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ABSTRACT

The NLR family, pyrin domain-containing 3 (NLRP3) inflammasome is essential for the innate
immune response to danger signals. Importantly, the NLRP3 inflammasome responds to
structurally and functionally dissimilar stimuli. It is currently unknown how the NLRP3
inflammasome responds to such diverse triggers. This dissertation investigates the role of ion flux
in regulating the NLRP3 inflammasome. Project 1 explores the relationship between potassium
efflux and Syk tyrosine kinase. The results reveal that Syk activity is upstream of mitochondrial
oxidative signaling and is crucial for inflammasome assembly, pro-inflammatory cytokine
processing, and caspase-1-dependent pyroptotic cell death. Dynamic potassium imaging and
molecular analysis revealed that Syk is downstream of, and regulated by, potassium efflux.
Project 1 reveals the first identified intermediate regulator of inflammasome activity regulated by
potassium efflux. Project 2 focuses on P2X7 purinergic receptor-dependent ion flux in regulating
the inflammasome. Dynamic potassium imaging revealed an ATP dose-dependent efflux of
potassium driven by P2X7. Surprisingly, ATP induced mitochondrial potassium mobilization,
suggesting a mitochondrial detection of purinergic ion flux. ATP-induced potassium and calcium
flux was found to regulate mitochondrial oxidative signaling upstream of inflammasome assembly.
First-ever multiplexed imaging of potassium and calcium dynamics revealed that potassium efflux
is necessary for calcium influx. These results suggest that ATP-induced potassium efflux
regulates the inflammasome by calcium influx-dependent mitochondrial oxidative signaling.
Project 2 defines a coordinated cation flux dependent on the efflux of potassium and upstream of
mitochondrial oxidative signaling in inflammasome regulation. Lastly, this dissertation contributes
two methods that will be useful for investigating inflammasome biology: an optimized pipeline for
single cell transcriptional analysis, and a mouse macrophage cell line expressing a genetically
encoded intracellular ATP sensor. This dissertation contributes to understanding the fundamental
role of ion flux in regulation of the NLRP3 inflammasome and identifies potassium flux and Syk as

potential targets to modulate inflammation.
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CHAPTER 1: INTRODUCTION

The innate immune system protects the host against acute insult by rapidly responding to

external and internal danger signals. To do this, professional immune cells detect signatures of

danger and engage an amplifying inflammatory cascade, resulting in an infiltration of additional

immune cells to the site of damage or infection. Aulus Cornelius Celsus first defined the clinical

manifestations of the inflammatory response in his 1t century AD treatise De Medicina as the four

cardinal signs of inflammation: calor (heat), rubor (redness), tumor (swelling) and dolor (pain)

(Medzhitov 2010). These signs were modified almost two millennia later by Rudolph Virchow in

late 1858 to include functio laesa (loss of function) (Medzhitov 2010). It wasndét until t he
when the mechanism of the inflammatory response to infection started to garner attention that

refinement of the definition of inflammation began (Dinarello 1984). The symptoms of

inflammation were originally, and controversially, attributed to putative factors produced during

the acute phase of infection such as endogenous pyrogen and lymphocyte activating factor

(Dinarello 1984). This was more generally classified as interleukin-1 (IL-1) later, and was thought

to possibly consist of multiple soluble factors (Dinarello 1984). IL-1 as a specific, master pro-

inflammatory cytokine was not molecularly identified as the cause of these effects until 1984 and

the subsequently purified interleukin-1 b -{L bl has since been implicated as
in an expanding category of infectious and sterile pathologies (Auron et al. 1984; Dinarello 1984;

March et al. 1985).

This chapter describes the history, structure and function of inflammasomes, and the
cellular machinery responsible for translating the detection of sterile and pathogenic stimuli into
pro-inflammatory IL-1 signaling. Also described is the current understanding of how
inflammasomes are regulated, as it is still unknown how the same pathway can detect the
massive and diverse array of stimuli associated with IL-1 signaling. Further, the phenotypic
outcomes of inflammasome activation is described, including the cell fate decisions of
orchestrating cells as well as the cells receiving the end-point signals. The discussion of
phenotypes associated with IL-1 signaling is continued by describing the clinical relevance to the
host, including both stimulus-associated activation and genetic dysregulation of the
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inflammasome. The chapter concludes with a description of open questions in inflammasome
biology investigated during the course of this dissertation work and the specific contributions of

this work.

1.1 DISCOVERY OF THE INFLAMMASOMES

Macrophages are central to engaging the pro-inflammatory response of the innate immune
system. Macrophages are bone marrow-derived professional phagocytes that engulf and digest
pathogens, particles and debris from the tissues in which they reside. Functionally, macrophages
contribute to host survival in two ways: (1) enabling pathogen clearance by promoting
inflammation and (2) mediating tissue repair by suppressing inflammation. Classically activated,
or M1 macrophages are polarized by exposure to cytokines such as interferon gamma (IFN9),
tumor necrosis factor (TNF) or bacterial components such as lipopolysaccharide (LPS) (Mosser
and Edwards 2008). M1 macrophages promote inflammation by the production and release of
cytokines such as IL-1 b , -12lahd TNF as well as reactive oxygen (ROS) and nitrogen (RNS)
species (Mosser and Edwards 2008). Alternatively activated, or M2, macrophages are polarized
by exposure to IL-4, IL-10, IL-1 3 a n d (Mo&sErfand Edwards 2008). M2 macrophages are
anti-inflammatory and promote tissue growth, extracellular matrix repair and angiogenesis by
production and release of IL-4, IL-1 0, transforming gr owt h factor bet
endothelial growth factor (VEGF) and matrix metallopeptidase 9 (MMP9) (Mosser and Edwards
2008).

Essential to mounting an appropriate response to potentially dangerous stimuli is the
ability for classically activated macrophages to integrate diverse signals into a generalized
inflammatory response. The method that macrophages canonically engage to unify these diverse
signals is the assembly and activation of the inflammasome, a multi-protein caspase-1-activating
platform that results in, among other pro-inflammatory molecules, the maturation and release of
IL-1 6.

The processing and release of IL-1 b under various <chronic and ac
conditions has been a topic of intense investigation since its molecular identification in 1984.
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Early work identified the lack of a secretion signal sequence in IL-1 b , raising questions a

peculiarity of its processing pathway (March et al. 1985). Subsequently, it was found that the

processing of immature IL-1 b6 t o bi -4 &c twiavse dlule to the activity of :

protease, though the identity of the protease remained unknown (Black, Kronheim, and Sleath
1989; Kostura et al. 1989). In 1992, the purification and cloning of the protease responsible for IL-
1b maturation was achieved and the pr-bAcaneedirg
enzyme (ICE) (Cerretti et al. 1992; Thornberry et al. 1992). While early work demonstrated the
need for perturbation of cellular homeostasis by treatment with external stimuli such as ATP or
the pore-forming toxin nigericin, the mechanism by which ICE was activated remained unknown

(Hogquist et al. 1991; Perregaux and Gabel 1994). Later, when ICE and related aspartic acid-

denti fi

targeting cysteine proteas efkectthar h@nologeus stroctuce aniic aspase o

function, the interleukin-1 bconverting enzyme became known as caspase-1 (Alnemri et al.
1996).

Apoptosis, a form of benign cell death, has been an intensely researched cellular
phenomena since its discovery in 1972 and has important roles in development, tissue
maintenance and cancer (Kerr, Wyllie, and Currie 1972). Interestingly, research on apoptosis was
influenced by the attention directed towards IL-1 biology in the late 1980s and early 1990s when
the identity of the cleavage site for the key apoptotic enzyme, caspase-3 (then called apopain or
CPP32), was discovered while searching for additional intracellular substrates for caspase-1
cleavage (Nicholson et al. 1995). This seminal finding underscores the close relationship between
apoptosis and caspase-1/IL-1 research. This exchange of ideas between apoptosis and IL-1
research occurred again after the discovery of the apoptosis activating factor (APAF)-1
apoptosome, a caspase-9-activating multi-protein platform critical for intrinsic caspase-3-
dependent apoptosis (P. Li et al. 1997; Zou et al. 1999).

The molecular characterization of the apoptosome proved crucial for informing the
discovery of a caspase-1-activating, and consequently IL-1 Bprocessing, platform. The APAF-1
apoptosome coordinates the concentrated localization of pro-caspase-9 via homotypic
interactions in the APAF-1 and pro-caspase-9 caspase recruitment domains (CARD) thereby

3



mediating autoproteolytic cleavage of the caspase-9 pro-domain and resulting in activation of
bioactive caspase-9 (Hofmann, Bucher, and Tschopp 1997; P. Li et al. 1997; Zou et al. 1999).
Active caspase-9 then mediates the downstream activation of caspase-3 and the ultimate
completion of apoptosis (Zou et al. 1999).

Around the same time as the discovery of the APAF-1 apoptosome there was an
abundance of novel proteins and protein domains identified in mammals and plants with putative
relationships to both apoptosis and inflammation. Essential among these discoveries are the pyrin
(PYD) and caspase recruitment (CARD) domains, the adapter protein apoptosis-associated
speck-like protein containing a CARD domain (ASC, also called PYCARD as it contains both PYD
and CARD domains), the NACHT nucleotide binding domain (NBD), and a humber of members of
the nucleotide oligomerization domain (NOD)-like family of receptors (Hofmann, Bucher, and
Tschopp 1997; Masumoto et al. 1999; Bertin and DiStefano 2000; Koonin and Aravind 2000; Z.L.
Chu et al. 2001; Hlaing et al. 2001).

In a landmark 2002 paper, the lab of Jurg Tschopp described the assembly of a multi-
protein complex for caspase-1 activation and IL-1 b processing t hat
inflammasome, which shares remarkable similarities to the assembly mechanism for the APAF-1
apoptosome (Martinon, Burns, and Tschopp 2002). In a series of cell-free and cell-based
experiments, they identified the overall structure of the NLRP1 inflammasome as (1) a central,
sensor protein (in their case the protein NALP1; now called NLRP1), (2) the adapter protein ASC
or a CARD domain on the sensor protein itself, and (3) the inflammatory caspases 1 and 5

(Martinon, Burns, and Tschopp 2002). Critically, they showed that depletion of ASC prohibited

caspase-1 activationand IL-1 b mat uration in response to LPS,

that inflammasomes are the machinery necessary for innate immune responses by IL-1 signaling

(Martinon, Burns, and Tschopp 2002).

they

t
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1.2. INFLAMMSOME STRUCTURE AND FUNCTION

1.2.1. NLRs

Inflammasomes are classified by their sensor protein. With the exception of the absent in
melanoma (AIM)-2 inflammasome, canonical inflammasomes all contain a protein from the
nucleotide-binding domain (NBD, or nucleotide-binding and oligomerization domain [NOD]) and
leucine-rich repeat (LRR) containing (NLR) gene family (Ting et al. 2008). In some cases NLR
has also been used as an acronym for nucleotide oligomerization domain (NOD)-like receptors
(G. Chen et al. 2009). Within this family of gene products, further distinction is stratified by the
identity of the N-terminal domains with the two dominant groups of inflammasomes from the NLR
family, CARD-containing (NLRC) and NLR family, PYD-containing (NLRP) classifications (Ting et
al. 2008). NLRs belong to a larger multi-group family of receptors called pattern recognition
receptors (PRRs) that detect microbial and host-derived molecular patterns (Schroder and
Tschopp 2010; Takeuchi and Akira 2010). The properties off PRRs and their relationship to
inflammasome regulation will be discussed further in section 1.3.1.

Overall, NLRC and NLRP proteins exhibit a high degree of domain similarities. As
indicated by the gene names, both contain NBDs and LRRs and are primarily distinguished by
the presence of either a CARD or PYD domain. Additionally, specific changes within an internal
NBD-associated domain (NAD) have been shown to be essential for ligand detection and,
consequently, confer specificity among the structurally similar family of inflammasome sensors
(Tenthorey et al. 2014). A graphical overview of the most commonly studied NLRs is provided in
Figure 1-1 and a representation of how the NLRP3 inflammasome assembles is given in Figure

1-2.
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Figure 1-1. Graphical overview of selected inflammasome components. Monocyte-derived
cells are capable of assembling a variety of inflammasomes depending on the activating stimulus.
Shown here are selected examples of NLR family inflammasome sensors as well as the
components ASC (also called Pycard) and Caspase-1. Domain display and order are the primary
differences between each NLR sensor protein, while specific sequence variation in the NAD
domains confer specificity to selected ligands.

1.2.2. Caspase-1

Caspase-1 is the inflammatory enzyme responsible for canonical processing of the pro-
inflammatory cytokines IL-1 b a nI®. ltlisLsynthesized as a 45 kilo-Dalton (kD) inactive pro-
enzyme containing an N-terminal CARD found in the cytosol of cells from the myeloid lineage
(Thornberry et al. 1992; Poyet et al. 2001) (Figure 1-1). Pro-caspase-1 is recruited to active
inflammasome complexes by CARD-CARD interactions, where it is autoproteolytically cleaved to
produce the active enzyme caspase-1 (Martinon, Burns, and Tschopp 2002) (Figure 1-2).

Cleavage of caspase-1 may be detected by the presence of 10 kD (p10) and 20 kD (p20)

fragments by immunoblotting (Thornberry et al. 1992). Experimentally, activated caspase-1 is



detected localized on the inflammasome or released to the cytosol, both of which can be detected
by addition of a fluorescent inhibitor prior to stimulation of caspase-1 activation (to detect
inflammasome-localized enzyme) or post-stimulation (to detect cytosol-localized enzyme)
(Grabarek, Amstad, and Darzynkiewicz 2002). Upon caspase-1-dependent pyroptotic cell death
(discussed further in section 1.4.2), activated and pro-form caspase-1 are released and can be

detected in culture supernatant (Martinon, Burns, and Tschopp 2002).

NLRP3 [ ‘mj| — )
@ PYD-PYD Interaction

Asc @@= >

% CARD-CARD Interaction

Caspase-1 < XL (D

Oligomerization

Figure 1-2. Homotypic domain interactions direct NLRP3 inflammasome assembly. PYD
domains on NLRP3 and ASC and CARD domains on ASC and Caspase-1 localize by homotypic
interactions, resulting in rapid, prion-like assembly of the inflammasome (Cai et al. 2014; Lu et al.
2014). The various components are visualized as concentric rings of homogenous protein by
super-resolution microscopy (Man et al. 2014). Close proximity concentration of pro-caspase-1 at
the core of the inflammasome results in autocatalytic cleavage and activation.

1.2.3. ASC/PYCARD

Apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC), also
called Pycard, is a 22 kD constitutively expressed protein localized to the cytosol and nucleus of
monocyte-derived cells (Masumoto et al. 1999; Bertin and DiStefano 2000; Martinon, Hofmann,
and Tschopp 2001). ASC contains N-terminal PYD and C-terminal CARD domains (Martinon,
Hofmann, and Tschopp 2001) (Figure 1-1). The structure of ASC facilitates the recruitment of
pro-caspase-1 to inflammasome sensor proteins that do not contain a CARD domain (as in the
case of NLRP3), and thus ASC is considered an adapter protein (Martinon, Burns, and Tschopp
2002; Srinivasula et al. 2002). Homotypic interactions between the PYD domains of ASC and the

NLR protein facilitate recruitment of cytosolically distributed ASC to a visually punctate focus,

while homotypic interactions between the CARD of ASC and the CARD on pro-caspase-1 result



in a similar punctate localization of caspase-1 (Srinivasula et al. 2002; Stehlik et al. 2003) (Figure
1-2). Through this recruitment and enriched localization of pro-caspase-1 to the site of
inflammasome assembly, autoproteolytic cleavage of pro-caspase-1 to bioactive caspase-1 is
possible. The assembly of ASC-dependent inflammasomes has been described to proceed by a
prion-like mechanism, facilitating the total enrichment of the cellular complement of each
component to a single focus (Cai et al. 2014; Lu et al. 2014). Additionally, ASC is posited to
enhance activation of caspase-1 in the NLRP1 inflammasome, which cont ai ns it & s

domain but also has an N-terminal PYD domain (Martinon, Burns, and Tschopp 2002).

124, IL-1 b aniB | L
Interleukin (IL)-1 b a nl1@ aré the primary cytokine substrates of caspase-1 activation. IL-1 b
an inducible cytokine synthesized as a 34 kD precursor that is subsequently processed to a

bioactive 17 kD form (Giri, Lomedico, and Mizel 1985; March et al. 1985; Black et al. 1988). The

caspase-1 cleavage site for conversion of precursor IL-1 b t o mdthuries Iblet ween

own

CAF

Aspl1l

and Alall7 (Kostura et al. 1989). IL-1 b expr essi on i s t ikgppaBINF-eBeégul at ed

transcriptional activation and it is found at nearly undetectable levels prior to stimulation with an
NF-eB i nducer € agswell eaad. 1994.S

IL-18 (originally called IGIF, or interferon-gamma inducible factor) is synthesized as a 24
kD precursor that is processed to an 18 kD active form via cleavage by caspase-1 between
Asp35 and Asn36 (Gu et al. 1997). In contrast to IL-1 b , -18lid_ constitutively expressed in
monocyte-derived cells and exhibits no requirement for transcriptional upregulation in order to be
available for processing and release (Puren, Fantuzzi, and Dinarello 1999).

IL-1 b a n1B sHale an uncommon structural feature in that they do not contain
classical peptide sequences for secretion signaling (March et al. 1985; Okamura et al. 1995). This
unconventional structure leads to the conclusion that IL-1 b a n-1B arke Inot processed or
released by the standard ER-Golgi pathway (Nickel and Rabouille 2009). Due to the significant
role that IL-1 b a niB playlin mediating innate inflammatory responses, the mechanisms by
which these cytokines are processed and secreted are of interest. Various mechanisms have
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been proposed, including lysosomal exocytosis, microvesicle secretion, plasma membrane
translocation and lytic release (l.l. Singer et al. 1995; MacKenzie et al. 2001; Bergsbaken et al.
2011; Liu et al. 2014). Despite the well-supported data for each of these pathways, the
mechanism by which IL-1 b a nl1B aré &ecreted remains controversial (Lopez-Castejon and

Brough 2011).

1.3. NLRP3 INFLAMMASOME REGULATION
NLRP3 is the most widely studied of the inflammasomes, largely due to its activation by a diverse
range of activating stimuli (Schroder and Tschopp 2010). Because of its robust and varied
responsiveness, the NLRP3 inflammasome has become the preferred system for investigating
basic regulation and dynamics of inflammasome activation. The remainder of this dissertation
focuses on discussion and investigation specifically related to the NLRP3 inflammasome except

where specified.

1.3.1. PAMPs and DAMPs

The NLRP3 inflammasome is responsive to a broad diversity of structural and mechanistically
dissimilar stimuli (Schroder and Tschopp 2010). NLRP3 activating stimuli generally fall into the
categories of pathogen associated molecular patterns (PAMPs) and damage associated
molecular patterns (DAMPs). PAMPs and DAMPs contain regions of highly conserved molecular
structure that are, in nearly all cases, detected by pattern recognition receptors (PRRs) that are
expressed on the plasma membrane of the cell or found intracellularly. The classes of PRRs
include Toll-like receptors (TLRs), C-type lectin receptors (CLRs), NOD-like receptors (NLRS),
and retinoic acid-inducible gene (RIG)-I-like receptors (RLRs) (Takeuchi and Akira 2010). How
the NLRP3 inflammasome can respond to such a varied array of mechanistically dissimilar stimuli
is not well understood, but is at least in part explained by the transduction of PAMP and DAMP
signals by the diversity of PRRs. An abbreviated survey representing the diversity of activating

stimuli, their classification as a PAMP or a DAMP, and the proposed mechanism for each



stimulus implicated in assembly and activation of the NLRP3 inflammasome at the time of this

writing are summarized in Table 1-1.

Table 1-1. Abbreviated survey of NLRP3-inducing stimuli

Stimulus Proposed Mechanism Reference

DAMPs

ATP K+ efflux (Mariathasan et al. 2006)

Cholesterol Cathepsin B (Duewell et al. 2010)

MSU crystals Cathepsin B, K+ efflux (Mufioz-Planillo et al. 2013)

Amyloid-beta Cathepsin B (Halle et al. 2008; Heneka et
al. 2013)

Alum Cathepsin B, K+ efflux (Hornung et al. 2008; Mufioz-
Planillo et al. 2013)

Silica Cathepsin B, K+ efflux, ROS (Dostert et al. 2008; Hornung
et al. 2008; Mufioz-Planillo et
al. 2013)

Asbestos K+ efflux, ROS (Dostert et al. 2008)

Carbon nanotubes Cathepsin B, P2X7 (K+ efflux), ROS (Paloméaki et al. 2011)

MtDNA Direct NLRP3 activation (?) (Shimada et al. 2012)

Palmitate ROS (Wen et al. 2011)

Histones ROS (Allam et al. 2013)

PAMPs (red =whole pathogen)

Nigericin K+ efflux (Mariathasan et al. 2006)
SSRNA Cathepsin B, ROS (Allen et al. 2009)
Beta-Glucans Cathepsin B, K+ efflux, ROS (Kankkunen et al. 2010)
Hemozoin Cathepsin B, K+ efflux, ROS (Tiemi Shio et al. 2009)
Pneumolysin Cathepsin B, K+ efflux (McNeela et al. 2010)
Biglycan P2X7 (K+ efflux), ROS (Babelova et al. 2009)

N. gonorrhoeae Cathepsin B (Duncan et al. 2009)

L. monocytogenes Cathepsin B, K+ efflux (Meixenberger et al. 2010)
C. albicans K+ efflux, ROS (Gross et al. 2009)

M. tuberculosis Phagosomal rupture (not Cathepsin B) (Wong and Jacobs 2011)

Canonically, the NLRP3 inflammasome requires two, discrete stages of treatment before
it can be activated. Signal 1 is generally called fAp
establishing an inflammasome-inducible state in the cell. While most PAMPs can act as Signal 1
treatments, priming is most commonly achieved by treatment with LPS, which activates the PRR

Toll-like receptor 4 (TLR4) by interactions dependent on LPS-binding protein (LBP) and CD14
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(Muta and Takeshige 2001). Activation of TLR4 triggers a myeloid differentiation primary-
response protein 88 (MyD88)-d ependent intracellul ar signaling casc
kinase (IKK), which phosphorylates nuclear factor of kappa light polypeptide gene enhancer in B-
cell s inhi b0tremoving Inmbitien of( nucked factor kappa-light-chain-enhancer of
activated Bcells (NF-ae B) , whi ch t hen t r an(AklracandaTakeda 2004). Ohcee nucl eus
inthe nucleus, NF-e B medi ates transcriptional -lubfBauergfeindat i on of
et al. 2009) (Figure 1-3A). The necessity for NF-ae B acti vation and transcripti.
prior to inflammasome assembly has been questioned, however, as basal levels of NLRP3 were
found sufficient for low, but detectable, levels of caspase-1 activation (Guarda et al. 2011).
Recent reports further emphasize that transcriptional upregulation is dispensable for licensing the
inflammasome because post-translational priming resulting from as few as 5 minutes of treatment
with LPS provides sufficient licensing for robust activation of inflammasome as well as processing
and release of constitutively present prolL-18 (Ghonime et al. 2014). It should also be noted that
while LPS provides a convenient and controllable stimulus to prime cells and license the
inflammasome, under conditions of sterile inflammation where LPS would not be present IL-1a
could trigger priming through IL-1 receptor activation and MyD88-dependent signaling, or
exposure to tumor necrosis factor (TNF) (Akira and Takeda 2004; C.-J. Chen et al. 2007;
Dinarello 2013; Katnelson et al. 2015).
Application of Signal 2 (also called fAstimul ati ol
by Signal 1 results in the assembly of the inflammasome, activation of caspase-1 and processing
of IL-1 b . The type of Signal 2 treat ment is thought to
described in Table 1-1, which is detected by NLRP3 to result in inflammasome assembly. For
example, treatment with the DAMP monosodium urate crystal (MSU) results in lysosomal
destabilization and potassium efflux, both of which are thought to engage NLRP3, while viral
single-stranded RNA as well as the M2 ion channel from Influenza virus acts as PAMPs triggering
ROS and ion flux to activate NLRP3 (Martinon et al. 2006; Allen et al. 2009; Ichinohe, Pang, and
Iwasaki 2010). Figure 1-3B depicts activation by purinergic signaling, pore-forming toxins and
biological particulates. A unifying mechanism describing how the NLRP3 inflammasome can

11



detect such diverse stimuli has been elusive, but two popular hypotheses have been proposed:
ion flux and redox signaling (Lupfer and Kanneganti 2013). These hypotheses are discussed in

the following sections.

Signal 1
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Intracellular
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Figure 1-3. Two signals are required for NLRP3 inflammasome activation. (A) Detection of
LPS by TLR4, CD14 and LBP result in MyD88-dependent signaling, IKK activation and
phosphoryl ation and dGnscter ulca BW nNFo Br d m@&@nesd ocates to
nucleus, where it transcribes the mRNA coding for pro-IL-1 b, -Ilp18 and other components of
the inflammasome. At this time, post-translational priming may also occur. (B) Upon the detection
of extracellular ATP at purinergic receptor, or through cellular damage by pore-forming toxins and
biological particulate, the individual components of the NLRP3 inflammasome will activate and
assemble. The result of NLRP3 inflammasome assembly is processing and secretion of pro-
inflammatory cytokines and pyroptotic cell death.

1.3.2. lon flux

The homeostatic maintenance of electrochemical gradients by asymmetric distribution of ions in
compartments and across membranes is essential for cell viability and function (Dubyak 2004).
Early work on understanding the regulation of IL-1 b i n di c &eatment with extracellular
ATP or the pore-forming toxin nigericin perturbed cellular potassium and resulted in the robust
release of mature IL-1 b i nt o cul t u(Peregaux pnel Gabal 11994).tTkis observation
was supported by detected efflux of the radioactive potassium analog 8Rb* and by inhibition with
exchange of sodium chloride for potassium chloride in the medium (Perregaux and Gabel 1994).

After characterization of the inflammasome and the identification of a number of NLRP3

inflammasome-inducing agents, subsequent studies further established a link between NLRP3
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inflammasome assembly and intracellular potassium depletion by showing inhibition with high
concentrations of extracellular potassium (Petrilli et al. 2007). In the context of this relationship,
the first pharmacological inhibitor characterized to inhibit the NLRP3 inflammasome was
glyburide/glibenclamide, a potassium channel inhibitor commonly used to treat Type-2 diabetes
(Lamkanfi et al. 2009). Nigericin is a potassium/proton ionophore that acts in a receptor-
independent manner to release potassium-associated concentration gradients across biological
membranes, while ATP stimulates the dilation of a cation channel in the P2X7 purinergic receptor
(Perregaux and Gabel 1994). Because nigericin is a sufficient stimulus for inflammasome
assembly, it may be concluded that potassium efflux, independent of signaling cascades, is a
necessary regulating event (Perregaux and Gabel 1994; Petrilli et al. 2007). Indeed, due to the
seemingly ubiquitous ability of potassium chloride in the medium to reduce or inhibit
inflammasome assembly and function, a recently proposed unifying mechanism placed the role of
potassium efflux as the common trigger to bacterial toxins and particulate matter (Mufioz-Planillo
et al. 2013). Despite its broad implications, an explanation as to how potassium efflux regulates
the assembly of the inflammasome remains unknown.

Intracellular calcium signaling has also been implicated in regulating processing of IL-1 b
and assembly of the NLRP3 inflammasome (Horng 2014). Initially, early studies postulated that
potassium, and not calcium, was the critical regulatory ion for processing and release of IL-1 b
because treatment with the calcium ionophore A23187 and the intracellular calcium store-
releasing agent thapsigargin did not produce mature IL-1 b(Walev et al. 1995). However,
subsequent experiments found that a rise in intracellular calcium, concomitant with potassium
efflux, corresponded with enhanced release of IL-1 6 t hat coul d be inhibited by
calcium chelator, BAPTA-AM (Brough et al. 2003). Keratinocytes, a non-canonical cell type for
production of IL-1 b , were foundlhb owhpegnodturceatleed with wultravi ol
cytosolic calcium increase-dependent manner that could also be inhibited by treatment with
BAPTA-AM (Feldmeyer et al. 2007). The bacterial PAMP tetanolysin O (TLO), a cholesterol-
dependent cytolysin (CDC), was also found to induce assembly of the NLRP3 inflammasome that
could be inhibited independently by treatment with BAPTA-AM or extracellular potassium,
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suggesting at least a partial requirement for calcium increase in TLO-dependent inflammasome
induction (J. Chu et al. 2009). A proposed mechanism by which calcium regulates inflammasome
assembly is by induction of calcium overload-induced mitochondrial damage and mitochondrial
DNA release-dependent NLRP3 activation (Murakami, Ockinger, Yu, Byles, et al. 2012). These
studies implicate a crucial role for cation flux driven by either calcium or potassium in regulation of
the NLRP3 inflammasome, though the relationship between these two ions and their independent
contributions towards pathway regulation are unclear (Jin and Flavell 2010; Sutterwala, Haasken,

and Cassel 2014).

1.3.3. Redox signaling

Redox signaling by reactive oxygen species (ROS) generated by various cellular sources has
been implicated in induction of the NLRP3 inflammasome (Harijith, Ebenezer, and Natarajan
2014). Initial studies into the role of reactive oxygen in inflammasome assembly implicated
extracellular ATP-triggered nicotinamide adenine dinucleotide phosphate (NADHP) oxidase
(NOX) as the cellular source for NLRP3-inducing ROS (Cruz et al. 2007). This evidence was
supported by the inhibition of caspase-1 activation by treatment with the NOX inhibitor
diphenyleneiodonium chloride (DPI). However, subsequent studies in monocytes from patients
with chronic granulomatous disease (CGD), a disease characterized by inactivating mutations in
NOX proteins, displayed no loss in activity of the inflammasome as indicated by caspase-1
activation and bioactive IL-1 b r el ease after stimulation wi
more complex role for NADPH oxidase activity (Meissner et al. 2010).

Mitochondrial reactive oxygen species (MROS) constitute the majority of cellular ROS,
since it is routinely produced as a byproduct of intracellular ATP synthesis by the electron
transport chain, and its generation is increased during mitochondrial dysfunction (Brookes et al.
2004). Blockade of mitophagy/autophagy by 3-methyladenine and mitochondrial uncoupling with
rotenone and antimycin A result in mitochondrial dysfunction and mROS generation (Zhou et al.
2011). These treatments were found to trigger the NLRP3 inflammasome, possibly through
activation and redistribution of thioredoxin interacting protein (TXNIP) (Zhou et al. 2010; Zhou et
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al. 2011). Subsequent studies confirmed that NLRP3 inflammasome induction was depending on
mitochondrial dysfunction and mROS generation that could be inhibited by the mitochondrial
localized ROS scavenger, MitoTEMPO (Heid et al. 2013). Interestingly, knockdown of the
mitochondrial voltage dependent anion channel (VDAC) isotypes 1 and 2, but not 3, suppressed
NLRP3 activation (Zhou et al. 2011). VDAC channels are located at the outer mitochondrial
membrane and are crucial for the exchange of mitochondrial metabolites and ions to the cytosol
and surrounding organelles, as well as generation of ROS (Colombini 2004). These results point
to a possible role for mitochondrial sensing of ion levels upstream of inflammasome regulation by

reactive oxygen signaling.

1.4. PHENOTYPIC OUTCOMES

1.4.1. Inflammatory signaling

A major consequence of inflammasome assembly is the release of pro-inflammatory cytokines.
While the most widely investigated cytokines released are IL-1 b a nr1®, relehse of IL-1a and
the nuclear alarmin high mobility group box 1 (HMGB1) are also regulated by the NLRP3
inflammasome (Lamkanfi et al. 2010; Rathinam, Vanaja, and Fitzgerald 2012). Detection of
extracellular HMGB1 induces cytokine induction through TLR4 signaling (Ben Lu et al. 2012;
Yang et al. 2013). Together, these cytokines orchestrate continued inflammatory response in the
presence of pathogenic insult as well as sterile inflammation mediated by biological particulates
or tissue damage (G.Y. Chen and Nufiez 2010).

In addition to cytokine release, other intracellular components have been implicated in
inflammatory signaling both downstream and upstream of NLRP3 inflammasome assembly. The
most efficiently released non-cytokine inducer of inflammasome assembly is the intracellular
DAMP ATP (Perregaux and Gabel 1994; Laliberte, Eggler, and Gabel 1999; Gombault, Baron,
and Couillin 2012). Intracellular ATP may be released by cells dying via caspase-1-dependent
cell death (discussed in section 1.4.2) or via pannexin-1 hemichannels (Pelegrin and Surprenant
2006; Piccini et al. 2008; Schenk et al. 2008). Support for autocrine and paracrine activation of
the inflammasome by ATP is illustrated by the suppression of IL-1 b a nl18 prbckssing and
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release by treatment with apyrase, an enzyme that hydrolyzes extracellular ATP (Piccini et al.
2008). Other examples of non-cytokine signaling in inflammasome regulation include extracellular
release of mitochondrial DNA, nucleosomes and assembled inflammasome structures (Nakahira
et al. 2010; Q. Zhang et al. 2010; Huang et al. 2011; Shimada et al. 2012; Baroja-Mazo et al.

2014; Kang et al. 2014).

1.4.2. Pyroptosis

Pyroptosis (transl at ed frarsthefiGreek rapts pyw oelating to fire dnd a me s 0
ptosis to denote a falling) is a caspase-1-dependent cell death that was initially characterized as

distinct from apoptosis in macrophages infected by Salmonella typhimurium (Brennan and

Cookson 2000; Cookson and Brennan 2001). It was subsequently shown that pyroptosis

triggered by Salmonella infection is due to flagellin-induced ICE protease-activating factor (IPAF;

also called NLRC4) inflammasome activity (Mariathasan et al. 2004; Franchi et al. 2006; Miao et

al. 2006). In the case of infection, pyroptotic cell death is thought to prevent pathogen survival by
destruction of the host environment and stimulation of neutrophil infiltration (Brodsky and
Medzhitov 2011).

Inflammasome assembly and caspase-1 activation do not require stimulation by infection
in order to trigger cell death. Early work on the roles of ATP and nigericin, both NLRP3
inflammasome activators, in stimulating IL-1 b processing and rel ease al sc
morphology for cell lysis that is now considered classical for pyroptosis (Perregaux and Gabel
1994). Specifically, the authors observed a large, round plasma membrane indicative of osmotic
lysis and an intact nucleus (Perregaux and Gabel 1994). Other examples of non-infectious
pyroptosis via the NLRP3 inflammasome are induction by monosodium urate and silica (Hornung
et al. 2008; Hari et al. 2014). The cause for initiation of inflammasome assembly and pyroptosis
under these sterile conditions is thought to be triggered by cellular damage through lysosomal
destabilization, ROS generation or membrane rupture (Hornung et al. 2008; Hari et al. 2014).
While pyroptosis can reduce the virulence of invading pathogens, the exact role of pyroptosis in
non-pathogenic inflammasome signaling is not well understood, and in fact may be both
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advantageous or deleterious (Zheng, Gardner, and M.C.H. Clarke 2011). This is discussed

further in sections 1.4.3 and 1.5.

1.4.3. Microenvironment and systemic response

The initiation of an IL-1-associated systemic febrile response upon endotoxic stimulation with LPS
is well established, and mice with IL-1 signaling deficiencies are resistant to potentially lethal
LPS-induced shock (P. Li et al. 1995). Upstream of IL-1 processing, a whole mouse study has
revealed that LPS-induced fever proceeds through numerous, differential phases driven by TLR4
signaling in hematopoietic and non-hematopoietic cell types (Steiner et al. 2006). In mice with
deficient TLR4 signaling, all phases of fever response to LPS injection are suppressed, while in
chimeric cells with TLR4-deficient bone marrow but functional TLR4 in somatic cells only the
initial phase of fever is suppressed (Steiner et al. 2006). These findings highlight the feedback
and redundancy embedded in the systemic inflammatory response, wherein IL-1 signaling is
crucial to the efficient initiation of inflammation, but other signaling mechanisms such as
prostaglandin E2 (PGE2) signaling in the brain can act downstream of IL-1 signaling (Engstrom et
al. 2012).

Local tissue remodeling or damage has also been attributed to activation of the
inflammasome under sterile inflammatory conditions. For example, amyloid-beta deposition in the
brain results in activation of the NLRP3 inflammasome through lysosomal destabilization (Halle et
al. 2008). TheIL-1 b r el eas e as syodibeaa irducedWNLRPB activation has been
i mplicated in the appear anc e-assotiated ativlogiesy suchfak
neurofibrillary tangles (Salminen et al. 2008; Heneka et al. 2013). Another example of tissue
disruption by NLRP3 activity is obesity-induced inflammation and insulin resistance
(Vandanmagsar et al. 2011). The release of ceramides, lipoproteins or other nonmicrobial
DAMPS associated with adipose damage potently induced inflammasome activation and ablation
of NLRP3 significantly improved insulin signaling and histological scores for inflammation in

obese mice (Vandanmagsar et al. 2011). Due to the ability to detect damage-associated signals,
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NLRP3 has a central role in sterile, inflammation-associated microenvironment remodeling and
pathogenesis.

Immunity acquired by vaccine-induced antibody production is another instance wherein
systemic response to inflammation may be crucial. It has been postulated that stimulation of
cytokine signaling by induction of the NLRP3 inflammasome with the adjuvant alum can enhance
vaccine efficacy (H. Li et al. 2008). This is supported by an impairment of antigen-specific
antibody production in post-immunization NLRP3-deficient mice (H. Li et al. 2008). The finding
that NLRP3 activity mediates alum adjuvancy provides support for earlier work demonstrating the
potential for IL-1 itself to act as a adjuvant (Staruch and Wood 1983; Nencioni et al. 1987). An
additional study suggested the ability of alum to promote an adjuvant effect could also be through
extracellular release of DNA, suggesting a potential feed-forward signaling loop mediated by
NLRP3 detection of DNA as a DAMP (Marichal et al. 2011). Therefore, rational tuning of systemic
inflammation driven by the inflammasome may be a route to improve immunogenic responses to

vaccination.

1.5. CLINICAL RELEVANCE

1.5.1. Acute and chronic conditions
Several acute clinical conditions have been attributed to NLRP3 inflammasome activity. For
example, the destruction of heart tissue during myocardial infarction or ischemia-reperfusion (I/R)
injury results in the release of intracellular DAMPs. Detection of these DAMPs by NLRP3 has
been implicated in inflammatory tissue damage post-initial injury (Sandanger et al. 2013; Toldo et
al. 2014). Deletion of NLRP3 was found to reduce heart tissue damage post I/R injury
(Sandanger et al. 2013). Drug design informed by the role of NLRP3 in myocardial infarct injury
resulted in the development of a glyburide intermediate that effectively reduced caspase-1 activity
and infarct size post I/R injury (Marchetti et al. 2014). Addressing this mechanism has become
the topic of pilot clinical trials to reduce injury from myocardial infarction, as inflammasome
interventions are becoming increasingly available (Toldo et al. 2014).

Acute lung injury (ALI) is a severe complication of serious illness and affects 10-15% of

patients in intensive care units (Goss et al. 2003). Inflammasome-induced IL-18 release was
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found to be a critical mediator of ALl experimentally induced by ventilator-induced lung injury
(VILI) (Dolinay et al. 2012). This finding was supported by treatment with a neutralizing antibody
to IL-18 or genetic deletion of IL-18 or caspase-1, all of which reduced lung injury due to VILI
(Dolinay et al. 2012). A possible mechanism for the induction of inflammasome-associated
cytokine release in ALl is the release of nuclear contents from damaged cells, such as HMGBL1 or
histones, both of which are NLRP3 inflammasome-inducing DAMPs and have been associated
with ALI (Abrams et al. 2013; Luan et al. 2013; R. Chen et al. 2014).

NLRP3 inflammasome activity has also been implicated in chronic inflammatory
conditions. A key example of NLRP3 contributing to chronic pathology is gouty arthritis, often
referred to as gout. Gout is a condition caused by local inflammatory responses to deposited
monosodium uric acid (MSU) crystals in the synovial fluid of joints (Faires and Mccarty 1962).
Additionally, it was demonstrated that uric acid was released as a danger signal from dying cells
capable of stimulating dendritic cell maturation (Shi, Evans, and Rock 2003). The molecular
mechanism regulating MSU-induced gout was found to be activation and function of the NLRP3
inflammasome (Martinon et al. 2006). Importantly, colchicine, a microtubule assembly inhibitor

and clinical treatment for gout, was able to prevent inflammasome assembly and IL-1 b

processing (Martinon et al. 2006). Based on the identification that IL-1 b signaling

inflammasome assembly directed MSU-induced inflammation and gout, the authors postulated
that IL-1 receptor blockade would be an effective treatment for gout (Martinon et al. 2006). A
subsequent pilot clinical trial demonstrated dramatic efficacy and directly contributed to the use of
Anakinra (Kineret), an IL-1 receptor antagonist, and Rilonacept, an IL-1 Binhibiting soluble
receptor-Fc fusion protein, in the current treatment regime for gout (So et al. 2007; Terkeltaub et

al. 2009).

1.5.2. Genetic autoinflammatory disorders

Mutations in the MEFV gene were originally identified as the cause for the autoinflammatory
condition Familial Mediterranean Fever (FMF), an chronic condition associated with severe,
recurrent systemic inflammation (French FMF Consortium 1997). MEFV codes for the protein
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Pyrin, which has been shown to inhibit assembly of the inflammasome by interactions with
NLRP3, ASC, pro-caspase-1 and pro-IL-1 b(Papin et al. 2007). The inability for Pyrin to interact
with, and inhibit, components of the inflammasome result in spontaneous activation and resultant
IL-1b processi ng(Papimet al.r2607)e RIVE- éhas been effectively treated with IL-1
receptor antagonists, especially in cases where the application of colchicine, the primary
treatment for FMF, showed little improvement (Calligaris et al. 2007).

While mutations in Pyrin result in an indirect dysregulation in inflammasome activation,
other genetic autoinflammatory disorders are affected by direct mutation in the gene coding for
NLRP3 (also called cryopyrin), collectively known as Cryopyrin-associated periodic syndromes
(CAPS) or cryopyrinopathies (Aksentijevich et al. 2007). The CAPS family of autoinflammatory
conditions includes familial cold autoinflammatory syndrome (FCAS), Muckle-Wells syndrome
(MWS), and neonatal-onset multisystem inflammatory disease (NOMID) (Aksentijevich et al.
2007). FCAS presents with the least severe symptoms, while NOMID is the most severe
(Aksentijevich et al. 2007). All CAPS conditions are characterized by autosomal dominant NLRP3
mutations that cause spontaneous or hypersensitive assembly of the inflammasome and can be

either inherited or spontaneous (Aksentijevich et al. 2007). Effective treatment of CAPS

conditions can be achieved by either neutralizing released IL-1 b  wi t h R dntagorizing p t

IL-1 receptors with Anakinra (Hoffman et al. 2008; Lepore et al. 2010). Surprisingly, a 22-year old
patient with Muckle-Wells syndrome treated with Anakinra was observed to inexplicably recover
from pathological deafness caused by t he pat i(Mimatltéesal. ROMT. This example
supports the therapeutic treatment of inflammasome activity in autoinflammatory conditions and
illustrates to the potential complexity of inflammasome-dependent signaling in the clinical

symptoms of autoinflammatory conditions.

1.6. OPEN QUESTIONS IN INFLAMMASOME BIOLOGY

The NLRP3 inflammasome has been the subject of intense investigation since its discovery in

2002 (Maniji et al. 2002; Martinon, Burns, and Tschopp 2002). Despite elucidation of many factors
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driving NLRP3 inflammasome assembly and function, a number of open and actively debated
guestions remain:

1. How can the NLRP3 inflammasome respond to such a diverse array of
structurally and functionally unrelated insults? It is unclear how particulate matter,
pore-forming toxins, endogenous host danger signals, bacterial structural
components, viral genetic factors and osmotic changes can all converge on a single
signaling pathway.

2. What is the role of ion flux upstream of NLRP3 inflammasome activation? While
a number of groups have identified the flux of potassium and calcium at low temporal
and spatial resolution as a driving factor in NLRP3 inflammasome assembly, the
specific effects of these fluxes are not well understood.

3. What is the role of mitochondria in NLRP3 inflammasome regulation? It is
currently unclear how the mitochondria participate in NLRP3 inflammasome signaling,
and whether it has a soluble transduction role or is merely a stabilizing platform.

4. What downstream mechanisms in NLRP3 inflammasome signaling are regulated
by ion flux? Most reports identifying the role of ion flux look at the reduction in
inflammasome assembly by caspase-1 activation and IL-1 b pr ocessing and
The effect of ion flux on specific events upstream of inflammasome assembly are not

well characterized.

1.7. THESIS CONTRIBUTIONS
This dissertation addresses a number of fundamental gaps in understanding NLRP3
inflammasome regulation with a focus on the role of cation flux. The primary contributions of this
dissertation to the field of inflammasome biology are:
1. The first demonstration of real-time potassium flux measurements downstream of
P2X7 receptor activation and nigericin treatment with high spatiotemporal

resolution and analyte specificity.
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The first measurements of correlated, live-cell dynamics of potassium and
calcium flux.

The identification of Syk tyrosine kinase as a downstream effector of potassium
efflux during nigericin-induced inflammasome assembly and pyroptotic cell death.
The implication of Syk kinase activity in the generation of mitochondrial reactive
oxygen upstream of NLRP3 inflammasome assembly.

The identification of a dose-dependent relationship between P2X7 purinergic
receptor activation, intracellular potassium efflux and plasma membrane
permeability.

The identification of a mitochondrial potassium pool mobilization downstream of
P2Xz7 purinergic receptor activation.

Establishment of potassium efflux as a regulating step for NLRP3 inflammasome-

activating calcium influx during P2X7 purinergic receptor activation.

In addition to clarifying the role for cation flux upstream of NLRP3 activation, this

dissertation also describes the development of two methods relevant to the study of single cell

signatures of cellular and macrophage heterogeneity:

1.

2.

A method for correlated fluorescence microscopy and molecular analysis of live
single cells was developed. The method allows for the isolation and observation
by fluorescence microscopy of live single cells, coupled with downstream
processing and multi-target gene expression analysis by RT-qPCR.

A mouse macrophage cell line was generated and characterized expressing a

protein-based biosensor for live, kinetic analysis of intracellular ATP.
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CHAPTER 2: POTASSIUM EFFLUX DRIVES SYK KINASE-DEPENDENT INFLAMMASOME

ASSEMBLY AND PYROPTOSIS

2.1. INTRODUCTION AND BACKGROUND

A prevailing question in NLRP3 inflammasome biology is how a functionally and structurally
diverse array of stimuli converges on the same signaling pathway (Sutterwala, Haasken, and
Cassel 2014). Multiple reports demonstrate that intracellular potassium efflux is essential for
assembly of the inflammasome in response to a diverse array of stimuli (Perregaux and Gabel
1994; Petrilli et al. 2007; Mufioz-Planillo et al. 2013). Notably, potassium efflux was identified as a
necessary and sufficient common step in a proposed unifying model for inflammasome assembly
in response to bacterial toxins and particulate matter (Mufioz-Planillo et al. 2013). The utilization
of an ion flux for initiation of a cell fate decision provides support for the concept of pyroptosis as
a A4 ai g g eropbagensaiaide with the effect of acting as an early warning system for the
host. This is substantiated by the fact that other necessarily rapid biological processes operate by
an ion flux-dependent mechanism (Dubyak 2004; Brodsky and Medzhitov 2011). However,
despite its established importance, the mechanism whereby maintenance of intracellular
potassium concentration regulates the assembly and activity of the inflammasome is still not well
understood.

Recent evidence highlights the importance of post-translational signaling in licensing the
inflammasome for assembly and downstream outcomes such as cytokine secretion and
pyroptosis (Ghonime et al. 2014). This rapid licensing is in contrast to canonical models for
inflammasome activation that depend on a sustained, TLR4-dependent, priming period followed
by a rapid stimulation period (Akira and Takeda 2004; Lamkanfi and Dixit 2014). This is
biologically rational as post-translational signaling occurs more rapidly than de novo transcription
and translation of effector proteins, thereby enabling a more rapid innate immune response to
dangerous stimuli. Further establishing a role for post-translational modifications in regulation of
the inflammasome is the discovery of a tyrosine phosphorylation site on the inflammasome
adapter protein Apoptosis-associated Speck-like protein containing a Caspase recruitment
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domain (ASC) that is described as a molecular switch controlling inflammasome assembly (Hara
et al. 2013; Lin et al. 2015). Additionally, phosphorylation of ASC was mediated in large part by
spleen tyrosine kinase (Syk), a protein tyrosine kinase that has been shown to be essential for
inflammasome-mediate defense against fungi, mycobacteria and malarial hemozoin (Gross et al.
2009; Tiemi Shio et al. 2009; Wong and Jacobs 2011).

As both ion flux and post-translational modifications are rapid signaling mechanisms that
have been implicated in regulation of the inflammasome, we sought to determine a potential
relationship between these two modes of signaling. It was hypothesized that potassium efflux
directs inflammasome assembly and downstream effects via regulation of Syk activation by
phosphorylation. This study elucidated a number of characteristics of Syk in the inflammasome
pathway: (1) Syk regulates nigericin-induced cell death upstream of inflammasome assembly; (2)
Syk activity is necessary for nigericin-induced mitochondrial reactive oxygen species generation;
(3) Syk activity is downstream of, and dispensable for, nigericin-induced potassium efflux; (4)
potassium efflux regulates Syk activation. This study identifies, for the first time, an intermediate

regulator of inflammasome activity and pyroptosis regulated by potassium ion efflux.

2.2. MATERIALS AND METHODS

2.2.1. Reagents

Potassium chloride, LPS (from E. coli O111:B4), paraformaldehyde and BSA for blocking
solutions were purchased from Sigma Aldrich (St. Louis, MO, USA). Nigericin was purchased
from Invivogen (San Diego, CA, USA) and Cayman (Ann Arbor, MI, USA). OXSI-2 was
purchased from Cayman (Ann Arbor, Ml, USA). Phosphatase inhibitor cocktail was from Biotool
(Houston, TX, USA). Protease inhibitors were from Pierce (Grand Island, NY, USA). Primary
antibodies against p-Tyr (sc-7020), Syk (sc-1077) and Caspase-1 (sc-514) were from Santa Cruz
Biotechnology (Dallas, TX, USA). Primary antibody against IL-1 b (4B1MNA) was from R&D
Systems (Minneapolis, MN, USA). Secondary antibodies, protein ladder and nitrocellulose
membranes were from Li-Cor (Lincoln, NE, USA). Mini-P ROTEA| NE T-Gefl B-12% Fels
were from Bio-Rad (Hercules, CA, USA). Released mouse IL-1 b Duo Set (DY401) and
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reagent (DY008) ELISA kits were from R&D Systems (Minneapolis, MN, USA). FAM-F L | CAE
Caspase-1 assay kit was from ImmunoChemistry (Bloomington, MN, USA). BCA protein
determination kit and premade standards were from Pierce (Grand Island, NY, USA). StrataClean
Resin was from Agilent Technologies (Santa Clara, CA, USA). Dynabeads® Protein A for
immunoprecipitation and MitoSOX were purchase from Life Technologies (Grand Island, NY,
USA). 6% denaturing Laemmli buffer was from Alfa Aesar (Ward Hill, MA, USA). CytoTox96®
Non-Radioactive Cytotoxicity Assay for LDH release determination was from Promega (Madison,
WI, USA). KS6 intracellular potassium sensor was developed in-house (Center for Biosignatures

Discovery Automation, The Biodesign Institute, Arizona State University, Tempe, AZ, USA).

2.2.2. Cellculture

The mouse monocyte/macrophage cell line J774A.1 (ATCC TIB-6 7 EManassas, VA, USA) was
grown in DMEM (Gibco, Grand Island, NY, USA) supplemented with 10% FBS, 100 U/mL
Penicillin G (Gibco, Grand Island, NY, USA) and 100 pg/mL Streptomycin Sulfate (Gibco, Grand
Island, NY, USA). Tissue culture flasks were passaged every 3-4 days by scraping and cells were
counted for density and viability with a Countess® Automated Cell Counter (Life Technologies,

Grand Island, NY, USA) using the Trypan Blue dye exclusion assay.

2.2.3. Lactate Dehydrogenase Release Assay

Released lactate dehydrogenase was measured using the CytoTox 96® Non-Radioactive

Cytotoxicity Assayaccording to manufacturerdés instru<ctions. B |
well tissue culture-treated plate at a concentration of 100,000 cells/well in 200 pL medium and

incubated overnight. The following day the medium was exchanged for 100 uL of either fresh

medium or medium containing 1 pg/mL LPS and incubation was continued for 4 hours. During the

third hour of incubation, inhibitors were added and the plate was returned to the incubator. For

stimulation, the complete medium of each well was exchanged for 100 pL of either fresh medium,

medium containing 1% Triton X-100 as a maximum release control, or the indicated drugs and/or

inhibitors and returned to the incubator for 1 hour. Fifty pL of supernatant was sampled for each
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well. The developed assay was measured for absorbance at 492 nm on a Biotek Synergy H4

multi-mode plate reader with Gen5 software.

2.2.4. Immunoprecipitation

Cells were seeded in 6-well tissue culture-treated plates at a concentration of 10° cells/well in 2
mL of medium and incubated overnight. The following day, cells were primed in 2 mL fresh
medium or medium containing 1 ug/mL LPS and incubated was continued for 4 hours. During the
third hour of incubation, inhibitors were added and the plate was returned to the incubator. For
stimulation, the complete medium of each well was exchanged for 1.1 mL of either fresh medium
or medium containing the indicated drugs and/or inhibitors and returned to the incubator for 15,
30 or 60 minutes. After stimulation, supernatants were collected and resuspended in pre-chilled
1.5 mL microfuge tubes containing complete protease and phosphatase inhibitor cocktails, spun
for 5 minutes at 5,000 g in 4 °C and 1 mL of cell-free supernatant was transferred to a clean, pre-
chilled 1.5 mL microfuge tube. During centrifugation of the supernatants, the cells still in the plate
were lysed with RIPA containing complete protease and phosphatase inhibitor cocktails. Cell free
supernatants and lysates were combined in the same 1.5 mL tube and rotated at 4 °C for 30
minutes. After rotation, all samples were centrifuged at 14,000 g for 15 minutes at 4 °C.
Supernatants were transferred to new tubes and protein content was quantified by BCA assay.
Samples were normalized to maximal protein concentration (approximately 1 mg total protein)
across all conditions using RIPA.

During the 4 hour LPS priming stage, Protein A-conjugated magnetic beads were rotated
at room temperature for 2 hours with 1:50 total Syk capture antibody (#SC-1077) in 5% BSA in
TBS containing 0.2% Tween-20. For immunoprecipitation, 1% BSA was added to each protein
sample and 40 pL of magnetic beads containing Syk capture antibody were added. Samples
were rotated overnight at 4 °C. The following day, the beads were washed 33 with cold RIPA by
pull-down using a magnetic bead stand and protein was collected by heating the beads in 50 pL

13 denaturing Laemmli at 95 °C for 10 minutes. Samples were immunoblotted according to the
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protocol described in section 2.2.5. Samples were performed by, and experiments were

performed, with Mounica Rao.

2.2.5. Immunoblotting

For non-immunoprecipitated protein collection, J774A.1 were seeded in a 6-well tissue culture-
treated plate at a concentration of 108 cells/well. Cells were primed for 4 hours with 1 pg/mL E.
coli 0111:B4 LPS in complete DMEM, rinsed with serum-free DMEM, and stimulated with 20 uM
nigericin for 30 minutes in 1.1 mL serum-free DMEM. After stimulation, supernatants were
collected and concentrated with 10 pL/mL StrataClean Resin by rotating at 4 °C for 1 hour with
protease and phosphatase inhibitors. Concentrated supernatant protein was collected from the
resin by removing the supernatant and heating in 50 pyL 13 denaturing Laemmli at 95 °C for 10
minutes. Cell lysates were collected by directly adding 100 uL 13 hot denaturing Laemmli buffer
to each well.

Proteins were heated for 15 minutes at 95 °C before loading 12 yL onto a 15 well 4-12%
Mini-PROTEAN TGX gel. Gels were run for 1 hour at 100V in Tris/SDS/Glycine buffer and
transferred to 0.2 um pore nitrocellulose membranes for 1 hour at 100V in Tris/Glycine buffer.
Membranes were blocked in 5% BSA in TBS with 0.2% Tween for 1 hour at room temperature.
Blocked membranes were probed independently in 5% BSA in TBS containing 0.2% Tween-20
with 1:500 rabbit polyclonal against caspase-1 p10 (#SC-514), 1:1000 goat polyclonal against IL-
1b (-#0A-RA) or multiplexed with 1:500 mouse polyclonal against p-Tyr (#SC-7020) and
1:500 rabbit polyclonal against Syk (#SC-1077) while rotating overnight at 4 °C. Secondary
antibodies were applied at 1:15000 in 5% BSA in TBS containing 0.2% Tween-20 with rocking for
1 hour at room temperature. TBS with 0.2% Tween was used for all rinses. Membranes were
imaged using a Li-Cor Odyssey CLx infrared scanner on auto exposure with high quality setting.

Samples were performed by, and experiments were performed, with Mounica Rao.
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2.2.6. ELISA

J774A.1 cells were seeded in 96 well plates at a concentration of 10° cells/well and incubated
overnight. Cells were primed for 4 hours with 1 pg/mL E. coli O111:B4 LPS and subsequently
stimulated for 30 minutes with 20 pM nigericin in 100 pL medium. Where indicated, inhibitors
were added 15-20 minutes prior to nigericin stimulation. Supernatants were collected and
released IL-1 b was evaluated with ELISA using the
manuf actur er 6 s, hgh-bindirg platés werBcoated dvernight with anti-IL-1 b ¢ a
antibody. The following day, coated plates were blocked with 1% BSA in PBST for 1 hour at room
temperature. Washed plates were loaded with 100 pL supernatant samples and incubated
overnight at 4 °C. The next day, plates were washed and biotinylated secondary antibody was
incubated with the plates for 2 hours. Subsequently, streptavidin-HRP was incubated with
samples for 30 minutes and colorimetric development was performed for 20 minutes before
addition of a stop solution. Developed plates were read on a Biotek Synergy H4 mutli-mode plate

reader with Gen5 software.

2.2.7. Live Cell Potassium and mROS Imaging
For imaging, 10° J774A.1 cells were seeded in an 8-chamber Ibidi p-Slide (lbidi, Verona, WI,
USA) and primed for 4 hours with 1 pg/mL E. coli O111:B4 LPS. Inhibitors were added as
indicated for the last 15 minutes of priming. Cells were stimulated with 20 uM nigericin after an
initial baseline was taken. Cells were imaged on a Nikon Ti microscope equipped with a C2si
confocal scanner (Nikon Instruments, Melville, NY, USA) and a Tokai Hit stage-top incubator
(Tokai Hit Co., Shizuoka, Japan). Excitations lines were 408, 488 and 561 nm and emission was
collected using the standard DAPI, FITC and TRITC bandwidths. Objectives used were 203 air
0.75 NA, 603 oil immersion 1.4 NA or 602 water immersion 1.2 NA, all from Nikon.

For potassium imaging, KS6 was diluted 1:1 with 10% w/v Pluronic F127 and added to
priming cells at 1:100 dilution. Final concentration of KS6 applied to cells was 5 pM. KS6 was

excited at 561 nm and emission was collected in the TRITC channel.
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For mROS imaging, cells were stimulated with nigericin as described. 15 minutes after
initial stimulation, MitoSOX was added at a final concentration of 5 puM according to
manufacturerés protocol, concurrently wi,Gmnd10 Og/ mL
Island, NY, USA) and incubated for an additional 15 minutes prior to imaging. MitoSOX was
excited at 488 nm and emission was detected in the TRITC channel while Hoechst 33342 was

excited at 408 nm and emission was detected in the DAPI channel.

2.2.8. Caspase-1 FLICA Assay

J774A.1 were seeded at a density of 1-2 x 10° per well in 200 pL of complete DMEM and grown
overnight. The following day cells were primed for 4 hours with 1 pg/mL E. coli O111:B4 LPS.
During the last hour of priming cells were loaded with 13 FAM-YVAD-FMK (Caspase-1 FLICA)
and 10 pg/mL Hoechst 33342 in complete medium. Additional inhibitors as described were added
during the last 15-20 minutes of priming. Cells were stimulated with 20 uM nigericin for 30
minutes, subsequently washed 23 with warm DMEM and fixed in 2% formaldehyde solution for 10
minutes at room temperature. Formaldehyde solution was made fresh daily from
paraformaldehyde powder diluted in PBS. Cells were washed 13 with PBS and submerged in 200
ML mounting medium (90% glycerol with 10X PBS and 0.1% NaNs). Samples were imaged by
laser-scanning confocal microscopy as a series of 0.5 um z-stacks on a Nikon Ti microscope
equipped with a Nikon C2si confocal scanner controlled by the Nikon Elements AR software.
Stacks were prepared as maximum intensity projections using ImageJ/FIJl. Caspase-1 FLICA
was excited at 488 nm and emission was collected in the FITC channel while Hoechst 33342 was
excited at 408 nm and emission was collected in the DAPI channel. Samples were prepared by

Mounica Rao.

2.2.9. Statistical Analysis
Data were analyzed in GraphPad Prism version 6.05 (GraphPad, La Jolla, CA, USA) using one-
way ANOVA with -hocdouk&y&sxhppoés L BeBultscwerm poasiderado n

significant if p < 0.05.
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2.3. RESULTS
2.3.1. Sykis required for proinflammatory cytokine signaling
To evaluate the role of Syk in regulating IL-1 b p r og and releage, NLRP3 inflammasome
activity was stimulated in J774A.1 mouse macrophages by treatment with nigericin. Immunoblot
analysis revealed a robust production and release into the supernatant of the caspase-1 pl0
fragment and mature 17 kD form of IL-1 b upon LPS pri ming aFigureR2i geri cin
1A). Both caspase-1 activation and IL-1 b pr ocessing were dependent on po
treatment with nigericin in the presence of 130 mM KCI completely inhibited both events. Syk
activity was also crucial for caspase-1 activatonand IL-1 b pr ocessing as treat ment
inhibitor OXSI-2 resulted in a strong suppression of nigericin-induced processing. In agreement
with the immunoblot results, detection of processed and released IL-1 b by  &bwedrbbust

inhibition upon treatment with OXSI-2 (Figure 2-1B).
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Figure 2-1. Potassium efflux and Syk activity are required for caspase-1 activation and IL-

1b processi ng (A mdunobiot apatysiseof caspase-landIL-1 b i n t he cell Il ys.
and supernatants of J774A.1 mouse macrophage cells. LPS priming resulted in production of pro-

IL-1 b, indicating cell priming. Treat ment with 20 OM n
processing and release of the active caspase-1 pl0 fragment and mature 17 kD IL-1 b i n

concentrated supernatants. Treatment with 130 mM KCI or 2 uM OXSI-2 resulted in suppression

of nigericin-induced caspase-1 activation andIL-1 b pr ocessi ng. (B) -EhI BA eval u

the supernatants of cells treated as in (A) further supported a requirement for Syk activity in IL-1 b

release. Nigericin was applied for 60 minutes during ELISA experiments. Bars represent mean

and standard error. Statistics were calculated by one-way ANOVA wit h -hdcukeyds p o
comparison. Results represent at least 2 independent experiments.
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2.3.2. Syk kinase is essential for nigericin-induced inflammasome assembly

It was next determined whether Syk activity inhibited caspase-1 and IL-1 b processing by
inhibiting the assembly of the inflammasome complex. Fluorescently tagging activated caspase-1

by pre-exposure with a FAM-conjugated irreversible inhibitor for caspase-1 results in tagging of

caspase-1 at the explicit site of activation (i.e., within the inflammasome itself) (Broz et al. 2010).

Results show that LPS-primed, nigericin-treated J774A.1 assemble the inflammasome as

indicated by single, perinuclear specks of caspase-1 (Figure 2-2). As expected, treatment with

130 mM KCI inhibited the assembly of the inflammasome. Importantly, Syk activity was essential

for assembly of the NLRP3 inflammasome, as treatment with OXSI-2 resulted in significant

suppression of caspase-1 specks. Thus, Syk activity is required for assembly of the

inflammasome complex.
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Figure 2-2. Syk activity is required for nigericin-induced inflammasome assembly. J774A.1
mouse macrophage cells were left untreated, primed for 4 hours with 1 ug/mL LPS or primed and
stimulated with 20 uM nigericin for 30 minutes. Where indicated, cells were treated with 130 mM
KCl or 2 uM OXSI-2 for 15-20 minutes prior to addition of nigericin. Arrows indicate perinuclear
caspase-1 specks classical for NLRP3 inflammasome assembly. Bar graph indicates mean and
standard error of at least 3 fields from 2 independent experiments evaluated by one-way ANOVA
wi t h T u k-og dosnpagsors Blue fluorescence is Hoechst 33342 and green fluorescence
is caspase-1 FLICA. Scale bar represents 25 um.

2.3.3. Nigericin-induced pyroptosis is regulated by Syk activity

Because OSXI-2 treatment suppressed inflammasome assembly, it was determined if Syk
regulated nigericin-induced pyroptotic cell death as well. As expected, pyroptosis measured by
release of lactate dehydrogenase into the medium was found to require both LPS priming and
nigericin stimulation to proceed and was dependent on the efflux of potassium, since130 mM KCI
suppressed pyroptotic cell death (Figure 2-3). Further, treatment with OXSI-2 significantly
inhibited nigericin-induced pyroptosis. Therefore, Syk activity is essential for NLRP3

inflammasome assembly, caspase-1 activation and IL-1 b processing and releas

progression to caspase-1-dependent pyroptotic cell death.
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Figure 2-3. Syk activity is required for nigericin-induced pyroptosis. J774A.1 macrophages
were left untreated, treated with 20 uM nigericin for 30 minutes, primed for 4 hours with 1 pg/mL
LPS or primed with LPS and then subsequently nigericin treated. Where indicated, cells were
treated with 130 mM KCI or 2 uM OXSI-2 for 15-20 minutes prior to nigericin treatment. Bars
represent mean and standard error of two independent experiments evaluated by one-way
ANOVA with Thokeompargsonp ost

2.3.4. Syk activity is necessary for nigericin-induced mitochondrial ROS generation
Mitochondrial destabilization and oxidative signaling has been implicated in triggering the NLRP3
inflammasome. It was determined if treatment with OXSI-2 had a protective effect against
mitochondrial ROS generation during nigericin-induced inflammasome activation. Live cell
imaging with the reactive oxygen probe MitoSOX revealed that LPS priming with subsequent
nigericin treatment resulted in robust oxidation as determined by fluorescence increase of
MitoSOX (Figure 2-4). Suppression of MitoSOX oxidation upon treatment with 130 mM KCI and
OXSI-2 revealed that this process was dependent on potassium efflux and Syk activity. Strong
nuclear staining in cells treated with nigericin in the absence of inhibitors was noted. This staining
pattern indicates dead cells that have had mitochondria disintegrate and release oxidized
MitoSOX probe, which subsequently binds to the DNA in the nucleus (Mukhopadhyay et al.
2007). While these cells indicate the robust pyroptotic consequence of nigericin-induced

inflammasome assembly, apparent and substantial non-nuclear signal that was abrogated upon

treatment with KCI or OXSI-2. These observations indicate that Syk activity and potassium efflux
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regulate events upstream of mitochondrial destabilization and oxidative signaling during nigericin-

induced inflammasome activation.

LPS + Nigericin LPS + Nigericin + KCI  LPS + Nigericin + OXSI-2

Hoechst 33342 MitoSOX DIC

Figure 2-4. Potassium efflux and Syk activity regulate nigericin-induced mitochondrial
reactive oxygen species generation. J774A.1 cells were left untreated, primed with 1 pg/mL
LPS for 4 hours or primed and then treated with 20 uM nigericin for 30 minutes. Where indicated,
cells were treated with 130 mM KCI or 2 uM OXSI-2 for 15-20 minutes prior to nigericin treatment.
During the last 15 minutes of nigericin exposure cells were stained with 5 uM MitoSOX and then
imaged by confocal microscopy. Results are representative of two independent experiments.
Scale bar represents 25 um.

2.3.5. Syk activity is dispensable for nigericin-induced potassium efflux

A novel intracellular potassium sensor, KS6, for improved real-time imaging of potassium
dynamics in live cells was developed (Figure 2-5A). KS6 is a visible light intensitometric sensor
that exhibits excellent response over a wide potassium concentration range (Figure 2-5B).
Additionally, it is almost completely selective for potassium over other ions, in contrast to the
commercially available sensor, PBFI, that has high cross-selectivity for sodium (data not shown;

publication in revision). Further, KS6 is rapidly internalized into live cells and is localized to the

mitochondria and the cytosol. Further use and characterization of KS6 is found in Chapter 3.
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Live cell imaging of potassium dynamics with KS6 revealed that nigericin-induced
potassium efflux was bi-phasic (Figure 2-5C and D). The first phase of efflux was gradual and
proceeded 5-10 minutes after addition of nigericin to the medium. The second phase was rapid
and occurred concurrently with morphology indicative of osmotic lysis as visualized by differential
interference microscopy (data not shown). Interestingly, nigericin-treated cells displayed a
temporal heterogeneity between the onset of the initial potassium efflux phase and the final loss
of potassium during cell lysis. This is in agreement with our previous work with an earlier
generation of potassium sensor indicating that potassium efflux and caspase-1 activation as
indicated by a fluorogenic probe (which rapidly results in cell death) are temporally distinct (Yaron

et al.).
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Figure 2-5. Nigericin-induced pyroptosis proceeds by a bi-phasic potassium efflux. (A)
Chemical structure of KS6, a live cell intensitometric intracellular potassium sensor. (B)
Potassium titration showing emission response of KS6 at 572 nm versus potassium concentration
in solution by spectrofluorophotometry. (C) Representative J774A.1 cell (arrow) stained with KS6,
then primed for 4 hours with 1 pg/mL LPS and stimulated with 20 uM nigericin followed by
continuous imaging. Red indicates high signal intensity and blue indicates low signal intensity.
Scale bar represents 25 um. (D) Single cell potassium traces of example cells exhibiting
morphological characteristics of nigericin-induced pyroptosis. Shallow decline in signal indicates
the first phase of potassium efflux stimulated by nigericin and sharp decline indicates the second,
rapid phase that occurs in parallel with morphology of osmotic lysis.

As both inhibition of potassium efflux with extracellular KCI and inhibition of Syk activity
with OXSI-2 resulted in suppression of inflammasome assembly and mROS production, it was
next determined if Syk activity had a regulatory role in nigericin-induced potassium efflux. Live
cell imaging with KS6 revealed no difference in the kinetics of potassium efflux induced by
nigericin treatment in LPS-primed cells with or without Syk inhibition with OXSI-2 (Figure 2-6).

Taken together, these results indicate that Syk activity occurs upstream of mMROS generation, but

downstream of potassium efflux during nigericin-induced inflammasome assembly.
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Figure 2-6. Syk activity is dispensable for nigericin-induced potassium efflux. LPS-primed
J774A.1 macrophages were loaded with KS6 potassium sensor and stimulated with 20 puM
nigericin before continuous imaging by confocal microscopy. Where indicated, cells were treated
with 2 uM OXSI-2 for 15-20 minutes prior to nigericin treatment. Red box indicates selected
region expanded in kymograph panels. Traces indicated mean and standard deviation of KS6
signal change for 5 cells in a representative field from each condition. Scale bar represents 25
pm. Results are representative of at least two independent experiments.

2.3.6. Potassium efflux is necessary for Syk activation

It was hypothesized that potassium efflux regulates Syk activation during nigericin-induced
inflammasome assembly. Quantitative, multiplexed immunoblots of immunoprecipitated Syk
probed for total Syk and phospho-tyrosine residues indicated that blockade of potassium efflux
with extracellular KCI resulted in a strong suppression of phospho-Syk under conditions that
stimulate inflammasome assembly (i.e., LPS priming and nigericin treatment) (Figure 2-7A). In
agreement with other reports, a time-dependent loss of phospho-Syk signal after the initial
stimulus was observed (Hara et al. 2013). Control experiments were performed to determine

whether addition of KCI itself was sufficient for suppressing Syk phosphorylation (Figure 2-7B).

Treatment with nigericin and KCI alone, as well as a combination of nigericin and KCI, was
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