day 7 post-DSS (Figure S2). In contrast, we observed

increased levels of the necrosome components Ripk3 and Ripkl in the colon of MIkI” mice
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(Figure 3A). Elevated expression of these proteins was not observed in the ileum, consistent with

lack of DSS-induced pathology outside of the colon (Figure 3B) (532).

Secretion of IL-17 and IL-22 is elevated in the colon of MIkI”” mice

To assess the extent of colonic inflammation post DSS, we performed colon organ culture and
analyzed pro-inflammatory cytokines secretion (Figure 4A-G). DSS treatment induced increased
cytokine secretion compared to untreated conditions, however there were no significant
differences in the levels of IL-6, KC, IL-1p, IL-23, or IL-11 between genotypes, as determined
by ELISA. In contrast, we did observe heightened production of the repair cytokines IL-17 and
IL-22 (438, 439, 479, 483) in colon organ cultures from MIkI” mice compared to WT controls.
Augmented production of IL-22 in the colon of MIkI”™ mice was confirmed by qPCR analysis
and was independent of differential expression of the IL-22 antagonist IL-22BP or its inducer IL-
23 (Figure 4H). To exclude a necroptosis-independent function of Mkl in cytokine production,
as was recently demonstrated for Ripk3 (8), we cultured primary bone-marrow derived dendritic
cells (BMDCs) and treated them with LPS with or without the Nlrp3 inflammasome agonist
nigericin to induce IL-1f secretion (Figure S3). No differences were observed between
genotypes in IL-1B, IL-23, or IL-6 cytokine production. This result combined with the equivalent
levels of these cytokines in the colon (Figure 4A-D) suggests that factors inducing IL-22 or IL-

17 production are not equivalently production, independently of Mkl expression.

MIKkI” mice have increased colonic epithelium repair

Given that IL-17 and IL-22 are linked to intestinal regeneration, we determined if tissue repair
may play a role in the increased resistance to DSS of MIkI” mice. Colon tissue sections stained
for the mitotic marker proliferating cellular nuclear antigen (PCNA) revealed increased
proliferating cells in the crypts of MIkI” mice compared to WT controls (Figure 5A). Cyclin D1,
an additional marker of cellular proliferation, was also elevated in colon lysates of MIkI” mice,
as evaluated by immunoblot, further suggesting that epithelial repair was enhanced in the
absence of MIkl. Taken together, these results suggest that Mlkl-induced cell death, which is

associated with reduced levels of intestinal protective cytokines, is pathogenic in DSS colitis.
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4.5 DISCUSSION

The incidence of inflammatory bowel disease has increased since the second half of the 20"
century and there is a growing demand for improved therapies. Experimental mouse models
provide an informative tool to study the function of potential pathways of pathogenesis and
therapeutic targets. Recent studies have indirectly implicated necroptosis in IBD. In this study,
we assessed the role of MIkl in a murine experimental model of erosive colitis. We present
evidence that show that ablation of this restricted pro-necroptotic factor rendered mice highly

resistant to DSS-induced colitis.

The induction of compensatory proliferation is essential for intestinal tissue repair following
DSS-induced damage. Among the primary repair cytokines in the colon, IL-22 induces epithelial
proliferation through STAT3 activation (479, 483), while IL-17 induces the expression of tight
junction proteins, reducing barrier permeability (438, 439). The elevated levels of these two
cytokines in the colon of MIkI” mice correlated with the increased number of proliferating IECs.
IL-22 and IL-17 are primarily secreted by Retinoic-acid-receptor-related orphan receptor gamma
t (RORyt)-positive immune cells including type 3 ILCs and T helper 17 (Tx17) cells (470, 533,
534). ILC3s are thought to be the primary source of IL-22 in the colon (417, 438, 535), while 3
T cells are mainly responsible for IL-17 production (438). While DCs from Rika’/ " mice were
reported to have defects in NF-kB-mediated production of IL-1p and IL-23, these responses were
unaffected in DCs from Mkl mice. Bone marrow derived macrophages (BMDMs) from these
mice also have a normal NF-xB response, confirming the proposed restriction of Mlkl function
to necroptosis (530). As no differences were observed between WT and of in MIkI”" mice in IL-
1B or IL-23, which act upstream of IL-22 and IL-17 induction, the heightened production of the
latter in MIkI”” mice may instead be the result of decreased necroptosis of immune cells involved

in their production.

Immunoblot analysis of the colon revealed elevated expression of Ripkl and Ripk3 in MikI"
mice. Induction of these kinases is associated with necroptosis, and overexpression of Ripk3
alone can directly induce this cell death modality (223). Cells potentially primed for death by this

pathway may now persist due to the absence of MIlkl. Reduced markers of cell death were also
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detected in the colon of MIkI” mice, including fewer TUNEL positive cells, potentially
representing cells dying of necroptosis. Consistently, T cells were shown to be susceptible to this
mode of cell death (536, 537). The recent generation of an antibody that recognizes the
phosphorylated active form of murine MLKL combined with immune cell markers may

represent the best method to detect necroptosis in these cell types.

Necroptosis inhibitors have shown considerable therapeutic potential in animal models of
various human diseases (245). Inhibitors targeting Ripkl or Ripk3 kinase activity have been
developed, but have yet to proceed beyond preclinical testing. It is now predicted that targeting
these kinases may lead to unintended consequences, given their recently uncovered pleiotropic
functions. For example, Ripk3 inhibitors were reported to induce apoptosis (525), and as

mentioned earlier might neutralize the function of Ripk3 in intestinal tissue repair (8).
Our results point to MLKL as a potential therapeutic target for IBD. MLKL inhibitors have not

been reported to perturb necroptosis-independent pathways. Thus, these compounds, may

provide more viable options for human therapy (538).
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Figure 1. MIKI”" mice are resistant to DSS-induced colitis.

A) WT and MIkI" mice were administered 5% DSS in the drinking water for 5 days followed by
a 2 day recovery period. Results are pooled from 3 independent experiments. B) Kaplan-Meier
survival analysis of DSS treated mice followed by 7 day recovery period. C) Colon length of
mice sacrificed on experimental Day 7. D) Cecum weight of mice sacrificed on experimental
Day 7. Data represent the mean +/- SEM. Significance was determined by student’s t-test. (*p <
0.05, "p<0.01,  p<0.001).
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Figure 2. The colons of MIkI” mice have reduced pathology and cell death.
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Figure 2. The colons of MIkI” mice have reduced pathology and cell death.

A) Colon sections from WT and MIkI” mice on experimental Day 7 were fixed and H&E
stained. The percentage of healthy, damaged, and eroded crypts for each colon was quantified.
Scale bar represents 200 um. B) Colon sections from WT and MikI”” mice on experimental Day 5
were stained for E-cadherin (White), active caspase-3 (Green), TUNEL (Red), and Hoeschst
(Blue). The total number of active caspase-3, TUNEL, and active caspase-3/TUNEL double
positive cells was quantified in 3 fields of view per mouse. n=3-4 for untreated mice and n=7-8
for DSS treated mice. Data represent the mean +/- SEM. Significance was determined by
student’s t-test. ( p <0.001).
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Figure 4. Augmented production of IL-22 and IL-17 in the colon of MIKI”" mice.

A-G) A ~0.5cm” section of the distal colon from Day 7 mice was cultured overnight in media
and secreted cytokines were quantified by ELISA. H) qPCR analysis of colon lysates from Day 7
mice. Data represent the mean +/- SEM. Significance was determined by student’s t-test. (p <
0.05).
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Figure 5. MIkI”" mice have elevated intestinal epithelial regeneration.

A) Colon sections from WT and MIkI”” mice on experimental Day 7 were stained for E-cadherin
(Green), PCNA (RED), and Hoeschst (Blue). The number of PCNA positive nuclei within the
E-cadherin positive crypt region was counted and expressed as a percentage. Each data point
represents an individual mouse. B) Colon lysates from experimental Day 7 mice were
immunoblotted. Data represent the mean +/- SEM. Significance was determined by student’s t-

test. ( p <0.001).
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A) Colon lysates from experimental Day 7 mice were immunoblotted for necrosome proteins.

130



IL-1B IL-6 IL-23
15000 2000 150 —
m WT
B2 mikr” I 1500
- 10000+ — — 1004
) E E
2 2 1000- 2
= © Q
2 5000 = 500 A 50
0- T 0 T T 0 I'I' T
e"’@b P& e’éef-’ &L IR &
S S & &
&
A

Ficure S3. BMDCs from MIkI” mice have equivalent pro-inflammatory cytokine
g q P Yy ¢y

production compared to control BMDCs from WT mice
A-C) BMDCs were cultured in vitro and stimulated with 5 ng/mL LPS for 4 hours followed by

20 uM Nigericin for 1 hour. Data represent the mean +/- SEM.

131



CHAPTER 5 — DISCUSSION

The innate immune response and cell death pathways play pivotal roles in the host response to
infection. Physical barriers, mucosal surfaces, AMPs, and various immune cell subsets provide
initial protection against microbes and separate the host from the environment. Cell death
eliminates microbial replication niches to prevent further dissemination. Innate immunity and
cell death are thus tightly interconnected and can be activated by similar stimuli and regulated by
common proteins. Careful control of these processes is required to prevent inappropriate
activation that can lead to the development of inflammatory disorders and autoimmune diseases.
The work of this thesis examines how inflammation and cell death are engaged in metabolic

disease and IBD.

5.1 The role of caspase-12 in metabolic disease and inflammation

The inflammasome and caspase-1 respond to foreign and endogenous signals to initiate an
inflammatory response. Activation of this pathway has been determined to have metabolic
consequences in the obese state and can lead to insulin resistance and T2D (1). In chapter 2 of
this thesis, we assessed the effect of two members of the inflammatory caspase sub-family,
caspase-11 and -12, in murine models of metabolic disease. As the Caspl 27" strain generated
with 129 mouse embryos also lacked caspase-11, we obtained a second C57/BL6 Casp]Z'/’
Caspll “strain as well. Loss of caspase-12 in both strains of mice resulted in obesity, insulin

resistance, and adipose tissue inflammation while Casp!1 " mice were equivalent to controls.

Interestingly, we found no striking metabolic abnormalities or changes in caloric intake of the
Caspl 27 mice to explain their increased weight gain. It is possible that this may be due to subtle
differences accumulating over an extended period of time that were not detected. This
explanation could be tested by feeding the Caspl2” mice and control animals an equivalent
daily amount of food as opposed to ad libitum. If the caspase-12 deficient mice continued to
become obese this would imply an increased extraction of calories from the food or a reduction

in energy consumption.
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The obese phenotype of the Caspl 27 mice could be rescued by ablation of Nirp3. It is difficult to
determine if caspase-12 is acting directly within the Nlrp3 inflammasome pathway or in a
parallel pathway. Some insight into this question could be achieved through a bone marrow
chimera experiment to determine in which compartment Nlrp3 is required. An interesting
possibility is that both genes may affect the composition of the microbiome. Preliminary
sequencing of fecal samples from Casp]Z’/ " mice suggested differences in certain families of
bacteria compared to WT mice (Data not shown). Dysbiosis has been demonstrated to be a
causative factor of obesity in people and mice (539). Interestingly, deficiency in inflammasome
components has been demonstrated to allow colonization by microbiota that can directly affect
bodyweight of the host (330). Therefore a shift in the intestinal bacteria of Caspl 2'/'Nlrp3'/' mice

could offer an explanation for the reduction in adiposity of these mice.

5.2 A role for caspase-12 in humans

The majority of the human population is fixed for a non-functional truncated caspase-12 allele,
though approximately 20% of people of African descent express the full length gene (196). It has
been estimated that the inactive allele arose ~100-500 thousand years ago due to positive
selection as opposed to neutral genetic drift (540). Resistance to sepsis has been hypothesized to
be a driving factor accounting for the evolutionary loss of caspase-12 (189). Mouse models and
in vitro studies have implicated an anti-inflammatory role for caspase-12 in regulating the
inflammasome, NF-kB activation, and NOD signalling (189, 191, 192). However, despite these
observed anti-inflammatory effects, the role of caspase-12 in humans is controversial. In recent
studies, the caspase-12 genotype was reported to confer no effect on clinical parameters related
to rheumatoid arthritis, malaria infection, community-acquired pneumonia, candidemia, or

systemic lupus erythematosus (198-200, 541, 542).

In chapter 2 of this thesis we sought to determine if the loss of Caspase-12 in humans correlated
with the metabolic disease found in Casp! 27 mice. To do this we collaborated with two teams of
investigators who genotyped their patient cohorts for the T'*>C SNP encoding full length
caspase-12. The T'*>C SNP correlated with reduced serum and adipose tissue inflammatory
markers in the Yale Pediatric Obesity cohort, a similar trend to what we observed in mice. To

expand on these findings, a more in depth analysis of inflammation in the adipose tissue would
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be interesting. For example, an assessment of inflammasome activation would determine if this
pathway was similarly elevated in humans as in mice. The elevated numbers of macrophages
observed in caspase-12 deficient humans could also be separated and studied after liposuction
biopsies. While it did not appear that caspase-12 was expressed in immune cells infiltrating the
adipose tissue from our bone-marrow chimera experiment, it would be important to see if this
was also true in human cells. It is difficult to determine if the T'**C genotype would have any
influence on proposed therapy for these patients, however these findings suggest that they may

be less suitable candidates for anti-inflammatory medication to treat metabolic disease.

In spite of this correlation with adipose tissue inflammation, the results from the Dallas Heart
Study suggested that caspase-12 did not influence metabolic parameters such as serum glucose,
serum triglycerides, or insulin resistance. While we cannot precisely determine the reason for
this discrepancy with our mouse data, there are multiple possible explanations. In contrast to the
murine homolog, human caspase-12 lacks catalytic activity and is repressed by estrogen.
Interestingly, correlation of the T'*>C SNP and reduced inflammation from the Yale cohort was
only observed in male obese teenagers, but not female. Caspase-12 expression was not quantified
in the Yale study however, and it is unknown if reduced levels in the female patients could
explain this gender difference. This inhibitory role of estrogen was determined through the
generation of mice over-expressing human caspase-12 in a Caspl 2" background (191). It would
be interesting to determine if these mice were protected from obesity, similarly to WT mice
expressing the murine protein. Other unknown host specific differences between the proteins

may also have an effect.

The mouse is a model organism used to study human disease that has many advantages. Mice
have shorter life spans, reproduce quickly, are relatively cost-effective, and can be easily
genetically manipulated. However, findings in mice do not always correlate with human data,
especially regarding complex diseases that are dependent on multiple factors as is the case with
obesity. Inbred mice lack the genetic diversity of humans and are maintained in a carefully
controlled environment. They are fed a constant diet and have equal opportunities for exercise.
These variables are impossible to control for in a clinical cohort and can cloud results. Therefore

subtle changes that may produce an observable phenotype in mice may be unapparent in similar
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human studies because of confounding factors. Due to the relatively low expression of the
functional T'*C caspase-12 allele a large cohort is required to obtain an adequate sample size of
patients, especially regarding homozygous individuals. Future clinical studies are required to
confirm the DHS data and confirm if caspase-12 affects obesity and metabolic disease in

humans.

Overall the discrepancies between murine and clinical studies indicate that the striking
immunoregulatory and metabolic effects of caspase-12 in mice and in vitro may not directly
translate to humans or are severely dampened. Therefore there is a lack of overwhelming
evidence to suggest why caspase-12 was originally lost in the human population or why it has
been maintained by a small percent of people primarily in Africa. In recent years, significant
progress has been made in our understanding of the other inflammatory caspases, caspase-1 and -
11. Our efforts to decipher the function of caspase-12 in humans have fallen behind and warrant

future studies to identify a potential physiological role.

5.3 Inhibiting the inflammasome as a therapeutic strategy for metabolic disease

Given the widespread activation of the inflammasome in numerous diseases there has been a
great deal of interest in inhibiting it and its downstream effects. The results of Chapters 2 and 3
of this thesis implicate a role for inflammasome activation as a causative factor in metabolic
disease. The inflammasome can be targeted at multiple checkpoints including component
recruitment and complex formation, caspase-1 activation, as well as downstream targets such as
IL-1pB. Inhibitors have been developed to repress inflammasome activity at all three of these

junctures and tested in pre-clinical and clinical studies (543).

As NLRP3 is the primary inflammasome PRR primarily responsible for obesity driven
inflammation, antagonists targeting its activation may be of particular use to treat T2D and
insulin resistance (1). Glyburide is a sulfonylurea compound that blocks potassium-ATP
channels in pancreatic B-cells and has been prescribed to treat insulin resistance (544).
Interestingly, it was also demonstrated to inhibit the Nlrp3 inflammasome, though it is unknown

to what extent its anti-inflammatory abilities confer its efficacy (545). Other inhibitors such as
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MCC950 and pB-hydroxybutyrate have also been demonstrated to repress the Nlrp3
inflammasome in preclinical studies and may have potential as therapeutic agents (546, 547).

Caspase-1 inhibitors have also been tested clinically though none have been approved for use.
Pralnacasan is an inhibitor that was demonstrated to be effective in treating metabolic disease in
a mouse model of obesity (4). The drug has undergone clinical trials for inflammatory diseases
such as rheumatoid arthritis and osteoarthritis, but despite showing promising anti-inflammatory

activity in phase 1 and 2 trials, it was withdrawn due to the development of liver toxicity in mice
(548).

IL-1P release occurs downstream of inflammasome activation and has been linked to multiple
inflammatory diseases (549). There are multiple strategies that have been developed to block
activity of the cytokine in vivo. These include the use of recombinant IL-1Ra and neutralizing
monoclonal antibodies (543). Anakinra is a recombinant IL-1Ra that is currently approved for
the treatment of rheumatoid arthritis and has been successful in treating joint disease and CAPS
patients (550). Its ability to resolve aspects of metabolic disease has also been tested. In a
randomized placebo-controlled trial, anakinra administration has been demonstrated to increase
insulin production and reduce levels of the inflammatory biomarkers CRP and IL-6 in T2D
patients (372). The benefits of IL-1 blockade were still evident 39 weeks after treatment had
concluded in a follow-up study (505). Other studies have also indicated an improvement in
pancreatic B-cell function and insulin secretion (551, 552). These beneficial effects may be

attributed to the blunting of IL-1 toxicity to B-cells (504).
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The short half-life of anakinra necessitates a daily injection protocol, however monoclonal
antibodies targeting IL-1pB have extended half-lives and represent an alternate method for
curtailing IL-1 signalling. IL-1fB neutralizing monoclonal antibodies such as Canakinumab and
Cevokinumab have shown promising results in clinical tests to increase insulin secretion in T2D
patients (553, 554). A large scale study named Canakinumab Anti-inflammatory Thrombosis
Outcomes Study (CANTOS) is currently underway to confirm the involvement of IL-1f in
atherosclerosis and diabetes development. It will assess the effects of Canakinumab
administration in a cohort of 17,200 stable post myocardial infarction patients over a 4 year
period (555). A beneficial effect will be an important step in gaining approval for inflammasome

pathway anti-inflammatories in the treatment of metabolic disease.

5.4. Necroptosis in colitis and disease

Necroptotic cell death has been linked to multiple diseases (245). Recent work over the past few
years has linked IEC death by this pathway as a contributing factor to colitis (5-7, 9, 528). In
chapter 4 we examined the role of the currently identified most downstream effector molecule of
necroptosis, MIkl, for its involvement in IBD. The DSS model supported a detrimental role for
MIkl in the development of experimental colitis. While intestinal cell death was reduced in Mkl
” mice, elevated levels of the repair cytokine IL-22 and IEC proliferation were likely

contributing factors to their survival.

The benefits of IL-22 induced healing in murine colitis is well known (479, 483), however it
remains to be seen if the cytokine may offer therapeutic benefit. Similarly to mouse models of
colitis, IL-22 is elevated in CD and UC patients (556). Initial reports suggested that it is
produced by CD4+ T cells and signals subepithelial myofibroblasts to promote the release of
pro-inflammatory cytokines. Elevated numbers of IL-22" immune cells correlate with reduced
mucosal inflammation in CD (557). A potential therapeutic role for IL-22 was demonstrated in a
case-study involving a UC patient who infected himself with the helminth Trichuris trichiura
(558). Helminth infection typically invokes a Ty2 response (559) and has been previously used
in clinical trials to treat IBD (560). In this study, the helminth induced the appearance of I1L-22+
helper T cells and remission of UC (558). Further insight into the function of IL-22 in human

disease is required to determine if this pathway is suitable for IBD treatment. The results of
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chapter 4 of this thesis suggest that IL-22" cells may be susceptible to necroptotic cell death and
a combinational therapy involving necroptosis inhibitors and IL-22 inducers might thus be

beneficial.

5.5 Common factors affecting both IBD and metabolic disease

The prevalence of obesity driven metabolic disease and IBD have steadily increased over the last
half century and are associated with a Western lifestyle. The pathogenesis of both types of
disorders requires chronic inflammation and deregulation of the immune system. Though IBD
and insulin resistance share some common susceptibility loci, there is a lack of studies that
indicate a strong genetic correlation between the developments of the two disorders (561).
However, there have been reports suggesting an association between CD and insulin resistance
or obesity (562, 563). These complex diseases share multiple contributing factors such as the

intestinal microbiome, diet, and hormone signaling.

There has been an increasing focus on examining how the microbiota affects both metabolic
disease and IBD. Intestinal permeability and elevated serum levels of microbial motifs, a
consequence of obesity or colitis, have been linked to insulin resistance (324). In general obesity
and IBD both lead to a reduction in the diversity of the GI flora (360, 564, 565). There is also
preclinical evidence linking dysbiosis as a causative factor to simultaneously affect both obesity
and colitis. Inflammasome deficient mice were reported to develop microbiota dependent
susceptibility to both experimental colitis and obesity, possibly due to increased levels of
Prevotellaceae bacteria (128, 330). These phenotypes could be transferred to control mice by

acquisition of the pathogenic microbiota.

Diet also can influence the microbiome and affect both IBD and obesity. Dietary emulsifiers are
common in Western diets and are added to many processed foods and allow lipids and water to
form a homogeneous mixture. However, this effect had been hypothesized to increase intestinal
permeability to the microflora (566). Treatment of mice with the emulsifiers
carboxymethylcellulose or polysorbate-80 confers susceptibility to both colitis and obesity (567).
The metabolic effect could be transmitted through the transfer of the gut microbiota. The dual

role of the microbiome in affecting multiple pathways leading to these two diseases suggests that
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a greater understanding of its functions may provide exciting opportunities for therapeutic

intervention.

The work in this thesis implicated inflammatory and cell death pathways in either metabolic
disease or IBD. Interestingly these pathways have been demonstrated by our lab and others to
play roles in the other disease as well. In chapter 2, loss of caspase-12 was implicated as a
contributing factor to obesity and insulin resistance. Caspase-12 has also been demonstrated to
influence susceptibility to DSS experimental colitis and Caspl2”" mice display enhanced repair
after acute treatment (408). Interestingly, the colons of KO animals have elevated NF-xB
activation that impairs survival on a regiment of sustained DSS treatment. These elevated
inflammatory and repair pathways also conferred susceptibility to a model of colorectal cancer.
Potentially changes to the microbiota of Caspl2”" mice could also explain these phenotypes in

both diseases, however further examination is required to determine this.

Necroptosis was attributed to be detrimental to experimental colitis in chapter 4, however its role
in obesity and related disorders has not been fully explored. A complication of excess caloric
intake is the development of non-alcoholic fatty liver disease (NAFLD) and non-alcoholic
steatohepatitis (NASH) that is characterized by hepatic lipid deposition, fibrosis, and hepatocyte
cell death. While this cell death was originally thought to be apoptotic, recent evidence suggests
that necroptosis is also involved. Mice deficient in caspase-8 in liver parenchymal cells develop
NASH when fed a methionine and choline-deficient (MCD) diet (568). Deletion of the
necrosome component Ripk3 ameliorated disease in this model. This study suggests that
necroptosis may be a contributing factor to metabolic diseases. Adipocyte cell death is an
initiating factor of adipose tissue inflammation though it is unknown if necroptosis is involved.
Future studies using the DIO model in mice deficient in necrosome components will aid in

determining a role.

IL-22 is a cytokine with the potential to promote intestinal repair to provide a protective role
during IBD (479, 483). Interestingly, multiple studies have found IL-22 to also play a regulatory
role in metabolic disease, though these results are somewhat controversial. It was determined

that mice deficient in IL-22 receptor (IL-22R1), but not IL-22 cytokine, develop obesity and
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insulin resistance (569). This discrepancy may be due to the ability of IL-22R1 to interact with
IL-20R2 to form a receptor for IL-20 and IL-24. However, administration of exogeneous 1L-22
was also capable of reducing weight gain and metabolic disease in mice. These beneficial effects
of IL-22 appear to be stimulated through multiple mechanisms. Interestingly, the cytokine’s
effects on the GI tract may be partially responsible as intestinal permeability and serum LPS
were reduced after treatment, correlating with reduced adipose tissue inflammation. The
composition of the microbiota was unaffected and was not a contributing factor. [L-22 appears to
also directly affect host metabolism. STAT-3 is induced by IL-22 in primary adipocytes leading
to the upregulation of genes involved in fatty-acid PB-oxidation and triglyceride lipolysis.
Hepatocytes can also be stimulated to inhibit lipogenesis genes to reduce liver steatosis (570).
IL-22 can also play a protective role in the pancreas to reduce oxidation and ER stress to
promote insulin secretion (571). Despite these encouraging results, a more recent study was not
able to reproduce these findings (572). While IL-22 was observed to inhibit gluconeogenesis
within the liver, injection of the cytokine did not improve metabolic health. Instead, the authors
hypothesized that the higher doses used in previous studies had induced cachexia and

subsequently body weight loss.

Overall, these examples illustrate the interconnected pathways that can affect both metabolic
disease and IBD. Activation of the immune system can affect multiple tissues and organs to alter
homeostasis and promote or protect from disease. The development of therapies targeting one of

these disorders may therefore also inadvertently be applicable to the other.

5.6 Final Conclusions

The rise of metabolic diseases resulting from the global obesity pandemic and the increasing
number of IBD cases has placed a growing importance on unraveling their pathogenesis. The
immune system plays a key underlying role in the development of both of these disorders. The
body of work in this thesis provides new insight into the inflammatory caspases and necroptosis,
implicating them as potential targets for therapeutic intervention through the use of murine
models of disease. The work of chapter 2 detailed the ability of caspase-12 to prevent obesity
and adipose tissue inflammation in mice due to expression within non-hematopoietic cells.

Chapter 3 further explored the role of the inflammasome in metabolic cell types and indicated
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activation in adipocytes can contribute to glucose intolerance. In chapter 4 the role of the
necroptosis effector Mlkl was linked to the development of colitis. Overall these studies have
provided substantial preclinical evidence for the involvement of these pathways in disease. A
better understanding of these processes and related pathways may provide key discoveries that

will lead to improved treatment of patients stricken by these disorders.
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Original Contributions to Knowledge

1. Loss of caspase-12 in mice leads to obesity, insulin resistance and adipose tissue
inflammation

2. Loss of caspase-11 in mice does not affect obesity or insulin resistance

3. Caspase-12 regulation of obesity is dependent on its role in the radioresistant
compartment and is antagonized by the loss of Nlrp3

4. Expression of a hyperactive Nlrp3 allele exclusively within adipocytes contributes to
glucose intolerance

5. MIkl deficiency in mice confers protection from experimental colitis

6. The colons of DSS treated MIkI”" mice are characterized by increased IEC proliferation

and IL-22 secretion

142



REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

Henao-Megjia J, Elinav E, Thaiss CA, and Flavell RA. Inflammasomes and metabolic disease.
Annu Rev Physiol. 2014;76(57-78.

Kotas ME, Jurczak MJ, Annicelli C, Gillum MP, Cline GW, Shulman GI, and Medzhitov R. Role
of caspase-1 in regulation of triglyceride metabolism. Proc Natl Acad Sci U S A.
2013;110(12):4810-5.

Murphy AJ, Kraakman MJ, Kammoun HL, Dragoljevic D, Lee MK, Lawlor KE, Wentworth JM,
Vasanthakumar A, Gerlic M, Whitehead LW, et al. IL-18 Production from the NLRP1
Inflammasome Prevents Obesity and Metabolic Syndrome. Cell Metab. 2016;23(1):155-64.
Stienstra R, Joosten LA, Koenen T, van Tits B, van Diepen JA, van den Berg SA, Rensen PC,
Voshol PJ, Fantuzzi G, Hijmans A, et al. The inflammasome-mediated caspase-1 activation
controls adipocyte differentiation and insulin sensitivity. Cell Metab. 2010;12(6):593-605.
Gunther C, Martini E, Wittkopf N, Amann K, Weigmann B, Neumann H, Waldner MJ, Hedrick
SM, Tenzer S, Neurath MF, et al. Caspase-8 regulates TNF-alpha-induced epithelial necroptosis
and terminal ileitis. Nature. 2011;477(7364):335-9.

Welz PS, Wullaert A, Vlantis K, Kondylis V, Fernandez-Majada V, Ermolaeva M, Kirsch P,
Sterner-Kock A, van Loo G, and Pasparakis M. FADD prevents RIP3-mediated epithelial cell
necrosis and chronic intestinal inflammation. Nature. 2011;477(7364):330-4.

Dannappel M, Vlantis K, Kumari S, Polykratis A, Kim C, Wachsmuth L, Eftychi C, Lin J,
Corona T, Hermance N, et al. RIPK1 maintains epithelial homeostasis by inhibiting apoptosis and
necroptosis. Nature. 2014;513(7516):90-4.

Moriwaki K, Balaji S, McQuade T, Malhotra N, Kang J, and Chan FK. The necroptosis adaptor
RIPK3 promotes injury-induced cytokine expression and tissue repair. Immunity. 2014;41(4):567-
78.

Takahashi N, Vereecke L, Bertrand MJ, Duprez L, Berger SB, Divert T, Goncalves A, Sze M,
Gilbert B, Kourula S, et al. RIPK1 ensures intestinal homeostasis by protecting the epithelium
against apoptosis. Nature. 2014;513(7516):95-9.

Janeway CA, Jr. Approaching the asymptote? Evolution and revolution in immunology. Cold
Spring Harb Symp Quant Biol. 1989;54 Pt 1(1-13.

Lemaitre B, Nicolas E, Michaut L, Reichhart JM, and Hoffmann JA. The dorsoventral regulatory
gene cassette spatzle/Toll/cactus controls the potent antifungal response in Drosophila adults.
Cell. 1996;86(6):973-83.

Medzhitov R, Preston-Hurlburt P, and Janeway CA, Jr. A human homologue of the Drosophila
Toll protein signals activation of adaptive immunity. Nature. 1997;388(6640):394-7.

Poltorak A, He X, Smirnova I, Liu MY, Van Huffel C, Du X, Birdwell D, Alejos E, Silva M,
Galanos C, et al. Defective LPS signaling in C3H/HeJ and C57BL/10ScCr mice: mutations in
Tlr4 gene. Science. 1998;282(5396):2085-8.

Takeuchi O, and Akira S. Pattern recognition receptors and inflammation. Ce/l. 2010;140(6):805-
20.

ONeill LA, and Bowie AG. Sensing and signaling in antiviral innate immunity. Curr Biol.
2010;20(7):R328-33.

Akashi-Takamura S, and Miyake K. TLR accessory molecules. Curr Opin Immunol.
2008;20(4):420-5.

Belkhadir Y, Subramaniam R, and Dangl JL. Plant disease resistance protein signaling: NBS-
LRR proteins and their partners. Curr Opin Plant Biol. 2004;7(4):391-9.

Proell M, Riedl SJ, Fritz JH, Rojas AM, and Schwarzenbacher R. The Nod-like receptor (NLR)
family: a tale of similarities and differences. PLoS One. 2008;3(4):e2119.

143



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Girardin SE, Boneca IG, Carneiro LAM, Antignac A, Jehanno M, Viala J, Tedin K, Taha MK,
Labigne A, Zahringer U, et al. Nod1 detects a unique muropeptide from Gram-negative bacterial
peptidoglycan. Science. 2003;300(5625):1584-7.

Chamaillard M, Hashimoto M, Horie Y, Masumoto J, Qiu S, Saab L, Ogura Y, Kawasaki A,
Fukase K, Kusumoto S, et al. An essential role for NODI in host recognition of bacterial
peptidoglycan containing diaminopimelic acid. Nature Immunology. 2003;4(7):702-7.

Inohara N, Ogura Y, Fontalba A, Gutierrez O, Pons F, Crespo J, Fukase K, Inamura S, Kusumoto
S, Hashimoto M, et al. Host recognition of bacterial muramyl dipeptide mediated through NOD?2.
Journal of Biological Chemistry. 2003;278(8):5509-12.

Nakamura N, Lill JR, Phung Q, Jiang Z, Bakalarski C, de Maziere A, Klumperman J, Schlatter
M, Delamarre L, and Mellman 1. Endosomes are specialized platforms for bacterial sensing and
NOD?2 signalling. Nature. 2014;509(7499):240-4.

Inohara N, Koseki T, del Peso L, Hu Y, Yee C, Chen S, Carrio R, Merino J, Liu D, Ni J, et al.
Nodl, an Apaf-1-like activator of caspase-9 and nuclear factor-kappaB. J Biol Chem.
1999;274(21):14560-7.

Shaw MH, Reimer T, Kim YG, and Nunez G. NOD-like receptors (NLRs): bona fide intracellular
microbial sensors. Current Opinion in Immunology. 2008;20(4):377-82.

Krieg A, Correa RG, Garrison JB, Le Negrate G, Welsh K, Huang Z, Knoefel WT, and Reed JC.
XIAP mediates NOD signaling via interaction with RIP2. Proc Natl Acad Sci U S A.
2009;106(34):14524-9.

Bertrand MJ, Doiron K, Labbe K, Korneluk RG, Barker PA, and Saleh M. Cellular inhibitors of
apoptosis cIAP1 and cIAP2 are required for innate immunity signaling by the pattern recognition
receptors NOD1 and NOD2. Immunity. 2009;30(6):789-801.

Tao M, Scacheri PC, Marinis JM, Harhaj EW, Matesic LE, and Abbott DW. ITCH K63-
ubiquitinates the NOD2 binding protein, RIP2, to influence inflammatory signaling pathways.
Curr Biol. 2009;19(15):1255-63.

Yang S, Wang B, Humphries F, Jackson R, Healy ME, Bergin R, Aviello G, Hall B, McNamara
D, Darby T, et al. Pellino3 ubiquitinates RIP2 and mediates Nod2-induced signaling and
protective effects in colitis. Nat Immunol. 2013;14(9):927-36.

Damgaard RB, Nachbur U, Yabal M, Wong WW, Fiil BK, Kastirr M, Rieser E, Rickard JA,
Bankovacki A, Peschel C, et al. The ubiquitin ligase XIAP recruits LUBAC for NOD2 signaling
in inflammation and innate immunity. Mol Cell. 2012;46(6):746-58.

Viala J, Chaput C, Boneca IG, Cardona A, Girardin SE, Moran AP, Athman R, Memet S, Huerre
MR, Coyle AJ, et al. Nodl responds to peptidoglycan delivered by the Helicobacter pylori cag
pathogenicity island. Nat Immunol. 2004;5(11):1166-74.

Kobayashi KS, Chamaillard M, Ogura Y, Henegariu O, Inohara N, Nunez G, and Flavell RA.
Nod2-dependent regulation of innate and adaptive immunity in the intestinal tract. Science.
2005;307(5710):731-4.

Ferwerda G, Girardin SE, Kullberg BJ, Le Bourhis L, de Jong DJ, Langenberg DM, van Crevel
R, Adema GJ, Ottenhoff TH, Van der Meer JW, et al. NOD2 and toll-like receptors are
nonredundant recognition systems of Mycobacterium tuberculosis. PLoS Pathog. 2005;1(3):279-
85.

Ogura Y, Lala S, Xin W, Smith E, Dowds TA, Chen FF, Zimmermann E, Tretiakova M, Cho JH,
Hart J, et al. Expression of NOD2 in Paneth cells: a possible link to Crohn's ileitis. Gut.
2003;52(11):1591-7.

Kim YG, Park JH, Reimer T, Baker DP, Kawai T, Kumar H, Akira S, Wobus C, and Nunez G.
Viral infection augments Nod1/2 signaling to potentiate lethality associated with secondary
bacterial infections. Cell Host Microbe. 2011;9(6):496-507.

Fritz JH, Le Bourhis L, Sellge G, Magalhaes JG, Fsihi H, Kufer TA, Collins C, Viala J, Ferrero
RL, Girardin SE, et al. Nod1-mediated innate immune recognition of peptidoglycan contributes to
the onset of adaptive immunity. Immunity. 2007;26(4):445-59.

144



36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

Magalhaes JG, Fritz JH, Le Bourhis L, Sellge G, Travassos LH, Selvanantham T, Girardin SE,
Gommerman JL, and Philpott DJ. Nod2-dependent Th2 polarization of antigen-specific
immunity. J Immunol. 2008;181(11):7925-35.

Cooney R, Baker J, Brain O, Danis B, Pichulik T, Allan P, Ferguson DJ, Campbell BJ, Jewell D,
and Simmons A. NOD?2 stimulation induces autophagy in dendritic cells influencing bacterial
handling and antigen presentation. Nat Med. 2010;16(1):90-7.

Travassos LH, Carneiro LA, Ramjeet M, Hussey S, Kim YG, Magalhaes JG, Yuan L, Soares F,
Chea E, Le Bourhis L, et al. Nodl and Nod2 direct autophagy by recruiting ATGI16L1 to the
plasma membrane at the site of bacterial entry. Nat Immunol. 2010;11(1):55-62.

Homer CR, Richmond AL, Rebert NA, Achkar JP, and McDonald C. ATG16L1 and NOD2
interact in an autophagy-dependent antibacterial pathway implicated in Crohn's disease
pathogenesis. Gastroenterology. 2010;139(5):1630-41, 41 e1-2.

Sorbara MT, Ellison LK, Ramjeet M, Travassos LH, Jones NL, Girardin SE, and Philpott DJ. The
protein ATG16L1 suppresses inflammatory cytokines induced by the intracellular sensors Nodl
and Nod2 in an autophagy-independent manner. Immunity. 2013;39(5):858-73.

Martinon F, Burns K, and Tschopp J. The inflammasome: a molecular platform triggering
activation of inflammatory caspases and processing of prolL-beta. Mol Cell. 2002;10(2):417-26.
Masumoto J, Taniguchi S, Ayukawa K, Sarvotham H, Kishino T, Niikawa N, Hidaka E,
Katsuyama T, Higuchi T, and Sagara J. ASC, a novel 22-kDa protein, aggregates during
apoptosis of human promyelocytic leukemia HL-60 cells. J Biol Chem. 1999;274(48):33835-8.
Cai X, Chen J, Xu H, Liu S, Jiang QX, Halfmann R, and Chen ZJ. Prion-like polymerization
underlies signal transduction in antiviral immune defense and inflammasome activation. Cell.
2014;156(6):1207-22.

Lu A, Magupalli VG, Ruan J, Yin Q, Atianand MK, Vos MR, Schroder GF, Fitzgerald KA, Wu
H, and Egelman EH. Unified polymerization mechanism for the assembly of ASC-dependent
inflammasomes. Cell. 2014;156(6):1193-206.

Thornberry NA, Bull HG, Calaycay JR, Chapman KT, Howard AD, Kostura MJ, Miller DK,
Molineaux SM, Weidner JR, Aunins J, et al. A Novel Heterodimeric Cysteine Protease Is
Required for Interleukin-1-Beta Processing in Monocytes. Nature. 1992;356(6372):768-74.
Ghayur T, Banerjee S, Hugunin M, Butler D, Herzog L, Carter A, Quintal L, Sekut L, Talanian R,
Paskind M, et al. Caspase-1 processes IFN-gamma-inducing factor and regulates LPS-induced
IFN-gamma production. Nature. 1997;386(6625):619-23.

Gu Y, Kuida K, Tsutsui H, Ku G, Hsiao K, Fleming MA, Hayashi N, Higashino K, Okamura H,
Nakanishi K, et al. Activation of interferon-gamma inducing factor mediated by interleukin-1
beta converting enzyme. Science. 1997;275(5297):206-9.

Fink SL, and Cookson BT. Apoptosis, pyroptosis, and necrosis: Mechanistic description of dead
and dying eukaryotic cells. Infection and Immunity. 2005;73(4):1907-16.

Labbe K, and Saleh M. Cell death in the host response to infection. Cell Death Differ.
2008;15(9):1339-49.

Fernandes-Alnemri T, Wu J, Yu JW, Datta P, Miller B, Jankowski W, Rosenberg S, Zhang J, and
Alnemri ES. The pyroptosome: a supramolecular assembly of ASC dimers mediating
inflammatory cell death via caspase-1 activation. Cell Death Differ. 2007;14(9):1590-604.
Oppenheim JJ, and Yang D. Alarmins: chemotactic activators of immune responses. Curr Opin
Immunol. 2005;17(4):359-65.

Franklin BS, Bossaller L, De Nardo D, Ratter JM, Stutz A, Engels G, Brenker C, Nordhoff M,
Mirandola SR, Al-Amoudi A, et al. The adaptor ASC has extracellular and 'prionoid' activities
that propagate inflammation. Nat Immunol. 2014;15(8):727-37.

Huai W, Zhao R, Song H, Zhao J, Zhang L, Gao C, Han L, and Zhao W. Aryl hydrocarbon
receptor negatively regulates NLRP3 inflammasome activity by inhibiting NLRP3 transcription.
Nat Commun. 2014;5(4738.

145



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Stehlik C, and Dorfleutner A. COPs and POPs: modulators of inflammasome activity. J Immunol.
2007;179(12):7993-8.

Shi H, Wang Y, Li X, Zhan X, Tang M, Fina M, Su L, Pratt D, Bu CH, Hildebrand S, et al.
NLRP3 activation and mitosis are mutually exclusive events coordinated by NEK7, a new
inflammasome component. Nat Immunol. 2015.

Shenoy AR, Wellington DA, Kumar P, Kassa H, Booth CJ, Cresswell P, and MacMicking JD.
GBP5 promotes NLRP3 inflammasome assembly and immunity in mammals. Science.
2012;336(6080):481-5.

Labbe K, MclIntire CR, Doiron K, Leblanc PM, and Saleh M. Cellular inhibitors of apoptosis
proteins cIAP1 and cIAP2 are required for efficient caspase-1 activation by the inflammasome.
Immunity. 2011;35(6):897-907.

Rodgers MA, Bowman JW, Fujita H, Orazio N, Shi M, Liang Q, Amatya R, Kelly TJ, Iwai K,
Ting J, et al. The linear ubiquitin assembly complex (LUBAC) is essential for NLRP3
inflammasome activation. J Exp Med. 2014;211(7):1333-47.

Gurung P, Lamkanfi M, and Kanneganti TD. Cutting edge: SHARPIN is required for optimal
NLRP3 inflammasome activation. J Immunol. 2015;194(5):2064-7.

Py BF, Kim MS, Vakifahmetoglu-Norberg H, and Yuan J. Deubiquitination of NLRP3 by
BRCC3 critically regulates inflammasome activity. Mol Cell. 2013;49(2):331-8.

Hara H, Tsuchiya K, Kawamura I, Fang R, Hernandez-Cuellar E, Shen Y, Mizuguchi J,
Schweighoffer E, Tybulewicz V, and Mitsuyama M. Phosphorylation of the adaptor ASC acts as
a molecular switch that controls the formation of speck-like aggregates and inflammasome
activity. Nat Immunol. 2013;14(12):1247-55.

Martin BN, Wang C, Willette-Brown J, Herjan T, Gulen MF, Zhou H, Bulek K, Franchi L, Sato
T, Alnemri ES, et al. IKKalpha negatively regulates ASC-dependent inflammasome activation.
Nat Commun. 2014;5(4977.

Qu Y, Misaghi S, Izracl-Tomasevic A, Newton K, Gilmour LL, Lamkanfi M, Louie S, Kayagaki
N, Liu J, Komuves L, et al. Phosphorylation of NLRC4 is critical for inflammasome activation.
Nature. 2012;490(7421):539-42.

Matusiak M, Van Opdenbosch N, Vande Walle L, Sirard JC, Kanneganti TD, and Lamkanfi M.
Flagellin-induced NLRC4 phosphorylation primes the inflammasome for activation by NAIPS.
Proc Natl Acad Sci U S A. 2015;112(5):1541-6.

Gabay C, Lamacchia C, and Palmer G. IL-1 pathways in inflammation and human diseases. Nat
Rev Rheumatol. 2010;6(4):232-41.

Shi CS, Shenderov K, Huang NN, Kabat J, Abu-Asab M, Fitzgerald KA, Sher A, and Kehrl JH.
Activation of autophagy by inflammatory signals limits IL-lbeta production by targeting
ubiquitinated inflammasomes for destruction. Nat Immunol. 2012;13(3):255-63.

Nakahira K, Haspel JA, Rathinam VA, Lee SJ, Dolinay T, Lam HC, Englert JA, Rabinovitch M,
Cernadas M, Kim HP, et al. Autophagy proteins regulate innate immune responses by inhibiting
the release of mitochondrial DNA mediated by the NALP3 inflammasome. Nat Immunol.
2011;12(3):222-30.

Wen H, Gris D, Lei Y, Jha S, Zhang L, Huang MT, Brickey WJ, and Ting JP. Fatty acid-induced
NLRP3-ASC inflammasome activation interferes with insulin signaling. Nat Immunol.
2011;12(5):408-15.

Schotte P, Denecker G, Van Den Broeke A, Vandenabeele P, Cornelis GR, and Beyaert R.
Targeting Rac1 by the Yersinia effector protein YopE inhibits caspase-1-mediated maturation and
release of interleukin-1beta. J Biol Chem. 2004;279(24):25134-42.

Brodsky IE, Palm NW, Sadanand S, Ryndak MB, Sutterwala FS, Flavell RA, Bliska JB, and
Medzhitov R. A Yersinia effector protein promotes virulence by preventing inflammasome
recognition of the type III secretion system. Cell Host Microbe. 2010;7(5):376-87.

146



71.

72.

73.

74.

75.

76.

7.

78.

79.

80.
81.

82.

83.

&4.

85.

86.

87.

Sutterwala FS, Mijares LA, Li L, Ogura Y, Kazmierczak BI, and Flavell RA. Immune recognition
of Pseudomonas aeruginosa mediated by the IPAF/NLRC4 inflammasome. J Exp Med.
2007;204(13):3235-45.

Stasakova J, Ferko B, Kittel C, Sereinig S, Romanova J, Katinger H, and Egorov A. Influenza A
mutant viruses with altered NS1 protein function provoke caspase-1 activation in primary human
macrophages, resulting in fast apoptosis and release of high levels of interleukins 1beta and 18. J
Gen Virol. 2005;86(Pt 1):185-95.

Johnston JB, Barrett JW, Nazarian SH, Goodwin M, Ricciuto D, Wang G, and McFadden G. A
poxvirus-encoded pyrin domain protein interacts with ASC-1 to inhibit host inflammatory and
apoptotic responses to infection. Immunity. 2005;23(6):587-98.

Dorfleutner A, Bryan NB, Talbott SJ, Funya KN, Rellick SL, Reed JC, Shi X, Rojanasakul Y,
Flynn DC, and Stehlik C. Cellular pyrin domain-only protein 2 is a candidate regulator of
inflammasome activation. Infect Immun. 2007;75(3):1484-92.

Van Opdenbosch N, Gurung P, Vande Walle L, Fossoul A, Kanneganti TD, and Lamkanfi M.
Activation of the NLRP1b inflammasome independently of ASC-mediated caspase-1
autoproteolysis and speck formation. Nat Commun. 2014;5(3209.

Jin T, Curry J, Smith P, Jiang J, and Xiao TS. Structure of the NLRP1 caspase recruitment
domain suggests potential mechanisms for its association with procaspase-1. Proteins.
2013;81(7):1266-70.

Boyden ED, and Dietrich WFE. Nalp1b controls mouse macrophage susceptibility to anthrax lethal
toxin. Nat Genet. 2006;38(2):240-4.

Moayeri M, Crown D, Newman ZL, Okugawa S, Eckhaus M, Cataisson C, Liu S, Sastalla I, and
Leppla SH. Inflammasome sensor NIrplb-dependent resistance to anthrax is mediated by
caspase-1, IL-1 signaling and neutrophil recruitment. PLoS Pathog. 2010;6(12):e1001222.

Terra JK, Cote CK, France B, Jenkins AL, Bozue JA, Welkos SL, LeVine SM, and Bradley KA.
Cutting edge: resistance to Bacillus anthracis infection mediated by a lethal toxin sensitive allele
of Nalp1b/Nlrp1b. J Immunol. 2010;184(1):17-20.

Collier RJ, and Young JA. Anthrax toxin. Annu Rev Cell Dev Biol. 2003;19(45-70.

Hellmich KA, Levinsohn JL, Fattah R, Newman ZL, Maier N, Sastalla I, Liu S, Leppla SH, and
Moayeri M. Anthrax lethal factor cleaves mouse nlrp1b in both toxin-sensitive and toxin-resistant
macrophages. PLoS One. 2012;7(11):e49741.

Levinsohn JL, Newman ZL, Hellmich KA, Fattah R, Getz MA, Liu S, Sastalla I, Leppla SH, and
Moayeri M. Anthrax lethal factor cleavage of Nlrpl is required for activation of the
inflammasome. PLoS Pathog. 2012;8(3):e1002638.

Chavarria-Smith J, and Vance RE. Direct proteolytic cleavage of NLRPIB is necessary and
sufficient for inflammasome activation by anthrax lethal factor. PLoS Pathog.
2013;9(6):¢1003452.

Cavailles P, Flori P, Papapietro O, Bisanz C, Lagrange D, Pilloux L, Massera C, Cristinelli S,
Jublot D, Bastien O, et al. A highly conserved Toxol haplotype directs resistance to
toxoplasmosis and its associated caspase-1 dependent killing of parasite and host macrophage.
PLoS Pathog. 2014;10(4):e1004005.

Cirelli KM, Gorfu G, Hassan MA, Printz M, Crown D, Leppla SH, Grigg ME, Saeij JP, and
Moayeri M. Inflammasome sensor NLRP1 controls rat macrophage susceptibility to Toxoplasma
gondii. PLoS Pathog. 2014;10(3):¢1003927.

Ewald SE, Chavarria-Smith J, and Boothroyd JC. NLRPI1 is an inflammasome sensor for
Toxoplasma gondii. Infect Immun. 2014;82(1):460-8.

Hsu LC, Ali SR, McGillivray S, Tseng PH, Mariathasan S, Humke EW, Eckmann L, Powell JJ,
Nizet V, Dixit VM, et al. A NOD2-NALP1 complex mediates caspase-1-dependent IL-1beta
secretion in response to Bacillus anthracis infection and muramyl dipeptide. Proc Natl Acad Sci
US A. 2008;105(22):7803-8.

147



88.

&89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Liao KC, and Mogridge J. Activation of the Nlrplb inflammasome by reduction of cytosolic
ATP. Infect Immun. 2013;81(2):570-9.

Masters SL, Gerlic M, Metcalf D, Preston S, Pellegrini M, O'Donnell JA, McArthur K, Baldwin
TM, Chevrier S, Nowell CJ, et al. NLRP1 inflammasome activation induces pyroptosis of
hematopoietic progenitor cells. Immunity. 2012;37(6):1009-23.

Mariathasan S, Weiss DS, Newton K, McBride J, O'Rourke K, Roose-Girma M, Lee WP,
Weinrauch Y, Monack DM, and Dixit VM. Cryopyrin activates the inflammasome in response to
toxins and ATP. Nature. 2006;440(7081):228-32.

Menu P, Mayor A, Zhou R, Tardivel A, Ichijo H, Mori K, and Tschopp J. ER stress activates the
NLRP3 inflammasome via an UPR-independent pathway. Cell Death Dis. 2012;3(e261.

Sander LE, Davis MJ, Boekschoten MV, Amsen D, Dascher CC, Ryffel B, Swanson JA, Muller
M, and Blander JM. Detection of prokaryotic mRNA signifies microbial viability and promotes
immunity. Nature. 2011;474(7351):385-9.

Martinon F, Petrilli V, Mayor A, Tardivel A, and Tschopp J. Gout-associated uric acid crystals
activate the NALP3 inflammasome. Nature. 2006;440(7081):237-41.

Dostert C, Petrilli V, Van Bruggen R, Steele C, Mossman BT, and Tschopp J. Innate immune
activation through Nalp3 inflammasome sensing of asbestos and silica. Science.
2008;320(5876):674-7.

Cassel SL, Eisenbarth SC, Iyer SS, Sadler JJ, Colegio OR, Tephly LA, Carter AB, Rothman PB,
Flavell RA, and Sutterwala FS. The Nalp3 inflammasome is essential for the development of
silicosis. Proc Natl Acad Sci U S 4. 2008;105(26):9035-40.

Hornung V, Bauernfeind F, Halle A, Samstad EO, Kono H, Rock KL, Fitzgerald KA, and Latz E.
Silica crystals and aluminum salts activate the NALP3 inflammasome through phagosomal
destabilization. Nat Immunol. 2008;9(8):847-56.

Halle A, Hornung V, Petzold GC, Stewart CR, Monks BG, Reinheckel T, Fitzgerald KA, Latz E,
Moore KJ, and Golenbock DT. The NALP3 inflammasome is involved in the innate immune
response to amyloid-beta. Nature Immunology. 2008;9(8):857-65.

Skeldon AM, Faraj M, and Saleh M. Caspases and inflammasomes in metabolic inflammation.
Immunol Cell Biol. 2014;92(4):304-13.

Petrilli V, Papin S, Dostert C, Mayor A, Martinon F, and Tschopp J. Activation of the NALP3
inflammasome is triggered by low intracellular potassium concentration. Cell Death Differ.
2007;14(9):1583-9.

Munoz-Planillo R, Kuffa P, Martinez-Colon G, Smith BL, Rajendiran TM, and Nunez G. K(+)
efflux is the common trigger of NLRP3 inflammasome activation by bacterial toxins and
particulate matter. Immunity. 2013;38(6):1142-53.

Murakami T, Ockinger J, Yu J, Byles V, McColl A, Hofer AM, and Horng T. Critical role for
calcium mobilization in activation of the NLRP3 inflammasome. Proc Natl Acad Sci U S A.
2012;109(28):11282-7.

Lee GS, Subramanian N, Kim Al, Aksentijevich I, Goldbach-Mansky R, Sacks DB, Germain RN,
Kastner DL, and Chae JJ. The calcium-sensing receptor regulates the NLRP3 inflammasome
through Ca2+ and cAMP. Nature. 2012;492(7427):123-7.

Zhou R, Yazdi AS, Menu P, and Tschopp J. A role for mitochondria in NLRP3 inflammasome
activation. Nature. 2011;469(7329):221-5.

Bronner DN, Abuaita BH, Chen X, Fitzgerald KA, Nunez G, He Y, Yin XM, and O'Riordan MX.
Endoplasmic Reticulum Stress Activates the Inflammasome via NLRP3- and Caspase-2-Driven
Mitochondrial Damage. Immunity. 2015;43(3):451-62.

Yu J, Nagasu H, Murakami T, Hoang H, Broderick L, Hoffman HM, and Horng T.
Inflammasome activation leads to Caspase-1-dependent mitochondrial damage and block of
mitophagy. Proc Natl Acad Sci U S A. 2014;111(43):15514-9.

148



106.

107.

108.

1009.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Misawa T, Takahama M, Kozaki T, Lee H, Zou J, Saitoh T, and Akira S. Microtubule-driven
spatial arrangement of mitochondria promotes activation of the NLRP3 inflammasome. Nat
Immunol. 2013;14(5):454-60.

Subramanian N, Natarajan K, Clatworthy MR, Wang Z, and Germain RN. The adaptor MAVS
promotes NLRP3 mitochondrial localization and inflammasome activation. Cell.
2013;153(2):348-61.

Ichinohe T, Yamazaki T, Koshiba T, and Yanagi Y. Mitochondrial protein mitofusin 2 is required
for NLRP3 inflammasome activation after RNA virus infection. Proc Natl Acad Sci U S A.
2013;110(44):17963-8.

Wang X, Jiang W, Yan Y, Gong T, Han J, Tian Z, and Zhou R. RNA viruses promote activation
of the NLRP3 inflammasome through a RIP1-RIP3-DRPI1 signaling pathway. Nat Immunol.
2014;15(12):1126-33.

Yang CS, Kim JJ, Kim TS, Lee PY, Kim SY, Lee HM, Shin DM, Nguyen LT, Lee MS, Jin HS,
et al. Small heterodimer partner interacts with NLRP3 and negatively regulates activation of the
NLRP3 inflammasome. Nat Commun. 2015;6(6115.

Shimada K, Crother TR, Karlin J, Dagvadorj J, Chiba N, Chen S, Ramanujan VK, Wolf AlJ,
Vergnes L, Ojcius DM, et al. Oxidized mitochondrial DNA activates the NLRP3 inflammasome
during apoptosis. Immunity. 2012;36(3):401-14.

Iyer SS, He Q, Janczy JR, Elliott EI, Zhong Z, Olivier AK, Sadler JJ, Knepper-Adrian V, Han R,
Qiao L, et al. Mitochondrial cardiolipin is required for Nlrp3 inflammasome activation. Immunity.
2013;39(2):311-23.

Kofoed EM, and Vance RE. Innate immune recognition of bacterial ligands by NAIPs determines
inflammasome specificity. Nature. 2011;477(7366):592-5.

Zhao Y, Yang J, Shi J, Gong YN, Lu Q, Xu H, Liu L, and Shao F. The NLRC4 inflammasome
receptors for bacterial flagellin and type III secretion apparatus. Nature. 2011;477(7366):596-
600.

Rayamajhi M, Zak DE, Chavarria-Smith J, Vance RE, and Miao EA. Cutting edge: Mouse
NAIPI detects the type III secretion system needle protein. J Immunol. 2013;191(8):3986-9.
Yang J, Zhao Y, Shi J, and Shao F. Human NAIP and mouse NAIP1 recognize bacterial type III
secretion needle protein for inflammasome activation. Proc Natl Acad Sci U S A.
2013;110(35):14408-13.

Hu Z, Zhou Q, Zhang C, Fan S, Cheng W, Zhao Y, Shao F, Wang HW, Sui SF, and Chai J.
Structural and biochemical basis for induced self-propagation of NLRC4. Science.
2015;350(6259):399-404.

Zhang L, Chen S, Ruan J, Wu J, Tong AB, Yin Q, Li Y, David L, Lu A, Wang WL, et al. Cryo-
EM structure of the activated NAIP2-NLRC4 inflammasome reveals nucleated polymerization.
Science. 2015;350(6259):404-9.

Poyet JL, Srinivasula SM, Tnani M, Razmara M, Fernandes-Alnemri T, and Alnemri ES.
Identification of Ipaf, a human caspase-1-activating protein related to Apaf-1. J Biol Chem.
2001;276(30):28309-13.

Broz P, von Moltke J, Jones JW, Vance RE, and Monack DM. Differential requirement for
Caspase-1 autoproteolysis in pathogen-induced cell death and cytokine processing. Cell Host
Microbe. 2010;8(6):471-83.

Broz P, Newton K, Lamkanfi M, Mariathasan S, Dixit VM, and Monack DM. Redundant roles
for inflammasome receptors NLRP3 and NLRC4 in host defense against Salmonella. J Exp Med.
2010;207(8):1745-55.

Mariathasan S, Newton K, Monack DM, Vucic D, French DM, Lee WP, Roose-Girma M,
Erickson S, and Dixit VM. Differential activation of the inflammasome by caspase-1 adaptors
ASC and Ipaf. Nature. 2004;430(6996):213-8.

149



123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.
136.

137.

138.

139.

140.

Miao EA, Alpuche-Aranda CM, Dors M, Clark AE, Bader MW, Miller SI, and Aderem A.
Cytoplasmic flagellin activates caspase-1 and secretion of interleukin lbeta via Ipaf. Nat
Immunol. 2006;7(6):569-75.

Miao EA, Emnst RK, Dors M, Mao DP, and Aderem A. Pseudomonas aeruginosa activates
caspase 1 through Ipaf. Proc Natl Acad Sci U S A. 2008;105(7):2562-7.

Suzuki T, Franchi L, Toma C, Ashida H, Ogawa M, Yoshikawa Y, Mimuro H, Inohara N,
Sasakawa C, and Nunez G. Differential regulation of caspase-1 activation, pyroptosis, and
autophagy via Ipaf and ASC in Shigella-infected macrophages. PLoS Pathog. 2007;3(8):el11.
Franchi L, Kamada N, Nakamura Y, Burberry A, Kuffa P, Suzuki S, Shaw MH, Kim YG, and
Nunez G. NLRC4-driven production of IL-lbeta discriminates between pathogenic and
commensal bacteria and promotes host intestinal defense. Nat Immunol. 2012;13(5):449-56.
Grenier JM, Wang L, Manji GA, Huang WJ, Al-Garawi A, Kelly R, Carlson A, Merriam S, Lora
JM, Briskin M, et al. Functional screening of five PYPAF family members identifies PYPAFS as
a novel regulator of NF-kappaB and caspase-1. FEBS Lett. 2002;530(1-3):73-8.

Elinav E, Strowig T, Kau AL, Henao-Mejia J, Thaiss CA, Booth CJ, Peaper DR, Bertin J,
Eisenbarth SC, Gordon JI, et al. NLRP6 inflammasome regulates colonic microbial ecology and
risk for colitis. Cell. 2011;145(5):745-57.

Wilodarska M, Thaiss CA, Nowarski R, Henao-Mejia J, Zhang JP, Brown EM, Frankel G, Levy
M, Katz MN, Philbrick WM, et al. NLRP6 inflammasome orchestrates the colonic host-microbial
interface by regulating goblet cell mucus secretion. Cell. 2014;156(5):1045-59.

Wang P, Zhu S, Yang L, Cui S, Pan W, Jackson R, Zheng Y, Rongvaux A, Sun Q, Yang G, et al.
NIrp6 regulates intestinal antiviral innate immunity. Science. 2015;350(6262):826-30.

Anand PK, Malireddi RK, Lukens JR, Vogel P, Bertin J, Lamkanfi M, and Kanneganti TD.
NLRP6 negatively regulates innate immunity and host defence against bacterial pathogens.
Nature. 2012;488(7411):389-93.

Khare S, Dorfleutner A, Bryan NB, Yun C, Radian AD, de Almeida L, Rojanasakul Y, and
Stehlik C. An NLRP7-containing inflammasome mediates recognition of microbial lipopeptides
in human macrophages. Immunity. 2012;36(3):464-76.

Vladimer GI, Weng D, Paquette SW, Vanaja SK, Rathinam VA, Aune MH, Conlon JE, Burbage
JJ, Proulx MK, Liu Q, et al. The NLRP12 inflammasome recognizes Yersinia pestis. /mmunity.
2012;37(1):96-107.

Consortium TIF. Ancient missense mutations in a new member of the RoRet gene family are
likely to cause familial Mediterranean fever. The International FMF Consortium. Cell.
1997;90(4):797-807.

Consortium FF. A candidate gene for familial Mediterranean fever. Nat Genet. 1997;17(1):25-31.
Chae JJ, Cho YH, Lee GS, Cheng J, Liu PP, Feigenbaum L, Katz SI, and Kastner DL. Gain-of-
function Pyrin mutations induce NLRP3 protein-independent interleukin-1beta activation and
severe autoinflammation in mice. Immunity. 2011;34(5):755-68.

Yu JW, Wu J, Zhang Z, Datta P, Ibrahimi I, Taniguchi S, Sagara J, Fernandes-Alnemri T, and
Alnemri ES. Cryopyrin and pyrin activate caspase-1, but not NF-kappaB, via ASC
oligomerization. Cell Death Differ. 2006;13(2):236-49.

Seshadri S, Duncan MD, Hart JM, Gavrilin MA, and Wewers MD. Pyrin levels in human
monocytes and monocyte-derived macrophages regulate IL-1beta processing and release. J
Immunol. 2007;179(2):1274-81.

Mansfield E, Chae JJ, Komarow HD, Brotz TM, Frucht DM, Aksentijevich I, and Kastner DL.
The familial Mediterranean fever protein, pyrin, associates with microtubules and colocalizes
with actin filaments. Blood. 2001;98(3):851-9.

Xu H, Yang J, Gao W, Li L, Li P, Zhang L, Gong YN, Peng X, Xi JJ, Chen S, et al. Innate
immune sensing of bacterial modifications of Rho GTPases by the Pyrin inflammasome. Nature.
2014;513(7517):237-41.

150



141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Gavrilin MA, Abdelaziz DH, Mostafa M, Abdulrahman BA, Grandhi J, Akhter A, Abu Khweek
A, Aubert DF, Valvano MA, Wewers MD, et al. Activation of the pyrin inflammasome by
intracellular Burkholderia cenocepacia. J Immunol. 2012;188(7):3469-77.

Kim ML, Chae JJ, Park YH, De Nardo D, Stirzaker RA, Ko HJ, Tye H, Cengia L, DiRago L,
Metcalf D, et al. Aberrant actin depolymerization triggers the pyrin inflammasome and
autoinflammatory disease that is dependent on IL-18, not IL-1beta. J Exp Med. 2015;212(6):927-
38.

Mariathasan S, Weiss DS, Dixit VM, and Monack DM. Innate immunity against Francisella
tularensis is dependent on the ASC/caspase-1 axis. J Exp Med. 2005;202(8):1043-9.
Burckstummer T, Baumann C, Bluml S, Dixit E, Durnberger G, Jahn H, Planyavsky M, Bilban
M, Colinge J, Bennett KL, et al. An orthogonal proteomic-genomic screen identifies AIM2 as a
cytoplasmic DNA sensor for the inflammasome. Nat Immunol. 2009;10(3):266-72.
Fernandes-Alnemri T, Yu JW, Datta P, Wu J, and Alnemri ES. AIM2 activates the
inflammasome and cell death in response to cytoplasmic DNA. Nature. 2009;458(7237):509-13.
Hornung V, Ablasser A, Charrel-Dennis M, Bauernfeind F, Horvath G, Caffrey DR, Latz E, and
Fitzgerald KA. AIM2 recognizes cytosolic dsDNA and forms a caspase-1-activating
inflammasome with ASC. Nature. 2009;458(7237):514-8.

Roberts TL, Idris A, Dunn JA, Kelly GM, Burnton CM, Hodgson S, Hardy LL, Garceau V,
Sweet MJ, Ross IL, et al. HIN-200 proteins regulate caspase activation in response to foreign
cytoplasmic DNA. Science. 2009;323(5917):1057-60.

Fernandes-Alnemri T, Yu JW, Juliana C, Solorzano L, Kang S, Wu J, Datta P, McCormick M,
Huang L, McDermott E, et al. The AIM2 inflammasome is critical for innate immunity to
Francisella tularensis. Nat Immunol. 2010;11(5):385-93.

Jones JW, Kayagaki N, Broz P, Henry T, Newton K, O'Rourke K, Chan S, Dong J, Qu Y, Roose-
Girma M, et al. Absent in melanoma 2 is required for innate immune recognition of Francisella
tularensis. Proc Natl Acad Sci U S A. 2010;107(21):9771-6.

Rathinam VA, Jiang Z, Waggoner SN, Sharma S, Cole LE, Waggoner L, Vanaja SK, Monks BG,
Ganesan S, Latz E, et al. The AIM2 inflammasome is essential for host defense against cytosolic
bacteria and DNA viruses. Nat Immunol. 2010;11(5):395-402.

Hyodo Y, Matsui K, Hayashi N, Tsutsui H, Kashiwamura S, Yamauchi H, Hiroishi K, Takeda K,
Tagawa Y, Iwakura Y, et al. IL-18 up-regulates perforin-mediated NK activity without increasing
perforin messenger RNA expression by binding to constitutively expressed IL-18 receptor. J
Immunol. 1999;162(3):1662-8.

Chaix J, Tessmer MS, Hoebe K, Fuseri N, Ryffel B, Dalod M, Alexopoulou L, Beutler B,
Brossay L, Vivier E, et al. Cutting edge: Priming of NK cells by IL-18. J Immunol.
2008;181(3):1627-31.

Nakhaei P, Genin P, Civas A, and Hiscott J. RIG-I-like receptors: sensing and responding to
RNA virus infection. Semin Immunol. 2009;21(4):215-22.

Poeck H, Bscheider M, Gross O, Finger K, Roth S, Rebsamen M, Hannesschlager N, Schlee M,
Rothenfusser S, Barchet W, et al. Recognition of RNA virus by RIG-I results in activation of
CARD9 and inflammasome signaling for interleukin 1 beta production. Nat Immunol.
2010;11(1):63-9.

Hoffman HM, Mueller JL, Broide DH, Wanderer AA, and Kolodner RD. Mutation of a new gene
encoding a putative pyrin-like protein causes familial cold autoinflammatory syndrome and
Muckle-Wells syndrome. Nat Genet. 2001;29(3):301-5.

Aganna E, Martinon F, Hawkins PN, Ross JB, Swan DC, Booth DR, Lachmann HJ, Bybee A,
Gaudet R, Woo P, et al. Association of mutations in the NALP3/CIAS1/PYPAF1 gene with a
broad phenotype including recurrent fever, cold sensitivity, sensorineural deafness, and AA
amyloidosis. Arthritis Rheum. 2002;46(9):2445-52.

151



157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Goldbach-Mansky R, Dailey NJ, Canna SW, Gelabert A, Jones J, Rubin BI, Kim HJ, Brewer C,
Zalewski C, Wiggs E, et al. Neonatal-onset multisystem inflammatory disease responsive to
interleukin-1beta inhibition. N Engl J Med. 2006;355(6):581-92.

Jesus AA, and Goldbach-Mansky R. IL-1 blockade in autoinflammatory syndromes. Annu Rev
Med. 2014;65(223-44.

Jin Y, Mailloux CM, Gowan K, Riccardi SL, LaBerge G, Bennett DC, Fain PR, and Spritz RA.
NALP1 in vitiligo-associated multiple autoimmune disease. N Engl J Med. 2007;356(12):1216-
25.

Murdoch S, Djuric U, Mazhar B, Seoud M, Khan R, Kuick R, Bagga R, Kircheisen R, Ao A,
Ratti B, et al. Mutations in NALP7 cause recurrent hydatidiform moles and reproductive wastage
in humans. Nat Genet. 2006;38(3):300-2.

Jeru I, Duquesnoy P, Fernandes-Alnemri T, Cochet E, Yu JW, Lackmy-Port-Lis M, Grimprel E,
Landman-Parker J, Hentgen V, Marlin S, et al. Mutations in NALP12 cause hereditary periodic
fever syndromes. Proc Natl Acad Sci U S A. 2008;105(5):1614-9.

Chae JJ, Wood G, Masters SL, Richard K, Park G, Smith BJ, and Kastner DL. The B30.2 domain
of pyrin, the familial Mediterranean fever protein, interacts directly with caspase-1 to modulate
IL-1beta production. Proc Natl Acad Sci U S A. 2006;103(26):9982-7.

Belkhir R, Moulonguet-Doleris L, Hachulla E, Prinseau J, Baglin A, and Hanslik T. Treatment of
familial Mediterranean fever with anakinra. Ann Intern Med. 2007;146(11):825-6.

Mcllwain DR, Berger T, and Mak TW. Caspase functions in cell death and disease. Cold Spring
Harb Perspect Biol. 2013;5(4):a008656.

Thornberry NA, Bull HG, Calaycay JR, Chapman KT, Howard AD, Kostura MJ, Miller DK,
Molineaux SM, Weidner JR, Aunins J, et al. A novel heterodimeric cysteine protease is required
for interleukin-1 beta processing in monocytes. Nature. 1992;356(6372):768-74.

Gu Y, Kuida K, Tsutsui H, Ku G, Hsiao K, Fleming MA, Hayashi N, Higashino K, Okamura H,
Nakanishi K, et al. Activation of interferon-gamma inducing factor mediated by interleukin-1beta
converting enzyme. Science. 1997;275(5297):206-9.

Kayagaki N, Stowe IB, Lee BL, O'Rourke K, Anderson K, Warming S, Cuellar T, Haley B,
Roose-Girma M, Phung QT, et al. Caspase-11 cleaves gasdermin D for non-canonical
inflammasome signalling. Nature. 2015;526(7575):666-71.

Shi J, Zhao Y, Wang K, Shi X, Wang Y, Huang H, Zhuang Y, Cai T, Wang F, and Shao F.
Cleavage of GSDMD by inflammatory caspases determines pyroptotic cell death. Nature.
2015;526(7575):660-5.

Shao W, Yeretssian G, Doiron K, Hussain SN, and Saleh M. The caspase-1 digestome identifies
the glycolysis pathway as a target during infection and septic shock. J Biol Chem.
2007;282(50):36321-9.

He F, Doucet JA, and Stephens JM. Caspase-mediated degradation of PPARgamma proteins in
adipocytes. Obesity (Silver Spring). 2008;16(8):1735-41.

Keller M, Ruegg A, Werner S, and Beer HD. Active caspase-1 is a regulator of unconventional
protein secretion. Cell. 2008;132(5):818-31.

Ayala JM, Yamin TT, Egger LA, Chin J, Kostura MJ, and Miller DK. IL-1 beta-converting
enzyme is present in monocytic cells as an inactive 45-kDa precursor. J Immunol.
1994;153(6):2592-9.

Walker NP, Talanian RV, Brady KD, Dang LC, Bump NIJ, Ferenz CR, Franklin S, Ghayur T,
Hackett MC, Hammill LD, et al. Crystal structure of the cysteine protease interleukin-1 beta-
converting enzyme: a (p20/p10)2 homodimer. Cell. 1994;78(2):343-52.

Wilson KP, Black JA, Thomson JA, Kim EE, Griffith JP, Navia MA, Murcko MA, Chambers SP,
Aldape RA, Raybuck SA, et al. Structure and mechanism of interleukin-1 beta converting
enzyme. Nature. 1994;370(6487):270-5.

Gurung P, and Kanneganti TD. Novel roles for caspase-8 in IL-lbeta and inflammasome
regulation. Am J Pathol. 2015;185(1):17-25.

152



176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

Man SM, Tourlomousis P, Hopkins L, Monie TP, Fitzgerald KA, and Bryant CE. Salmonella
infection induces recruitment of Caspase-8 to the inflammasome to modulate IL-1beta
production. J Immunol. 2013;191(10):5239-46.

Gurung P, Anand PK, Malireddi RK, Vande Walle L, Van Opdenbosch N, Dillon CP, Weinlich
R, Green DR, Lamkanfi M, and Kanneganti TD. FADD and caspase-8 mediate priming and
activation of the canonical and noncanonical Nlrp3 inflammasomes. J Immunol.
2014;192(4):1835-46.

Gringhuis SI, Kaptein TM, Wevers BA, Theelen B, van der Vlist M, Boekhout T, and
Geijtenbeek TB. Dectin-1 is an extracellular pathogen sensor for the induction and processing of
IL-1beta via a noncanonical caspase-8 inflammasome. Nat Immunol. 2012;13(3):246-54.
Shenderov K, Riteau N, Yip R, Mayer-Barber KD, Oland S, Hieny S, Fitzgerald P, Oberst A,
Dillon CP, Green DR, et al. Cutting edge: Endoplasmic reticulum stress licenses macrophages to
produce mature IL-lbeta in response to TLR4 stimulation through a caspase-8- and TRIF-
dependent pathway. J Immunol. 2014;192(5):2029-33.

Bossaller L, Chiang PI, Schmidt-Lauber C, Ganesan S, Kaiser WJ, Rathinam VA, Mocarski ES,
Subramanian D, Green DR, Silverman N, et al. Cutting edge: FAS (CD95) mediates
noncanonical IL-1beta and IL-18 maturation via caspase-8 in an RIP3-independent manner. J
Immunol. 2012;189(12):5508-12.

Antonopoulos C, El Sanadi C, Kaiser WJ, Mocarski ES, and Dubyak GR. Proapoptotic
chemotherapeutic drugs induce noncanonical processing and release of IL-1beta via caspase-8 in
dendritic cells. J Immunol. 2013;191(9):4789-803.

Wang S, Miura M, Jung Y, Zhu H, Gagliardini V, Shi L, Greenberg AH, and Yuan J.
Identification and characterization of Ich-3, a member of the interleukin-1beta converting enzyme
(ICE)/Ced-3 family and an upstream regulator of ICE. J Biol Chem. 1996;271(34):20580-7.
Wang S, Miura M, Jung YK, Zhu H, Li E, and Yuan J. Murine caspase-11, an ICE-interacting
protease, is essential for the activation of ICE. Cell. 1998;92(4):501-9.

Kayagaki N, Warming S, Lamkanfi M, Vande Walle L, Louie S, Dong J, Newton K, Qu 'Y, Liu J,
Heldens S, et al. Non-canonical inflammasome activation targets caspase-11. Nature.
2011;479(7371):117-21.

Hagar JA, Powell DA, Aachoui Y, Ernst RK, and Miao EA. Cytoplasmic LPS activates caspase-
11: implications in TLR4-independent endotoxic shock. Science. 2013;341(6151):1250-3.
Kayagaki N, Wong MT, Stowe IB, Ramani SR, Gonzalez LC, Akashi-Takamura S, Miyake K,
Zhang J, Lee WP, Muszynski A, et al. Noncanonical inflammasome activation by intracellular
LPS independent of TLR4. Science. 2013;341(6151):1246-9.

Shi J, Zhao Y, Wang Y, Gao W, Ding J, Li P, Hu L, and Shao F. Inflammatory caspases are
innate immune receptors for intracellular LPS. Nature. 2014;514(7521):187-92.

Yang D, He Y, Munoz-Planillo R, Liu Q, and Nunez G. Caspase-11 Requires the Pannexin-1
Channel and the Purinergic P2X7 Pore to Mediate Pyroptosis and Endotoxic Shock. Immunity.
2015;43(5):923-32.

Saleh M, Mathison JC, Wolinski MK, Bensinger SJ, Fitzgerald P, Droin N, Ulevitch RJ, Green
DR, and Nicholson DW. Enhanced bacterial clearance and sepsis resistance in caspase-12-
deficient mice. Nature. 2006;440(7087):1064-8.

Roy S, Sharom JR, Houde C, Loisel TP, Vaillancourt JP, Shao W, Saleh M, and Nicholson DW.
Confinement of caspase-12 proteolytic activity to autoprocessing. Proc Natl Acad Sci U S A.
2008;105(11):4133-8.

LeBlanc PM, Yeretssian G, Rutherford N, Doiron K, Nadiri A, Zhu L, Green DR, Gruenheid S,
and Saleh M. Caspase-12 modulates NOD signaling and regulates antimicrobial peptide
production and mucosal immunity. Cell Host Microbe. 2008;3(3):146-57.

Labbe K, Miu J, Yeretssian G, Serghides L, Tam M, Finney CA, Erdman LK, Goulet ML, Kain
KC, Stevenson MM, et al. Caspase-12 dampens the immune response to malaria independently of
the inflammasome by targeting NF-kappaB signaling. J Immunol. 2010;185(9):5495-502.

153



193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

Wang P, Arjona A, Zhang Y, Sultana H, Dai J, Yang L, LeBlanc PM, Doiron K, Saleh M, and
Fikrig E. Caspase-12 controls West Nile virus infection via the viral RNA receptor RIG-1. Nat
Immunol. 2010;11(10):912-9.

Kalai M, Lamkanfi M, Denecker G, Boogmans M, Lippens S, Meeus A, Declercq W, and
Vandenabeele P. Regulation of the expression and processing of caspase-12. J Cell Biol.
2003;162(3):457-67.

Fischer H, Koenig U, Eckhart L, and Tschachler E. Human caspase 12 has acquired deleterious
mutations. Biochem Biophys Res Commun. 2002;293(2):722-6.

Saleh M, Vaillancourt JP, Graham RK, Huyck M, Srinivasula SM, Alnemri ES, Steinberg MH,
Nolan V, Baldwin CT, Hotchkiss RS, et al. Differential modulation of endotoxin responsiveness
by human caspase-12 polymorphisms. Nature. 2004;429(6987):75-9.

Yeretssian G, Doiron K, Shao W, Leavitt BR, Hayden MR, Nicholson DW, and Saleh M. Gender
differences in expression of the human caspase-12 long variant determines susceptibility to
Listeria monocytogenes infection. Proc Natl Acad Sci U S A. 2009;106(22):9016-20.

Chen J, Wilson ES, Dahmer MK, Quasney MW, Waterer GW, Feldman C, and Wunderink RG.
Lack of association of the caspase-12 long allele with community-acquired pneumonia in people
of African descent. PLoS One. 2014;9(2):¢89194.

Rosentul DC, Plantinga TS, Scott WK, Alexander BD, van de Geer NM, Perfect JR, Kullberg BJ,
Johnson MD, and Netea MG. The impact of caspase-12 on susceptibility to candidemia. Fur J
Clin Microbiol Infect Dis. 2012;31(3):277-80.

Marshall L, Obaidullah M, Fuchs T, Fineberg NS, Brinkley G, Mikuls TR, Bridges SL, Jr., and
Hermel E. CASPASE-12 and rheumatoid arthritis in African-Americans. Immunogenetics.
2014;66(4):281-5.

Green DR, and Llambi F. Cell Death Signaling. Cold Spring Harb Perspect Biol. 2015;7(12).
Jorgensen I, and Miao EA. Pyroptotic cell death defends against intracellular pathogens. Immunol
Rev. 2015;265(1):130-42.

Fink SL, and Cookson BT. Caspase-1-dependent pore formation during pyroptosis leads to
osmotic lysis of infected host macrophages. Cell Microbiol. 2006;8(11):1812-25.

Miao EA, Leaf IA, Treuting PM, Mao DP, Dors M, Sarkar A, Warren SE, Wewers MD, and
Aderem A. Caspase-1-induced pyroptosis is an innate immune effector mechanism against
intracellular bacteria. Nat Immunol. 2010;11(12):1136-42.

Sauer JD, Pereyre S, Archer KA, Burke TP, Hanson B, Lauer P, and Portnoy DA. Listeria
monocytogenes engineered to activate the Nlrc4 inflammasome are severely attenuated and are
poor inducers of protective immunity. Proc Natl Acad Sci U S' 4. 2011;108(30):12419-24.
Degterev A, Huang Z, Boyce M, Li Y, Jagtap P, Mizushima N, Cuny GD, Mitchison TJ,
Moskowitz MA, and Yuan J. Chemical inhibitor of nonapoptotic cell death with therapeutic
potential for ischemic brain injury. Nat Chem Biol. 2005;1(2):112-9.

Silke J, Rickard JA, and Gerlic M. The diverse role of RIP kinases in necroptosis and
inflammation. Nat Immunol. 2015;16(7):689-97.

Hsu H, Huang J, Shu HB, Baichwal V, and Goeddel DV. TNF-dependent recruitment of the
protein kinase RIP to the TNF receptor-1 signaling complex. Immunity. 1996;4(4):387-96.
Bertrand MJ, Milutinovic S, Dickson KM, Ho WC, Boudreault A, Durkin J, Gillard JW, Jaquith
JB, Morris SJ, and Barker PA. cIAP1 and cIAP2 facilitate cancer cell survival by functioning as
E3 ligases that promote RIP1 ubiquitination. Mol Cell. 2008;30(6):689-700.

Mahoney DJ, Cheung HH, Mrad RL, Plenchette S, Simard C, Enwere E, Arora V, Mak TW,
Lacasse EC, Waring J, et al. Both cIAP1 and cIAP2 regulate TNFalpha-mediated NF-kappaB
activation. Proc Natl Acad Sci U S 4. 2008;105(33):11778-83.

Varfolomeev E, Goncharov T, Fedorova AV, Dynek JN, Zobel K, Deshayes K, Fairbrother W1J,
and Vucic D. c-IAP1 and c-IAP2 are critical mediators of tumor necrosis factor alpha
(TNFalpha)-induced NF-kappaB activation. J Biol Chem. 2008;283(36):24295-9.

154



212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

Carswell EA, Old LJ, Kassel RL, Green S, Fiore N, and Williamson B. An endotoxin-induced
serum factor that causes necrosis of tumors. Proc Natl Acad Sci U S A. 1975;72(9):3666-70.
Tenev T, Bianchi K, Darding M, Broemer M, Langlais C, Wallberg F, Zachariou A, Lopez J,
MacFarlane M, Cain K, et al. The Ripoptosome, a signaling platform that assembles in response
to genotoxic stress and loss of IAPs. Mol Cell. 2011;43(3):432-48.

Feoktistova M, Geserick P, Kellert B, Dimitrova DP, Langlais C, Hupe M, Cain K, MacFarlane
M, Hacker G, and Leverkus M. cIAPs block Ripoptosome formation, a RIP1/caspase-8
containing intracellular cell death complex differentially regulated by cFLIP isoforms. Mo/ Cell.
2011;43(3):449-63.

O'Donnell MA, Perez-Jimenez E, Oberst A, Ng A, Massoumi R, Xavier R, Green DR, and Ting
AT. Caspase 8 inhibits programmed necrosis by processing CYLD. Nat Cell Biol
2011;13(12):1437-42.

Lin Y, Devin A, Rodriguez Y, and Liu ZG. Cleavage of the death domain kinase RIP by caspase-
8 prompts TNF-induced apoptosis. Genes Dev. 1999;13(19):2514-26.

Feng S, Yang Y, Mei Y, Ma L, Zhu DE, Hoti N, Castanares M, and Wu M. Cleavage of RIP3
inactivates its caspase-independent apoptosis pathway by removal of kinase domain. Cell Signal.
2007;19(10):2056-67.

Scaffidi C, Schmitz I, Krammer PH, and Peter ME. The role of c-FLIP in modulation of CD95-
induced apoptosis. J Biol Chem. 1999;274(3):1541-8.

Oberst A, Dillon CP, Weinlich R, McCormick LL, Fitzgerald P, Pop C, Hakem R, Salvesen GS,
and Green DR. Catalytic activity of the caspase-8-FLIP(L) complex inhibits RIPK3-dependent
necrosis. Nature. 2011;471(7338):363-7.

Krueger A, Schmitz I, Baumann S, Krammer PH, and Kirchhoff S. Cellular FLICE-inhibitory
protein splice variants inhibit different steps of caspase-8 activation at the CD95 death-inducing
signaling complex. J Biol Chem. 2001;276(23):20633-40.

Cho YS, Challa S, Moquin D, Genga R, Ray TD, Guildford M, and Chan FK. Phosphorylation-
driven assembly of the RIP1-RIP3 complex regulates programmed necrosis and virus-induced
inflammation. Cell. 2009;137(6):1112-23.

He S, Wang L, Miao L, Wang T, Du F, Zhao L, and Wang X. Receptor interacting protein
kinase-3 determines cellular necrotic response to TNF-alpha. Cell. 2009;137(6):1100-11.

Zhang DW, Shao J, Lin J, Zhang N, Lu BJ, Lin SC, Dong MQ, and Han J. RIP3, an energy
metabolism regulator that switches TNF-induced cell death from apoptosis to necrosis. Science.
2009;325(5938):332-6.

LiJ, McQuade T, Siemer AB, Napetschnig J, Moriwaki K, Hsiao YS, Damko E, Moquin D, Walz
T, McDermott A, et al. The RIP1/RIP3 necrosome forms a functional amyloid signaling complex
required for programmed necrosis. Cell. 2012;150(2):339-50.

Sun L, Wang H, Wang Z, He S, Chen S, Liao D, Wang L, Yan J, Liu W, Lei X, et al. Mixed
lineage kinase domain-like protein mediates necrosis signaling downstream of RIP3 kinase. Cel!.
2012;148(1-2):213-27.

Zhao J, Jitkaew S, Cai Z, Choksi S, Li Q, Luo J, and Liu ZG. Mixed lineage kinase domain-like is
a key receptor interacting protein 3 downstream component of TNF-induced necrosis. Proc Nat!
Acad Sci U S A. 2012;109(14):5322-7.

Rodriguez DA, Weinlich R, Brown S, Guy C, Fitzgerald P, Dillon CP, Oberst A, Quarato G, Low
J, Cripps JG, et al. Characterization of RIPK3-mediated phosphorylation of the activation loop of
MLKL during necroptosis. Cell Death Differ. 2016;23(1):76-88.

Cai Z, Jitkaew S, Zhao J, Chiang HC, Choksi S, Liu J, Ward Y, Wu LG, and Liu ZG. Plasma
membrane translocation of trimerized MLKL protein is required for TNF-induced necroptosis.
Nat Cell Biol. 2014;16(1):55-65.

Chen X, Li W, Ren J, Huang D, He WT, Song Y, Yang C, Zheng X, Chen P, and Han J.
Translocation of mixed lineage kinase domain-like protein to plasma membrane leads to necrotic
cell death. Cell Res. 2014;24(1):105-21.

155



230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

Wang H, Sun L, Su L, Rizo J, Liu L, Wang LF, Wang FS, and Wang X. Mixed lineage kinase
domain-like protein MLKL causes necrotic membrane disruption upon phosphorylation by RIP3.
Mol Cell. 2014;54(1):133-46.

Dondelinger Y, Declercq W, Montessuit S, Roelandt R, Goncalves A, Bruggeman I, Hulpiau P,
Weber K, Sehon CA, Marquis RW, et al. MLKL compromises plasma membrane integrity by
binding to phosphatidylinositol phosphates. Cell Rep. 2014;7(4):971-81.

Varfolomeev EE, Schuchmann M, Luria V, Chiannilkulchai N, Beckmann JS, Mett IL, Rebrikov
D, Brodianski VM, Kemper OC, Kollet O, et al. Targeted disruption of the mouse Caspase 8§ gene
ablates cell death induction by the TNF receptors, Fas/Apol, and DR3 and is lethal prenatally.
Immunity. 1998;9(2):267-76.

Kaiser WJ, Upton JW, Long AB, Livingston-Rosanoff D, Daley-Bauer LP, Hakem R, Caspary T,
and Mocarski ES. RIP3 mediates the embryonic lethality of caspase-8-deficient mice. Nature.
2011;471(7338):368-72.

Yeh WC, de la Pompa JL, McCurrach ME, Shu HB, Elia AJ, Shahinian A, Ng M, Wakeham A,
Khoo W, Mitchell K, et al. FADD: essential for embryo development and signaling from some,
but not all, inducers of apoptosis. Science. 1998;279(5358):1954-8.

Zhang J, Cado D, Chen A, Kabra NH, and Winoto A. Fas-mediated apoptosis and activation-
induced T-cell proliferation are defective in mice lacking FADD/Mortl. Nature.
1998;392(6673):296-300.

Dillon CP, Oberst A, Weinlich R, Janke LJ, Kang TB, Ben-Moshe T, Mak TW, Wallach D, and
Green DR. Survival function of the FADD-CASPASE-8-cFLIP(L) complex. Cell Rep.
2012;1(5):401-7.

Rickard JA, O'Donnell JA, Evans JM, Lalaoui N, Poh AR, Rogers T, Vince JE, Lawlor KE,
Ninnis RL, Anderton H, et al. RIPK1 regulates RIPK3-MLKL-driven systemic inflammation and
emergency hematopoiesis. Cell. 2014;157(5):1175-88.

Dillon CP, Weinlich R, Rodriguez DA, Cripps JG, Quarato G, Gurung P, Verbist KC, Brewer
TL, Llambi F, Gong YN, et al. RIPK 1 blocks early postnatal lethality mediated by caspase-8 and
RIPK3. Cell. 2014;157(5):1189-202.

Newton K, Dugger DL, Wickliffe KE, Kapoor N, de Almagro MC, Vucic D, Komuves L,
Ferrando RE, French DM, Webster J, et al. Activity of protein kinase RIPK3 determines whether
cells die by necroptosis or apoptosis. Science. 2014;343(6177):1357-60.

Kaiser WJ, Daley-Bauer LP, Thapa RJ, Mandal P, Berger SB, Huang C, Sundararajan A, Guo H,
Roback L, Speck SH, et al. RIP1 suppresses innate immune necrotic as well as apoptotic cell
death during mammalian parturition. Proc Natl Acad Sci U S A. 2014;111(21):7753-8.

Mocarski ES, Upton JW, and Kaiser WJ. Viral infection and the evolution of caspase 8-regulated
apoptotic and necrotic death pathways. Nat Rev Immunol. 2012;12(2):79-88.

Guo H, Omoto S, Harris PA, Finger JN, Bertin J, Gough PJ, Kaiser WJ, and Mocarski ES. Herpes
simplex virus suppresses necroptosis in human cells. Cell Host Microbe. 2015;17(2):243-51.
Upton JW, Kaiser WJ, and Mocarski ES. DAI/ZBP1/DLM-1 complexes with RIP3 to mediate
virus-induced programmed necrosis that is targeted by murine cytomegalovirus VIRA. Cell Host
Microbe. 2012;11(3):290-7.

Rodrigue-Gervais 1G, Labbe K, Dagenais M, Dupaul-Chicoine J, Champagne C, Morizot A,
Skeldon A, Brincks EL, Vidal SM, Griffith TS, et al. Cellular inhibitor of apoptosis protein
cIAP2 protects against pulmonary tissue necrosis during influenza virus infection to promote host
survival. Cell Host Microbe. 2014;15(1):23-35.

Zhao H, Jaffer T, Eguchi S, Wang Z, Linkermann A, and Ma D. Role of necroptosis in the
pathogenesis of solid organ injury. Cell Death Dis. 2015;6(e1975.

Upton JW, Kaiser WJ, and Mocarski ES. Virus inhibition of RIP3-dependent necrosis. Cell Host
Microbe. 2010;7(4):302-13.

156



247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.
262.
263.
264.
265.

266.
267.

He S, Liang Y, Shao F, and Wang X. Toll-like receptors activate programmed necrosis in
macrophages through a receptor-interacting kinase-3-mediated pathway. Proc Natl Acad Sci U S
A. 2011;108(50):20054-9.

Thapa RJ, Nogusa S, Chen P, Maki JL, Lerro A, Andrake M, Rall GF, Degterev A, and
Balachandran S. Interferon-induced RIP1/RIP3-mediated necrosis requires PKR and is licensed
by FADD and caspases. Proc Natl Acad Sci U S A. 2013;110(33):E3109-18.

McDermott MF, Aksentijevich I, Galon J, McDermott EM, Ogunkolade BW, Centola M,
Mansfield E, Gadina M, Karenko L, Pettersson T, et al. Germline mutations in the extracellular
domains of the 55 kDa TNF receptor, TNFRI1, define a family of dominantly inherited
autoinflammatory syndromes. Cell. 1999;97(1):133-44.

Chun HJ, Zheng L, Ahmad M, Wang J, Speirs CK, Siegel RM, Dale JK, Puck J, Davis J, Hall
CG, et al. Pleiotropic defects in lymphocyte activation caused by caspase-8 mutations lead to
human immunodeficiency. Nature. 2002;419(6905):395-9.

Li P, Huang P, Yang Y, Hao M, Peng H, and Li F. Updated Understanding of Autoimmune
Lymphoproliferative Syndrome (ALPS). Clin Rev Allergy Immunol. 2016;50(1):55-63.

Hugot JP, Chamaillard M, Zouali H, Lesage S, Cezard JP, Belaiche J, Almer S, Tysk C,
O'™Morain CA, Gassull M, et al. Association of NOD2 leucine-rich repeat variants with
susceptibility to Crohn's disease. Nature. 2001;411(6837):599-603.

Ogura Y, Bonen DK, Inohara N, Nicolae DL, Chen FF, Ramos R, Britton H, Moran T,
Karaliuskas R, Duerr RH, et al. A frameshift mutation in NOD2 associated with susceptibility to
Crohn's disease. Nature. 2001;411(6837):603-6.

Zeissig S, Bojarski C, Buergel N, Mankertz J, Zeitz M, Fromm M, and Schulzke JD.
Downregulation of epithelial apoptosis and barrier repair in active Crohn's disease by tumour
necrosis factor alpha antibody treatment. Gut. 2004;53(9):1295-302.

Brestoff JR, and Artis D. Immune regulation of metabolic homeostasis in health and disease. Cell.
2015;161(1):146-60.

Hooper LV, Midtvedt T, and Gordon JI. How host-microbial interactions shape the nutrient
environment of the mammalian intestine. Annu Rev Nutr. 2002;22(283-307.

Round JL, and Mazmanian SK. The gut microbiota shapes intestinal immune responses during
health and disease. Nat Rev Immunol. 2009;9(5):313-23.

Ivanov, II, Atarashi K, Manel N, Brodie EL, Shima T, Karaoz U, Wei D, Goldfarb KC, Santee
CA, Lynch SV, et al. Induction of intestinal Th17 cells by segmented filamentous bacteria. Cell.
2009;139(3):485-98.

Littman DR, and Pamer EG. Role of the commensal microbiota in normal and pathogenic host
immune responses. Cell Host Microbe. 2011;10(4):311-23.

Kalliomaki M, Salminen S, Arvilommi H, Kero P, Koskinen P, and Isolauri E. Probiotics in
primary prevention of atopic disease: a randomised placebo-controlled trial. Lancet.
2001;357(9262):1076-9.

Kirjavainen PV, Arvola T, Salminen SJ, and Isolauri E. Aberrant composition of gut microbiota
of allergic infants: a target of bifidobacterial therapy at weaning? Gut. 2002;51(1):51-5.
Tremaroli V, and Backhed F. Functional interactions between the gut microbiota and host
metabolism. Nature. 2012;489(7415):242-9.

Hossain P, Kawar B, and El Nahas M. Obesity and diabetes in the developing world--a growing
challenge. N Engl J Med. 2007;356(3):213-5.

Ogden CL, Carroll MD, Curtin LR, McDowell MA, Tabak CJ, and Flegal KM. Prevalence of
overweight and obesity in the United States, 1999-2004. JAMA. 2006;295(13):1549-55.
Hotamisligil GS. Inflammation and metabolic disorders. Nature. 2006;444(7121):860-7.
http://www.idf.org/sites/default/files/SE_IDFAtlasPoster 2012 EN.pdf.

Taniguchi CM, Emanuelli B, and Kahn CR. Critical nodes in signalling pathways: insights into
insulin action. Nat Rev Mol Cell Biol. 2006;7(2):85-96.

157


http://www.idf.org/sites/default/files/5E_IDFAtlasPoster_2012_EN.pdf

268.

2609.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

Stumvoll M, Goldstein BJ, and van Haeften TW. Type 2 diabetes: principles of pathogenesis and
therapy. Lancet. 2005;365(9467):1333-46.

Dinarello CA. Immunological and inflammatory functions of the interleukin-1 family. Annu Rev
Immunol. 2009;27(519-50.

Lumeng CN, and Saltiel AR. Inflammatory links between obesity and metabolic disease. J Clin
Invest. 2011;121(6):2111-7.

Suganami T, Tanaka M, and Ogawa Y. Adipose tissue inflammation and ectopic lipid
accumulation. Endocr J. 2012;59(10):849-57.

Hotamisligil GS, Arner P, Caro JF, Atkinson RL, and Spiegelman BM. Increased adipose tissue
expression of tumor necrosis factor-alpha in human obesity and insulin resistance. J Clin Invest.
1995;95(5):2409-15.

Hotamisligil GS, Shargill NS, and Spiegelman BM. Adipose expression of tumor necrosis factor-
alpha: direct role in obesity-linked insulin resistance. Science. 1993;259(5091):87-91.

Ouchi N, Parker JL, Lugus JJ, and Walsh K. Adipokines in inflammation and metabolic disease.
Nat Rev Immunol. 2011;11(2):85-97.

Altintas MM, Azad A, Nayer B, Contreras G, Zaias J, Faul C, Reiser J, and Nayer A. Mast cells,
macrophages, and crown-like structures distinguish subcutaneous from visceral fat in mice. J
Lipid Res. 2011;52(3):480-8.

Tran TT, and Kahn CR. Transplantation of adipose tissue and stem cells: role in metabolism and
disease. Nat Rev Endocrinol. 2010;6(4):195-213.

Friedman J. 20 years of leptin: leptin at 20: an overview. J Endocrinol. 2014;223(1):T1-8.
Loffreda S, Yang SQ, Lin HZ, Karp CL, Brengman ML, Wang DJ, Klein AS, Bulkley GB, Bao
C, Noble PW, et al. Leptin regulates proinflammatory immune responses. FASEB J.
1998;12(1):57-65.

Bokarewa M, Nagaev I, Dahlberg L, Smith U, and Tarkowski A. Resistin, an adipokine with
potent proinflammatory properties. J Immunol. 2005;174(9):5789-95.

Kumada M, Kihara S, Ouchi N, Kobayashi H, Okamoto Y, Ohashi K, Maeda K, Nagaretani H,
Kishida K, Maeda N, et al. Adiponectin specifically increased tissue inhibitor of
metalloproteinase-1 through interleukin-10 expression in human macrophages. Circulation.
2004;109(17):2046-9.

Hosogai N, Fukuhara A, Oshima K, Miyata Y, Tanaka S, Segawa K, Furukawa S, Tochino Y,
Komuro R, Matsuda M, et al. Adipose tissue hypoxia in obesity and its impact on adipocytokine
dysregulation. Diabetes. 2007;56(4):901-11.

Pasarica M, Sereda OR, Redman LM, Albarado DC, Hymel DT, Roan LE, Rood JC, Burk DH,
and Smith SR. Reduced adipose tissue oxygenation in human obesity: evidence for rarefaction,
macrophage chemotaxis, and inflammation without an angiogenic response. Diabetes.
2009;58(3):718-25.

Jiang C, Qu A, Matsubara T, Chanturiya T, Jou W, Gavrilova O, Shah YM, and Gonzalez FJ.
Disruption of hypoxia-inducible factor 1 in adipocytes improves insulin sensitivity and decreases
adiposity in high-fat diet-fed mice. Diabetes. 2011;60(10):2484-95.

Hotamisligil GS. Endoplasmic reticulum stress and the inflammatory basis of metabolic disease.
Cell. 2010;140(6):900-17.

Ozcan U, Cao Q, Yilmaz E, Lee AH, Iwakoshi NN, Ozdelen E, Tuncman G, Gorgun C, Glimcher
LH, and Hotamisligil GS. Endoplasmic reticulum stress links obesity, insulin action, and type 2
diabetes. Science. 2004;306(5695):457-61.

Kanda H, Tateya S, Tamori Y, Kotani K, Hiasa K, Kitazawa R, Kitazawa S, Miyachi H, Maeda
S, Egashira K, et al. MCP-1 contributes to macrophage infiltration into adipose tissue, insulin
resistance, and hepatic steatosis in obesity. J Clin Invest. 2006;116(6):1494-505.

Ozcan U, Yilmaz E, Ozcan L, Furuhashi M, Vaillancourt E, Smith RO, Gorgun CZ, and
Hotamisligil GS. Chemical chaperones reduce ER stress and restore glucose homeostasis in a
mouse model of type 2 diabetes. Science. 2006;313(5790):1137-40.

158



288.

2809.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

Cinti S, Mitchell G, Barbatelli G, Murano I, Ceresi E, Faloia E, Wang S, Fortier M, Greenberg
AS, and Obin MS. Adipocyte death defines macrophage localization and function in adipose
tissue of obese mice and humans. J Lipid Res. 2005;46(11):2347-55.

Donath MY, and Shoelson SE. Type 2 diabetes as an inflammatory disease. Nat Rev Immunol.
2011;11(2):98-107.

Amano SU, Cohen JL, Vangala P, Tencerova M, Nicoloro SM, Yawe JC, Shen Y, Czech MP,
and Aouadi M. Local proliferation of macrophages contributes to obesity-associated adipose
tissue inflammation. Cell Metab. 2014;19(1):162-71.

Xu H, Barnes GT, Yang Q, Tan G, Yang D, Chou CJ, Sole J, Nichols A, Ross JS, Tartaglia LA,
et al. Chronic inflammation in fat plays a crucial role in the development of obesity-related
insulin resistance. J Clin Invest. 2003;112(12):1821-30.

Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, and Ferrante AW, Jr. Obesity is
associated with macrophage accumulation in adipose tissue. J Clin Invest. 2003;112(12):1796-
808.

Gordon S, and Taylor PR. Monocyte and macrophage heterogeneity. Nat Rev Immunol.
2005;5(12):953-64.

Patsouris D, Li PP, Thapar D, Chapman J, Olefsky JM, and Neels JG. Ablation of CDI1lc-
positive cells normalizes insulin sensitivity in obese insulin resistant animals. Cell Metab.
2008;8(4):301-9.

Odegaard JI, Ricardo-Gonzalez RR, Red Eagle A, Vats D, Morel CR, Goforth MH, Subramanian
V, Mukundan L, Ferrante AW, and Chawla A. Alternative M2 activation of Kupffer cells by
PPARGdelta ameliorates obesity-induced insulin resistance. Cell Metab. 2008;7(6):496-507.

Kang K, Reilly SM, Karabacak V, Gangl MR, Fitzgerald K, Hatano B, and Lee CH. Adipocyte-
derived Th2 cytokines and myeloid PPARdelta regulate macrophage polarization and insulin
sensitivity. Cell Metab. 2008;7(6):485-95.

Kratz M, Coats BR, Hisert KB, Hagman D, Mutskov V, Peris E, Schoenfelt KQ, Kuzma JN,
Larson I, Billing PS, et al. Metabolic dysfunction drives a mechanistically distinct
proinflammatory phenotype in adipose tissue macrophages. Cell Metab. 2014;20(4):614-25.

Wu D, Molofsky AB, Liang HE, Ricardo-Gonzalez RR, Jouihan HA, Bando JK, Chawla A, and
Locksley RM. Eosinophils sustain adipose alternatively activated macrophages associated with
glucose homeostasis. Science. 2011;332(6026):243-7.

Molofsky AB, Nussbaum JC, Liang HE, Van Dyken SJ, Cheng LE, Mohapatra A, Chawla A, and
Locksley RM. Innate lymphoid type 2 cells sustain visceral adipose tissue eosinophils and
alternatively activated macrophages. J Exp Med. 2013;210(3):535-49.

Schipper HS, Rakhshandehroo M, van de Graaf SF, Venken K, Koppen A, Stienstra R, Prop S,
Meerding J, Hamers N, Besra G, et al. Natural killer T cells in adipose tissue prevent insulin
resistance. J Clin Invest. 2012;122(9):3343-54.

Talukdar S, Oh da Y, Bandyopadhyay G, Li D, Xu J, McNelis J, Lu M, Li P, Yan Q, Zhu Y, et al.
Neutrophils mediate insulin resistance in mice fed a high-fat diet through secreted elastase. Nat
Med. 2012;18(9):1407-12.

Nishimura S, Manabe I, Nagasaki M, Eto K, Yamashita H, Ohsugi M, Otsu M, Hara K, Ueki K,
Sugiura S, et al. CD8+ effector T cells contribute to macrophage recruitment and adipose tissue
inflammation in obesity. Nat Med. 2009;15(8):914-20.

Zhu J, Yamane H, and Paul WE. Differentiation of effector CD4 T cell populations (*). Annu Rev
Immunol. 2010;28(445-89.

Winer S, Chan Y, Paltser G, Truong D, Tsui H, Bahrami J, Dorfman R, Wang Y, Zielenski J,
Mastronardi F, et al. Normalization of obesity-associated insulin resistance through
immunotherapy. Nat Med. 2009;15(8):921-9.

Feuerer M, Herrero L, Cipolletta D, Naaz A, Wong J, Nayer A, Lee J, Goldfine AB, Benoist C,
Shoelson S, et al. Lean, but not obese, fat is enriched for a unique population of regulatory T cells
that affect metabolic parameters. Nat Med. 2009;15(8):930-9.

159



306.

307.

308.

300.

310.

311.

312.

313.

314.

315.

316.

317.

318.

3109.

320.

321.

322.

323.

324.

De Rosa V, Procaccini C, Cali G, Pirozzi G, Fontana S, Zappacosta S, La Cava A, and Matarese
G. A key role of leptin in the control of regulatory T cell proliferation. Immunity. 2007;26(2):241-
55.

Winer DA, Winer S, Shen L, Wadia PP, Yantha J, Paltser G, Tsui H, Wu P, Davidson MG,
Alonso MN, et al. B cells promote insulin resistance through modulation of T cells and
production of pathogenic IgG antibodies. Nat Med. 2011;17(5):610-7.

Nishimura S, Manabe I, Takaki S, Nagasaki M, Otsu M, Yamashita H, Sugita J, Yoshimura K,
Eto K, Komuro I, et al. Adipose Natural Regulatory B Cells Negatively Control Adipose Tissue
Inflammation. Cell Metab. 2013.

Wu L, Parekh VV, Hsiao J, Kitamura D, and Van Kaer L. Spleen supports a pool of innate-like B
cells in white adipose tissue that protects against obesity-associated insulin resistance. Proc Natl
Acad Sci U S A. 2014;111(43):E4638-47.

Copps KD, and White MF. Regulation of insulin sensitivity by serine/threonine phosphorylation
of insulin receptor substrate proteins IRS1 and IRS2. Diabetologia. 2012;55(10):2565-82.

Gregor MF, and Hotamisligil GS. Inflammatory mechanisms in obesity. Annu Rev Immunol.
2011;29(415-45.

Nakamura T, Furuhashi M, Li P, Cao H, Tuncman G, Sonenberg N, Gorgun CZ, and Hotamisligil
GS. Double-stranded RNA-dependent protein kinase links pathogen sensing with stress and
metabolic homeostasis. Cell. 2010;140(3):338-48.

Arkan MC, Hevener AL, Greten FR, Maeda S, Li ZW, Long JM, Wynshaw-Boris A, Poli G,
Olefsky J, and Karin M. IKK-beta links inflammation to obesity-induced insulin resistance. Nat
Med. 2005;11(2):191-8.

Hirosumi J, Tuncman G, Chang L, Gorgun CZ, Uysal KT, Maeda K, Karin M, and Hotamisligil
GS. A central role for INK in obesity and insulin resistance. Nature. 2002;420(6913):333-6.
Chang L, and Karin M. Mammalian MAP kinase signalling cascades. Nature.
2001;410(6824):37-40.

Sabio G, Das M, Mora A, Zhang Z, Jun JY, Ko HJ, Barrett T, Kim JK, and Davis RJ. A stress
signaling pathway in adipose tissue regulates hepatic insulin resistance. Science.
2008;322(5907):1539-43.

Solinas G, Vilcu C, Neels JG, Bandyopadhyay GK, Luo JL, Naugler W, Grivennikov S,
Wynshaw-Boris A, Scadeng M, Olefsky JM, et al. JNK1 in hematopoietically derived cells
contributes to diet-induced inflammation and insulin resistance without affecting obesity. Cel/
Metab. 2007;6(5):386-97.

Konner AC, and Bruning JC. Toll-like receptors: linking inflammation to metabolism. Trends
Endocrinol Metab. 2011;22(1):16-23.

Kawai T, and Akira S. The role of pattern-recognition receptors in innate immunity: update on
Toll-like receptors. Nat Immunol. 2010;11(5):373-84.

Shi H, Kokoeva MV, Inouye K, Tzameli I, Yin H, and Flier JS. TLR4 links innate immunity and
fatty acid-induced insulin resistance. J Clin Invest. 2006;116(11):3015-25.

Pal D, Dasgupta S, Kundu R, Maitra S, Das G, Mukhopadhyay S, Ray S, Majumdar SS, and
Bhattacharya S. Fetuin-A acts as an endogenous ligand of TLR4 to promote lipid-induced insulin
resistance. Nat Med. 2012;18(8):1279-85.

Tsukumo DM, Carvalho-Filho MA, Carvalheira JB, Prada PO, Hirabara SM, Schenka AA,
Araujo EP, Vassallo J, Curi R, Velloso LA, et al. Loss-of-function mutation in Toll-like receptor
4 prevents diet-induced obesity and insulin resistance. Diabetes. 2007;56(8):1986-98.

Saberi M, Woods NB, de Luca C, Schenk S, Lu JC, Bandyopadhyay G, Verma IM, and Olefsky
JM. Hematopoietic cell-specific deletion of toll-like receptor 4 ameliorates hepatic and adipose
tissue insulin resistance in high-fat-fed mice. Cell Metab. 2009;10(5):419-29.

Cani PD, Amar J, Iglesias MA, Poggi M, Knauf C, Bastelica D, Neyrinck AM, Fava F, Tuohy
KM, Chabo C, et al. Metabolic endotoxemia initiates obesity and insulin resistance. Diabetes.
2007;56(7):1761-72.

160



325.

326.

327.

328.

3209.

330.

331.

332.

333.

334.

335.

336.

337.

338.

330.

340.

341.

Schertzer JD, Tamrakar AK, Magalhaes JG, Pereira S, Bilan PJ, Fullerton MD, Liu Z, Steinberg
GR, Giacca A, Philpott DJ, et al. NOD1 activators link innate immunity to insulin resistance.
Diabetes. 2011;60(9):2206-15.

Zhou R, Tardivel A, Thorens B, Choi I, and Tschopp J. Thioredoxin-interacting protein links
oxidative stress to inflammasome activation. Nat Immunol. 2010;11(2):136-40.

Stienstra R, van Diepen JA, Tack CJ, Zaki MH, van de Veerdonk FL, Perera D, Neale GA,
Hooiveld GJ, Hijmans A, Vroegrijk L, et al. Inflammasome is a central player in the induction of
obesity and insulin resistance. Proc Natl Acad Sci U S A. 2011;108(37):15324-9.

Wang H, Capell W, Yoon JH, Faubel S, and Eckel RH. Obesity development in caspase-1-
deficient mice. Int J Obes (Lond). 2013.

Vandanmagsar B, Youm YH, Ravussin A, Galgani JE, Stadler K, Mynatt RL, Ravussin E,
Stephens JM, and Dixit VD. The NLRP3 inflammasome instigates obesity-induced inflammation
and insulin resistance. Nat Med. 2011;17(2):179-88.

Henao-Megjia J, Elinav E, Jin C, Hao L, Mehal WZ, Strowig T, Thaiss CA, Kau AL, Eisenbarth
SC, Jurczak MJ, et al. Inflammasome-mediated dysbiosis regulates progression of NAFLD and
obesity. Nature. 2012;482(7384):179-85.

Bendtzen K, Mandrup-Poulsen T, Nerup J, Nielsen JH, Dinarello CA, and Svenson M.
Cytotoxicity of human pl 7 interleukin-1 for pancreatic islets of Langerhans. Science.
1986;232(4757):1545-7.

Youm YH, Adijjiang A, Vandanmagsar B, Burk D, Ravussin A, and Dixit VD. Elimination of the
NLRP3-ASC inflammasome protects against chronic obesity-induced pancreatic damage.
Endocrinology. 2011;152(11):4039-45.

Jourdan T, Godlewski G, Cinar R, Bertola A, Szanda G, Liu J, Tam J, Han T, Mukhopadhyay B,
Skarulis MC, et al. Activation of the Nlrp3 inflammasome in infiltrating macrophages by
endocannabinoids mediates beta cell loss in type 2 diabetes. Nat Med. 2013.

Cooper GJ, Willis AC, Clark A, Turner RC, Sim RB, and Reid KB. Purification and
characterization of a peptide from amyloid-rich pancreases of type 2 diabetic patients. Proc Natl
Acad Sci U S A. 1987;84(23):8628-32.

Butler AE, Jang J, Gurlo T, Carty MD, Soeller WC, and Butler PC. Diabetes due to a progressive
defect in beta-cell mass in rats transgenic for human islet amyloid polypeptide (HIP Rat): a new
model for type 2 diabetes. Diabetes. 2004;53(6):1509-16.

Janson J, Socller WC, Roche PC, Nelson RT, Torchia AJ, Kreutter DK, and Butler PC.
Spontaneous diabetes mellitus in transgenic mice expressing human islet amyloid polypeptide.
Proc Natl Acad Sci U S A. 1996;93(14):7283-8.

Masters SL, Dunne A, Subramanian SL, Hull RL, Tannahill GM, Sharp FA, Becker C, Franchi L,
Yoshihara E, Chen Z, et al. Activation of the NLRP3 inflammasome by islet amyloid polypeptide
provides a mechanism for enhanced IL-1beta in type 2 diabetes. Nat Immunol. 2010;11(10):897-
904.

Lerner AG, Upton JP, Praveen PV, Ghosh R, Nakagawa Y, Igbaria A, Shen S, Nguyen V, Backes
BJ, Heiman M, et al. IRElalpha induces thioredoxin-interacting protein to activate the NLRP3
inflammasome and promote programmed cell death under irremediable ER stress. Cell Metab.
2012;16(2):250-64.

Oslowski CM, Hara T, O'Sullivan-Murphy B, Kanekura K, Lu S, Hara M, Ishigaki S, Zhu LJ,
Hayashi E, Hui ST, et al. Thioredoxin-interacting protein mediates ER stress-induced beta cell
death through initiation of the inflammasome. Cell Metab. 2012;16(2):265-73.

Lee HM, Kim JJ, Kim HJ, Shong M, Ku BJ, and Jo EK. Upregulated NLRP3 inflammasome
activation in patients with type 2 diabetes. Diabetes. 2013;62(1):194-204.

Goossens GH, Blaak EE, Theunissen R, Duijvestiin AM, Clement K, Tervaert JW, and
Thewissen MM. Expression of NLRP3 inflammasome and T cell population markers in adipose
tissue are associated with insulin resistance and impaired glucose metabolism in humans. Mo/
Immunol. 2012;50(3):142-9.

161



342.

343.

344.

345s.

346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

356.

357.

358.

3509.

Esser N, L'Homme L, De Roover A, Kohnen L, Scheen AJ, Moutschen M, Piette J, Legrand-
Poels S, and Paquot N. Obesity phenotype is related to NLRP3 inflammasome activity and
immunological profile of visceral adipose tissue. Diabetologia. 2013;56(11):2487-97.

Boden G. Interaction between free fatty acids and glucose metabolism. Curr Opin Clin Nutr
Metab Care. 2002;5(5):545-9.

Chavez JA, and Summers SA. A ceramide-centric view of insulin resistance. Cell Metab.
2012;15(5):585-94.

Koenen TB, Stienstra R, van Tits LJ, de Graaf J, Stalenhoef AF, Joosten LA, Tack CJ, and Netea
MG. Hyperglycemia activates caspase-1 and TXNIP-mediated IL-1beta transcription in human
adipose tissue. Diabetes. 2011;60(2):517-24.

Jager J, Gremeaux T, Cormont M, Le Marchand-Brustel Y, and Tanti JF. Interleukin-1beta-
induced insulin resistance in adipocytes through down-regulation of insulin receptor substrate-1
expression. Endocrinology. 2007;148(1):241-51.

Gao Z, Hwang D, Bataille F, Lefevre M, York D, Quon MJ, and Ye J. Serine phosphorylation of
insulin receptor substrate 1 by inhibitor kappa B kinase complex. J Bio/ Chem.
2002;277(50):48115-21.

McGillicuddy FC, Harford KA, Reynolds CM, Oliver E, Claessens M, Mills KH, and Roche HM.
Lack of interleukin-1 receptor I (IL-1RI) protects mice from high-fat diet-induced adipose tissue
inflammation coincident with improved glucose homeostasis. Diabetes. 2011;60(6):1688-98.
Somm E, Henrichot E, Pernin A, Juge-Aubry CE, Muzzin P, Dayer JM, Nicklin MJ, and Meier
CA. Decreased fat mass in interleukin-1 receptor antagonist-deficient mice: impact on
adipogenesis, food intake, and energy expenditure. Diabetes. 2005;54(12):3503-9.

Matsuki T, Horai R, Sudo K, and Iwakura Y. IL-1 plays an important role in lipid metabolism by
regulating insulin levels under physiological conditions. J Exp Med. 2003;198(6):877-88.

Netea MG, Joosten LA, Lewis E, Jensen DR, Voshol PJ, Kullberg BJ, Tack CJ, van Krieken H,
Kim SH, Stalenhoef AF, et al. Deficiency of interleukin-18 in mice leads to hyperphagia, obesity
and insulin resistance. Nat Med. 2006;12(6):650-6.

Zorrilla EP, Sanchez-Alavez M, Sugama S, Brennan M, Fernandez R, Bartfai T, and Conti B.
Interleukin-18 controls energy homeostasis by suppressing appetite and feed efficiency. Proc Natl
Acad Sci U S A. 2007;104(26):11097-102.

Lindegaard B, Matthews VB, Brandt C, Hojman P, Allen TL, Estevez E, Watt MJ, Bruce CR,
Mortensen OH, Syberg S, et al. Interleukin-18 Activates Skeletal Muscle AMPK and Reduces
Weight Gain and Insulin Resistance in Mice. Diabetes. 2013;62(9):3064-74.

Moriwaki Y, Yamamoto T, Shibutani Y, Aoki E, Tsutsumi Z, Takahashi S, Okamura H, Koga M,
Fukuchi M, and Hada T. Elevated levels of interleukin-18 and tumor necrosis factor-alpha in
serum of patients with type 2 diabetes mellitus: relationship with diabetic nephropathy.
Metabolism. 2003;52(5):605-8.

Fischer CP, Perstrup LB, Berntsen A, Eskildsen P, and Pedersen BK. Elevated plasma
interleukin-18 is a marker of insulin-resistance in type 2 diabetic and non-diabetic humans. Clin
Immunol. 2005;117(2):152-60.

Hung J, McQuillan BM, Chapman CM, Thompson PL, and Beilby JP. Elevated interleukin-18
levels are associated with the metabolic syndrome independent of obesity and insulin resistance.
Arterioscler Thromb Vasc Biol. 2005;25(6):1268-73.

Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, and Gordon JI. An obesity-
associated gut microbiome with increased capacity for energy harvest. Nature.
2006;444(7122):1027-31.

Ravussin Y, Koren O, Spor A, LeDuc C, Gutman R, Stombaugh J, Knight R, Ley RE, and Leibel
RL. Responses of gut microbiota to diet composition and weight loss in lean and obese mice.
Obesity (Silver Spring). 2012;20(4):738-47.

Walters WA, Xu Z, and Knight R. Meta-analyses of human gut microbes associated with obesity
and IBD. FEBS Lett. 2014;588(22):4223-33.

162



360.

361.

362.

363.

364.

365.

366.

367.

368.

3609.

370.

371.

372.

373.

374.

375.

376.

Turnbaugh PJ, Hamady M, Yatsunenko T, Cantarel BL, Duncan A, Ley RE, Sogin ML, Jones
WIJ, Roe BA, Affourtit JP, et al. A core gut microbiome in obese and lean twins. Nature.
2009;457(7228):480-4.

Ridaura VK, Faith JJ, Rey FE, Cheng J, Duncan AE, Kau AL, Griffin NW, Lombard V, Henrissat
B, Bain JR, et al. Gut microbiota from twins discordant for obesity modulate metabolism in mice.
Science. 2013;341(6150):1241214.

Canfora EE, Jocken JW, and Blaak EE. Short-chain fatty acids in control of body weight and
insulin sensitivity. Nat Rev Endocrinol. 2015;11(10):577-91.

Vrieze A, Van Nood E, Holleman F, Salojarvi J, Kootte RS, Bartelsman JF, Dallinga-Thie GM,
Ackermans MT, Serlie MJ, Oozeer R, et al. Transfer of intestinal microbiota from lean donors
increases insulin sensitivity in individuals with metabolic syndrome. Gastroenterology.
2012;143(4):913-6 7.

Vrieze A, Out C, Fuentes S, Jonker L, Reuling I, Kootte RS, van Nood E, Holleman F, Knaapen
M, Romijn JA, et al. Impact of oral vancomycin on gut microbiota, bile acid metabolism, and
insulin sensitivity. J Hepatol. 2014;60(4):824-31.

Carvalho FA, Aitken JD, Vijay-Kumar M, and Gewirtz AT. Toll-like receptor-gut microbiota
interactions: perturb at your own risk! Annu Rev Physiol. 2012;74(177-98.

Vijay-Kumar M, Aitken JD, Carvalho FA, Cullender TC, Mwangi S, Srinivasan S, Sitaraman SV,
Knight R, Ley RE, and Gewirtz AT. Metabolic syndrome and altered gut microbiota in mice
lacking Toll-like receptor 5. Science. 2010;328(5975):228-31.

Denou E, Lolmede K, Garidou L, Pomie C, Chabo C, Lau TC, Fullerton MD, Nigro G, Zakaroft-
Girard A, Luche E, et al. Defective NOD2 peptidoglycan sensing promotes diet-induced
inflammation, dysbiosis, and insulin resistance. EMBO Mol Med. 2015;7(3):259-74.

Bernstein LE, Berry J, Kim S, Canavan B, and Grinspoon SK. Effects of etanercept in patients
with the metabolic syndrome. Arch Intern Med. 2006;166(8):902-8.

Dominguez H, Storgaard H, Rask-Madsen C, Steffen Hermann T, Ihlemann N, Baunbjerg
Nielsen D, Spohr C, Kober L, Vaag A, and Torp-Pedersen C. Metabolic and vascular effects of
tumor necrosis factor-alpha blockade with etanercept in obese patients with type 2 diabetes. J
Vasc Res. 2005;42(6):517-25.

Fleischman A, Shoelson SE, Bernier R, and Goldfine AB. Salsalate improves glycemia and
inflammatory parameters in obese young adults. Diabetes Care. 2008;31(2):289-94.

Hundal RS, Petersen KF, Mayerson AB, Randhawa PS, Inzucchi S, Shoelson SE, and Shulman
GI. Mechanism by which high-dose aspirin improves glucose metabolism in type 2 diabetes. J
Clin Invest. 2002;109(10):1321-6.

Larsen CM, Faulenbach M, Vaag A, Volund A, Ehses JA, Seifert B, Mandrup-Poulsen T, and
Donath MY. Interleukin-1-receptor antagonist in type 2 diabetes mellitus. N Engl J Med.
2007;356(15):1517-26.

Zhang MJ, and Spite M. Resolvins: anti-inflammatory and proresolving mediators derived from
omega-3 polyunsaturated fatty acids. Annu Rev Nutr. 2012;32(203-27.

Yan Y, Jiang W, Spinetti T, Tardivel A, Castillo R, Bourquin C, Guarda G, Tian Z, Tschopp J,
and Zhou R. Omega-3 fatty acids prevent inflammation and metabolic disorder through inhibition
of NLRP3 inflammasome activation. Immunity. 2013;38(6):1154-63.

Ott SJ, Musfeldt M, Wenderoth DF, Hampe J, Brant O, Folsch UR, Timmis KN, and Schreiber S.
Reduction in diversity of the colonic mucosa associated bacterial microflora in patients with
active inflammatory bowel disease. Gut. 2004;53(5):685-93.

Hansen R, Russell RK, Reiff C, Louis P, McIntosh F, Berry SH, Mukhopadhya I, Bisset WM,
Barclay AR, Bishop J, et al. Microbiota of de-novo pediatric IBD: increased Faecalibacterium
prausnitzii and reduced bacterial diversity in Crohn's but not in ulcerative colitis. Am J
Gastroenterol. 2012;107(12):1913-22.

163



377.

378.

379.

380.

381.

382.

383.

384.

385.

386.

387.

388.

3809.

390.

391.

392.

393.

Rausch P, Rehman A, Kunzel S, Hasler R, Ott SJ, Schreiber S, Rosenstiel P, Franke A, and
Baines JF. Colonic mucosa-associated microbiota is influenced by an interaction of Crohn disease
and FUT2 (Secretor) genotype. Proc Natl Acad Sci U S A. 2011;108(47):19030-5.

Hviid A, Svanstrom H, and Frisch M. Antibiotic use and inflammatory bowel diseases in
childhood. Gut. 2011;60(1):49-54.

Moayyedi P, Surette MG, Kim PT, Libertucci J, Wolfe M, Onischi C, Armstrong D, Marshall JK,
Kassam Z, Reinisch W, et al. Fecal Microbiota Transplantation Induces Remission in Patients
With Active Ulcerative Colitis in a Randomized Controlled Trial. Gastroenterology.
2015;149(1):102-9 e6.

Jostins L, Ripke S, Weersma RK, Duerr RH, McGovern DP, Hui KY, Lee JC, Schumm LP,
Sharma Y, Anderson CA, et al. Host-microbe interactions have shaped the genetic architecture of
inflammatory bowel disease. Nature. 2012;491(7422):119-24.

Franke A, McGovern DP, Barrett JC, Wang K, Radford-Smith GL, Ahmad T, Lees CW,
Balschun T, Lee J, Roberts R, et al. Genome-wide meta-analysis increases to 71 the number of
confirmed Crohn's disease susceptibility loci. Nat Genet. 2010;42(12):1118-25.

Brant SR. Update on the heritability of inflammatory bowel disease: the importance of twin
studies. Inflamm Bowel Dis. 2011;17(1):1-5.

Inohara N, Ogura Y, Fontalba A, Gutierrez O, Pons F, Crespo J, Fukase K, Inamura S, Kusumoto
S, Hashimoto M, et al. Host recognition of bacterial muramyl dipeptide mediated through NOD?2.
Implications for Crohn's disease. J Biol Chem. 2003;278(8):5509-12.

Wehkamp J, Harder J, Weichenthal M, Schwab M, Schaffeler E, Schlee M, Herrlinger KR,
Stallmach A, Noack F, Fritz P, et al. NOD2 (CARDI15) mutations in Crohn's disease are
associated with diminished mucosal alpha-defensin expression. Guz. 2004;53(11):1658-64.

Kim YG, Shaw MH, Warner N, Park JH, Chen F, Ogura Y, and Nunez G. Cutting edge: Crohn's
disease-associated Nod2 mutation limits production of proinflammatory cytokines to protect the
host from Enterococcus faecalis-induced lethality. J Immunol. 2011;187(6):2849-52.

Zeissig Y, Petersen BS, Milutinovic S, Bosse E, Mayr G, Peuker K, Hartwig J, Keller A, Kohl M,
Laass MW, et al. XIAP variants in male Crohn's disease. Gut. 2015;64(1):66-76.

Brest P, Lapaquette P, Souidi M, Lebrigand K, Cesaro A, Vouret-Craviari V, Mari B, Barbry P,
Mosnier JF, Hebuterne X, et al. A synonymous variant in IRGM alters a binding site for miR-196
and causes deregulation of IRGM-dependent xenophagy in Crohn's disease. Nat Genet.
2011;43(3):242-5.

Hampe J, Franke A, Rosenstiel P, Till A, Teuber M, Huse K, Albrecht M, Mayr G, De La Vega
FM, Briggs J, et al. A genome-wide association scan of nonsynonymous SNPs identifies a
susceptibility variant for Crohn disease in ATG16L1. Nat Genet. 2007;39(2):207-11.

Duerr RH, Taylor KD, Brant SR, Rioux JD, Silverberg MS, Daly MJ, Steinhart AH, Abraham C,
Regueiro M, Griffiths A, et al. A genome-wide association study identifies IL23R as an
inflammatory bowel disease gene. Science. 2006;314(5804):1461-3.

Barrett JC, Hansoul S, Nicolae DL, Cho JH, Duerr RH, Rioux JD, Brant SR, Silverberg MS,
Taylor KD, Barmada MM, et al. Genome-wide association defines more than 30 distinct
susceptibility loci for Crohn's disease. Nat Genet. 2008;40(8):955-62.

Slack E, Hapfelmeier S, Stecher B, Velykoredko Y, Stoel M, Lawson MA, Geuking MB, Beutler
B, Tedder TF, Hardt WD, et al. Innate and adaptive immunity cooperate flexibly to maintain
host-microbiota mutualism. Science. 2009;325(5940):617-20.

Vaishnava S, Yamamoto M, Severson KM, Ruhn KA, Yu X, Koren O, Ley R, Wakeland EK, and
Hooper LV. The antibacterial lectin Reglllgamma promotes the spatial segregation of microbiota
and host in the intestine. Science. 2011;334(6053):255-8.

Shan M, Gentile M, Yeiser JR, Walland AC, Bornstein VU, Chen K, He B, Cassis L, Bigas A,
Cols M, et al. Mucus enhances gut homeostasis and oral tolerance by delivering
immunoregulatory signals. Science. 2013;342(6157):447-53.

164



394.

39s.

396.

397.

398.

399.

400.

401.

402.

403.

404.

405.

406.

407.

408.

409.

410.

Kyo K, Parkes M, Takei Y, Nishimori H, Vyas P, Satsangi J, Simmons J, Nagawa H, Baba S,
Jewell D, et al. Association of ulcerative colitis with rare VNTR alleles of the human intestinal
mucin gene, MUC3. Hum Mol Genet. 1999;8(2):307-11.

Kyo K, Muto T, Nagawa H, Lathrop GM, and Nakamura Y. Associations of distinct variants of
the intestinal mucin gene MUC3A with ulcerative colitis and Crohn's disease. J Hum Genet.
2001;46(1):5-20.

Van der Sluis M, De Koning BA, De Bruijn AC, Velcich A, Meijerink JP, Van Goudoever JB,
Buller HA, Dekker J, Van Seuningen I, Renes IB, et al. Muc2-deficient mice spontaneously
develop colitis, indicating that MUC2 is critical for colonic protection. Gastroenterology.
2006;131(1):117-29.

Peterson LW, and Artis D. Intestinal epithelial cells: regulators of barrier function and immune
homeostasis. Nat Rev Immunol. 2014;14(3):141-53.

van der Flier LG, and Clevers H. Stem cells, self-renewal, and differentiation in the intestinal
epithelium. Annu Rev Physiol. 2009;71(241-60.

Turner JR. Intestinal mucosal barrier function in health and disease. Nat Rev Immunol.
2009;9(11):799-809.

Wehkamp J, Salzman NH, Porter E, Nuding S, Weichenthal M, Petras RE, Shen B, Schaeffeler E,
Schwab M, Linzmeier R, et al. Reduced Paneth cell alpha-defensins in ileal Crohn's disease. Proc
Natl Acad Sci U S A. 2005;102(50):18129-34.

Cadwell K, Liu JY, Brown SL, Miyoshi H, Loh J, Lennerz JK, Kishi C, K¢ W, Carrero JA, Hunt
S, et al. A key role for autophagy and the autophagy gene Atgl6ll in mouse and human intestinal
Paneth cells. Nature. 2008;456(7219):259-63.

Cadwell K, Patel KK, Maloney NS, Liu TC, Ng AC, Storer CE, Head RD, Xavier R,
Stappenbeck TS, and Virgin HW. Virus-plus-susceptibility gene interaction determines Crohn's
disease gene Atgl6L1 phenotypes in intestine. Cell. 2010;141(7):1135-45.

Lee J, Mo JH, Katakura K, Alkalay I, Rucker AN, Liu YT, Lee HK, Shen C, Cojocaru G,
Shenouda S, et al. Maintenance of colonic homeostasis by distinctive apical TLR9 signalling in
intestinal epithelial cells. Nat Cell Biol. 2006;8(12):1327-36.

Xiao H, Gulen MF, Qin J, Yao J, Bulek K, Kish D, Altuntas CZ, Wald D, Ma C, Zhou H, et al.
The Toll-interleukin-1 receptor member SIGIRR regulates colonic epithelial homeostasis,
inflammation, and tumorigenesis. /mmunity. 2007;26(4):461-75.

Frantz AL, Rogier EW, Weber CR, Shen L, Cohen DA, Fenton LA, Bruno ME, and Kaetzel CS.
Targeted deletion of MyD88 in intestinal epithelial cells results in compromised antibacterial
immunity associated with downregulation of polymeric immunoglobulin receptor, mucin-2, and
antibacterial peptides. Mucosal Immunol. 2012;5(5):501-12.

Rakoff-Nahoum S, Paglino J, Eslami-Varzaneh F, Edberg S, and Medzhitov R. Recognition of
commensal microflora by toll-like receptors is required for intestinal homeostasis. Cell.
2004;118(2):229-41.

Allen IC, TeKippe EM, Woodford RM, Uronis JM, Holl EK, Rogers AB, Herfarth HH, Jobin C,
and Ting JP. The NLRP3 inflammasome functions as a negative regulator of tumorigenesis
during colitis-associated cancer. J Exp Med. 2010;207(5):1045-56.

Dupaul-Chicoine J, Yeretssian G, Doiron K, Bergstrom KS, McIntire CR, LeBlanc PM, Meunier
C, Turbide C, Gros P, Beauchemin N, et al. Control of intestinal homeostasis, colitis, and colitis-
associated colorectal cancer by the inflammatory caspases. Immunity. 2010;32(3):367-78.

Zaki MH, Boyd KL, Vogel P, Kastan MB, Lamkanfi M, and Kanneganti TD. The NLRP3
inflammasome protects against loss of epithelial integrity and mortality during experimental
colitis. fmmunity. 2010;32(3):379-91.

Demon D, Kuchmiy A, Fossoul A, Zhu Q, Kanneganti TD, and Lamkanfi M. Caspase-11 is
expressed in the colonic mucosa and protects against dextran sodium sulfate-induced colitis.
Mucosal Immunol. 2014;7(6):1480-91.

165



411.

412.

413.

414.

415.

416.

417.

418.

419.

420.

421.

422.

423.

424.

425.

426.

427.

Oficjalska K, Raverdeau M, Aviello G, Wade SC, Hickey A, Sheehan KM, Corr SC, Kay EW,
O™WNeill LA, Mills KH, et al. Protective role for caspase-11 during acute experimental murine
colitis. J Immunol. 2015;194(3):1252-60.

Williams TM, Leeth RA, Rothschild DE, McDaniel DK, Coutermarsh-Ott SL, Simmons AE,
Kable KH, Heid B, and Allen IC. Caspase-11 attenuates gastrointestinal inflammation and
experimental colitis pathogenesis. Am J Physiol Gastrointest Liver Physiol. 2015;308(2):G139-
50.

Sonnenberg GF, and Artis D. Innate lymphoid cells in the initiation, regulation and resolution of
inflammation. Nat Med. 2015;21(7):698-708.

Buonocore S, Ahern PP, Uhlig HH, Ivanov, II, Littman DR, Maloy KJ, and Powrie F. Innate
lymphoid cells drive interleukin-23-dependent innate intestinal pathology. Nature.
2010;464(7293):1371-5.

Neill DR, Wong SH, Bellosi A, Flynn RJ, Daly M, Langford TK, Bucks C, Kane CM, Fallon PG,
Pannell R, et al. Nuocytes represent a new innate effector leukocyte that mediates type-2
immunity. Nature. 2010;464(7293):1367-70.

Hanash AM, Dudakov JA, Hua G, O'Connor MH, Young LF, Singer NV, West ML, Jenq RR,
Holland AM, Kappel LW, et al. Interleukin-22 protects intestinal stem cells from immune-
mediated tissue damage and regulates sensitivity to graft versus host disease. Immunity.
2012;37(2):339-50.

Sawa S, Lochner M, Satoh-Takayama N, Dulauroy S, Berard M, Kleinschek M, Cua D, Di Santo
JP, and Eberl G. RORgammat+ innate lymphoid cells regulate intestinal homeostasis by
integrating negative signals from the symbiotic microbiota. Nat Immunol. 2011;12(4):320-6.
Niess JH, Brand S, Gu X, Landsman L, Jung S, McCormick BA, Vyas JM, Boes M, Ploegh HL,
Fox JG, et al. CX3CRI1-mediated dendritic cell access to the intestinal lumen and bacterial
clearance. Science. 2005;307(5707):254-8.

Mazzini E, Massimiliano L, Penna G, and Rescigno M. Oral tolerance can be established via gap
junction transfer of fed antigens from CX3CR1(+) macrophages to CD103(+) dendritic cells.
Immunity. 2014;40(2):248-61.

Rimoldi M, Chieppa M, Salucci V, Avogadri F, Sonzogni A, Sampietro GM, Nespoli A, Viale G,
Allavena P, and Rescigno M. Intestinal immune homeostasis is regulated by the crosstalk
between epithelial cells and dendritic cells. Nat Immunol. 2005;6(5):507-14.

Wallace KL, Zheng LB, Kanazawa Y, and Shih DQ. Immunopathology of inflammatory bowel
disease. World J Gastroenterol. 2014;20(1):6-21.

Noguchi M, Hiwatashi N, Liu Z, and Toyota T. Enhanced interferon-gamma production and B7-2
expression in isolated intestinal mononuclear cells from patients with Crohn's disease. J
Gastroenterol. 1995;30 Suppl 8(52-5.

Fuss 1J, Neurath M, Boirivant M, Klein JS, de la Motte C, Strong SA, Fiocchi C, and Strober W.
Disparate CD4+ lamina propria (LP) lymphokine secretion profiles in inflammatory bowel
disease. Crohn's disease LP cells manifest increased secretion of IFN-gamma, whereas ulcerative
colitis LP cells manifest increased secretion of IL-5. J Immunol. 1996;157(3):1261-70.

Chirdo FG, Millington OR, Beacock-Sharp H, and Mowat AM. Immunomodulatory dendritic
cells in intestinal lamina propria. Eur J Immunol. 2005;35(6):1831-40.

Coombes JL, Siddiqui KR, Arancibia-Carcamo CV, Hall J, Sun CM, Belkaid Y, and Powrie F. A
functionally specialized population of mucosal CD103+ DCs induces Foxp3+ regulatory T cells
via a TGF-beta and retinoic acid-dependent mechanism. J Exp Med. 2007;204(8):1757-64.
Powrie F, Leach MW, Mauze S, Caddle LB, and Coffman RL. Phenotypically distinct subsets of
CD4+ T cells induce or protect from chronic intestinal inflammation in C. B-17 scid mice. Int
Immunol. 1993;5(11):1461-71.

Powrie F, Correa-Oliveira R, Mauze S, and Coffman RL. Regulatory interactions between
CD45RBhigh and CD45RBlow CD4+ T cells are important for the balance between protective
and pathogenic cell-mediated immunity. J Exp Med. 1994;179(2):589-600.

166



428.

4209.

430.

431.

432.

433.

434.

435.

436.

437.

438.

439.

440.

441.

442.

443.

444

Murai M, Turovskaya O, Kim G, Madan R, Karp CL, Cheroutre H, and Kronenberg M.
Interleukin 10 acts on regulatory T cells to maintain expression of the transcription factor Foxp3
and suppressive function in mice with colitis. Nat Immunol. 2009;10(11):1178-84.

Gaffen SL, Jain R, Garg AV, and Cua DJ. The IL-23-IL-17 immune axis: from mechanisms to
therapeutic testing. Nat Rev Immunol. 2014;14(9):585-600.

Fujino S, Andoh A, Bamba S, Ogawa A, Hata K, Araki Y, Bamba T, and Fujiyama Y. Increased
expression of interleukin 17 in inflammatory bowel disease. Gut. 2003;52(1):65-70.

Hueber W, Sands BE, Lewitzky S, Vandemeulebroecke M, Reinisch W, Higgins PD, Wehkamp
J, Feagan BG, Yao MD, Karczewski M, et al. Secukinumab, a human anti-IL-17A monoclonal
antibody, for moderate to severe Crohn's disease: unexpected results of a randomised, double-
blind placebo-controlled trial. Guz. 2012;61(12):1693-700.

Targan SR, Feagan BG, Vermeire S, Panaccione R, Melmed GY, Blosch C, Newmark R, Zhang
N, Chon Y, Lin SL, et al. A Randomized, Double-Blind, Placebo-Controlled Study to Evaluate
the Safety, Tolerability, and Efficacy of AMG 827 in Subjects With Moderate to Severe Crohn's
Disease. Gastroenterology. 2012;143(3):E26-E.

Ogawa A, Andoh A, Araki Y, Bamba T, and Fujiyama Y. Neutralization of interleukin-17
aggravates dextran sulfate sodium-induced colitis in mice. Clin Immunol. 2004;110(1):55-62.
Neurath MF, Fuss I, Kelsall BL, Stuber E, and Strober W. Antibodies to interleukin 12 abrogate
established experimental colitis in mice. J Exp Med. 1995;182(5):1281-90.

Yen D, Cheung J, Scheerens H, Poulet F, McClanahan T, McKenzie B, Kleinschek MA, Owyang
A, Mattson J, Blumenschein W, et al. IL-23 is essential for T cell-mediated colitis and promotes
inflammation via IL-17 and IL-6. J Clin Invest. 2006;116(5):1310-6.

Sandborn WJ, Gasink C, Gao LL, Blank MA, Johanns J, Guzzo C, Sands BE, Hanauer SB,
Targan S, Rutgeerts P, et al. Ustekinumab induction and maintenance therapy in refractory
Crohn's disease. N Engl J Med. 2012;367(16):1519-28.

Ito R, Kita M, Shin-Ya M, Kishida T, Urano A, Takada R, Sakagami J, Imanishi J, Iwakura Y,
Okanoue T, et al. Involvement of IL-17A in the pathogenesis of DSS-induced colitis in mice.
Biochem Biophys Res Commun. 2008;377(1):12-6.

Lee JS, Tato CM, Joyce-Shaikh B, Gulan F, Cayatte C, Chen Y, Blumenschein WM, Judo M,
Ayanoglu G, McClanahan TK, et al. Interleukin-23-Independent IL-17 Production Regulates
Intestinal Epithelial Permeability. Immunity. 2015;43(4):727-38.

Maxwell JR, Zhang Y, Brown WA, Smith CL, Byrne FR, Fiorino M, Stevens E, Bigler J, Davis
JA, Rottman JB, et al. Differential Roles for Interleukin-23 and Interleukin-17 in Intestinal
Immunoregulation. Immunity. 2015;43(4):739-50.

O'Connor W, Jr., Kamanaka M, Booth CJ, Town T, Nakae S, Iwakura Y, Kolls JK, and Flavell
RA. A protective function for interleukin 17A in T cell-mediated intestinal inflammation. Nat
Immunol. 2009;10(6):603-9.

Globig AM, Hennecke N, Martin B, Seidl M, Ruf G, Hasselblatt P, Thimme R, and Bengsch B.
Comprehensive intestinal T helper cell profiling reveals specific accumulation of IFN-
gamma-+IL-17+coproducing CD4+ T cells in active inflammatory bowel disease. Inflamm Bowel
Dis. 2014;20(12):2321-9.

Harbour SN, Maynard CL, Zindl CL, Schoeb TR, and Weaver CT. Th17 cells give rise to Thl
cells that are required for the pathogenesis of colitis. Proc Natl Acad Sci U S A.
2015;112(22):7061-6.

Gagliani N, Amezcua Vesely MC, Iseppon A, Brockmann L, Xu H, Palm NW, de Zoete MR,
Licona-Limon P, Paiva RS, Ching T, et al. Th17 cells transdifferentiate into regulatory T cells
during resolution of inflammation. Nature. 2015;523(7559):221-5.

Gutzeit C, Magri G, and Cerutti A. Intestinal IgA production and its role in host-microbe
interaction. Immunol Rev. 2014;260(1):76-85.

167



445.

446.

447.

448.

449.

450.

451.

452.

453.

454.

455.

456.

457.

458.

459.

460.

461.

Johansen FE, and Kaetzel CS. Regulation of the polymeric immunoglobulin receptor and IgA
transport: new advances in environmental factors that stimulate pIgR expression and its role in
mucosal immunity. Mucosal Immunol. 2011;4(6):598-602.

Mow WS, Vasiliauskas EA, Lin YC, Fleshner PR, Papadakis KA, Taylor KD, Landers CJ,
Abreu-Martin MT, Rotter JI, Yang H, et al. Association of antibody responses to microbial
antigens and complications of small bowel Crohn's disease. Gastroenterology. 2004;126(2):414-
24,

Geng X, Biancone L, Dai HH, Lin JJ, Yoshizaki N, Dasgupta A, Pallone F, and Das KM.
Tropomyosin isoforms in intestinal mucosa: production of autoantibodies to tropomyosin
isoforms in ulcerative colitis. Gastroenterology. 1998;114(5):912-22.

Youngman KR, Simon PL, West GA, Cominelli F, Rachmilewitz D, Klein JS, and Fiocchi C.
Localization of intestinal interleukin 1 activity and protein and gene expression to lamina propria
cells. Gastroenterology. 1993;104(3):749-58.

Braegger CP, Nicholls S, Murch SH, Stephens S, and MacDonald TT. Tumour necrosis factor
alpha in stool as a marker of intestinal inflammation. Lancet. 1992;339(8785):89-91.

Targan SR, Hanauer SB, van Deventer SJ, Mayer L, Present DH, Braakman T, DeWoody KL,
Schaible TF, and Rutgeerts PJ. A short-term study of chimeric monoclonal antibody cA2 to tumor
necrosis factor alpha for Crohn's disease. Crohn's Disease cA2 Study Group. N Engl J Med.
1997;337(15):1029-35.

Fahlen L, Read S, Gorelik L, Hurst SD, Coffman RL, Flavell RA, and Powrie F. T cells that
cannot respond to TGF-beta escape control by CD4(+)CD25(+) regulatory T cells. J Exp Med.
2005;201(5):737-46.

Li MO, Sanjabi S, and Flavell RA. Transforming growth factor-beta controls development,
homeostasis, and tolerance of T cells by regulatory T cell-dependent and -independent
mechanisms. Immunity. 2006;25(3):455-71.

Monteleone G, Kumberova A, Croft NM, McKenzie C, Steer HW, and MacDonald TT. Blocking
Smad7 restores TGF-betal signaling in chronic inflammatory bowel disease. J Clin Invest.
2001;108(4):601-9.

Monteleone G, Neurath MF, Ardizzone S, Di Sabatino A, Fantini MC, Castiglione F, Scribano
ML, Armuzzi A, Caprioli F, Sturniolo GC, et al. Mongersen, an oral SMAD?7 antisense
oligonucleotide, and Crohn's disease. N Engl J Med. 2015;372(12):1104-13.

Saraiva M, and O'Garra A. The regulation of IL-10 production by immune cells. Nat Rev
Immunol. 2010;10(3):170-81.

Kuhn R, Lohler J, Rennick D, Rajewsky K, and Muller W. Interleukin-10-deficient mice develop
chronic enterocolitis. Cell. 1993;75(2):263-74.

Sellon RK, Tonkonogy S, Schultz M, Dieleman LA, Grenther W, Balish E, Rennick DM, and
Sartor RB. Resident enteric bacteria are necessary for development of spontaneous colitis and
immune system activation in interleukin-10-deficient mice. Infect Immun. 1998;66(11):5224-31.
Mizoguchi A, Mizoguchi E, Takedatsu H, Blumberg RS, and Bhan AK. Chronic intestinal
inflammatory condition generates IL-10-producing regulatory B cell subset characterized by
CD1d upregulation. Immunity. 2002;16(2):219-30.

Rubtsov YP, Rasmussen JP, Chi EY, Fontenot J, Castelli L, Ye X, Treuting P, Siewe L, Roers A,
Henderson WR, Jr., et al. Regulatory T cell-derived interleukin-10 limits inflammation at
environmental interfaces. Immunity. 2008;28(4):546-58.

Huber S, Gagliani N, Esplugues E, O'Connor W, Jr., Huber FJ, Chaudhry A, Kamanaka M,
Kobayashi Y, Booth CJ, Rudensky AY, et al. Th17 cells express interleukin-10 receptor and are
controlled by Foxp3(-) and Foxp3+ regulatory CD4+ T cells in an interleukin-10-dependent
manner. Immunity. 2011;34(4):554-65.

Chaudhry A, Samstein RM, Treuting P, Liang Y, Pils MC, Heinrich JM, Jack RS, Wunderlich
FT, Bruning JC, Muller W, et al. Interleukin-10 signaling in regulatory T cells is required for
suppression of Th17 cell-mediated inflammation. Immunity. 2011;34(4):566-78.

168



462.

463.

464.

465.

466.

467.

468.

469.

470.

471.

472.

473.

474.

475.

476.

477.

Franke A, Balschun T, Karlsen TH, Sventoraityte J, Nikolaus S, Mayr G, Domingues FS,
Albrecht M, Nothnagel M, Ellinghaus D, et al. Sequence variants in IL10, ARPC2 and multiple
other loci contribute to ulcerative colitis susceptibility. Nat Genet. 2008;40(11):1319-23.

Glocker EO, Kotlarz D, Boztug K, Gertz EM, Schaffer AA, Noyan F, Perro M, Diestelhorst J,
Allroth A, Murugan D, et al. Inflammatory bowel disease and mutations affecting the interleukin-
10 receptor. N Engl J Med. 2009;361(21):2033-45.

Cella M, Fuchs A, Vermi W, Facchetti F, Otero K, Lennerz JK, Doherty JM, Mills JC, and
Colonna M. A human natural killer cell subset provides an innate source of IL-22 for mucosal
immunity. Nature. 2009;457(7230):722-5.

Reynders A, Yessaad N, Vu Manh TP, Dalod M, Fenis A, Aubry C, Nikitas G, Escaliere B,
Renauld JC, Dussurget O, et al. Identity, regulation and in vivo function of gut
NKp46+RORgammat+ and NKp46+RORgammat- lymphoid cells. EMBO J. 2011;30(14):2934-
47.

Sanos SL, Bui VL, Mortha A, Oberle K, Heners C, Johner C, and Diefenbach A. RORgammat
and commensal microflora are required for the differentiation of mucosal interleukin 22-
producing NKp46+ cells. Nat Immunol. 2009;10(1):83-91.

Satoh-Takayama N, Vosshenrich CA, Lesjean-Pottier S, Sawa S, Lochner M, Rattis F, Mention
JJ, Thiam K, Cerf-Bensussan N, Mandelboim O, et al. Microbial flora drives interleukin 22
production in intestinal NKp46+ cells that provide innate mucosal immune defense. Immunity.
2008;29(6):958-70.

Luci C, Reynders A, Ivanov, II, Cognet C, Chiche L, Chasson L, Hardwigsen J, Anguiano E,
Banchereau J, Chaussabel D, et al. Influence of the transcription factor RORgammat on the
development of NKp46+ cell populations in gut and skin. Nat Immunol. 2009;10(1):75-82.

Zindl CL, Lai JF, Lee YK, Maynard CL, Harbour SN, Ouyang W, Chaplin DD, and Weaver CT.
IL-22-producing neutrophils contribute to antimicrobial defense and restitution of colonic
epithelial integrity during colitis. Proc Natl Acad Sci U S A. 2013;110(31):12768-73.

Liang SC, Tan XY, Luxenberg DP, Karim R, Dunussi-Joannopoulos K, Collins M, and Fouser
LA. Interleukin (IL)-22 and IL-17 are coexpressed by Th17 cells and cooperatively enhance
expression of antimicrobial peptides. J Exp Med. 2006;203(10):2271-9.

Basu R, O'Quinn DB, Silberger DJ, Schoeb TR, Fouser L, Ouyang W, Hatton RD, and Weaver
CT. Th22 cells are an important source of IL-22 for host protection against enteropathogenic
bacteria. Immunity. 2012;37(6):1061-75.

Paget C, Ivanov S, Fontaine J, Renneson J, Blanc F, Pichavant M, Dumoutier L, Ryffel B,
Renauld JC, Gosset P, et al. Interleukin-22 is produced by invariant natural killer T lymphocytes
during influenza A virus infection: potential role in protection against lung epithelial damages. J
Biol Chem. 2012;287(12):8816-29.

Sonnenberg GF, Monticelli LA, Elloso MM, Fouser LA, and Artis D. CD4(+) lymphoid tissue-
inducer cells promote innate immunity in the gut. Immunity. 2011;34(1):122-34.

Dumoutier L, Van Roost E, Colau D, and Renauld JC. Human interleukin-10-related T cell-
derived inducible factor: molecular cloning and functional characterization as an hepatocyte-
stimulating factor. Proc Natl Acad Sci U S A. 2000;97(18):10144-9.

Xie MH, Aggarwal S, Ho WH, Foster J, Zhang Z, Stinson J, Wood WI, Goddard AD, and Gurney
AL. Interleukin (IL)-22, a novel human cytokine that signals through the interferon receptor-
related proteins CRF2-4 and IL-22R. J Biol Chem. 2000;275(40):31335-9.

Kotenko SV, Izotova LS, Mirochnitchenko OV, Esterova E, Dickensheets H, Donnelly RP, and
Pestka S. Identification of the functional interleukin-22 (IL-22) receptor complex: the IL-10R2
chain (IL-10Rbeta ) is a common chain of both the IL-10 and IL-22 (IL-10-related T cell-derived
inducible factor, IL-TIF) receptor complexes. J Biol Chem. 2001;276(4):2725-32.

Wolk K, Kunz S, Witte E, Friedrich M, Asadullah K, and Sabat R. IL-22 increases the innate
immunity of tissues. Immunity. 2004;21(2):241-54.

169



478.

479.

480.

481.

482.

483.

484.

485.

486.

487.

488.

489.

490.

491.

492.

493.

494.

Lejeune D, Dumoutier L, Constantinescu S, Kruijer W, Schuringa JJ, and Renauld JC.
Interleukin-22 (IL-22) activates the JAK/STAT, ERK, JNK, and p38 MAP kinase pathways in a
rat hepatoma cell line. Pathways that are shared with and distinct from IL-10. J Biol Chem.
2002;277(37):33676-82.

Pickert G, Neufert C, Leppkes M, Zheng Y, Wittkopf N, Warntjen M, Lehr HA, Hirth S,
Weigmann B, Wirtz S, et al. STAT3 links IL-22 signaling in intestinal epithelial cells to mucosal
wound healing. J Exp Med. 2009;206(7):1465-72.

Zheng Y, Valdez PA, Danilenko DM, Hu Y, Sa SM, Gong Q, Abbas AR, Modrusan Z, Ghilardi
N, de Sauvage FJ, et al. Interleukin-22 mediates early host defense against attaching and effacing
bacterial pathogens. Nat Med. 2008;14(3):282-9.

Langrish CL, McKenzie BS, Wilson NJ, de Waal Malefyt R, Kastelein RA, and Cua DJ. IL-12
and IL-23: master regulators of innate and adaptive immunity. /mmunol Rev. 2004;202(96-105.
Macho-Fernandez E, Koroleva EP, Spencer CM, Tighe M, Torrado E, Cooper AM, Fu YX, and
Tumanov AV. Lymphotoxin beta receptor signaling limits mucosal damage through driving IL-
23 production by epithelial cells. Mucosal Immunol. 2015;8(2):403-13.

Sugimoto K, Ogawa A, Mizoguchi E, Shimomura Y, Andoh A, Bhan AK, Blumberg RS, Xavier
RJ, and Mizoguchi A. IL-22 ameliorates intestinal inflammation in a mouse model of ulcerative
colitis. J Clin Invest. 2008;118(2):534-44.

Hasegawa M, Yada S, Liu MZ, Kamada N, Munoz-Planillo R, Do N, Nunez G, and Inohara N.
Interleukin-22 regulates the complement system to promote resistance against pathobionts after
pathogen-induced intestinal damage. Immunity. 2014;41(4):620-32.

Leung JM, Davenport M, Wolff MJ, Wiens KE, Abidi WM, Poles MA, Cho [, Ullman T, Mayer
L, and Loke P. IL-22-producing CD4+ cells are depleted in actively inflamed colitis tissue.
Mucosal Immunol. 2014;7(1):124-33.

McNelis JC, and Olefsky JM. Macrophages, immunity, and metabolic disease. Immunity.
2014;41(1):36-48.

Strowig T, Henao-Mejia J, Elinav E, and Flavell R. Inflammasomes in health and disease. Nature.
2012;481(7381):278-86.

Kuida K, Lippke JA, Ku G, Harding MW, Livingston DJ, Su MS, and Flavell RA. Altered
cytokine export and apoptosis in mice deficient in interleukin-1 beta converting enzyme. Science.
1995;267(5206):2000-3.

van Diepen JA, Stienstra R, Vroegrijk 10, van den Berg SA, Salvatori D, Hooiveld GJ, Kersten S,
Tack CJ, Netea MG, Smit JW, et al. Caspase-1 deficiency in mice reduces intestinal triglyceride
absorption and hepatic triglyceride secretion. J Lipid Res. 2013;54(2):448-56.

Lamkanfi M, Kalai M, and Vandenabeele P. Caspase-12: an overview. Cell Death Differ.
2004;11(4):365-8.

Victor RG, Haley RW, Willett DL, Peshock RM, Vaeth PC, Leonard D, Basit M, Cooper RS,
lannacchione VG, Visscher WA, et al. The Dallas Heart Study: a population-based probability
sample for the multidisciplinary study of ethnic differences in cardiovascular health. Am J
Cardiol. 2004;93(12):1473-80.

Kobayashi K, Inohara N, Hernandez LD, Galan JE, Nunez G, Janeway CA, Medzhitov R, and
Flavell RA. RICK/Rip2/CARDIAK mediates signalling for receptors of the innate and adaptive
immune systems. Nature. 2002;416(6877):194-9.

Santoro N, Feldstein AE, Enoksson E, Pierpont B, Kursawe R, Kim G, and Caprio S. The
association between hepatic fat content and liver injury in obese children and adolescents: effects
of ethnicity, insulin resistance, and common gene variants. Diabetes Care. 2013;36(5):1353-60.
Kursawe R, Caprio S, Giannini C, Narayan D, Lin A, D'Adamo E, Shaw M, Pierpont B,
Cushman SW, and Shulman GI. Decreased transcription of ChREBP-alpha/beta isoforms in
abdominal subcutaneous adipose tissue of obese adolescents with prediabetes or early type 2
diabetes: associations with insulin resistance and hyperglycemia. Diabetes. 2013;62(3):837-44.

170



495.

496.

497.

498.

499.

500.

501.

502.

503.

504.

505.

506.

507.

508.

509.

510.

511.

Browning JD, Szczepaniak LS, Dobbins R, Nuremberg P, Horton JD, Cohen JC, Grundy SM, and
Hobbs HH. Prevalence of hepatic steatosis in an urban population in the United States: impact of
ethnicity. Hepatology. 2004;40(6):1387-95.

Kozlitina J, Smagris E, Stender S, Nordestgaard BG, Zhou HH, Tybjaerg-Hansen A, Vogt TF,
Hobbs HH, and Cohen JC. Exome-wide association study identifies a TM6SF2 variant that
confers susceptibility to nonalcoholic fatty liver disease. Nat Genet. 2014;46(4):352-6.

Philpott DJ, Sorbara MT, Robertson SJ, Croitoru K, and Girardin SE. NOD proteins: regulators
of inflammation in health and disease. Nat Rev Immunol. 2014;14(1):9-23.

Haneklaus M, and O'Neill LA. NLRP3 at the interface of metabolism and inflammation. /mmunol
Rev. 2015;265(1):53-62.

Stowe I, Lee B, and Kayagaki N. Caspase-11: arming the guards against bacterial infection.
Immunol Rev. 2015;265(1):75-84.

Broz P, Ruby T, Belhocine K, Bouley DM, Kayagaki N, Dixit VM, and Monack DM. Caspase-11
increases susceptibility to Salmonella infection in the absence of caspase-1. Nature.
2012;490(7419):288-91.

Stubbins RE, Holcomb VB, Hong J, and Nunez NP. Estrogen modulates abdominal adiposity and
protects female mice from obesity and impaired glucose tolerance. Fur J Nutr. 2012;51(7):861-
70.

Chalkiadaki A, and Guarente L. High-fat diet triggers inflammation-induced cleavage of SIRT1
in adipose tissue to promote metabolic dysfunction. Cell Metab. 2012;16(2):180-8.

Yin Z, Deng T, Peterson LE, Yu R, Lin J, Hamilton DJ, Reardon PR, Sherman V, Winnier GE,
Zhan M, et al. Transcriptome analysis of human adipocytes implicates the NOD-like receptor
pathway in obesity-induced adipose inflammation. Mol Cell Endocrinol. 2014;394(1-2):80-7.
Maedler K, Sergeev P, Ris F, Oberholzer J, Joller-Jemelka HI, Spinas GA, Kaiser N, Halban PA,
and Donath MY. Glucose-induced beta cell production of IL-1beta contributes to glucotoxicity in
human pancreatic islets. J Clin Invest. 2002;110(6):851-60.

Larsen CM, Faulenbach M, Vaag A, Ehses JA, Donath MY, and Mandrup-Poulsen T. Sustained
effects of interleukin-1 receptor antagonist treatment in type 2 diabetes. Diabetes Care.
2009;32(9):1663-8.

Esser N, L'Homme L, De Roover A, Kohnen L, Scheen AJ, Moutschen M, Piette J, Legrand-
Poels S, and Paquot N. Obesity phenotype is related to NLRP3 inflammasome activity and
immunological profile of visceral adipose tissue. Diabetologia. 2013;56(11):2487-97.
Aksentijevich I, Nowak M, Mallah M, Chae JJ, Watford WT, Hofmann SR, Stein L, Russo R,
Goldsmith D, Dent P, et al. De novo CIAS1 mutations, cytokine activation, and evidence for
genetic heterogeneity in patients with neonatal-onset multisystem inflammatory disease
(NOMID): a new member of the expanding family of pyrin-associated autoinflammatory
diseases. Arthritis Rheum. 2002;46(12):3340-8.

Feldmann J, Prieur AM, Quartier P, Berquin P, Certain S, Cortis E, Teillac-Hamel D, Fischer A,
and de Saint Basile G. Chronic infantile neurological cutaneous and articular syndrome is caused
by mutations in CIAS1, a gene highly expressed in polymorphonuclear cells and chondrocytes.
Am J Hum Genet. 2002;71(1):198-203.

Abderrazak A, Syrovets T, Couchie D, El Hadri K, Friguet B, Simmet T, and Rouis M. NLRP3
inflammasome: from a danger signal sensor to a regulatory node of oxidative stress and
inflammatory diseases. Redox Biol. 2015;4(296-307.

Bonar SL, Brydges SD, Mueller JL, McGeough MD, Pena C, Chen D, Grimston SK, Hickman-
Brecks CL, Ravindran S, McAlinden A, et al. Constitutively activated NLRP3 inflammasome
causes inflammation and abnormal skeletal development in mice. PLoS One. 2012;7(4):¢35979.
Wree A, Eguchi A, McGeough MD, Pena CA, Johnson CD, Canbay A, Hoffman HM, and
Feldstein AE. NLRP3 inflammasome activation results in hepatocyte pyroptosis, liver
inflammation, and fibrosis in mice. Hepatology. 2014;59(3):898-910.

171



512.

513.

514.

515.

516.

517.

518.

5109.

520.

521.

522.

523.

524.

525.

526.

527.

528.

529.

Lee KY, Russell SJ, Ussar S, Boucher J, Vernochet C, Mori MA, Smyth G, Rourk M, Cederquist
C, Rosen ED, et al. Lessons on conditional gene targeting in mouse adipose tissue. Diabetes.
2013;62(3):864-74.

Harms M, and Seale P. Brown and beige fat: development, function and therapeutic potential. Nat
Med. 2013;19(10):1252-63.

Xie L, Ortega MT, Mora S, and Chapes SK. Interactive changes between macrophages and
adipocytes. Clin Vaccine Immunol. 2010;17(4):651-9.

Henriksbo BD, Lau TC, Cavallari JF, Denou E, Chi W, Lally JS, Crane JD, Duggan BM, Foley
KP, Fullerton MD, et al. Fluvastatin causes NLRP3 inflammasome-mediated adipose insulin
resistance. Diabetes. 2014;63(11):3742-7.

Strissel KJ, Stancheva Z, Miyoshi H, Perfield JW, 2nd, DeFuria J, Jick Z, Greenberg AS, and
Obin MS. Adipocyte death, adipose tissue remodeling, and obesity complications. Diabetes.
2007;56(12):2910-8.

Giordano A, Murano I, Mondini E, Perugini J, Smorlesi A, Severi I, Barazzoni R, Scherer PE,
and Cinti S. Obese adipocytes show ultrastructural features of stressed cells and die of pyroptosis.
J Lipid Res. 2013;54(9):2423-36.

Gurcel L, Abrami L, Girardin S, Tschopp J, and van der Goot FG. Caspase-1 activation of lipid
metabolic pathways in response to bacterial pore-forming toxins promotes cell survival. Cell.
2006;126(6):1135-45.

Kim JB, and Spiegelman BM. ADDI1/SREBP1 promotes adipocyte differentiation and gene
expression linked to fatty acid metabolism. Genes Dev. 1996;10(9):1096-107.

Bruchard M, Rebe C, Derangere V, Togbe D, Ryffel B, Boidot R, Humblin E, Hamman A,
Chalmin F, Berger H, et al. The receptor NLRP3 is a transcriptional regulator of TH2
differentiation. Nat Immunol. 2015;16(8):859-70.

Pasparakis M, and Vandenabeele P. Necroptosis and its role in inflammation. Nature.
2015;517(7534):311-20.

Czabotar PE, and Murphy JM. A tale of two domains - a structural perspective of the
pseudokinase, MLKL. FEBS J. 2015;282(22):4268-78.

Kang TB, Yang SH, Toth B, Kovalenko A, and Wallach D. Caspase-8 blocks kinase RIPK3-
mediated activation of the NLRP3 inflammasome. Immunity. 2013;38(1):27-40.

Vince JE, Wong WW, Gentle I, Lawlor KE, Allam R, O'Reilly L, Mason K, Gross O, Ma S,
Guarda G, et al. Inhibitor of apoptosis proteins limit RIP3 kinase-dependent interleukin-1
activation. Immunity. 2012;36(2):215-27.

Mandal P, Berger SB, Pillay S, Moriwaki K, Huang C, Guo H, Lich JD, Finger J, Kasparcova V,
Votta B, et al. RIP3 induces apoptosis independent of pronecrotic kinase activity. Mol Cell.
2014;56(4):481-95.

Wong WW, Vince JE, Lalaoui N, Lawlor KE, Chau D, Bankovacki A, Anderton H, Metcalf D,
O'Reilly L, Jost PJ, et al. cIAPs and XIAP regulate myelopoiesis through cytokine production in
an RIPK1- and RIPK3-dependent manner. Blood. 2014;123(16):2562-72.

Vanlangenakker N, Vanden Berghe T, Bogaert P, Laukens B, Zobel K, Deshayes K, Vucic D,
Fulda S, Vandenabeele P, and Bertrand MJ. cIAP1 and TAKI protect cells from TNF-induced
necrosis by preventing RIP1/RIP3-dependent reactive oxygen species production. Cell Death
Differ. 2011;18(4):656-65.

Pierdomenico M, Negroni A, Stronati L, Vitali R, Prete E, Bertin J, Gough PJ, Aloi M, and
Cucchiara S. Necroptosis is active in children with inflammatory bowel disease and contributes to
heighten intestinal inflammation. Am J Gastroenterol. 2014;109(2):279-87.

Hanauer SB, Feagan BG, Lichtenstein GR, Mayer LF, Schreiber S, Colombel JF, Rachmilewitz
D, Wolf DC, Olson A, Bao W, et al. Maintenance infliximab for Crohn's disease: the ACCENT I
randomised trial. Lancet. 2002;359(9317):1541-9.

172



530.

531.

532.

533.

534.

535.

536.

537.

538.

5309.

540.

541.

542.

543.

544.

545.

546.

547.

548.

Wu J, Huang Z, Ren J, Zhang Z, He P, Li Y, Ma J, Chen W, Zhang Y, Zhou X, et al. MIkl
knockout mice demonstrate the indispensable role of MIkl in necroptosis. Cell Res.
2013;23(8):994-1006.

Dagenais M, Dupaul-Chicoine J, Champagne C, Skeldon A, Morizot A, and Saleh M. A critical
role for cellular inhibitor of protein 2 (cIAP2) in colitis-associated colorectal cancer and intestinal
homeostasis mediated by the inflammasome and survival pathways. Mucosal Immunol.
2016;9(1):146-58.

Chassaing B, Aitken JD, Malleshappa M, and Vijay-Kumar M. Dextran sulfate sodium (DSS)-
induced colitis in mice. Curr Protoc Immunol. 2014;104(Unit 15 25.

Zheng Y, Danilenko DM, Valdez P, Kasman I, Eastham-Anderson J, Wu J, and Ouyang W.
Interleukin-22, a T(H)17 cytokine, mediates IL-23-induced dermal inflammation and acanthosis.
Nature. 2007;445(7128):648-51.

Takatori H, Kanno Y, Watford WT, Tato CM, Weiss G, Ivanov, II, Littman DR, and O'Shea JJ.
Lymphoid tissue inducer-like cells are an innate source of IL-17 and IL-22. J Exp Med.
2009;206(1):35-41.

Cox JH, Kljavin NM, Ota N, Leonard J, Roose-Girma M, Diehl L, Ouyang W, and Ghilardi N.
Opposing consequences of 1L-23 signaling mediated by innate and adaptive cells in chemically
induced colitis in mice. Mucosal Immunol. 2012;5(1):99-109.

Ch'en IL, Tsau JS, Molkentin JD, Komatsu M, and Hedrick SM. Mechanisms of necroptosis in T
cells. J Exp Med. 2011;208(4):633-41.

Osborn SL, Diehl G, Han SJ, Xue L, Kurd N, Hsieh K, Cado D, Robey EA, and Winoto A. Fas-
associated death domain (FADD) is a negative regulator of T-cell receptor-mediated necroptosis.
Proc Natl Acad Sci U S A. 2010;107(29):13034-9.

Murphy JM, Czabotar PE, Hildebrand JM, Lucet IS, Zhang JG, Alvarez-Diaz S, Lewis R, Lalaoui
N, Metcalf D, Webb Al et al. The pseudokinase MLKL mediates necroptosis via a molecular
switch mechanism. Immunity. 2013;39(3):443-53.

Rosenbaum M, Knight R, and Leibel RL. The gut microbiota in human energy homeostasis and
obesity. Trends Endocrinol Metab. 2015;26(9):493-501.

Xue Y, Daly A, Yngvadottir B, Liu M, Coop G, Kim Y, Sabeti P, Chen Y, Stalker J, Huckle E, et
al. Spread of an inactive form of caspase-12 in humans is due to recent positive selection. Am J
Hum Genet. 2006;78(4):659-70.

McCall MB, Ferwerda B, Hopman J, Ploemen I, Maiga B, Daou M, Dolo A, Hermsen CC,
Doumbo OK, Bedu-Addo G, et al. Persistence of full-length caspase-12 and its relation to malaria
in West and Central African populations. Eur Cytokine Netw. 2010;21(2):77-83.

Fuchs T, Kelly JA, Simon E, Sivils KL, and Hermel E. The anti-inflammatory CASPASE-12
gene does not influence SLE phenotype in African-Americans. Immunol Lett. 2016;173(21-5.
Dinarello CA, Simon A, and van der Meer JW. Treating inflammation by blocking interleukin-1
in a broad spectrum of diseases. Nat Rev Drug Discov. 2012;11(8):633-52.

Riddle MC. Editorial: sulfonylureas differ in effects on ischemic preconditioning--is it time to
retire glyburide? J Clin Endocrinol Metab. 2003;88(2):528-30.

Lamkanfi M, Mueller JL, Vitari AC, Misaghi S, Fedorova A, Deshayes K, Lee WP, Hoffman
HM, and Dixit VM. Glyburide inhibits the Cryopyrin/Nalp3 inflammasome. J Cell Biol.
2009;187(1):61-70.

Coll RC, Robertson AA, Chae JJ, Higgins SC, Munoz-Planillo R, Inserra MC, Vetter I, Dungan
LS, Monks BG, Stutz A, et al. A small-molecule inhibitor of the NLRP3 inflammasome for the
treatment of inflammatory diseases. Nat Med. 2015;21(3):248-55.

Youm YH, Nguyen KY, Grant RW, Goldberg EL, Bodogai M, Kim D, D'Agostino D, Planavsky
N, Lupfer C, Kanneganti TD, et al. The ketone metabolite beta-hydroxybutyrate blocks NLRP3
inflammasome-mediated inflammatory disease. Nat Med. 2015;21(3):263-9.

Fischer U, and Schulze-Osthoff K. Apoptosis-based therapies and drug targets. Cell Death Differ.
2005;12 Suppl 1(942-61.

173



549.

550.

551.

552.

553.

554.

555.

556.

557.

558.

559.

560.

561.

562.

563.

564.

565.

Dinarello CA, and van der Meer JW. Treating inflammation by blocking interleukin-1 in humans.
Semin Immunol. 2013;25(6):469-84.

Mertens M, and Singh JA. Anakinra for rheumatoid arthritis. Cochrane Database Syst Rev.
20091):CD005121.

van Asseldonk EJ, Stienstra R, Koenen TB, Joosten LA, Netea MG, and Tack CJ. Treatment with
Anakinra improves disposition index but not insulin sensitivity in nondiabetic subjects with the
metabolic syndrome: a randomized, double-blind, placebo-controlled study. J Clin Endocrinol
Metab. 2011;96(7):2119-26.

van Poppel PC, van Asseldonk EJ, Holst JJ, Vilsboll T, Netea MG, and Tack CJ. The interleukin-
1 receptor antagonist anakinra improves first-phase insulin secretion and insulinogenic index in
subjects with impaired glucose tolerance. Diabetes Obes Metab. 2014;16(12):1269-73.

Rissanen A, Howard CP, Botha J, and Thuren T. Effect of anti-IL-1beta antibody (canakinumab)
on insulin secretion rates in impaired glucose tolerance or type 2 diabetes: results of a
randomized, placebo-controlled trial. Diabetes Obes Metab. 2012;14(12):1088-96.

Cavelti-Weder C, Babians-Brunner A, Keller C, Stahel MA, Kurz-Levin M, Zayed H, Solinger
AM, Mandrup-Poulsen T, Dinarello CA, and Donath MY. Effects of gevokizumab on glycemia
and inflammatory markers in type 2 diabetes. Diabetes Care. 2012;35(8):1654-62.

Ridker PM, Thuren T, Zalewski A, and Libby P. Interleukin-1beta inhibition and the prevention
of recurrent cardiovascular events: rationale and design of the Canakinumab Anti-inflammatory
Thrombosis Outcomes Study (CANTOS). Am Heart J. 2011;162(4):597-605.

Andoh A, Zhang Z, Inatomi O, Fujino S, Deguchi Y, Araki Y, Tsujikawa T, Kitoh K, Kim-
Mitsuyama S, Takayanagi A, et al. Interleukin-22, a member of the IL-10 subfamily, induces
inflammatory responses in colonic subepithelial myofibroblasts. Gastroenterology.
2005;129(3):969-84.

Dige A, Stoy S, Rasmussen TK, Kelsen J, Hvas CL, Sandahl TD, Dahlerup JF, Deleuran B, and
Agnholt J. Increased levels of circulating Th17 cells in quiescent versus active Crohn's disease. J
Crohns Colitis. 2013;7(3):248-55.

Broadhurst MJ, Leung JM, Kashyap V, McCune JM, Mahadevan U, McKerrow JH, and Loke P.
IL-22+ CD4+ T cells are associated with therapeutic trichuris trichiura infection in an ulcerative
colitis patient. Sci Transl Med. 2010;2(60):60ra88.

Maizels RM, and Yazdanbakhsh M. Immune regulation by helminth parasites: cellular and
molecular mechanisms. Nat Rev Immunol. 2003;3(9):733-44.

Summers RW, Elliott DE, Urban JF, Jr., Thompson RA, and Weinstock JV. Trichuris suis
therapy for active ulcerative colitis: a randomized controlled trial. Gastroenterology.
2005;128(4):825-32.

Lees CW, Barrett JC, Parkes M, and Satsangi J. New IBD genetics: common pathways with other
diseases. Gut. 2011;60(12):1739-53.

Khalili H, Ananthakrishnan AN, Konijeti GG, Higuchi LM, Fuchs CS, Richter JM, and Chan AT.
Measures of obesity and risk of Crohn's disease and ulcerative colitis. Inflamm Bowel Dis.
2015;21(2):361-8.

Bregenzer N, Hartmann A, Strauch U, Scholmerich J, Andus T, and Bollheimer LC. Increased
insulin resistance and beta cell activity in patients with Crohn's disease. Inflamm Bowel Dis.
2006;12(1):53-6.

Manichanh C, Rigottier-Gois L, Bonnaud E, Gloux K, Pelletier E, Frangeul L, Nalin R, Jarrin C,
Chardon P, Marteau P, et al. Reduced diversity of faecal microbiota in Crohn's disease revealed
by a metagenomic approach. Gut. 2006;55(2):205-11.

Qin J, Li R, Raes J, Arumugam M, Burgdorf KS, Manichanh C, Nielsen T, Pons N, Levenez F,
Yamada T, et al. A human gut microbial gene catalogue established by metagenomic sequencing.
Nature. 2010;464(7285):59-65.

174



566.

567.

568.

5609.

570.

571.

572.

Roberts CL, Keita AV, Duncan SH, O'Kennedy N, Soderholm JD, Rhodes JM, and Campbell BJ.
Translocation of Crohn's disease Escherichia coli across M-cells: contrasting effects of soluble
plant fibres and emulsifiers. Guz. 2010;59(10):1331-9.

Chassaing B, Koren O, Goodrich JK, Poole AC, Srinivasan S, Ley RE, and Gewirtz AT. Dietary
emulsifiers impact the mouse gut microbiota promoting colitis and metabolic syndrome. Nature.
2015;519(7541):92-6.

Gautheron J, Vucur M, Reisinger F, Cardenas DV, Roderburg C, Koppe C, Kreggenwinkel K,
Schneider AT, Bartneck M, Neumann UP, et al. A positive feedback loop between RIP3 and JNK
controls non-alcoholic steatohepatitis. EMBO Mol Med. 2014;6(8):1062-74.

Wang X, Ota N, Manzanillo P, Kates L, Zavala-Solorio J, Eidenschenk C, Zhang J, Lesch J, Lee
WP, Ross J, et al. Interleukin-22 alleviates metabolic disorders and restores mucosal immunity in
diabetes. Nature. 2014;514(7521):237-41.

Yang L, Zhang Y, Wang L, Fan F, Zhu L, Li Z, Ruan X, Huang H, Wang Z, Huang Z, et al.
Amelioration of high fat diet induced liver lipogenesis and hepatic steatosis by interleukin-22. J
Hepatol. 2010;53(2):339-47.

Hasnain SZ, Borg DJ, Harcourt BE, Tong H, Sheng YH, Ng CP, Das I, Wang R, Chen AC,
Loudovaris T, et al. Glycemic control in diabetes is restored by therapeutic manipulation of
cytokines that regulate beta cell stress. Nat Med. 2014;20(12):1417-26.

Park O, Ki SH, Xu M, Wang H, Feng D, Tam J, Osei-Hyiaman D, Kunos G, and Gao B.
Biologically active, high levels of interleukin-22 inhibit hepatic gluconeogenesis but do not affect
obesity and its metabolic consequences. Cell Biosci. 2015;5(25.

175



