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ABSTRACT

STEPHEN B. WILLINGHAM: Microbial Pathogen-Inducedelrosis Mediated By NLRP3
and ASC
(Under the direction of Dr. Jenny P-Y. Ting)

NLRP3 and ASC are important components of the imffeasome, a multi-protein
complex required for caspase-1 activation andflpfoduction NLRP3mutations underlie
autoinflammation characterized by excessive BLsécretion. Disease-associated NLRP3
also causes a program of necrosis-like cell deathdcrophages, the mechanistic details of
which are unknown. We find that patient monocy@sying disease-associatdlRP3
mutations exhibit excessive necrosis-like cell ddmt a process dependent on ASC and
cathepsin B, resulting in spillage of the proinffaatory mediator HMGB1 Shigella
flexneriandKlebsiella pneumoniamfection also cause NLRP3-dependent macrophage
necrosis with features similar to the death cadsecshutantNLRP3 This necrotic death is
independent of caspase-1 and R.-&nd thus independent of the inflammasome. While
similar proteins mediate pathogen-induced cellld@aplants, this report identifies NLRP3
as an important host regulator of pathogen-induneamiosis in animals, a process we term

pyronecrosis.
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CHAPTER |

INTRODUCTION

Portions of this chapter have been adapted frormydB.-Y. Ting, Stephen B. Willingham,
and Daniel T. Bergstralh. NLRs at the Intersectbfell Death and Immunity. Nature

Reviews Immunololgy. 200Blanuscript in press.



1.1 Summary

Inflammation is a crucial element of the host resmoto cellular insult. Pathogen-
induced inflammation includes a molecular pathwéycl proceeds through activation of
the protease caspase-1 to the release of the miaony cytokines IL-f and IL-18.
Importantly, pathogens may also induce forms dfaehth with inherently pro-inflammatory
features. Here I review recent evidence demomsgr#tat NLR family proteins serve as a
common component of both caspase-1-activated apopt&thways and caspase-
independent necrotic pathways. Parallels are diztiween NLR protein function and the
activity of structurally similar proteins involved cell death: the apoptotic mediator APAF1

and the plant disease resistance NBS-LRR proteins.



1.2Introduction

NLR ALTERNATIVE GENBANK
NOMENCLATURE NOMENCLATURE ACCESSION
NLRA CIITA, MHC2TA NM_000246
NLRB1 BIRCI, NAID NM_004536

BIR
CARD NLRC1 CARD4, NODI1 NM_006092
NLRC2 CARDI15, NOD2, BLAU, CD, PSORASTI, IBD1 NM_002162
NLRC4 CLR2.1,CARD12, IPAF, CLAN NM_021209
PYR NLRP1 CLR17.1, CARD7, DEFCAP, NALP1, NAC NM_033004
NLRP2 PYPAF2, NBS1, NALP2, CLR19.9 NM_017852
NLRP3 CLRI1.1, CIAST, PYPAF1, NALP3 NM_004895
NLRP7 PYPAE3, NOD12, NALP7, CLR19.4 NM_206828
NLRP10 NALP10, PYNOD, NODS, CLR11.1 NM_176821

Table 1.1 - NLRs discussed in this dissertation,assified by effector domain

The NLR (nucleotide-binding domain, leucine-ricppeat containing) family of
proteins (previously known as CATERPILLERs, NOD®@®HT-LRRSs; see the HUGO
Gene Nomenclature webpage on the NLR family) igdlg@merging as critical regulators of
immunity. For NLRs discussed in this dissertatisge Table 1.1 Members of this family are
distinguished by their domain architecture (Fid.)lwhich consists of a variable N-terminal
effector domain, a central nucleotide binding dom@&BD), and C-terminal leucine-rich
repeats (LRRs). To date, work on NLR proteinsrimels has focused largely on their
ability to mediate the initial immune response &hogenic insult, particularly with regard to
inflammation. However, a number of recent papbosisthat NLR proteins also represent a
surprising intersection between innate immunity eeltdeath signaling. Intriguingly, this
signaling is not confined to apoptosis, but instesigtnds to two newly recognized cell-death

programs: pyroptosis and pyronecrosis.



Clues to the cell-death-related functions of theRNdroteins can be drawn from the
structural relationship between NLRs and molecthas are known cell death effectors; the
apoptotic protease activating factor-1 (APAF1) #meiNBS-LRR (nucleotide binding site—
leucine rich repeats, also known as NB-LRR) plasg¢ase resistance proteins (Belkhadir et
al., 2004). APAF1 has an important role in trigggmitochondrial-dependent apoptosis.
Similar to the NLRs, APAF1 has an N-terminal efeeadomain and a central NBD. APAF1
also contains C-terminal repeats, though theserdiibm the NLRs (Fig. 1.1). Members of
the NLR family have an even closer structural redgdance to the NBS-LRR subset of plant
resistance proteins, which are characterized karialle N-terminal domain, a central NBD,
and C-terminal LRRs (Fig. 1.1). NBS—LRR proteianadtion in part by helping to induce
the hypersensitive response, a form of programme#dleath with necrotic features (Lam et
al., 2001). In this dissertation, | discuss theesging theme that mammalian NLRs, similar

to APAF1 and the NBS—LRRs, act in the regulatioeaf death and inflammation.



R PROTEINS

APAF1

NLRS

Figure 1.1 - NLR proteins are structurally similar to the pro-apoptotic protein APAF1 and the plant cé-
death mediating NBS-LRR proteins. NLR proteins are defined by three characterisiosN-terminal
effector domain, a central NBD (nucleotide binddamain), and C-terminal LRRs (leucine-rich repeats)
When defined, NLR effector domains consist of eith@yrin domain (PYR), caspase recruit domain (OAR
baculovirus inhibitor of apoptosis repeat (BIR) dons, or a transactivation domain (AD). One NLR ha
undefined or uncharacterized effector domains BAF1 (apoptotic protease activating factor 1) dlas an
N-terminal effector CARD and a central NBD. Howengs C-terminal repeats differ from those of tiieRs.
NBS-LRR (nucleotide binding site, leucine-rich rats) proteins are characterized by a Toll-IL-1 peoe
(TIR) or coiled-coil (CC) N-terminal effector donmsi, a central NBD, and C-terminal LRRs.



1.3NLR Domain Organization

NLR Effector Domains

NLR effector domains, when defined, consists oNaterminal CARD, pyrin, BIR or
Activation Domain, all of which engage in homotypteractions to mediate signaling
downstream of NLR molecule activation. Though tkierall domain organization of NLRs
has been conserved from the plant NBS-LRR protéesR proteins utilize both TIR (Toll-
IL-1 receptor) and CC (coiled-coil) domains as efides. Much insight can be gained through
analysis of the individual effector domains, nantéky potential involvement of NLRs in the

regulation of inflammation and cell death.

NLR Effector Domains: Caspase Recruitment Domain (BRD)

Of the possible NLR effector domains, the CARD tesdeepest roots in cell death.
Predictive secondary structure analysis indica#®R Qs contain a six-helix bundle
characteristic of the death domain-fold superfar(figirbrother et al., 2001). Members of
this superfamily are well established mediatorprotein—protein interactions between
molecules involved in cell death and inflammatidibbetts et al., 2003). Amongst the
NLRs, CARDs can be found at both the N- and C-teusj as in NLRC1-5 and NLRP1. The
caspase recruitment domain (CARD) was defined by Jachopp over 10 years ago in a
screen for domains similar to the N-terminus of RB| ICH-1(Caspase-2), and Ced-3

(Hofmann et al., 1997). At the time, RAIDD was avhedescribed bipartite adapter



involved in signaling downstream of TNFR1 (Duan &nxglit, 1997)1 . Binding to RIP
through its death domain, RAIDD recruits and adggdCH-1 (Duan and Dixit, 1997). More
recently, a similar function has been describeghich RAIDD recruits ICH-1 to the
PIDDosome, an apoptotic death initiating complaiated by p53 in response to DNA
damage (Tinel and Tschopp, 2004). InterestinglylDRAitself was identified in a search for
motifs similar to the N-terminus of ICH-1. Withihé original report the authors repeatedly
note the resemblance of RAIDD and ICH-Icaml-3 the C eleganggene required for cell
death during development. (Ellis and Horvitz, 1986¢leed, Tschopp utilized the similarity
within the N-terminus of these same 3 proteinsafng and identify CARD in other
caspases (Caspase-4, Mch6, ICE), homologues efredepoptosis inhibitor IAP (c-IAP1,
c-IAP2), and the nematode cell death protein céidetmann et al., 1997). Shortly
thereafter, CARDs were found in many proteins imedlin cell death and inflammation.
Amongst the more notable examples, the CARDs of RPAnd caspase-9 interact during
formation the apoptosome to initiate apoptosisrafygochrome c release from the
mitochondria (Li et al., 1997; Qin et al., 1999prHotypic CARD interactions are also
utilized by NRLC1 and NLRC2 to bind the serine-thmme kinase RICK (Seth et al., 2005).
Interestingly, CARDs are not just used by NLRsdell death purposes, many CARD-
containing NLRs use their CARDs to directly engagd activate caspase-1 to cause
inflammation (Mariathasan et al., 2004). Even NLBIecules lacking CARDs can engage
caspases by interacting with CARD containing adgmteteins such as ASC and TUCAN

(Agostini et al., 2004; Yu et al., 2005). (For masee chapter 1.6, NLR Inflammasomes).



NLR Effector Domains: Pyrin Domain

((((CH(@

cC == SPRY (B30.2)

Like CARDs, the pyrin domain also belongs to thatdedomain-fold superfamily.
The pyrin domain was initially described Bgrtin et alin late 2000 (Bertin and DiStefano,
2000). Based on the resemblance of NLRCL1 to plaptdRins and APAFL1, this group
reasoned that though NLRC1 contains an identifidlterminal CARD, similar proteins
may contain novel, non-CARD signaling domains. dentify theseBertin et alsearched for
proteins possessing regions similar to the centraleotide binding domain of NLRC1.
Amongst the results were pyrin, NBS1, CARD7, zabrataspase-13, and ASC (Bertin and
DiStefano, 2000). Ultimately, the term “pyrin domawas coined to represent the ~95
residue region of shared homology between pyrinG NBCARD7. Within weeksawloski
et alalso reported the existence of this domain (Paskoet al., 2001) . Unlik8ertin et al
Pawlowski et abearched for proteins with sequence similaritgheofirst 100 amino acids of
the N terminus of the pyrin molecule. The term “AXAdomain reflects the families of
proteins recovered in their search, namsjgir AIM (absent in melanoma),2C, and dath
domain (DD)-like. Interestingly, seven proteins watentified containing both the PAAD
and newly-defined NACHT domain. Accordingly, thgseteins were named PAN, for

PAAD and_rucleotide-binding. Pyrin domains are found in astel4 NLR proteins, many of



which utilize the domain to engage in homotypi@rattions with ASC to both positively
and negatively regulate the activation of caspafési more information, see chapter 1.6,

NLR Inflammasomes)
NLR Effector Domains: Baculovirus Inhibitory Repeats (BIR) Domain

NLRB1

OO T (e

NLRB1 (formerly NAIP5) is unique within the NLR fdly as the only member

containing BIR (Baculovirus IAP Repeat) effectontn (Listen et al., 1996). The ~70
amino acid BIR domain can occur in up to three éama@opies and function as a zinc
binding domain (Crook et al., 1993). The BIR domaas identified in 1993 by Lois Miller
and her colleagues following a series of experimantolving theAutographa californica
virus (Crook et al., 1993). Infection of SF-21 sellith p35 mutanA. californicaviruses
results in cellular apoptosis before completioniddl replication. Specifically, these mutants
are unable to delay cell death sufficiently towalline formation of polyhedral occlusion
bodies. To identify baculovirus genes with the iptb inhibit host cell apoptosi§irook et
al infected SF-21 cells with p35 mutaht californicawhile concurrently transfecting a
cosmid library prepared from the genomic DNA of @ydia pomonella granulosis virus
(CpGV). Subcloning of cosmids demonstrating sudaéssscue of p35 mutant (as
determined by polyhedra formation) ultimately yrdda single ORF encoding a ~31 kDa
protein the authors name IARhibitor of Apoptosis. Interestingly, IAP has no significant
homology to p35, but rather the conserved distitimudf cysteines and histidine within the

BIR suggests the presence of a zinc finger-likeifncotnmonly seen in many proteins



involved in the regulation of cell death. Subseduéentification and analysis of similar
anti-apoptotic baculovirus genes elucidated a comrapeating sequence (@%X 4DX3
CX2CXsWXgHX6.10C) the authors termed the BIR (Baculovirus IAP Repéirnbaum et

al., 1994). The BIR was subsequently identifiedpecies ranging from viruses to mammals
and now is the defining characteristic of a whalaily of anti-apoptotic proteins known as
the IAPs (Inhibitors of Apoptosis) (Deveraux anceRge1999). Botln vitro andin vivo,

NLRB1 has been shown to inhibit apoptosis in respdn several stimuli by BIR-dependent
inhibition of effector caspases (Diez et al., 200@jer et al., 2002). NLRB1 also limits the
intracellular replication ofegionella pneumophilahough this function is independent of its
ability to inhibit apoptosis and the role of theRBdlomains in this process is unclear (Diez et

al., 2000; Wright et al., 2003).

NLR Effector Domains: Transactivation Domain (AD)

NLRA

Amongst NLRs, the activation domain has only bekmiified in the founding

member, NLRA. This acidic domain comprises thstfir25 residues of NLRA and is
required for MHC class Il gene-specific transcoptiactivation by NLRA (Chin et al., 1997,
Harton and Ting, 2000). Here, the AD required iatewith many proteins involved in
transcriptional machinery including CREB binding@t&in (CBP), TFIIB, and TAFIIs

(Fontes et al., 1997; Fontes et al., 1999; Kretseval., 1998). Interestingly, part of the AD

10



resembles a CARD, but this region lacks caspasaiteent capabilities (Nickerson et al.,

2001). Currently, the AD has no known involvemeninitiating or regulating cell death.

NLR Nucleotide Binding Domains

Similar to APAF1, NLRs possess a large centralentale binding domain (NBD)
which regulates activation and oligomerizationhe# tnolecule. Though APAF1 has been
shown to bind adenosine-based nucleotides, theotide specificity of few NLRs has been
characterized (Kim et al., 2005; Zou et al., 1998).P binding by APAF1 is required for
caspase-3 activation, thus nucleotide binding amhldlysis are likely required for NLR
activity. Indeed, the binding of ATP is necessanyNLRP3 and NLRC4-mediated cell death
and inflammation. (Duncan et al., 2007; Lu et2005). ATP is also preferred by NLRP12
and is required for NLRP12 to inhibit NB signalling (Ye et al., 2008). Not all NLRs bind
adenosine-based nucleotides, NLRA requires GTRrmgdr its oligomerization and
transactivation functions (Linhoff et al., 2001)tdrestingly, some NLRs may bind
nucleotides without preference. Such is the catie MiLRP1, which binds nucleotide
triphosphates indiscriminately while activating pase-1. (Faustin et al., 2007). NLR
reliance on nucleotide binding suggests nucleamidogs may have use in modulating NLR
cell death and inflammatory pathways and in treatro&é NLR associated inflammatory

disorders.

NLR Leucine Rich Repeats

The C-terminus of NLR molecules is comprised ofaying number of leucine rich

repeats, which are defined by repeating units ofRxxL. When assembled, the individual

11



beta strand-turn-alpha helix units form a horsesth@ged domain with thehelicies

arrayed outward (Kobe and Deisenhofer, 1994). amid the WD40 repeats found in
APAF1, LRRs are thought to be involved autoregalatiigand recognition and protein-
protein interactions. In both plant R-proteins &fiRs, truncation of the LRRs can yield
constitutively active molecules, suggesting the sRBep the NLR in an autoinhibited state
(Dowds et al., 2004; Harton et al., 2002b; Tanaks.e2004; Tao et al., 2000; Weaver et al.,
2006). Intramolecular inhibitory contacts betwelee ¥WD40 repeats and NBD of APAF1 are
relieved by cytochrome C. (Hu et al., 1999; Schafet Kornbluth, 2006; Srinivasula et al.,
1998). Similarly, NLR autoinhibition is presumptlyalisrupted upon LRR interaction with
an activating stimulus. However, evidence of adineteraction between the LRRs and
pathogens or pathogen associated products is spdhsle no evidence yet supports the
direct interaction of an NLR LRR and a pathogerasyeéwo-hybrid experiments have
detected an interaction between the LRR-like regifdpi-ta, a riceR gene, and the cognate

AVR effector from the rice blast fungbdagnaporthe grisedJia et al., 2000).

12



1.4 Disease Associated Mutations in NLRs

DISEASE ASSOCIATIONS

BARE LYMPHOCYTE SYNDROME

NLRP3 _ﬂ(({@_{@ FCU, MWS, CINCA/NOMID (CA.PS.)
"_'__;Zg;;j;‘,"j;“-.-m ((@@(@) CROHN'S DISEASE. BLAU SYN DROME

INFLAMMATORY BOWEL DISEASE

SPINAL MUSCULAR ATROPHY

VITILIGO-ASSOCIATED AUTOIMMUNE
DISEASE

o DD

Figure 1.2 - Mutations in NLRs have been identifiedn several human diseases.

An understanding of thi& vivorole of NLR proteins is aided by the remarkable
association of NLR genes with human immune diserd@isummary of diseases associated
with NLR mutations is shown in Figure 1.2. NLR nmulé&es were defined based on their
resemblance to NLRA. Mutations in NLRA result thesance of MHC class Il expression on
immune cells, a condition known as Bare Lympho&gadrome (Steimle et al., 1993).
Mutations in NLRP3 have been identified in a trfadominantly inherited autoiflammatory
disorders collectively referred as CAPSAS1 Associated Eriodic_S/ndromes)
(Aksentijevich et al., 2002; Feldmann et al., 2082affman et al., 2001b). These disorders
are characterized by fever, rash, and excessiv firoduction (Discussed in detail, chapter
1.5, Cryopyrin Associated Periodic Syndromes). BoEfRC1 and NLRC2 have been linked
to inflammatory conditions of the gastrointestitract. NLRC1 mutations can result in
inflammatory bowel disease, while NLRC2 mutatioasdnbeen identified in Crohn’s
Disease, a chronic condition involving intestimdlammation.(Hugot et al., 2001; Ogura et
al., 2001) Mutations in NLRC2 have also been linteed second inflammatory condition

called Blau Syndrome which is characterized by tisserthritis, and skin rash (Miceli-

13



Richard et al., 2001). Positional cloning has dsthbd NLRB1 as a candidate gene involved
in Spinal Muscular Atrophy (Roy et al., 1995). HipaSNP analysis has identified mutations
in NLRP1 which are observed in vitiligo-associagedoimmune disease, a chronic condition
involving the loss of pigment in the skin (Jin &f 2007). While future studies may yet
reveal additional diseases associated NLRs, tmcestion firmly establishes NLR
molecules as critical regulators of human inflamoratind immunity worthy of further

investigation.

14



1.5 Cryopyrin Associated Periodic Syndromes (CAPS)

E354D A374N
A352V T436N
F309S F523L
L305P
L264H L632F

1 994

R260W s71oc  IHFCU
D303N E627G I Mws
Q3061 F573S
G326E GS569R Bl NomID
L353P A439V B NoN-sPECIFIC

H358R  T405P

Figure 1.3- NLRP3 disease associated mutations ctaswithin or proximal to the nucleotide binding
domain. No correlation between location of the mutation egslilting severity of disease. Few mutations span
the CAPS spectrum; these are labeled as “non-$pécif

Significant attention has been focused on one NdRilly member, NLRP3which is
mutated in a trio of dominantly-inherited periotkwers: FCAS, Muckle-Wells Syndrome,
(Hoffman et al., 2001a), and CINCA/NOMID.(Feldmaetral., 2002) These disorders are
characterized by spontaneous, yet recurrent, caltbref fever, rash, and the excessive
production of IL-B in the absence of high titers autoantibodies tigan-specific T cells.

Currently, over 100 NLRP3 disease associated nomsthave been identified, the
vast majority of which cluster within or proximal the NBD (Touitou et al., 2004).
Interestingly, no correlation is observed betwdenlocation of the mutation and the

corresponding severity disease (Fig. 1.3).

15



Since severalLRP3point mutations and clinical symptoms have been identifie
overlapping between FCAS, MWS, and CINCA/NOMIDh#s been proposed that these
fevers comprise a continuum of disease severitgcolely referred to as CAPS Kgpyrin
Associated €riodic §/ndromes). A summary of symptoms associated with éasorder is
presented in Table 1.2. FCAS, the mildest of thed, is characterized by recurring
outbreaks of fever, urticaria rash, and conjuntiifollowing generalized cold exposure.
Each outbreak typically last less than 24 hourth symptoms often peaking in the evening
and resolving before morning. These attacks begiorb 6 months of age and persist
through adulthood (Hoffman et al., 2001b). Mucklel¥ syndrome represents an
intermediate phenotype. In addition to chronic r@tithand episodic outbreaks of rash and
fever which present at infancy, MWS also featurédsainyloidosis and sensorineural
hearing loss developing during adolescence (Mudi@&9). Though FCAS was first
described in 1940 and Muckle-Wells in 1962, it wmas until 2001 that Hoffmaat al first
identified mutations in NLRP3 were responsiblefoth disorders (Hoffman et al., 2001a).
In 2002,Feldmann et alandAksentijevich et alidentified NLRP3 mutations in a third
autoinflammatory disorder, CINCA/NOMID (Aksentijeh et al., 2002; Feldmann et al.,
2002). These patients exhibit the most severe sympon the CAPS spectrum and are
typically diagnosed at birth with recurrent outlsrsf migratory rash and fever. Headaches
are often reported due to chronic aseptic mensdver time, crippling joint deformities

may develop as a result of massive tumor-like leaysi overgrowth.
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SYMPTOMS FCU MWS NOMID

ONSET INFANCY INFANCY INFANCY

CUTANEOUS COLD INDUCED URTICARIA SPONTANEOUS URTICARIA  SPONTANEOUS URTICARIA
AUDITORY NORMAL HEARING LOSS HEARING LOSS
MUSCULOSKELETAL ARTHRALGIA ARTHRALGIAS DEFORMING ARTHROPATHY
SYSTEMIC FEVER, CHILLS FEVER, AMYLOIDOSIS FEVER, CHRONIC

ASEPTIC MENINGITIS

Table 1.2 — Summary of symptoms characteristic of 8PS

To date, hyperactive formation of the inflammasddiscussed in detail, chapter 1.6,
NLR Inflammasomes) has been identified as the pnagiant defect underlying the excessive
IL-18 and inflammation associated with CAPS. On a mdéedavel, NLRP3 mutations
likely weaken the auto-inhibitory interactions beem the NBD and LRRs, thereby yielding
a hyperactive form of NLRP3 more readily able toridhe inflammasome (Fig. 1.4)
(Aksentijevich et al., 2007). Indeed, expressibpro-IL-1 f is increased in resting
monocytes from CAPS patients and these cells relemse IL-PB following stimulation
with LPS than mutation-negative controls (Agoséhal., 2004; Aksentijevich et al., 2002;
Janssen et al., 2004). Furthermore, the remarkabponse of CAPS patients to I1B-1
neutralization highlights the fundamental rolelofl3 in the inflammation associated with
CAPS. Daily injections of the IL-1 receptor antaggprnakinra (Kineret) has resulted in a
rapidreduction in inflammatory symptoms all along theRERspectrum (Goldbach-Mansky
et al., 2006; Hawkins et al., 2004). However, thershalf life of Anakinra has spurred
interest in alternative treatments. These nextigeio& options include a humanized 1B-1
neutralizing antibody, a soluble IL-1 receptor asmey protein (IRAP), and an “IL-1 Trap,”
an IL-1 receptor antagonist coupled with an IRARYfZh et al., 2008; Smith et al., 2003).

The use
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of an oral caspase-1 inhibitor has also proverceffe in blocking the activation and

secretion of IL-B in CAPS patients (Stack et al., 2005).

MUTATION/
ACTIVATION

INFLAMMASOME SECRETORY LYSOSOME

Figure 1.4 — Depiction of the NLRP3 inflammasome
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1.6 NLR Inflammasomes
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Figure 1.5 - Comparison of APAF1 and NLRP3 Cell Deth Pathways Release of cytochrome ¢ from the
mitochondria initiates apoptosome-dependent ap@ptddytochrome ¢ induces a conformational change i
APAF1 to relieve the intramolecular interactionsdireg the molecule in an auto-inhibited state. ©nc
activated, APAF1 and cytochrome c undergo dATP dépet-oligomerization into a heptameric wheel-like
structure termed the apoptosome. Pro-caspaseétuies aggregate through homotypic interactionsdst
their CARDs and those of APAF1. Subsequent homed#ation of pro-caspase-9 generates active cagpase
molecules which cleave and activate the effectspases -3 and -7 to induce apoptotic cell deaitmileBly,
NLRP3 activation or disease associated mutationswegken inhibitory intramolecular interactionsweén

the NLRP3 NBD and its C-terminal LRRs. Utilizingetdaptors ASC and CARDINAL, activated NLRP3
aggregates caspase-1 molecules through the fomati@an inflammasome complex. Complex formation
potentiates subsequent caspase-1 cleavage andtiactivBased on studies of the NLRP1 inflammasadhee,
complex is likely comprised of 5-7 subunits, eadthvhe ability to recruit pro-caspase-1 moleculés1p is
activated by caspase-1 mediated cleavage of tletivegro-IL-1 precursor molecule. However, formation of
the inflammasome is not the only function of NLRP&ctivated NLRP3 also initiates pyronecrosis, a
molecular pathway of necrotic cell death whichépendent on ASC and proceeds through cathepsiFhis.

cell death pathway does not rely on caspase-1-arfiland thus is independent of inflammasome function.

Due to their structural similarities, the apoptatiediator APAF1 has been used as a

model to understand NLR function. Whereas APAFivatgs a caspase-dependent program
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of cell death, several NLR proteins act to pronetaspase-dependent program of
inflammation. Research on the latter has mainty$ed on formation of protein complexes
called inflammasomes (Martinon et al., 2002; Siasia et al., 2002). In some respects the
inflammasomes resemble the apoptosome, which iasl&PAF1 (Fig. 1.5). APAF1 is
composed of an N-terminal CARD, a central NBD, @atérminal WD-40 repeats. It is
thought to be held inactive by intramolecular cehtsetween its WD-40 repeats and N-
terminal regions until cytochrome ¢ and dATP rediglis inactive conformation. This
enables assembly of the apoptosome, leading teaéicin of pro-caspase-9 (Schafer and
Kornbluth, 2006). The inflammasome NLR proteinpegr to act in an analogous manner,
in that intramolecular interaction mediated by @#erminal LRRs is proposed to hold these
proteins in an inactive formation until stimulatipromotes inflammasome assembly and
activating cleavage of pro-caspase-1. (Fig 1.4)

Biochemical studies have identified a number dimimasomes, which promote
inflammation by activating caspase-1, resultinthie release of the pyrogenic cytokine IL-
13 and IL-18 from cells treated with different stim(Agostini et al., 2004; Duncan et al.,
2007) (Fig 1.6). Though differing slightly in thnenakeup, each inflammasome includes the
IL-13-converting enzyme pro-caspase-1, as well as of@oNLR proteins: NLRP1,
NLRP2, NLRP3, or NLRC4. Given that over 20 humarR\genes have been recognized, it
is likely that more NLR inflammasomes exist. Aq@uatial fourth inflammasome containing
the related molecule pyrin has already been idedt{fYu et al., 2005).

The inflammasome complexes appear to differ fronhedher in respect to their
activating stimuli (Fig. 1.6). The NLRC4 inflamnuase is activated in response to

pathogens includin§almonella typhimuriurandLegionellapneumophilgFranchi et al.,
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2007; Mariathasan et al., 2004; Miao et al., 2006 NLRP1 inflammasome is required for
caspase-1 activation in response to anthrax letlkal (Boyden and Dietrich, 2006). To
date, the NLRP3 inflammasome is associated witlwidest range of stimuli, including LPS
in the presence of ATP, uric acid crystals, pofy, bacterial and viral RNA, and both gram-
positive and gram-negative bacteria (Kannegaral.e2006a; Kanneganti et al., 2006b;
Mariathasan and Monack, 2007; Mariathasan et @062; Martinon et al., 2006; Sutterwala
et al., 2006; Willingham et al., 2007). Though gaghogen recognition steps leading to
inflammasome activation continue to be elucidatedent work has shown that cytosolic
bacterial molecules can induce NLRP3-mediated sa&spactivity independently of TLR
signaling (Kanneganti et al., 2007) (For extendisteof activators of NLR inflammasomes,
see Fig. 1.6)

Two recent papers describe biochemical stagedlammasome activation (Agostini
et al., 2004; Faustin et al., 2007). Using pudift®mponents of the NLRP1 inflammasome,
Faustinet al. demonstrated that assembly of this inflammasomepéex required the
microbial product muramyl dipeptide (MDP) as wellthe presence of nucleotide (Faustin et
al., 2007). Surprisingly, and in contrast to tpeatosome, the NLRP1 inflammasome
exhibited little nucleotide specificity. Howevdijs does not appear to be true for the
NLRP3 inflammasome. Duncat al. showed that NLRP3 binds specifically to ATP or
dATP and acts as an ATPase. NLRP3-catalyzed nigkdeloydrolysis was shown to be vital
for NLRP3 self-association, interaction with thBammasome adaptor protein ASC,
caspase-1 activation and IL-1 release (Duncan,e2@07).

Several CARD or pyrin domain containing proteirsoalegulate the various

inflammasomes. Amongst the CARD regulators, COPleglderg inhibit inflammasome
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function by interfering with the recruitment andieation of caspase-1 (Druilhe et al., 2001;
Humke et al., 2000; Lee et al., 2001). The pyrifhtgmoteins POP1 and POP2 also inhibit
inflammasome formation through their ability competly interact with ASC, thereby
blocking inflammasome formation (Bedoya et al., Z00ee et al., 2001). Finally, several
NLR molecules also negatively regulate the inflarsomaes. NLRP10 has the potential to
inhibit both caspase-1-dependent Ipgecretion as well as ASC-mediated hE-activation.
Together, NLRP2 and NLRP7 accomplish the same iinmctHowever, NLRP7 is restricted
to blocking caspase-1 activation while NLRP2 bloal&C-mediated NkeB activation

without influencing caspase activity. (Kinoshitaakt 2005)

Figure 1.6 - Specificity of pathogens and pathogesomponents amongst NLRs involved in the induction
of cell death and inflammation The immune response to an ever growing numbpatifogens and/or
pathogen derived molecules relies in part on sppeif R molecules involved in the initiation of celeath,
inflammation, and NkB activation. In some cases, a single NLR molebale been currently implicated in
regulating a particular facet of the immune resporidowever, other stimuli activate several NLR acoles,
creating a NLR swarm which cooperates to initi@eesal downstream pathways. Future studies witloubt
expand this list and reveal further cooperation ragso NLRs.
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1.7 NLRs at the Intersection of Cell Death and Immaity
Several routes to cell death

Though cell death is known to play an importangiialthe immune system, the
majority of studies have focused on the role offapsis in cell death. Emerging evidence
suggests that additional cell-death pathways ar@airfor triggering of inflammation and
immunity. To begin to understand the contributtdrcell death to immunity, it is useful to
highlight a number of key differences between thgpes of death (Table 1.3).

Apoptosis is a programmed form of cell deathhit it is a deliberate activity on the
part of the cell and requires specific moleculada®rs, most importantly the apoptotic
caspases. Two caspase-dependent pathways, ihsiménd extrinsic pathways, regulate the
final stages of apoptosis. The intrinsic pathwelies on the release of cytochromfgom
mitochondria to induce formation of the apoptosoankarge protein complex comprised of
cytochromec, procaspase-9, APAF1, and deoxyribonucleic ATRu(@bal., 1997). Several
models have been proposed concerning the mechahismkich apoptosome formation
results in caspase-9 activation (Riedl and Salve&@®i7). The current favored model suggests
that proximity induced homodimerization of procasp® within the apotosome holoenzyme
creates an active site, allowing caspase-9 to be@mnitiator caspase that in turn cleaves and
activates downstream effector caspases (caspass{ise-6, and caspase-7) (Zimmermann et
al., 2001). The extrinsic pathway of apoptosisilegn the cell surface, where death receptors
— proteins that contain an intracellular death danfaD) — are activated by ligand binding.
Receptor-triggered intracellular events resulhia proteolytic activation of initiator caspase-8
and caspase-10, leading to cleavage of effectpasas (caspase-3, caspase-6, and caspase-7)

(Zimmermann et al., 2001). Substrates of the &dfezaspases include poly(ADP) ribose
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polymerase (PARP), DNA-PK, and other regulatory sindctural proteins that maintain
cellular and genomic integrity (Nicholson, 199@Qumulatively, the cleavage of these
substrates leads to the death and breakdown ackthe

In contrast to apoptosis, necrosis has been caesidg some to be a passive, and
therefore unprogrammed, form of cell death. Inegah apoptosis relies on the protease
activity of caspases, while necrosis is caspasep@addent. Whereas apoptosis is an energy
expensive process, necrosis has been describedemeiygetic failure, meaning that the cell
lacks sufficient energy resources to maintain igabolism. This condition may be
triggered by the loss of ion pump activity or ovarsumption of ATP (Zong and Thompson,
2006). At the nuclear level, necrosis is dististeid from apoptosis by the persistence of
DNA content, which remains uncondensed. Perhapmitst striking difference between
these forms of cell death is at the plasma membrApeptosis is a slow process marked by
membrane blebbing and the packaging of cellulaenatfor recycling, but necrosis is
characterized by rapid loss of plasma membrangjiiityevith the resultant release of
cellular contents into the extracellular mediumifigér and Thompson, 2004).

This last feature is central to the importanceeasfrosis in an immune and
inflammatory context. Predictably, the releaseafular components has a drastic effect on
the local environment. Some of these componemtijding uric acid, adenine phosphate,
purine metabolites, and heat-shock proteins, bequovnflammatory effectors (Zong and
Thompson, 2006). Necrotic macrophages can rel@asaflammatory cytokines such as
tumour necrosis factor (TNRnd interleukin (IL)-1 (Chen et al., 2007; Dindoell996). In
addition, significant attention has been paid tother protein released from necrotic cells,

the nuclear DNA-binding protein HMGB1 (high-mobjligroup box protein 1). Once
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released, HMGB1 becomes an agonist for RAGE (recdpt advanced glycosylation
endproducts) and the Tolke receptors (TLRs) TLR2 and TLRA4, all of whicle axpressed
by monocytes and some other cell types (Lotze andely, 2005; Park et al., 2004).
Activation of these receptors results in the eXaagon of inflammation in the
microenvironment through the induction of additibpi-inflammatory cytokines (Sunden-
Cullberg et al., 2006). Recent work has identitiwd more forms of cell death, pyroptosis
and pyronecrosis, which appear to exploit the pflaammatory features of necrosis within
the context of immunity. However, the extent taaetheach resembles apoptosis and
necrosis is different.

Pyroptosis is a cell-death pathway activated byrohi@l pathogens, including
SalmonellaandListeria (Brennan and Cookson, 2000; Cervantes et al.,)20@@optosis is
similar to apoptosis in that DNA damage occurs thiedprocess is caspase-dependienk
and Cookson, 2005). However pyroptosis does ypbrethe classical pro-apoptotic
initiator and effector caspases (caspases 3, @yt rather on caspase-1. In addition to
its apoptotic qualities, pyroptosis exhibits somattires of necrosis. Similar to necrosis,
pyroptosis is characterized by plasma membran&tosan. Moreover, mitochondrial
membrane integrity is maintained during pyropt@€isrvantes et al., 2008; Fink and
Cookson, 2005). Ongoing studies are aimed atifgerg additional molecular mediators of
pyroptosis. Very recent work has described thepysome, a large complex comprised of
ASC dimers that assembles as a feature of thispsod-ernandes-Alnemri et al., 2007).
ASC is a common binding partner for NLR family miois. Though it has been
demonstrated that a large ASC complex can assembito in the absence of NLR

proteins, it has also been suggested that NLReegrered for pyroptosome formatiam
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vivo (Fernandes-Alnemri et al., 2007). From an inflaation standpoint, the two
outstanding features of pyroptosis are the actimatif caspase-1 and the breakdown of the
plasma membrane.

Two very recent studies have identified anotheRNlependent pathway of pro-
inflammatory cell death, termed pyronecrosis, wtiel primarily necrotic features
(Fujisawa et al., 2007; Willingham et al., 2007}yhis form of cell death is found in genetic
autoinflammatory diseases involving mutations mNth.RP3gene and is also associated
with microbial pathogens such &kigella flexner{Willingham et al., 2007). Unlike
pyroptosis, pyronecrosis is caspase-independeititen¢he activating cleavage of effector
caspase-3 nor its substrate PARP occur during pgrosis, and cell death proceeds in the
presence of caspase-1-specific inhibitor and papase-inhibitor (Fujisawa et al., 2007,
Willingham et al., 2007). However, cell death Is@gated in the presence of an inhibitor of
the lysosomal protease cathepsin B, implicatingdgsne activity in the pathway (Fujisawa
et al., 2007). Additional hallmarks of apoptosis aot observed. Pyronecrotic cells
demonstrate neither DNA fragmentation nor the tdssitochondrial membrane potential
(Willingham et al., 2007). As determined by eleatmicroscopy, the morphological
changes characteristic of pyronecrosis are com$igtéh necrosis and include membrane
degradation and uncondensed chromatin (Fujisawh, &007; Willingham et al., 2007).
Similar to classical necrosis, pyronecrosis is agganied by release of the pro-inflammatory
cytokine HMGB1 (Willingham et al., 2007) Recentnwguggests an intriguing connection
between cell death pathways and the NLR proteihg;ware early mediators of

inflammation in response to cellular insult.
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Table 1.3 — A comparison of cell death pathways
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NLR proteins, apoptosis, and pyroptosis

Although a comparison between inflammasome andtapome activation may help
to illuminate steps in the induction of inflammatjsimilarities extend to function as well.
Much attention has been paid to the role of the k&ein NLRB1 in determining
susceptibility ta_egionella pneumophil@\right et al., 2003). In addition to inducingth
release of IL- through the NLRC4 inflammasome, cytosdligpneumophildlagellin also
activates a caspase-1-dependent form of cell deattacrophages which requires NLRB1
(Suzuki et al., 2007; Zamboni et al., 2006). Oharacteristic of this cell-death pathway is
nuclear condensation, which is typical of apopt@sislofsky et al., 2006). Moreover,
membrane blebbing, another feature of apoptosis,abaerved in NLRB1-expressing
HEK293 cells following infection with.. pneumophilgZamboni et al., 2006). However,
unlike classical apoptosik, pneumophildlagellin-induced macrophage cell death has been
reported to be independent of caspase-3 activil¢idky et al., 2006). Thus the observed
apoptotic features may instead be related to pgsipt Notably, caspase-1 and NLRC4-
dependent cell death has been observed at timepufiféss than three hoursShigella
flexneriinfected cells (Suzuki et al., 2007). NLRC4 isoalsquired for cell death in
Salmonella typhimuriuanfected macrophages, which is mediated by badtiaigellin
(Franchi et al., 2007; Mariathasan et al., 200@)ough features of the mechanism remain to
be determined, these results demonstrate that & p¥atein is required to mediate an
apoptosis-like cell death induced by a bacteriahjgonent.

The above mentioned work suggests a pro-apoptatictibn for NLR proteins.
Intriguingly, evidence supporting a functional tedaship between NLRs and anti-apoptotic

signaling factors has been provided in anotheresystin a cell-free system, the NLRP1
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inflammasome is activated by the bacterial proddioP, resulting in the maturation of IL-
1B. This process is regulated by two members obtiteapoptotic BCL2 (B-cell
CLL/lymphoma 2) family of mitochondrial membranet®ins. Both BCL2 and BCLX
bind to NLRP1 directly to suppress its activity (By et al., 2007). These data illustrate a
surprising cross-talk between inflammatory and-aptiptotic signaling, though the
influence of this interaction on cell survival agath has not yet been determined. Although
the regulation of inflammation is an unexpectee for BCL2 family members, the interface
between mitochondrial membrane factors and inmateunity is not unprecedented. Recent
work has established the mitochondrial outer mem#es a critical staging area for anti-
viral signaling through MAVS (mitochondrial antigirsignaling, also called IPS-1, VISA,
and CARDIF) the RIG-I (retinoic acid inducible gehdike RNA helicases, and the NLR
protein NLRX1 (Moore et al., 2008; Seth et al., 200oneyama and Fujita, 2007)
Additional work points to NLRP1 as a mediator foxin-induced cell death. Boyden
and Dietrich dissected mouse genetics to implibktBP1 as the primary mediator of mouse
macrophage susceptibility to the anthrax lethaintg¢Boyden and Dietrich, 2006). In cells
expressing functional NLRP1, anthrax lethal toXinied a form of cell death that is
caspase-1-dependent (thus suggestive of pyroptdaighout functional NLRP1,
macrophages do not undergo this form of cell daathfail to activate caspase-1 in the
presence of anthrax lethal toxin. These findinggyest that NLRP1 mediates macrophage
cell death as a deliberate response to anthraal lietkin, and raise the interesting possibility
that anti-apoptotic signaling factors may reguldid&RP1-induced death as well as NALP1

inflammasome activity.
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NLR proteins, necrosis, and pyronecrosis

The induction of necrotic cell death as a crucaahponent of immunity is well
established across phylogenic kingdoms. The N&8-LRR disease resistance proteins act
in the defense against pathogens by helping toateethe hypersensitive response, a form of
rapid programmed cell death, and it has recentintshown that the NLR family protein
NLRP3 mediates a similar pathway in monocytes fawja et al., 2007; Willingham et al.,
2007). NLRP3was first identified through its association wityo dominantly inherited
periodic fevers: FCAS (Familial Cold Autoinflammagd&Syndrome) and Muckle-Wells
Syndrome (Aganna et al., 2002; Hoffman et al., 2)01t has since been identified as the
genetic locus for a third fever syndrome, CINCA/N@M(Aksentijevich et al., 2002;
Feldmann et al., 2002). These three diseaseareonsidered to be a spectrum of severity
for one single condition, cryopyrin-associated peic syndrome (CAPS), which is
characterized by spontaneous inflammation (Tirg).eR006). This suggests that disease-
associated variants BiLRP3may encode a hyperactive version of NLRP3 thatotes
excessive production of ILEL a possibility that is consistent with the gairfafiction
phenotype typically associated with dominant infa@ce. Indeed, following stimulation,
monocytes isolated from patients wilthRP3mutations demonstrate hyperactivation of IL-
1B { Agostini}(Janssen et al., 2004; Stack et al., 2005)

However, this is not the extent of the phenotypianges associated with mutant
NLRP3. Peripheral blood mononuclear cells isolated fpatients witiNLRP3mutations
lose viability when exposed to lipopolysaccharide$) (Saito et al., 2008; Willingham et
al., 2007). To identify more precisely the cellutansequences of mutaitRP3

expression, two groups developed constructs engdaiown disease-associated variants of
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NLRP3 (Fujisawa et al., 2007; Willingham et al.0Z). The expression of these variants in
the monocytic cell line THP-1 induces excessivelf release, as expected, but also an
inflammatory necrosis that we termed pyronecrodiglingham et al., 2007). Intriguingly,
pyronecrosis is not dependent on IB-dignaling or caspase-1, though it requires the
presence of the inflammasome component ASC andtiosthepsin BFujisawa et al., 2007,
Willingham et al., 2007). The binding of ATP to RB3 is also necessary for this pathway
to proceed (Duncan et al., 2007). Because NLREIASC appear to act together in a
function that is independent of procaspase-1 d@otwaand hence independent of the
inflammasome, we suggest that these two factorgpaeman alternate complex to promote
pyronecrosis (Fig. 1.5). Cumulatively, these obatons offer insight into the consequence
of NLRP3 hyperactivity. The inherent function bétprotein and its relationship to
pathogen resistance merit further consideration.

Necrosis has long been observed in monocytic cebsted with intracellular
bacteria or exposed to toxins. Though in somescpathogen-induced cell death is almost
certainly passive, the active and programmed psocEpyronecrosis might be a critical
feature of macrophage function. Notable amongideosis-inducing pathogens is the gram
negative bacteri§higella flexneri At early timepointsS. flexnerithduced macrophage cell
death exhibits apoptotic and pyroptotic featureavd@re and Zychlinsky, 2000; Suzuki et
al., 2007). HowevelS. flexnerinduces caspase-1-dependent fiLrélease and caspase-1-
independent necrosis in human monocyte-derived aphages (Fernandez-Prada et al.,
1997, Koterski et al., 2005; Suzuki et al., 200bhese characteristics closely mirror those of
mutant NLRP3-induced cell death, suggesting thave&LRP3 may mediatg. flexneri -

induced necrotic death. Through the use of knatkaad knock down techniques,
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flexneriinduced necrotic cell death was shown to be depdradeNLRP3 in both mouse
macrophages and in the human monocytic cell lin@-TH Similar to mutant NLRP3-
induced cell death, this process also depends @ &8l requires the protease cathepsin B
(Willingham et al., 2007). These findings demoat&ithat NLRP3 mediates pyronecrosis as
part of its native function within the cell, andosihthat programmed necrosis can be
activated in response to pathogen invasion of npiages. We suggest that this program is
an adapted response to bacterial invasion. Ngtaogs rapid cell death deny the pathogen
an environment in which to replicate, the procdssearosis is inherently pro-inflammatory,
leading to release of ILAland other factors from surrounding cells. Thysopecrosis is
likely to contribute substantially to the diseat®esin patients with CAPS, who suffer from
spontaneous inflammation characterized by fLptoduction.

In its more severe forms, CAPS is also characterigejoint deformities and
arthralgias (Ting et al., 2006). NLRP3 expresssonot limited to monocytic cells but
extends to osteoblasts as well, and the jointedlaymptoms of CAPS are likely due to
excessive NLRP3 activity in these cells. As vthigellain macrophages, wild type NLRP3
appears to also regulate pathogen-induced celhdeatsteoblasts. Thoudgalmonella
typhimuriumactivates the NLRC4 inflammasome in macrophagesiseprimary
osteoblasts do not express NLRC4. In these c&lRR3 is partly required for maxim8l.
typhimuriuminduced cell death (McCall et al., 2008). Thigfimg suggests that
pyronecrosis may contribute to the joint-relatechgtoms of CAPS Moreover, it
demonstrates an additional level of complexity tdRNmediated cell death. In the absence

of NLRC4, NLRP3 assumes a role in the respon&atmonellahat it would not otherwise

play.
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The induction of necrosis f§higella, Salmonellaand other microbial pathogens
may be mediated through toxins. Some of thes@asaxave been examined directly with
respect to caspase-1 activation and cell deathjeridin is a toxin produced [8treptomyces
hygroscopicus This molecule functions as a potassium ionophaceis a potent inducer of
both IL-1B release and necrosis in monocytes (Hentze &043; Perregaux et al., 1992).
As with pyronecrosis, both functions are dependerthe activity of cathepsin B (Hentze et
al., 2003). Another potent toxin, maitotoxin, i@uced by the dinoflagellate
Gambierdiscus toxicusMaitotoxinhas been demonstrated to induce necrosis in a manne
dependent on the calcium-activated cysteine preteakpain and also promotes IB-1
release by mouse macrophages (Verhoef et al., 204 et al., 1999). Similar .
flexneri both nigericin and maitotoxin activate the NLRRflammasome (Mariathasan et
al., 2006a; Sutterwala et al., 2006). Moreoverséhtoxins also alter the levels of
intracellular potassiurfMariathasan et al., 2006a; Sutterwala et al., 2008hile molecular
mediators of nigiricin and maitotoxin continue @ identified, the work outlined above
indicates the participation of NLRP3 or another NiaRily protein in macrophage response

to these toxins.
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1.8 NLRC1 and NLRC2 Function in Immunity and Inflammation

Perhaps the most well studied NLRs are NLRC1 an@@®R (formerly NOD1 and
NOD2). In 1990, Yuan and Horvitz described a singaéhway in the nematod& elegans
wherein CED-4 interacts with and proteolyticallyiaates CED-3, resulting in cell death
(Yuan and Horvitz, 1990). Subsequently, a numbeseoihe proteases, including caspase-1
and caspase-3, had been identified as human ogthofcCED-3, while no ortholog had been
found for CED-4 (Fernandes-Alnemri et al., 1994pXat al., 1996; Yuan et al., 1993). That
changed in 1997 whefou et alisolated APAF1, a mammalian CED-4 homolog respmesi
for the cytochrome-C dependent activation of cas{3aand cell death. (Zou et al., 1997).
Upon these reports, NRLC1 was identified near diamglously in 1999 by two groups
searching for proteins resembling the CARD domé&iARAF1 (Bertin et al., 1999; Inohara
et al., 1999). In turn, NLRC2 identified based @mgme search for proteins similar to
NLRC1 (Ogura et al., 2001). Interest in NLRC1 andRC2 was further intensified when
mutations these genes were identified in inflammyabowel syndrome, Crohn’s disease, and
Blau Syndrome (Hugot et al., 2001; Miceli-Richatak, 2001; Ogura et al., 2001). More
than 90% of NLRC2 mutations identified in Crohnisehse occur within or proximal to the
LRR region suggesting a crucial role of for thisrdon the development of disease (Lesage
etal., 2002).

Unlike APAF1, neither NLRC1 nor NLRC2 induce cedladh on their own, though
both interact with caspase-9 to promote apoptobesnveconcurrently overexpressed (Bertin
et al., 1999; Inohara et al., 1999). Instead, NRb@&d NLRC2 function as cytosolic sensors
which initiate NkB signaling in response to conserved structuresinvthe bacterial cell

wall (Girardin et al., 2003a; Inohara et al., 2003 ptidoglycan (PGN) is a major structural
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component in the cell wall of Gram positive ba@ewhile only existing as a thin layer in
the periplasmic space of Gram negative bacteridrbigises constantly degrade PGN into
small glycan chains containing alternatidgacetylglucosamine (GIcNAc) arid
acetylmuramic acid (MurNAc) sugars. These sugaeties are linked together by small
peptides. Importantly, the composition of gram pesiand gram negative PGN differ from
each other. In Gram-positive bacteria, the amind lgsine is found at the third position in
the linker peptide, whereas diaminopimelic acid @As found in most Gram-negative
bacteria (Girardin et al., 2003c). Both NLRC1 andRC2 recognize naturally occurring
PGN degradation products, albeit through distinetih@nisms. The minimal natural
structure recognized by NLRC1 is GIcNAc-MurACc-LAdaD-GlumeseDAP (GM-

triDAP) (Girardin et al., 2003a). The presencehaf terminal meso-DAP implicates NLRC1
in the detection of Gram negative bacteria. In @sif NLRC2 responds to the muropeptide
GIcNAc-MurNAc-LAla-D-isoGIn (GM-Di), and thus caretect both Gram-positive and
Gram-negative bacteria. NLRC2 also responds to myirdipeptide (MurNAc-L-Ala-D-
isoGIn) (Girardin et al., 2003b; Inohara et al.02p While this is not a naturally occurring
bacterial product, it also can be isolated fromhldBtam-negative and Gram-positive
bacteria, suggesting NLRC2 may have a broad senangg. Importantly, as is the case with
all NLR-pathogen interactions, no direct bindingvilen NLRC1 or NLRC2 and the PGN

derivative has been detected.
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Figure 1.7 - Structure of peptidoglycan derivativegecognized by NLRC1 and NLRC2

Initial reports demonstrated that both NRLC1 andR{I2 utilize homotypic CARD
interactions to bind the serine-threonine kinaseRIRICK interacts with IKK, resulting in
IxB phosphorylation, and ultimately the activatiorNaf~B (Bertin et al., 1999; Inohara et
al., 1999; Inohara et al., 2000). Indeed, RICKsseatial for NLRC1 and NLRC2 activation,
as NLRC1 and NLRC2-dependent ®B-activation was abolished in RICK deficient mouse
embryonic fibroblasts (Kobayashi et al., 2002).tRermore, the interaction of NLRC2,
RICK, and IKK has also been shown to be essemrahie activation of NkB and JNK
pathways followingShigella flexnerinfection. Either NLRC1 or NLRC2 also been shown t
mediate NIkB signaling in response to several pathogens imudLideliobacter pylorj
Pseudomonas aerugings@ampylobacter jejuniChlamydophila pneumoniaandListeria
monocytogene@-ig. 1.6)(Cervantes et al., 2008; Opitz et al., 2005; Traga<t al., 2005;

Viala et al., 2004; Zilbauer et al., 2007)
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1.9 Conclusions

Emerging evidence reveals that NLR proteins couteilto the host cell response to
insult by not only facilitating the maturation df-L3, but also by mediating cell death (Fig.
1.5). Both processes have a strong impact on intgnuhL-1(3 release is a well-established
signal for the onset of inflammation and initiatiohthe adaptive immune response. The
consequences of pathogen-induced cell death ioadhiext of immunity have not been
studied as thoroughly, although a plethora of resploave now shed light on this topic. One
obvious result is that invading bacteria are deae@nvironment in which to replicate.
However, cell-death programs which result in a lofigslasma-membrane integrity can also
exacerbate inflammation through the discharge off sotracellular inflammatory cytokines
and factors such as ILB1TNFo, and HMGBI.

Two such modes of cell death, pyroptosis and py@ss, have been recently
identified. Though there are significant differeadetween the two, such as their
differential dependence on caspase-1, they areethydboth pathways which respond to
pathogen by promoting the inherently pro-inflammat@lease of cellular contents. NLR
proteins have emerged as important regulators thf @fcthese pathways. Future studies
should aim to find additional mediators of pyropscend pyronecrosis. Recent work has
described inhibitory interaction of mitochondriatiaapoptotic proteins with the NLR family
protein NLRP1. Accordingly, pro-pyroptotic and grgronecrotic factors may be found
within the pool of recognized pro-apoptotic celatleproteins. Given that the activity of the
NLR proteins extends beyond caspase-1 activatieeltaeath, it will be interesting to see if

known death regulatory factors contribute to theg/mole.
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CHAPTER I

MICROBIAL PATHOGEN-INDUCED NECROTIC CELL DEATH
MEDIATED BY CIAS1 (NLRP3) AND ASC

Portions of this chapter have been adapted froeplt&n B. Willingham, Daniel T.
Bergstralh, William O’Connor, Amy C. Morrison, Debd. Taxman, Joseph A. Duncan,
Shoshana Barnoy, Malabi M. Venkatesan, RichardlddH, Mohanish Deshmukh, Hal M.
Hoffman, and Jenny P.-Y. Tinilicrobial pathogen-induced necrotic cell death ratstl by
the inflammasome components CIAS1/cryopyin and AS€ll Host & Microbe 2007 Sep

13;2(3):147-59.



2.1 Abstract

Cryopyrin/CIAS1/NLRP3 and ASC are important compuseof the inflammasome,
a multi-protein complex required for caspase-1vation and cytokine IL{1 production.
CIAS1mutations underlie autoinflammation characteriagexcessive IL-f secretion.
Disease-associated cryopyrin also causes a progfrascrosis-like cell death in
macrophages, the mechanistic details of which akeawn. We find that patient monocytes
carrying disease-associat€étAS1mutations exhibit excessive necrosis-like celltddyy a
process dependent on ASC and cathepsin B, resiuitsyllage of the proinflammatory
mediator HMGB1.Shigella flexnerinfection causes cryopyrin-dependent macrophage
necrosis with features similar to the death cadsechutantCIAS1 This necrotic death is
independent of caspase-1 and [k-&nd thus independent of the inflammasome.
Furthermore, necrosis of primary macrophages regtire presence 8higellavirulence
genes. While similar proteins mediate pathogemnwed cell death in plants, this report
identifies cryopyrin as an important host regulatbpathogen-induced necrosis in animals, a

process we term pyronecrosis.
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2.2 Introduction

The NLR family (Harton et al., 2002a) (formerly CERPILLER) is comprised of
proteins involved in the regulation of innate imntyrfinohara and Nunez, 2003; Martinon
and Tschopp, 2005). Functionally similar to thelationarily conserved Toll-like receptors
(TLRsS), increasing evidence suggests that NLRs seaye as intracellular molecules that
sense pathogen-derived products (Hoffmann and RaitH2002; Poltorak et al., 1998).
Significant attention has been focused one NLR iamember, Cryopyrin, which is
encoded by the gef@AS1. CIAS1s mutated in a trio of dominantly inherited pefmd
fevers: FCAS (Bmilial Cold Autoinflammatory $ndrome), MWS (Mickle-Wells
Syndrome), and CINCA/NOMID (@ronic Infantile Neurological @itaneous and ricular
syndrome / onatal Mset Multisystemic Autonflammatory Dsease), which are proposed
to represent a continuum of severity for a singledition, CIAStassociated periodic
syndrome (CAPS) (Aksentijevich et al., 2002; Feldmat al., 2002; Hoffman et al., 2001a;
Hoffman et al., 2001Db).

Recent investigations have highlighted an essemialfor IL-18 in the development
of mutantCIAStassociated periodic fevers. Mut&IlAS1causes elevated levels of
spontaneous and induced IB-thothin vitro andin vivo. Indeed, FCAS, MWS, and
CINCA/NOMID have all been successfully treated witily doses of the IL{lreceptor
antagonist Anakinra® (Kineret) (Goldbach-Manskykt 2006; Hawkins et al., 2004;
Hoffman et al., 2004). Cryopyrin participates e tregulation of IL-f through involvement
in a multimolecular complex called the inflammasapAgostini et al., 2004). This complex,
which also includes ASC (@goptotic_$eck protein containing aAKRRD) and TUCAN,

promotes activation of caspase-1/ICE. In turnpaas-1 then cleaves pro-I3-10 produce
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mature IL-B, which is released from the cell. Mutations inapyrin result in the
hyperactivation of this pathway, causing excesHivep production and the severe episodes
of inflammation.

The functions of cryopyrin in the immune systemraoelimited to autoinflammatory
disorders. Several recent reports have establistyegyrin as an important adaptor capable
of organizing the inflammasome to elicit 1l3-telease in response to bacterial, viral, and
other pro-inflammatory stimuli (Kanneganti et 2006a; Kanneganti et al., 2006b;
Mariathasan et al., 2006a; Mariathasan et al., BOM@Grtinon et al., 2006; Sutterwala et al.,
2006). However, it is not yet known if the protéias additional biologic functions in the
containment of pathogens.

Clues regarding an additional role for cryopyrirrésponse to pathogen may lie
within its makeup. Cryopyrin consists of an amiaoninal pyrin domain, a central NACHT
(NAIP, dITA, HET-E, TP1) domain, and seven carboxy terminal LRR=udine Rch
Repeats). This architecture is conserved in plavitere similar proteins comprise a
subfamily of disease-resistant (R) proteins caN@®dLRRs (Ausubel, 2005; Chisholm et al.,
2006). The NB-LRR proteins respond to microbighpgen by eliciting a hypersensitive
death response in infected cells, thus resultirgimination of the pathogen (Greenberg et
al., 1994; Nimchuk et al., 2003). Similarly, onammalian host response to microbial
pathogen is macrophage/monocyte necrotic-like dedifch can lead to pathogen
elimination, but also to exacerbated inflammatiad aepsis (Krysko et al., 2006). The
participation of cryopyrin in initiating necrosia$ been hinted at previously, as cryopyrin
deficient macrophages demonstrate reduced levelsliodeath in response to the gram

positiveStaphylococcubacteria (Mariathasan et al., 2006a). Howeverptbkecular players
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that mediate such a process and the mechanisnsdbtm of cell death have yet been
defined.

We report here that cryopyrin and ASC are requioe@ process of necrotic-like cell
death. We furthermore expand the capabilitiesydmyrin by demonstrating that it
mediates both the ILfland cell death response to a gram-negative bagtes. flexneri,
resulting in cellular necrosis and the exacerbabiinflammation. The observation that
Shigellainduced cell death is independent of caspase-1laff indicates that this process
occurs independently of inflammasome formatioffurther suggests that disease-associated
cryopyrin represents a hyperactive form of the ggrgtwhile the function of the normal

counterpart is to induce cell death only upon skation with bacteria or other pathogens.
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2.3 Materials & Methods

Cell lines and reagents- THP-1 cells purchased from American Type CultDodlection
(ATCC) and cultured as described previously (Wiliget al., 2005). Anti-caspase-3
antibody purchased from Cell Signaling; anti-PARBRj-ipaB, anti-Actin, and HRP-
conjugated secondary antibodies from Santa Crute&imology; anti-HMGB1 antibody
from Abcam; anti-ASC antibody from Immuno Diagnosily; anti-Cryopyrin antibody from
Alexis Biochemicals; Super Signal ECL reagent fidiorad; E. Coli LPS from Chemicon.
Detailed methods for preparation of retroviral slewectors, transduction, and sorting to
generate THP-1 cell lines stably expressing shRbi¥elbeen described (Taxman et al.,
2006). The shRNA target sequences are as follah&SC-GCTCTTCAGTTTCACACCA,
shCtrl-GCTCTTCctggcCACACCA, shCIAS-GGATGAACCTGTTC@AA. Stable
expression of ShRNA did not induce interferon remgoas assessed by OAS1 expression

(not shown).

Generation of recombinant adenoviruses Recombinant adenovirus expresstig\S1or
LacZwas generated using Adeno-X Expression Systerm{édb). Briefly, genes were
subcloned into pShuttle2 intermediate vector agaltéd into the modified Type 5 human
adenoviral genome vector Adeno-X following exciswith PI-Sceand I<Ceuenzymes.
Recombinant adenovirus was then amplified in HEK@8I8 and purified using Adeno-X
Virus Purification Kit (Clontech). Viral titers werdetermined by UNC Viral Vector Core

Facility (UNC-Chapel Hill).
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Adenovirus transduction of THP-1 cells— THP-1 cells were aliquoted into Falcon 2059
polypropylene tubes at a density of/b0l in RPMI 1640 containing 10% FBS. After
addition of adenovirus (MOI=1 unless otherwise dpteells were centrifuged at 2000*g for
2 hours at 37C. Immediately after centrifugation, cells wereusgsended and incubated at

5+10°/ml following the addition of fresh RPMI 1640 coimtimg 10% FBS.

XTT assay— Cells were plated into 96-well plates at 20,6010s per well 24 hours after
adenovirus transduction. 50 pl of serum-free medrdaining 25uM phenazine methosulfate
and 1mg/ml XTT was added to each well. Plates wead at 450nM after four hours of

incubation.

Mitochondrial membrane potential staining — Cells were stained with
Tetramethylrhodamine ethyl ester, perchlorate (TMRIE 25 minutes at 3T at a final
concentration of 5nM. After staining, cells wegsed in PBS, resuspended in 0.5 ml PBS

and analyzed using a FACScan (Becton Dickinsof)Li2.

Immunoblotting — Immunoblots were performed as described prelyqigilliams et al.,
2005). Cryopyrin was immunoprecipitated with ratabiti-CIAS-1 peptide I1gG. Expression
was confirmed by probing immunoblots with anti-CIA$1MGB1 blots were performed

directly on culture supernatants and developeddisated.

Quantitative PCR - Total RNA was isolated, cDNA was reversed transatjtand

guantitative PCR was performed using Absolute S\ggéen mix (ABgene, UK) to assess
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ASC mRNA expression as described (Taxman et adgRRealtime values were
standardized to the expression of 18s rRNA and atized to 100 in control (untransduced)
cells. Primers used for real-time PCR are asWdloASC-
[AACCCAAGCAAGATGCGGAAG, TTAGGGCCTGGAGGAGCAAG], 18s-

[CGGCTACCACATCCAAGG, GCTGCTGGCACCAGACTT].

Viaprobe and 7-AAD cell staining— Cells were collected and rinsed twice in cold5PB
Pellets were resuspended in 0.5ml PBS with 3 pybile (Becton Dickinson) or 1 pl 7-
AAD (BD Pharmingen). Cells were incubated in tlaekofor 15 minutes before analysis on

a FACScan (BD).

Propidium lodide staining — Following treatment, cells were collected anlieped via
centrifugation. Pelleted cells were fixed in 70%agtol for a minimum of 2 hours, rinsed
once in PBS, then resuspended in PBS containingriten, 20 pg/ml propidium iodide
(Sigma Chemical Co.), and 200 pg/ml RNAse A (Qiggérhe cells were allowed to stain

for 15 minutes or longer then analyzed using a Fée€®SBD).

ELISA — THP1Samples were harvested 24 hours post transductbassayed with BD
OptEIA Human IL-B ELISA Set (BD Biosciences) and Human IL-18 ELISAEL
International). Mouse samples were taken at indtéitnes post infection and assayed with

BD OptEIA Mouse IL-B ELISA Set (BD Biosciences).
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Electron microscopy —THP-1 cells were infected with adenoviruses at MDdmnd fixed in
2% paraformaldehyde, 2.5% glutaraldehyde in 0.16Mwsn phosphate, pH 7.4 2 or 6
hours post infection. Electron microscopy was penied at the UNC Microscopy Services

Laboratory.

Patient cells —Two female patients (ages 62 and 71) with FCASewmeluded in the study.
Both FCAS patients had classic clinical presentatiod met diagnostic criterias described
previously (Hoffman et al., 2001b). Neither FCA®jgatwas experiencing significant
inflammatory symptoms at the timméstudy, nor on regular anti-inflammatory medioas.

Two female controls (ages 39 and 41) were studradlsaneously with the FCAS patients.
However, one control was later found to have sigaiftly abnormal inflammatory responses
and therefore was not included. An additional 4entaintrols aged 27-34 were subsequently

studied. PBMCs were isolated and prepared as prslyiaescribed (Stack et al., 2005).

CIASL1 and caspase-1 deficient miceGIAST" and Caspase’Imice were described
previously and were respectively produced by MillemInc. and Dr. Richard Flavell, Yale
University (Sutterwala et al., 2006). They werekzsossed for a minimum of six
generations to C57BL/®/acrophages were obtained by peritoneal lavageys alfter
intraperitoneal injection with 4% thioglycollatechoultured in DMEM supplemented with
10% fetal calf serum and 50 ug/ml penicillin anggtomycin. Bone marrow macrophages
were harvested from 6-8 week old mice and cultéoed days in 30% M-CSF conditioned

media.
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Bacterial infections— Shigella flexnerstrain 12022 was obtained from ATCC. 2457T and
BS103 have been described previously (Fernandedaftaal., 1997). THP-1 cells were
cultured at 1&/ml in antibiotic free RPMI. All samples were infed withS.flexneri or S.
typhibacteria at a MOI of 50 at 3%or the indicated amount of time. Samples were
centrifuged at 650*g for 10 minutes immediatelydaling addition of bacteria. 50g/ml

gentamicin was added to cultures 2 hours posttiofec
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2.4 Results

Expression of disease-associatétl AS1 mutants induces a necrotic-like cell death
Mutations inCIASlare associated with the periodic fever syndront@a$; MWS,
and CINCA/NOMID. Adenoviral constructs were transdd at a MOI=1 to promote
efficient exogenous expression of wild typeAS1or CIAS1containing mutations encoding
the disease-associated amino acid changes A4382@0W (Fig. 2.8A). A fourth construct
encodingLacZwas designed as a negative control. Expressitimeadisease-associated
mutants dramatically decreased cell viability ia #HP-1 monocytic cell line in three
separate assays: the XTT assay (Fig. 2.1A), trighaa (Fig. 2.8B) and Viaprobe (Fig. 2.8C).
Staurosporine was used to induce apoptosis irf #llese assays. To determine the mode of
cryopyrin-induced cell death, we examined the atitbn of caspase-3. During apoptosis,
caspase-3 undergoes activating cleavage. Ind¢aspase-3 cleaves PARP and other
downstream substrates. Neither caspase-3 nor RveREcleaved in cells expressing a
disease-associated mutant cryopyrin, though botk wleaved in staurosporine-treated cells
(Fig. 2.1B). Further, pretreatment of cells witle pan-caspase inhibitor (zVAD-fmk) failed
to abrogate cell death (Fig. 2.1C). These resnttEate that mutant cryopyrin-induced cell
death does not require nor procegcaspase activation. DNA fragmentation, another
hallmark of apoptosis, was not observed in mutaydgpyrin expressing cells (Fig. 2.1D),
though the positive control, staurosporine, indud&bh fragmentation in a caspase-
dependent manner (Fig. 2.1D and Fig. 2.9A). Moeeow contrast to apoptotic cells,
mutant-cryopyrin expressing cells did not demorstea increase in mitochondrial
membrane permeability at two timepoints (summarindéig. 2.1E, and shown in detail in

Fig. 2.9B). Finally, electron microscopy showsttimutant-cryopyrin expressing cells
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exhibit morphological features consistent with sc. Cells expressing mutant cryopyrin
demonstrate several of these features: a) degoadaitthe plasma membrane, b)
dysmorphic/swollen mitochondria, and c) lack ofarhatin condensation (Fig 2.1F, middle
panel). Staurosporine caused a typical apoptodiphology (Fig. 2.1F, right panel). Taken
together, our results support previous data insigahat disease-associated variants of

cryopyrin induce cell death consistent with negdBuujisawa et al., 2006).

Disease-associated cryopyrin mutants induce enhartcé_-1 g release, but cell death is
independent of caspase-1 and ILfisignaling

ClASZassociated periodic fevers are characterized bgsskve IL-B production. To
explore the mechanism by which disease-associayegyrin causes cell death, we first
determined if this process is dependent on caspasdL-13. In agreement with previous
observations, substantially more IB-tvas released from cells expressing mutant cryapyri
than cells expressing wild-type cryopyrin (Fig.R)ZAgostini et al., 2004; Dowds et al.,
2004). IL-18 is also regulated by caspase-1 aveldeof IL-18 are greatly induced by
disease-associated cryopyrin (Fig. 2.2B). Treatmgh YVAD-CHO, a specific peptide
inhibitor of caspase-1 abrogated mutant cryopymhiced release of ILBland IL-18 (Figs.
2.2A and 2.2B.). However, while YVAD-CHO succesbfudlocked IL-13 and IL18, mutant-
cryopyrin induced cell death was unaffected (Fig(). Kineret® (Anakinra), an IL-1
receptor antagonist (IL-1Ra) also failed to diminmsutant-cryopyrin induced cell death
(Fig. 2.2D). To assure the concentration of Kit®r&as adequate to block the biologic
function of IL-18, we measured its effect on I3 imediated induction of IL-8 (Fig. 2.2E).

Even at a concentration a log lower than that usélde cell viability assay (Fig. 2.2D), the
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induction of IL-8 by IL-13 was abolished by Kineret®. Together, these resldmonstrate
that mutant cryopyrin-induced cell death occurepehdently of caspase-1 activity and IL-1
[ mediated signaling. As previously reported, inhdoitof cathepsin B with 50 uM Ca-074-
Me substantially blocked cell death caused by disessociated cryopyrin, but had no effect
on staurosporine-induced death (Fujisawa et al6R0Of note, Fig. 2.1C shows that the
pan-caspase inhibitor caused a slight reversalkegde variant cryopyrin-mediated cell
death. This slight improvement in viability may &iéributed to cross inhibition of cathepsin

B by the zVAD peptide (Schotte et al., 1999).

Disease-associated mutant cryopyrin induced cell déh is ASC dependent

To further explore the mechanism by which disease@atedCIAS1causes cell
death, the role of ASC was examined. Short haiRA molecules (ShRNAS) were
designed to promote the degradation of ASC mRNASD). A control shRNA with a
mutated target ASC sequence was also preparedisi@ese shRNAs were incorporated
into retrovirus and stably transduced into THP-Is¢eesulting in stable reduction of both
ASC protein and mRNA (Figs. 2.3A and 2.3B). A set&&C shRNA generated the same
results (not shown). Consistent with a role foiGAS the inflammasome, shASC diminished
spontaneous production of Il3Induced by wildtype and mutant cryopyrin (Fig.@)3
More importantly, shASC reverted cell death indubgdhe A439V disease-associated
cryopyrin mutant (Fig. 2.3D). These results denyarts that ASC is required for mutant
cryopyrin-induced cell death as well as IB{firoduction in monocytic/macrophage cell

types.
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Disease-associated cryopyrin mutants induce HMGB letease

HMGB1 is emerging as an important therapeutic tai@esepsis, cancer, and other
conditions. Normally maintained as a nuclear faatithin the healthy cell, HMGBL1 takes
on the role of a strong pro-inflammatory factor wheleased from cells undergoing necrosis
(Scaffidi et al., 2002). This prompted us to exaartime release of HMGBL1 in the presence of
disease-associated cryopyrin. As measured by weatetysis, HMGB1 release from cells
transduced with the wildtyp@€lAStadenovirus is barely detectable, but a high level
released by cells expressing either of two dis@aseciated forms @&IAS1(Fig. 2.4A).
Though ASC is essential for HMGBL1 release (FigB2.4aspase-1 activity is not (Fig.
2.4C). HMGBL1 release following the induction obaposis with staurosporine is not
observed at the 6 hr timepoint, but is only obser24 hr post-treatment. This is likely the
consequence of secondary necrosis caused by loegément time (Fig. 2.9C). Collectively,
the results presented in Figs. 2.3 and 2.4 sugigalsmutant cryopyrin causes necrotic-like
cell death and subsequent HMGBL1 release in an A&@fttlent but caspase-1 independent

fashion.

LPS induces death of FCAS patient cells.

We next sought to determine the effectCoAS1mutation on cell viability in
peripheral blood mononuclear cells (PBMCs) from BJ#atients with confirme@IAS1
mutations. Samples were obtained from patients @GiAS1mutations who have not
undergone anti-inflammatory treatment. The endatbgopolysaccharide (LPS) has been
used by others to induce monocytic cell death (Kashi and Amano, 1998). LPS is also

known to induceCIAS1ImRNA and protein expression, both of which areyVew in resting
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mononuclear cells (O'Connor et al., 2003). LPSlehge resulted in a dose-dependent
decrease in cell viability in patient PBMCs but hetlthy controls, supporting the
conclusions made from exogenous expression of sksassociated cryopyrin (Fig. 2.5A).
As disease-associated cryopyrin variants are giyaxepted as gain-of-function mutants,
properties observed with disease-associated cryopye expected to be observed with
wildtype cryopyrin, either at a reduced level odanstimulated conditions. While
adenovirus with disease-associated CIAS1 causedaslal cell death at MOI=1,
transduction of adenovirus containing wildtype gyon into THP-1 cells also resulted in
cell death when a higher MOI was used, (Fig. 2.9Bgse findings prompted us to
determine whether wildtype cryopyrin plays a raleell necrosis associated with bacterial

pathogenesis.

Shigella flexneri induced cell death requires cryopyrin and ASC, buhot caspase-1.
Necrosis of monocytes and macrophages is a dodechegsponse to pathogenic
bacteria, although proteins that control this psscare not well defined (Golstein and
Kroemer, 2007; Zong and Thompson, 2006) Signifiesmdence indicateShigellacauses a
necrotic-like cell death, although apoptosis hase &leen reported (Koterski et al., 2005;
Nonaka et al., 2003; Suzuki et al., 2005; Zychlynakd Sansonetti, 1997). This led us to
examine the potential of wildtype cryopyrin to negtéi necrosis in responseShigella
flexneri Stable reduction of cryopyrin protein in THP-dlls was achieved utilizing
retroviral- transduced shRNAs specific fofAS1which caused a near-ablation of targeted
gene expression (Fig. 2.6A). The induction of Ly S.flexneriwas nearly abolished in

cryopyrin-deficient cells as measured by ELISA idong a biologic assay to assure that the
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CIAS1shRNA caused the intended biologic effect (FigB2. More importantlyS. flexnenr
induced death was substantially abrogated in shCleélis (Fig. 2.6C). The presence of
shCIAS1 did not affect staurosporine-induced ce#ittl, indicating specificity of cryopyrin
for S. flexnerinduced death. To confirm that cryopryin mediatel death requires ASC,
we tested the ability dbhigellato elicit cell death and IL{1lin ASC deficient THP1 cells.
As expected, both cell death and Ig+klease were substantially abrogated in the shASC
cells (Fig. 2.6D and 2.6E).

To examine the physiologic importance of theseilts, we utilized macrophages
isolated from wildtype an@IAS1gene-ablated mice. In wildtype bone-marrow derived
macrophagesShigellacaused a 2.5-3 fold increase in cell death congp@reninfected
macrophages. However, GIAST” macrophagesShigellafailed to initiate cell death above
the level of uninfected cells (Fig. 2.6F). Morenuée level of IL-B secretion was reduced
approximately 15-fold in peritoneal macrophagemf[blASI" mice (Fig. 2.6G). The
requirement oCIAS1for both cell death and ILfLrelease in response %o flexneri
establishes wildtype cryopyrin as a critical hadator capable of responding to a gram
negative bacterial pathogen. In contrast, bongonaderived macrophages isolated from
mice lacking caspase-1 demonstrated no differecgibldeath response & flexneri(Fig.
2.6H), though caspase-1 remained essential foflaetivation (Fig. 2.61). These results
indicate that cryopyrin and ASC, but not caspasard required fo8. flexnerinduced
macrophage necrosis.

Cryopyrin-dependent cell death is not observectits infected with another
intracellular bacterigGalmonella typhithus indicating that the role of cryopyrin cannet b

generalized to all intracellular bacteria (Fig.®.{Mariathasan et al., 2006a). To assess if
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cryopyrin-induced cell death is caused by virulefamtors expressed [ flexnerj we
compared avirulent, plasmid-cur&dflexneriBS103) and the virulent parental strain
(2457T). The former lacks a 230-kb virulence plaswhich encodes the invasion plasmid
antigens IpaB, IpaC, and IpaD. These antigenssaengial forS. flexnerivirulence and
entrance into the host cell (Menard et al., 1998)munoblot analysis was used to confirm
the plasmid-cure&higellastrain lacks the IpaB protein, while this protemetected in the
parental strain (Fig 2.6J, left panel, inset). @elhth was assayed at two (2 and 4 hr)
different time points. At both timepoints, virutedhigella(2457T) caused cell death, and
this process was reduced in macrophages lackinGlw®&1lgene (Fig 2.6J, right and left
panels). As expected, when macrophages were @tfeath the plasmid-cured BS103
strain, cell death is reduced by >80%. This realitkvel of cell death was not affected by
the absence of CIAS1. These results indicate finatence factors expressed 8yflexneri

causeIAStdependent cell death.

Cryopyrin mediates Shigella induced necrotic-like cell death with properties snilar to
mutant cryopyrin-induced death.

Having established that cryopyrin was essentiaSfugellamediated cell death, we
sought to determine the nature of cell death anektkdr it was consistent with the necrotic-
like death induced by mutant cryopyrin. InfectidrsbhCTRL THP-1 cells witls. flexnerifor
six hours resulted in cell death with features rhotpgically consistent with necrosis (Fig.
2.7A, compare Panels i and ii). To verify that tleerotic cells contain bacteria, we
performed electron microscopy at an earlier timep(# hours after infection) when the cell

morphology is less fragmented. Cells with a negatontrol sShRNA that are infected with
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bacteria demonstrate the initial loss of cytoplasmicating necrosis (Fig. 2.7A, Panel iii).
In contrast, cellular morphology consistent witi death was not observed in shCIAS1
cells, despite the presence of several intraceliiégellabacteria (Fig. 2.7A, Panel iv).
Next, we examined biochemical properties of cryapynitiated I1L-13 and cell death
response t&higella In contrast to the apoptotic control staurogpmishigellainduced cell
death did not result in the cleavage of PARP &teours (Fig. 2.7B). Earlier reports have
suggested tha&. flexnerinduces apoptosis in macrophages at early timegpoatitile
necrosis is observed at later points (Zychlinsksl et1992; Koterski et al., 2005). We
observed that treatment with the pan-caspase tohibVAD slightly diminished cell death
after 2 hours of infection, but not after 6 houtsndéection. The caspase-1 specific inhibitor
YVAD had no effect. Attempts to inhibit cell deahd IL-13 release with glycine,
previously shown to reducghigellainduced apoptosis, were also ineffective (Figl2.1
(Edgeworth et al., 2002). However, the cathepsinhibitor Ca-074-Me substantially
blocked cell death, further validating that mutarnyopyrin andShigellainduced necrosis
occurred via the same pathway (Fig. 2.7C). Althotinghcaspase-1 inhibitor YVAD failed to
block cell death, it substantially abrogated batfip and IL-18 in response ®higellain
shCTRL cells, indicating that cell death is predoamtly caspase-1, ILEl and IL-18
independent (Fig. 2.7D and 2.7E). As expected, ABCInearly abolished both ILBland
IL-18. Finally, Shigellamediated cell death was associated with the releBBIMGB1 (Fig.
2.7F). In contrast, treatment with apoptosis indg@taurosporine for 2 and 6 hrs did not
cause HMGBL1 release.

ThusS. flexnerinduced death shared multiple characteristicsaatsa with the

necrotic-like cell death observed with disease-@ased cryopyrin, suggesting that this
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process is mediated by cryopyrin and ASC, procdadsigh cathepsin B independent of

either caspase-1 or ILB1resulting in HMGBL1 release.
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2.5 Discussion

We report a necrotic-like cell death caused byafieeassociated mutants@iAS1
which is dependent on ASC but not on caspase-l-dfl This process results in release of
the proinflammatory mediator, HMGB1, which likelygpagates the inflammatory response.
Additionally, we show that ASC and native, wildtypsyopyrin are required fd8. flexner
induced cell death, which proceeds in a mannettickdro that induced by disease-
associated cryopyrinThese results implicate cryopyrin as a cruciautagr of pathogen-
induced necrotic-like death, a process proposgiaipan important role in the pathogenesis
of a myriad of infectious diseases, which we prepmscall pyronecrosis.

From theperspective of cryopyrin-associated periodic fettegse results and the
accumulated data in the literature suggest thatpgnyn mutants directly regulate disease
progression through at least two distinct signapathways. It is known that cryopyrin
participates in the activation of caspase-1, theuration of IL-13, and subsequent
hyperactivation of the inflammatory procesa an ASC-dependent process (Agostini et al.,
2004). Previous reports have indicated that desaasociated mutants demonstrate a gain-
of-function phenotype with respect to these proesitading to enhanced I3 telease
(Dowds et al., 2004). We report a second gaindatfion, the induction of necrotic-like cell
death. The manner of death is particularly impuartaVhile it is generally believed that
apoptotic cells die an orderly death with minimmapact on inflammation, necrosis involves
the spilling of cellular contents into the enviroamh, intensifying local inflammation and
damaging neighboring cells (Krysko et al., 2006B)s important to keep in mind that the IL-
1 receptor antagonist Anakinra® has been succégsfgd to treat patients suffering from

the CIASlassociated periodic syndrome, indicating that €sige IL-13 production
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underlies disease. This would seem to suggettitbanflammasome function of cryopyrin
is solely responsible for periodic fever in theséignts. However, given that necrosis allows
for the release of pro-inflammatory factors suclH&#GB1, which in turn promote further
release of IL-B, it is likely that cryopyrin-mediated cell deatls@contributes to disease-
state in patients.

Both disease-associated cryopyrin expressiorSarii@xnerinfection triggered the
release of HMGBL1, a chromatin-associated protdeased by necrotic cells. Once HMGBL1
is released, it acts as a potent danger indicatucing several pro-inflammatory cytokines
by signaling through the RAGE, TLR2, and TLR4 rdoepto elicit a severe inflammatory
response (Andersson et al., 2000; Hori et al., 1P@8k et al., 2004). Serum HMGB1 is
increased during both endotoxin exposure in micd,ia septic patients who succumbed to
infection (Wang et al., 1999). HMGB1 neutralizatioais been shown to significantly reduce
inflammation and improve survival in animal modefsstablished sepsis (Yang et al.,
2004). The release of HMGBL elicited by bactemauced cell death further supports the
use of HMGB1 antagonists to reduce inflammationrdusepsis.

The results shown here demonstrate a requiremeAS€G in cryopyrin induced cell
death. ASC was initially identified as a cytosgliotein aggregated into specks in myeloid
cells undergoing apoptosis and has since beendatpd in several cell death pathways in
non-myeloid cells (Masumoto et al., 1999). Funuaidy ASC is a bipartite adapter protein
comprised of N-terminal pyrin domain (PD) and Qxtaral CARD. It is proposed that these
domains each engage in homotypic interactionsebyelinking the PD of cryopyrin to the
CARD region of caspases. Constitutive interactiogisveen several transfected disease-

associated cryopyrin mutants and ASC have beentegbwhen overexpressed in a
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HEK?293T cells (Dowds et al., 2004). OverexpresS8€ has also been shown to interact
with caspases-8 and-9, and several studies haveatga ASC in the progression of
apoptosis. The concurrent over-expression ofaeaelprotein, Ipaf, with ASC in HEK293T
cells results in caspase-8 dependent apoptosite wer-expression of ASC alone induces
caspase-9 mediated cell death in HEK293 cells (khago et al., 2003; McConnell and
Vertino, 2000). These observations suggest thalvement of apoptotic caspases in ASC-
induced cell death in non-monocytic cells (Dowdalet2004; Masumoto et al., 2003; Wang
et al., 2004). However, co-immunoprecipitation @xments in monocytic THP-1 cells
indicate that ASC/caspase interaction is limitedaspase-1, suggesting that ASC is not
involved in the initiation of apoptotic caspaseshase cells (Stehlik et al., 2003). Our results
in a monocytic cell type demonstrate that ASC ipontant in a necrotic-like cell death
pathway that is caspase-independent.

The results here delineate an endogenous programecodsis initiated by cryopyrin
and ASC. This pathway proceeds through cathepsyeByccurs independent of caspase-1,
IL-18, and the inflammasome. Recently, ASC has also imegicated in the initiation of
another rapid form of inflammatory cell death cdlfgyroptosis. In contrast to the necrosis
initiated by cryopyrin and ASC, pyroptosis requicaspase-1 activation by ASC following
the dimerization of ASC into speck-like pyroptosanfeersh et al., 1999). Pyroptosomes
per se do not contain detectable cryopyrin, how#werole of cryopyrin in the formation of
this structure was not tested. This form of celitth has features of both apoptosis and
oncosis. Unlike the cryopyrin/ASC necrosis pathwagcribed here, pyroptosis can be
blocked by exogenous caspase inhibitors howevetetii@rement for cathepsin B has not

been investigated (Fernandes-Alnemri et al., 200/¢. involvement of ASC in the induction
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of both pyronecrosis and pyroptosis establish AS@ key component in the host defense
arsenal to invading pathogens.

Several recent reports establish cryopyrin as atgivegulator of IL-1 and IL-18
release to both bacterial and viral challengeslizitig macrophages isolated froB1AS1”
mice, components of the immune response to gramtiygbacteria such &taphylococcus
aureusandListeria monocytogeneas well as Sendai and Influenza viruses have Seewn
to require cryopyrin (Kanneganti et al., 2006a; Mtrasan et al., 2006b). However,
infection with gram negativ8almonella typhimuriuror Francisella tularensiglicits
caspase-1 activation and I3-telease in a cryopyrin-independent fashion (Mhaesaan et
al., 2005; Sutterwala et al., 2006). Macrophadlkedeath induced bfalmonellaand
Francisellaare similarly unaffected b |IAS1deficiency (Mariathasan et al., 2005).
Alternate proteins mediate the response to thebmgens. Ipaf, which participates in its
own inflammasome, is responsible for initiatingamhmation in response ®almonella
typhimurium(Mariathasan et al., 2004). It has been suggeltgdryopyrin does not
mediate the recognition of gram negative bactedawever, our results indicate that
cryopyrin mediates both ILflrelease and cell death in response to the graatineg
bacteriaS. flexnerin THP-1 cells and mouse macrophages (Fig. ZIAus, cryopyrin
mediates IL-B processing and secretion in response to specdin gpositive and negative
bacteria.

Despite substantial progress made in understamitigngen-induced host cell death,
the mechanisms governi@&higellainduced host cell death have not been conclusively
delineated (Haimovich and Venkatesan, 2006). $hidy illuminates a necrotic host cell-

death pathway detonated 8higellarequiring both cryopyrin and ASC. While the strain

61



M9OT (Serogroup 5) has been reported to induce hethosis and caspase-1 dependent
apoptosis (Francois et al., 2000; Raqib et al.22@9chlinsky et al., 1992), many others
have observed caspase-1 independent necrosisadibg strains 2457T (Serogroup 2A),
YSH6000 (Serotype 2A), and now 12022 (Serogroup(EBjnandez-Prada et al., 1997,
Fernandez-Prada et al., 2000; Koterski et al., 20@Haka et al., 2003). These differences
have been attributed to differences in speciedri#redted cell typesShigellastrains,

duration and multiplicity of infection, and concloss regarding the nature of cell death
drawn from incomplete methodology (Nonaka et &Q3). The results presented here verify
and define cryopyrin and ASC as key componentsaafspase-1 independent mechanism by
which Shigellainduces necrosis and should do much to advanaenttherstanding of
Shigellapathogenesis.

Further resolved is the putative involvement ofpea-1 in mediatin§higella
induced cell death. Previous reports have suggésédhe virulence factor IpaB is secreted
by Shigellavia a type Il secretion system upon contact wibist cells and subsequently
binds directly to caspase-1 to induce cell deatbhdlger et al., 1999; Chen et al., 1996;
Menard et al., 1994) Our results clearly demonstaataspase-1 independent pathway as
both caspase-1 specific inhibitors and macrophkgésng caspase-1 were equally
susceptible t&higellainduced cell death as wildtype controls, a resaoitsistent with other
reports (Suzuki et al., 2005). It should be noted $uzuki et alobserved an early apoptotic
event requiring caspase-land IpaB preceded arlateotic event which occurs independent
of caspase-1 or IpaB, and thus both outcomes aslge. While we show here that
cryopyrin and ASC are required fShigellainitiated necrosis, the activation of k& and

JNK in epithelial cell line followingshigellainfection has been reported to require the
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overexpression of NOD1/CARD4 (Girardin et al., 2D0Although verification of this

finding using primary epithelial cells from miceeckang NOD1/CARD4 has not been
performed to confirm the physiologic relevancelo$ data, taken together, these data
suggest that several NLR proteins might mediatediht aspects of the immune response to
Shigellain a cell-type specific fashion.

In summary, we report that disease-associated grypmediates a form of necrotic-
like cell death that is replicated when normal neytes encounter the bacterial patho§en
flexneri These findings suggest that the gain-of-functrartant cryopyrin in patients might
propagate an inflammatory response without the abstimulation caused by pathogens.
These findings also show a parallel with pathogetuced, NB-LRR-mediated cell death
found in plants. A long history of elegant studeglants have shown that cell death is a
major mechanism by which plant R proteins mediat& hesponse to multiple microbial
pathogens (Belkhadir et al., 2004). It will be ongant to determine if other NBD-LRR
proteins also cause the induction of cell deatmyeloid and non-myeloid cells, and if these

proteins mediate both apoptotic and necrotic deaghpathogen-specific fashion.
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Figure 2.1 — Disease-associated cryopyrin cause<raic-like cell death. A) Cell

viability is diminished in THP-1 cells expressingehse-associat€elAS1mutants. XTT
reduction was measured 24 hours after adenovaastiuction. B) Mutan€IAS1linduced

cell death does not cause caspase-3 or PARP ckeawagnunoblots for caspase-3 or its
substrate PARP were performed on lysates made dedisiinfected with the indicated
adenoviral constructs or treated with staurosporidkaved caspase-3 and PARP are
observed in staurosporine-treated cells but ndHR-1 cells expressing wildtype or disease-
associated A439CIAS1.C) Incubation with 100 pM pan-caspase (zVAD-fmK)ibitor

does not substantially block cell death. D) THRellscexpressing the R260W or A439V
disease-associated mutant die without exhibitingADtdgmentation. DNA content was
measured by PI staining followed by flow cytomeifie percentage of cells with sub-G1
content, indicating the DNA-fragmentation charaster of apoptosis, is shown. E) Disease-
associated cryopyrin expression does not prometéo#s of mitochondrial membrane
potential. THP-1 cells were treated as indicatelitochondrial membrane potential was
measured with the potential sensitive dye TMREatalbsummarized here is shown in Figure
2.9B. F) Representative EM images of wildtype pgyin (left), A439V transduced

(middle) and staurosporine treated (right) THP1scA439V transduced cells demonstrate
necrotic features including: a) degradation ofglesma membrane, b) dysmorphic/swollen
mitochondria, and c) the lack of chromatin condénsaStaurosporine treated cells exhibit a

typical apoptotic morphology.
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Figure 2.2 — Disease-associated CIAS1 induces lip-felease, but cell death is IL-f
independent. A) IL-1p is released from THP-1 cells infected with two anitforms of
CIAS1las measured by ELISA. ILBIrelease is abrogated with 100 uM YVAD. B) IB-5
released from THP-1 cells infected with two mutimnins of CIAS1as measured by ELISA.
IL-1 release is abrogated with 100 uM YVAD. C) Cellthdaduced byCIAS1mutants is
not inhibited by 100 uM YVAD. Viability was measd by XTT reduction 24 hours post
transduction. D) Kineret®, the IL-1 receptor antaigt does not prevent cryopyrin-induced
cell death. THP-1 cells were infected with theisated adenovirus for 24 hours in the
presence or absence of Kineret®. NT, not treateld Mineret®. E) IL-8 induction in THP-1
cells by recombinant IL{Lis inhibited by Kineret®. IL-f induced a significant level of IL-
8 production; this biologic effect of ILRlwas completely abrogated by Kineret®. F) Cell
death induced by cryopyrin mutants is blocked lopthepsin B inhibitor, Ca-074-Me. THP-
1 cells were infected with the indicated adenoviar24 hours in the presence or absence of

Ca-074-Me. Viability was measured by XTT reductaiter 24 hours
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Figure 2.3 - Mutant CIAS1-induced THP-1 cell deaths ASC dependent.A and B)
Expression of ASC is markedly decreased in cediblgttransduced with shRNA designed to
promote the degradation of ASC mRNA (shASC). Imphlat analysis and real-time PCR
of the indicated stable cell lines verify a decee@aSASC protein (A) and mRNA (B). C) IL-
1P release following infection witlClIASEtcontaining adenovirus is abrogated in cells with
ShASC. IL-B was determined by ELISA. Values <10 pg/ml aresodered not detectable
(“N/D”). D) Mutant CIASZinduced cell death is abrogated in cells with dased
expression of ASC caused by shASC. XTT reductias measured 24 hours after

adenoviral infection.
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Figure 2.4 - HMGBL is released from THP-1 cells ftdwing expression of disease-
associated CIAS1 mutantsA) Two disease-associat€dAS1mutants induce substantially
more HMGBL1 release than the wild type gene. B) HMG8&8ease is abrogated in cells with
shASC which reduced ASC expression. C) Inhibitibnaspase-1 with YVAD-CHO does

not substantially affect HMGB1 release. Nitrocadkg membranes stained with amido black

are provided as loading controls.

70



A 140

120+

NT
1 ng/ml LPS
ng/ml LPS

]
o .
01

010 ng/ml LPS

Percent Viability
XTT Assay
888¢g

]
[=]

=]

Controls Patients
n=5 n=2

120 - W LacZ
EWT

Percent Viability
XTT Assay
—
o8 8333

MOl

Figure 2.5—Cell death in cells isolated from CAPS patients anth cells expressing
wildtype CIAS1. A) Cell viability is decreased in PBMCs from FSAvatients in response
to LPS. XTT reduction was used to assay cell vighidnd was measured 72 hours after
stimulation. *p<0.05, ** p<0.01 when compared tmtrols. B) Cell viability is diminished
in THP-1 cells expressing wild tyg&AS1at higher multiplicities of infection. XTT

reduction was measured 48 hours after adenoviiedtion.
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Figure 2.6 —Shigella flexneri induced cell death and IL-B require CIAS1 and ASC but
not caspase-1A) Cryopyrin protein expression is decreasedhtPTl cells transduced with
cryopyrin-specific ShRNA (shCIAS1). B. flexnerinduced IL-B release is diminished in
CIAS1 deficient THP1 cells C) THP-1 cells with siAGI1 resistS. flexnerinduced death
but not staurosporine-induced death. D and E) AS@quired folS. flexnerinduced cell
death (D) and IL-p release (E) in THP-1 cells. E:)IASI" bone marrow-derived
macrophages exhibit decreased levels of cell deaad#sponse t&.flexneri G) S. flexner
induced IL-B release from thioglycolate-elicited peritoneal nophages is reduced in
CIAST" macrophages. H3. flexneridoes not require Caspase-1 to initiate cell deps.
flexnerirequires caspase-1 to induce Ig{roduction in bone marrow-derived macrophages.
J) Cryopyrin initiates cell death in response tahant Shigella Bone marrow derived
macrophages were infected with either 2457T (vit)ler BS103 (avirulenty. flexneriat a
MOI of 50 for 2 or 4 hours. Absence of virulencagrhid in BS103 was verified by ipaB
immunoblot (inset). In all cases, cell death wasisneed by 7-aad uptake or LDH release

and IL-13 determined by ELISA
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Figure 2.7 -Shigella flexneri induces cryopyrin-dependent necrosisA) Infection withS.
flexnerifor six hours induced cell death that is morphaally consistent with necrosis (see
panels i and ii). To detect intracellular bacterishorter infection (2 hr) time was used so
that the cells are just entering the initial phaseell death. Cells with shCTRL, but not
shCIAS1 exhibited a lost of cytoplasmic contentlatermined by EM imaging. Insets show
the presence of bacteria (opaque round or oblongtstes). B) PARP is not cleaved
following S. flexnerinfection. C) 50 uMcathepsin B inhibitor (Ca-074-Me) substantially
abrogates. flexnericell death. In contrast, 100 uM pan-caspase (z\fiak)} and 100 pM
caspase-1 specific (YVAD-CHO) inhibitors fail toolsk S. flexneriinduced cell death in
shCTRL and shCIAS1 cells at 6 hours. D andEjlexnerinduced IL-B (D) and IL-18 (E)
release is reduced in shCIAS1 THP-1 cells andlis teated with 100 uM YVAD-CHO. F)
S. flexnerinduced HMGBLI release is abrogated by shCIAS1 thusl is cryopyrin
dependent. In all cases, cell death was measuré@edlagl uptake. 1L-18 and ILBTelease

were determined by ELISA
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Figure 2.8 — Immunoblot of CIAS1 and supplemental €l death assaysA) Adenoviral
constructs promote similar expression of FLAG-tabgeAS1variant and wildtype proteins
in the 293T cell line as revealed by immunoblottigjand C) Increased cell-permeability to
two viability dyes indicates that disease-assodiatgopyrin reduced cell viability. Cell-
permeability following 48 hours of staurosporinegtment or infection with the indicated
construct was determined by (B) trypan blue andfl@) cytometry performed on Viaprobe

stained cells.
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Figure 2.9 — Staurosporine induced cell death and imochondrial membrane
permeability transition controls. A) Staurosporine-induced cell death causes DNA
fragmentation that is sensitive to a pan-caspdsbitor. One hour pretreatment with 100
UM zVAD-fmk blocks DNA fragmentation induced by Mystaurosporine. B) Cells
expressing disease-associated cryopyrin do notrgademitochondrial membrane
permeability transition. Cells were treated ascdatid for 4 or 8 hours before staining with
TMRE to measure membrane permeability. Resultp@sented along two axes, forward
scatter y axis) and TMREX axis). Healthy cells are positive along both aX&ste A, see
first panel). Cells which have lost both forwaodtter and membrane potential are
considered dead (Gate C). Cells which maintaiwdod scatter while losing membrane
potential are undergoing a transition state (Gate@nly cells treated with the pro-apoptotic
agents etoposide and staurosporine show an acciionula Gate B. However, cells
expressing mutant cryopyrin or treated with profapbtc agents show an accumulation in
gate C, indicating that all three treatments rasutell death. C) HMGBL1 is not released
from THP1 at the 2 and 6 hr time points after tresit with 1uM staurosporine, but it is
released upon prolonged (24 hr) treatment, likélgr aecondary necrosis reported in the

literature.

79



mWT
-l
50. OCIAS

Percent Cell Death
7-aad Positive
[
=)

I

NT Salmonella

Figure 2.10 - Salmonella induced cell death does tn@quire CIAS1. Bone marrow
derived macrophages were infected v8ddmonella typhat a MOI of 50 for 2 hours. Cell

death was determined by flow cytometry performed-@ad stained cells

80



>

251 2 Hour 25 6 Hour EshCTRL
O shCIAS1
=
E o 20 1 20
8 £
3 815 19
O o
e~ ]
s § 107 10
ol
€
S I_\ 5
=3 | N | |
NT +Glycine NT +Glycine
+Shigella +Shigella
B 350, 2 Hour 3507 6 Hour mshCTRL
O
3001 3001 shCIAS1
E 250/ 250-
k=)
2 2001 200
[==R
< 150 150
=
100 100
0 m B -
0 . T . 0 . ; !
NT +Glycine NT +Glycine
+Shigella +Shigella

Figure 2.11 - Glycine fails to abrogatés.flexneri initiated cell death or IL-1p release.
A) Glycine did not reduce cryopyrin mediated calhth. THP-1 cells were pretreated with
10mM glycine for 1 hour before infection wigh flexnerat a MOI of 50 for the indicated

time period. B) Glycine does not affeghigellainduced IL-B at the indicated time period.

81



CHAPTER Il

KLEBSIELLA PNEUMONIAENDUCES IL-13 RELEASE AND
PYRONECROSIS THROUGH NLRP3

Portions of this chapter have been adapted froeptan B. Willingham, Irving C. Allen,
Daniel T. BergstralhVillie June Brickey, Joseph A. Duncan, and Jenny Pring.
Klebsiella pneumoniamduces IL-PB release and pyronecrosis through NLRP3. J Ex Med

2008 Manuscript in preparation



3.1 Abstract

NLRP3 has emerged as an important regulator obgatiinduced inflammation. It
not only participates in one of several caspasetii/aing inflammasome complexes, which
mediate maturation of the pro-inflammatory cytokibel 3, but is also a critical mediator of
pyronecrosis, an inflammatory cell death prograrthwecrotic features. Both processes
have been shown to be activated by pathogewsro, but the consequence of these
processes to the host organism remains undeterntiezd we show that the extracellular
pathogerKlebsiella pneumoniamduces pyronecrosis and NLRP3-dependentfiL-1
processing in the human monocytic cell line THRid B0 bone marrow derived
macrophages. Consistent with these results, mesgnig NLRP3 exhibit significant
decreases in lung inflammation following pulmonarfgction withK. pneumoniae.
However, these mice are more susceptible.tpneumoniaénduced lethality compared to
controls. Cumulatively, these results demonstifzae NLRP3 activity is beneficial to the

host in defense against pneumoniae.
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3.2 Introduction

Klebsiella pneumoniaes a non-motile, non-flagellated, gram negatiwel-shaped
bacterium which normally resides within the mowkin, and intestines. PathogeKic
pneumoniaeénvades the lungs where it is capable of indusingere bacterial pneumonia
that is often complicated with bacteremia and sef&ahly and Podschun, 1997). Airway
infection typically leads to extensive lung injugsulting from increased inflammation,
hemorrhage, and the necrotic destruction of lusgu®. This process results in thick, blood-
laced mucous known as “currant jelly” sputum, whigkharacteristic k. pneumoniae
induced pneumonia. Worldwidk, pneumoniaés amongst the most common gram negative
bacteria encountered by clinicians and is a leadage of community-acquired and
hospital-associated respiratory infection (Ko et2002). Its frequency in the latter context
is particularly alarmingk. pneumoniaés responsible for up to 23% of nosocomial
infections, and the difficulty in treatment of etlyeor otherwise compromised patients
results in a mortality rate of up 50% (Feldmanlgtl®95). Moreover, the growing
prevalence of antibiotic resistant strains in #pscies has led to increased attention and
concern (Keynan and Rubinstein, 2007; Patersoh, &(®4). Though recent work has
identified innate mechanisms underlying the initiakt response to bacterial infection, little
work has yet been done to examine the contributfdhese mechanisms kdebsiella
pathogenesis or immunity.

Initially described in our laboratory, the NLR (dectide binding — leucine rich
repeats, formerly CATERPILLER) family of genes/miois is increasingly implicated in the

regulation of immunity (Harton et al., 2002a; Tiawgd Davis, 2005). The NLR family
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member NLRP3 (formerly cryopyrin), which is expred@bundantly in neutrophils and
macrophages, is emerging as a critical mediatorfzimmation. CIAS1/NLRP3the gene
encoding this protein, was first identified throughassociation with the periodic fever
condition CAPS (CIAS1-associated periodic syndrom&kich comprises a wide range of
severity (Ting et al., 2006). This condition idieeed to result from gain-of-function
mutations in NLRP3. Using disease-associated naxjiaur lab and others confirmed the
importance of NLRP3 in mediating inflammation ditgcby participating in IL-B

maturation, and demonstrated an unexpected roNL&P3 in promoting inflammation
indirectly, by inducing a necrotic pathway of cgdlath (Fujisawa et al., 2007; Willingham et
al., 2007).

A role for NLRP3 in caspase-1 maturation is alsdl esablished. Following
stimulation, NLRP3, ASC (Apoptotic Speck-like proteontaining a Card),
Cardinal/TUCAN, and pro-caspase-1 combine to forma of several known inflammasome
complexes. Within this complex, pro-caspase-1 tvated, which in turn cleaves and
activates the pyrogenic cytokines 1B-and IL-18 (Agostini et al., 2004). Currently,
activation of the NLRP3 inflammasome is associatet the widest spectrum of stimuli.
Among these are gram-positive and gram-negativeebacincludingStaphylococcus
aureus, Listeria monocytogenesdShigella flexner{Fig 1.6). To date, no studies have
examined inflammasome activation in responde.tpneumoniae.

Recent work from our laboratory has demonstrateglcand pro-inflammatory
function for NLRP3 (Willingham et al., 2007). Nesis has been shown to occur in
monocytic cells infected with intracellular bacgear following exposure to toxins. Though

in some cases pathogen-induced death is likelg t@ passive response, programmed
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necrotic cell death pathways are potentially aitio macrophage function. Recently, our
lab has identified a novel mechanism of necrotie-kell death, termed pyronecrosis
(Willingham et al., 2007). Pyronecrosis requites activity of NLRP3, its partner protein
ASC, and the lysosomal protease cathepsin B (\ighiam et al., 2007). Though
pyronecrosis is entirely independent of caspaseid inherently pro-inflammatory. One
defining feature of necrosis is the loss of plasnenbrane integrity and subsequent spilling
of intracellular contents. Certain intracellul@angponents, notably the nuclear factor
HMGB1, elicit strong pro-inflammatory effects whezleased into the microenvironment
(Scaffidi et al., 2002).

Pyronecrosis serves as an interesting contrastrapiosis, another form of
pathogen-induced cell death. Both pyronecrotic@nrdptotic cells demonstrate
morphological features characteristic of necroslewever, the two pathways are readily
distinguishable at the molecular level. Unlikegny&crosis, pyroptosis requires the activity
of caspase-1. These two pathways also appearitmibeed by different stimuli.
Pyronecrosis has been observed in monocytic cdésted withShigella
flexner(Willingham et al., 2007). Pyroptosis was firssebved in monocytic cells infected
with Salmonellawhich activates signaling through a different Npi®tein, NLRC4
(formerly IPAF) (Brennan and Cookson, 2000; Margestn et al., 2004). NLRC4 has been
implicated in pyroptotic cell death in respons&admonella typhimuriurandPseudomonas
aeruginosaBrennan and Cookson, 2000; Franchi et al., 2M&fjathasan et al., 2004;
Sutterwala et al., 2007). Interestingly, thoughCAS required for activation of caspase-1,
deletion of ASC does not abrogate caspase-1 depepyeptosis initiated bf?. aeruginosa

(Sutterwala et al., 2007).
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Despite the wealth oh vitro data implicating the NLR family in pathogen-induced
inflammation,in vivo evidence for the importance of these proteins rasnalusive. We
show here that NLRP3 carries out both its fLgfocessing and pyronecrotic functions in
response t&. pnuemoniaeand that the absence of NLRP3 decreases thefratrvival in
mice infected with the bacteria. This is thetfdemonstration that NLRP3 activity is
protective to the organism in vivo, and revealsnaportant component of the host immune

response t&. pneumoniae.
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3.3 Materials and Methods

Experimental Animals - All studies were conducted in accordance withNlagonal

Institutes of Health Guide for the Care and Uskalforatory Animals and were approved by
the Institutional Animal Care and Use Committe¢haf University of North Carolina at
Chapel Hill. Mice deficient in NLRP3, ASC, NLRC4)é Caspase-1 were generated as
previously described (Mariathasan et al., 2004te®wtla et al., 2006). WT animals were
obtained from NCI. All animals were maintained pesific pathogen-free animal facilities at

The University of North Carolina at Chapel Hill.

Cell lines and reagents- THP-1 cells purchased from American Type Cultbodlection
(ATCC) and cultured as described previously (Wilget al., 2005). Anti-caspase-3
antibody purchased from Cell Signaling; anti-PARR-Actin, and HRP-conjugated
secondary antibodies from Santa Cruz Biotechnolagi:HMGB1 antibody from Abcam;
Super Signal ECL reagent from BioRad. Detailedhoés for preparation of retroviral
shuttle vectors, transduction, and sorting to getleefHP-1 cell lines stably expressing
shRNA have been described (Taxman et al., 2006 shRNA target sequences are as
follows: shASC-GCTCTTCAGTTTCACACCA, shCtrl-GCTCTTE@gcCACACCA,

ShNLRP3-GGATGAACCTGTTCCAAAA.

Bacteria — Klebsiella pneumoniaé3816, serotype 2 was obtained from the ATCC and

propagated in LB for approximately 2 hours at@7 Bacteria density was estimated by
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measuring the absorbance at 600 nm (f®©3 X 1¢ bacteria/ml). Accurate CFUs were

determined for each experiment by plating an aliquno LB agar plates.

Klebsiella pneumoniae induced airway inflammation. OD readings were determined on
actively growing cultures df. pneumoniae Bacteria were pelleted, washed twice with PBS,
and resuspended in an equal volume of PBS. Meare anesthetized and challenged via
intratracheal (i.t.) instillation with 4 X fGCFUs ofK. pneumoniaén 50 ul of PBS. Mock
challenged mice received f0of PBS. THP-1 cells were with infected wialmonellaand
Klebsiellaat a MOI=50 for 1 or 6 hours, respectively. Borerraw derived macrophages
were infected wittKlebsiella(MOI=200, 6 hours) cBalmonelladMOI=50, 1 hour). Samples
were centrifuged at 650*g for 10 minutes immedjatellowing addition of bacteria.

Gentamicin (50 pg/ml) was added to cultures 1 Ipast infection.

Assessment of bacteria burdenMice were euthanized via i.p. injection with 2,2,2
tribromoethanol (avertin). Whole liver (gal bladdemoved), spleen and lungs were
removed, wet weight assessed, homogenized inlBABSS with a Tissue Master 125 hand
held tissue homogenizer (Omni International) andrdeged. The resulting supernatants

were serially diluted and plated on LB plates arahg for 24 hours at 3€.

Assessment of airway inflammation.Survival, body weight and body temperature were
assessed over the course of 48 hourskogheumoniaénfection. Mice were euthanized
via lethal i.p. injection with avertin and serumsalzarvested via cardiac puncture. The liver,

kidney and spleen were harvested, weighed andrditreogenized in 500 pl HBSS or fixed
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in 4% paraformaldehyde (PFA). Mice were then paéuwith HBSS and a tracheal cannula
was inserted below the larynx. The lungs weredadsb times with 1 ml HBSS. The
recovered bronchoalveolar lavage fluid (BALF) wasled and red blood cells were lysed
via hypotonic saline treatment. Total BALF celliiawas assessed with a hemacytometer
and trypan blue staining. Aliquots of each BALErescytospun onto slides and Diff-Quik
(Dade Behring) stained for differential cell countssukocytes were identified based on
morphological criteria of no fewer than 200 ceks BAL sample. An aliquot of BALF was
serially diluted, plated on LB agar plates, andilvated for 24 hours at 37 to assess
bacteria burden. The remaining BALF was centritlgad the supernatant was collected.
Following BALF harvest, the lungs were fixed bylation (20-cm pressure) and immersion

in 4% PFA.

Histopathology. Whole inflated lungs were embedded in paraffin whxm sections were
cut and stained with hematoxylin and eosin (H&Egrial sections of the left lobes of the
lungs that yield maximum longitudinal visualizatiohthe intrapulmonary main axial airway
were examined and the degree of inflammation warseddy one of the authors (1.C.A.)

who was blinded to genotype and treatment.

Cytokine and chemokine assessmentCell free supernatants were harvested fkom
pneumoniadMOI=200, 6 hour) ofs. typhi(MOI=50, 1 hour) infected thioglycolate-elicited
peritoneal macrophages. Supernatants were analgregl RayBio® Mouse Cytokine
Antibody Array G Series 3 (RayBiotech Inc. Axonmsear 4000B with GenePix software

was used to collect fluorescence intensities frgtolkéne-bound antibody spots. These
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values were normalized to the ratio of positivetoanalues for each sample. Afterward, the
total normalized florescence values of replicatespvere averaged and expressed as fold
increase over the non-infected sample for eaclentisie genotype. “N/D” indicates
cytokines where the raw fluorescence values ofgatd spots deviated more than 2 fold
from each other and were thus dismissed. If thisioed in the non-treated sample, the
cytokine was removed from the data set. Cytokirmeceatrations were determined directly

by RayBiotech Inc. using their Quantibody procegsearvice.

Preparation of Macrophages— Bone marrow was harvested from 6-8 week old ranz
cultured for 7 days in antibiotic free DMEM supplemted with 10% FCS and 30% M-CSF
conditioned media. Bone marrow derived macrophagee washed and cultured in

antibiotic free DMEM+10% FCS immediately prior tadterial infection.

ELISA — Samples were harvested at indicated times andessath OptEIA Human IL-f

ELISA Set or OptEIA Mouse ILAELISA Set (BD Biosciences).

Cell Viability — Cell viability was assayed per manufacturerquook using either CytoTox-
ONE™ Homogeneous Membrane Integrity Assay (PromdgajiLight® BioAssay Kit
(Lonza Bioscience), or 7-AAD (BD Pharmingen) stagas indicated. In the case of 7-AAD
cell staining, cells were collected and rinsed énitcold PBS. Pellets were resuspended in
0.5ml PBS with 1 pl 7-AAD. Cells were incubatedie dark for 15 minutes before analysis

on a FACScan (BD).
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3.4 Results

K. pneumoniae-induced cell death and IL-P release require NLRP3 and ASC.

To date, the participation of NLR proteins in himstnune response #. pneumoniae
has not been examined. We observed both cell deathlL-13 release following infection
of THP-1 human monocytic cells wih pneumoniag¢Fig. 3.1A and 3.1B). Both processes
were abrogated in the absence of NLRP3 (Fig. 3ridA31B). Reduction of NLRP3 was
achieved through stable integration of retrovirusesoding ShRNAs designed to promote
the targeted degradation of NLRP3 mRNA, as desgndveviously (Taxman et al., 2006).

Previously, we demonstrated that ASC, a partneepref NLRP3, is required for
Shigella flexnertinduced cell death in THP-1 cells (Willingham kf 2007). Therefore, we
tested the ability oKlebsiellato elicit cell death and ILflin ASC-deficient THP-1 cells.
Both IL-1B release and cell death were substantially abrdgatthe shASC cells (Fig. 3.1C
and 3.1D). To expand the physiologic importancthege results, bone marrow derived
macrophages were isolated from wild-type mice arerdeficient for NLRP3, ASC, or
NLRC4. Deletion of NLRP3 or ASC resulted in amneamplete inhibition of IL-# induced
by Klebsiellaas measured by ELISA, whereas NLRC4 null macrophdgenonstrated no
substantial difference from wild type (Fig. 3.1Hnportantly, this phenomenon is not
common to all pathogenic bacteria. In agreemetit prievious work, IL-B release from
macrophages infected wialmonella typhwas unaffected by NLRP3 deletion, whereas
deletion of NLRC4 eliminated the inflammatory respe (Fig. 3.1E). The NLRP3
inflammasome was previously reported to be actd/atea combination dE. coli

lipopolysaccharide (LPS) and ATP (Agostini et 2004). To determine if the NLRP3
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inflammasome is also activated KiebsiellaLPS, bone marrow derived macrophages were
challenged with 50 ng/ml LPS isolated fréinpneumoniador 16 hours followed by
stimulation with 5 mM ATP for 20 min. In contrastwild type and NLRC4 deficient
macrophages, deletion of ASC or NLRP3 elimindféebsiellaLPS-induced IL-f release
(Fig. 3.1F). Together, these results indicate HaRP3 is the predominant NLR activated by
Klebsiellaand that deletion of either NLRP3 or ASC substdiytabrogates the hosts

inflammatory and cell death responses.

NLRP3 mediatesKlebsiella induced pyronecrosis.

Having established that NLRP3 is essentiaKi@bsiellainduced cell death, we
sought to determine the nature of this phenomemuadicative of pyronecrosis.
pneumoniaenduced cell death was markedly reduced in sh@bmtdP-1 cells treated with
the cathepsin-B inhibitor Ca-074-Me (Fig. 3.2A)nRaaspase inhibitor (zZVAD-fmk) also
reduceKlebsiellainduced cell death, likely reflecting a well-doceimted off target
inhibition of cathepsin B by the zZVAD peptide (Stilecet al., 1999). The caspase-1 specific
inhibitor YVAD-cho had no effect (Fig. 3.2A). Boffan-caspase and caspase-1 specific
inhibitors were used at concentrations sufficienhibit caspase activity, as evidenced by
the attenuation dflebsiellainduced IL-B release (Fig. 3.2B). Interestingly, the cathefsin
inhibitor not only blockedlebsiellainduced cell death in THP1 cells, but also presént-
1P release in response to the pathogen (Fig. 3.ZBis effect was also observed in bone
marrow derived macrophages (Fig. 3.2C).

Additional features oKlebsiellainduced cell death are also consistent with

pyronecrosis. As measured by western analysis, BMiS released frorf. pneumoniae
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infected shCTRL cells but not shNLRP3 cells (Fi¢l3). HMGBL1 is not released by THP-1
cells treated with staurosporine, a well-establisinelucer of apoptotic cell death (Fig 3.2D).
During apoptosis, caspase-3 undergoes activateayabe. In turn, caspase-3 cleaves PARP
and other downstream substrates. Neither caspaseBARP were cleaved in shCTRL or
ShNLRP3 cells infected witklebsiellg though both were cleaved in staurosporine-treated

cells (Fig. 3.2E).

K. pneumoniae induces chemotactic and inflammatory cytokine prodction in primary
mouse macrophages

The processing and release of proinflammatorykiges and chemokines is
fundamental to proper innate immune response twogans. Cell free supernatants prepared
from Klebsiella-or Salmonellainfected macrophages were analyzed on anti-cy#okin
antibody arrays containing antibodies to 62 inflaaony mediators (For mediators induced
>3 fold, see Fig. 3.3A. For complete set, see Taldlg Production of G-CSF, ILB1IL-1a,
and IFNy was markedly decreased in both ASC and NLRP3ideticnacrophages (Fig
3.3A). Modest decreases in CD62L, Fractalkine, lar8 receptor beta were also observed
(Fig. 3.3A). IL-18 was not decreased in NLRP3 deficient macrophagesed with
Salmonellawhich activates the NLRC4 inflammasome. Of ne&eral inflammatory
cytokines including MIP-d&, MIP-2, TNFa, and IL-6 were induced to a greater extent in
macrophages lacking NLRP3, perhaps to compensathddoss of IL-B (Fig. 3.3A). To
confirm the results obtained by the antibody areagubset of inflammatory mediators were

measured using quantitative multiplexed anti-cytelarrays. Cytokine measurements of IL-
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1B, IFNy, and KC support the data obtained by the antilawdhys (Fig 3.3B, for complete

list of quantified cytokines, see Table 3.2).

Mice lacking NLRP3 and ASC demonstrate significany} increased mortality following
K. pneumoniae airway infection.

To determine whether NLRP3 and ASC are involveah@diating the host immune
response t&. pneumoniae in viyave used a mouse airway infection model. Mice were
intratracheally challenged with (4 x)@FUs ofK. pneumoniaend survival was assessed
over the course of 4 days. Mice lacking NLRP3 destrated significantly increased
mortality compared with wild type mice (p < 0.0mdrank Test) (Fig. 3.4). ASC deficient
mice demonstrated similar increases in mortalitifis increase in lethality was not
associated with significant increases in eitheal@c systemic bacterial burden as only
subtle differences were detected (Fig. 3.7). Naifcant difference in survival was

observed between mice lacking NLRC4 and wild typenals.

NLRP3 deficient mice demonstrate significantly attauated airway inflammation
following K. pneumoniae infection.

Ourin vitro evidence suggested that NLRP3 reduction prewenpsmeumoniae-
induced inflammation. To determine if inflammatias also reduced vivo, NLRP3
deficient mice were challenged with (7.4 XJLGFUs ofK. pneumoniador 48 hours and
histology analysis was performed on lung sectiatga@reveal the main bronchi of the large
lobe. Representative sections from the apical regfdhe main bronchi of the large lobe
(10x magnification) are shown from indicated gepety(Fig. 3.5A). In comparison to WT

and NLRCZ mice, NLRP3 mice show decreased inflammatory cell recruitnzent less
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occlusion of the alveolar spaces. These findimgsansistent with a decrease in overall
inflammation (Fig. 3.5A). To quantify this changach of 6 histology parameters was scored
as 0 (absent), 1 (mild), 2 (moderate), or 3 (sgvemononuclear cell infiltration;
polymorphonuclear cell infiltration; airway epitialcell hyperplasia/injury; extravasation;
perivascular cuffing; and percent of lung involweith inflammation. The scores of the
parameters were averaged for a total histologyes@ll mice demonstrated a significant
increase in airway inflammation followir§, pneumoniaehallenge. However, a

significant attenuation in airway inflammation wady observed in mice lacking NLRP3

(Fig. 3.5B).

In vivo levels of IL-1 and cell death are reduced irK. pneumonia challenged NLRP3"
mice.

NLRP3 is required for pyronecrosis in both humad amouse cells challenged with
Klebsiella To determine if NLRP3 was also required for thduiction of pyronecrosis
vivo, we measured IL{llevels in the bronchoalveolar lavage fluid (BAL&)d serum oK.
pneumoniaenfected mice. In both cases, deletion of NLRP3sea a reduction in ILflL
with larger differences observed in the serum (Bi§A-B). This decrease in IL-1b was
accompanied by an increase in IL-6 in serum and Bsamples (Fig 3.6C-D). Deletion of
ASCalso demonstrated marked decreases in circulagiredd of IL-P (Fig. 3.6A). Deletion
of NLRP3 not only reduced IL£L but also decreased overall levels of cell deatBALF
samples as determined by lactate dehydrogenassedlEig. 3.6E). To examine whether
NLRP3 is responsible for the induction of necrasisivo, HMGBL1 levels were measured in

serum samples ¢&€.pneumoniaehallenged mice. As measured by western blotyaisal

96



Klebsiellainduced HMGB1 release was substantially abroget®t RP3"™ mice (Fig.

3.6F).
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3.5 Discussion

Several recent reports have established a rolelf& proteins in mediating
pathogen-induced inflammatiam vitro, butin vivo confirmation of these results has been
lacking. Here, we identify NLRP3 as a critical efig of the host immune responsekto
pneumoniaga major cause of community-acquired bacterialpr@nia. This is the first
demonstration that an NLR molecule participatel ii3 maturation and cell death in
response t&. pneumoniae Furthermore, these results demonstraténtive/o consequences
of NLRP3 activity on host survival and inflammatiddespite substantial decreases in lung
inflammation, mice lacking NLRP3 demonstrate inseghsusceptibility t&lebsiella
induced lethality. This finding confirms that NLBRctivity contributes to protective host
responses to bacterial pathogens.

Following Shigella flexneriK. pneumoniaés the second gram negative bacterial
pathogen identified which activates the NLRP3-dejeen cell death program termed
pyronecrosis (Willingham et al., 2007). This patgwé cell death has morphological
features characteristic of necrosis, and like r&sng inherently pro-inflammatory. Cellular
components spill out from the pyronecrotic celbithhe microenvironment. Among these
components is HMGB1, a nuclear protein which takeshe role of a powerful pro-
inflammatory cytokine when released from the c8lijden-Cullberg et al., 2006;
Willingham et al., 2007). HMGB1 stimulates the RBGI'LR2, and TLR4 receptors on
neighboring monocytes and macrophages and resuh® iinduction of several
inflammatory cytokines, including TNf: IL-1p, and IL-6 (Andersson et al., 2000; Hori et
al., 1995; Park et al., 2004K. pneumoniaénduced a significant increase in the systemic

levels of HMGBL1 in the wild type mice, while no HMB& was observed in the serum from
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NLRP3" animals. This NLRP3-dependent release of HMGB4 also observed in human
THP-1 monocytic cells challenged witiebsiella Previously, we demonstrated that
caspase-1 inhibitors failed to abrogate NLRP3 ntedifiMGBL1 release, suggesting that this
phenomenon does not require inflammasome actiwijfliigham et al., 2007). It should be
noted that HMGBL1 levels are significantly increageduman septic patients, including
those withK. pneumoniaesepsis (Wang et al., 1999). Neutralization of HBAGs currently
under investigation as a therapeutic target foirtbervention of sepsis, bacteremia, and
induced acute respiratory distress syndrome (Abmadtzal., 2000; Mantell et al., 2006).
Though inhibition of NLRP3-dependent pyronecrosesyrhe detrimental to host survival,
neutralization of HMGB1may provide an opportunityabrogate NLRP3-mediated
inflammation without increasing host mortality.

Our results indicate that NLRP3-dependent pyrorsesiis the predominant cell death
and inflammation pathway induced Kiebsiella In contrast to th&almonellanduced
pyroptosis pathway, ablation of NLRC4 or caspas@d minimal effect on inflammation or
cell death induced bi. pneumoniaeln some instances, pyronecrosis may be attenbgted
high concentrations of pan caspase inhibitor (ZV#ik) due to a known off target
inhibition of cathepsin B (Schotte et al., 1999)terestingly, cathepsin B inhibitors not only
block NLRP3-mediated pathogen induced cell deathalso block the induction of ILSL
maturation byK. pneumoniae This finding suggests that IL3Trelease is primarily
downstream of pyronecrosis, which is not surprigingn the strong pro-inflammatory
activity of HMGB1.

In addition to its clinical relevanc&lebsiellaairway infection is one of the most

thoroughly characterized mouse models of gram negbacterial pneumonia and acute lung
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injury with secondary bacteremia. (Lau et al., 2Q0%vlor et al., 2005). Amongst.
pneumoniaeirulence factors identified in these models, picitbn of a prominent capsule
is the most well-characterized determinant of pgémesis (Cortes et al., 2002; Favre-Bonte
et al., 1999). Capsule production has been shovenltance virulence primarily through
protecting the pathogen from phagocytosis by mdwgps and the initiation of an immune
response. Currently, over 75 different capsuletgpes ofKlebsiellahave been classified
based on the variable expression of 2 surfaceamgighe lipopolysaccharide “O” antigen
and the capsular polysaccharide “K” antigen. Apprately 9 different O antigens and over
75 K antigens have been identified, both of whichtdbute to pathogenicity (Podschun and
Ullmann, 1998). In particulakK. pneumoniaserotype K2 is amongst the most clinically
relevant serotypes due to its high incidence i lwinary tract infections and pneumonia
cases and its marked virulence in mouse pneumoodels (Lau et al., 2007; Yu et al.,
2007). Several previous reports have noted thatyge K2 lacks the mannos@/3-
mannose sequence recognized by the macrophage sear@oeptor, thereby increasing its
resistance to phagocytosis (Kabha et al., 1995NIARP3 is expected to function as a
cytosolic pathogen sensor, internalization of thetéria or bacterial LPS is likely required
for initiation of pyronecrosis. Thus, this incredsesistance to phagocytosis likely
contributes to the relatively high MOI and longenépoints required for the NLRP3-
mediated induction of IL{1and our inability to detedtlebsiellainduced cell death in bone
marrow derived macrophages. In the future, it a@linteresting to determine the influence
of other capsule serotypes and mannose compositimiggering pyronecrosis. Though

capsule K1 and K2 serotypes are most frequentlyceéeted within vivo virulence, it must be
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noted that capsule serotype is not an absolutendiet@nt of virulence (Lau et al., 2007; Yu
et al., 2007).

In summary, our results indicate that NLRP3 and A®€key regulators of necrosis
and inflammation associated wih pneumoniaénfections. The induction of NLRP3-
dependent pyronecrosis By pneumoniaeesults in the extracellular release of HMGBL1,
further propagating host inflammation. Mice dediti in NLRP3 demonstrated significant
reductions in both local and systemic inflammaiowl cell death when challenged with
Klebsiella However, these mice demonstrate increased ntgrtgdonKlebsiella indicating
that pyronecrosis helps protect the host from pghonduced death. Though future attempts
to neutralize NLRP3-dependent pyronecrasigivo may result in decreased inflammation
and necrotic tissue destruction, these studiesesiglyong consideration of the detrimental

consequences on host survival.
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Figure 3.1 -Klebsiella pneumoniae induced cell death and IL-3 require NLRP3 and
ASC. A) K. pneumoniaénduced IL-P release is decreased in THP-1 cells stably trarestiu
with NLRP3-specific ShRNA (shNLRP3). B) shNLRP3-FH. cells are resistant ka
pneumoniaenduced death. C and D) ASC is requiredkopneumonianduced IL-B
release (C) and cell death (D) in THP-1 cells. THeells were with infected with
SalmonellaandKlebsiellaat a MOI=50 for 1 or 6 hours, respectively. NE)RP3~ andASC

" bone marrow-derived macrophages exhibit decrelasets of IL-1B release in response to
K. pneumonia®ut notSalmonella typhi.. NLRC4macrophages demonstrate no defect in
K. pneumoniaenduced IL-B release, but ILf3 release is attenuated in respons8.ttyphi
G) K. pneumoniadPS (50 ng/ml, 16 hours) in combination with AT8°ndM, 20 min.)
stimulates NLRP3 and ASC-dependent, but NLRC4-ieddpnt, IL-13 release from bone
marrow derived macrophages. Bone marrow derivedopaages were infected with

Klebsiellaat a MOI=200 (6 hours) @almonellaat a MOI=50 (1 hour).
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Figure 3.2 -Klebisella pneumoniae induces NLRP3 and Cathepsin B dependent
pyronecrosis A) 50 uMcathepsin B inhibitor (Ca-074-Me) substantially@ateK.
pneumoniaenduced cell death (A) and ILBIrelease (B) in shCTRL and shNLRP3 cells. In
contrast, 100 uM pan-caspase (zVAD-fmk) and 100qgalpase-1 specific (YVAD-CHO)
inhibitors fail to blockk. pneumoniag@rduced cell death but do inhibit ILBXelease. C) 50
pm cathepsin B inhibitor (Ca-074-Me) also attensi?dteRP3- dependent ILBlrelease in
bone marrow derived macrophages stimulatel hyneumoniaeD) K. pneumoniagénduced
HMGBL1 release is abrogated by shNLRP3. E) Caspased PARP are cleaved in response
to an apoptotic stimulus (staurosporine), but naEHP-1 cells followingK. pneumoniae
infection. Cell death was measured by LDH releasElb-1p release was determined by

ELISA.
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Figure 3.3 -Klebsiella pneumoniae induces inflammatory cytokines and chemokines in
primary macrophages.A) Thioglycolate-elicted peritoneal macrophagesaicated
genotypes were infected wikh pneumoniaéMOI=200, 6 hours) or S. typhi (MOI=50, 1
hour). Cell free supernatants were analyzed on Rég€h G Series 3 cytokine antibody
arrays. Cytokines and chemokines indue8dold over the non-treated control of each
genotype are shown. For complete list of resudis, Bable 3.1) “N/D” designates samples
which were not reliably measured. Quantificationllofl g, IFNy, and KC support trends
observed on cytokine arrays. Cytokine levels wetertnined using RayBiotech custom

Quantibody service. For the complete list of residee Table 3.2.
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Figure 3.4 - NLRP3 and ASC deficient mice demonstta significantly increased
mortality following K. pneumoniae airway infection. Mice were intratracheally challenged
with (7.5 x 10) CFUs ofK. pneumonia@nd survival was assessed over the course ofst day
Mice lacking NLRP3 or ASC demonstrated significgmticreased mortality compared with
wild type mice (p < 0.05, Logrank Test). No sigo#nt difference in survival was observed

between mice lacking NLRC4 and wild type animals.
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Figure 3.5: NLRP3 deficient mice demonstrate signifantly attenuated airway
inflammation following Klebsiella pneumoniae infection. A) In comparison to WT and
NLRC4" mice, NLRP3 mice show decreased inflammatory cell recruitnaemnt less
occlusion of the alveolar spaces following K. pnenime infection. Mice were challenged
with (7.4 x 16) CFUs ofK. pneumoniador 48 hours. Representative histology sectioomfr
the apical region of the main bronchi of the lalg®e (10x magnification) are shown. B)
Significant attenuation in airway inflammation isserved irk. pneumoniaehallenged
NLRP3" mice. Histology images were evaluated and seathedbllowing inflammatory
parameters were scored between 0 (absent) ande&¢¥emononuclear cell infiltration;
polymorphonuclear cell infiltration; airway epitialcell hyperplasia/injury; extravasation;
perivascular cuffing; and percent of lung involweith inflammation. The scores of the

parameters were averaged for a total histologyescor
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Figure 3.6 - NLRP3 regulateKlebsiella pneumoniae induced IL-1f and necrotic cell
deathin vivo. A) Serum levels of IL-f are substantially reduced in NLRP8r ASC" mice
challenged witlK. pneumoniaeB) A modest, yet significant, decrease in K. pneniae
induced IL-B is observed in the bronchoalveolar lavage fluidl(B) of NLRP3" mice
compare to wildtype. In contrast, IL-6 levels alevated in the serum (C) and BALF (D) of
NLRP3-/- mice followingK pneumoniaénfection. IL-13 and IL-6 were both measured by
ELISA. E) Decreased levels of cell death are detect the BALF oK. pneumoniae
infected NLRP3 deficient mice as determined by Li2k¢ase. F) Serum levels of HMGB1

are dramatically reduced in NLRP3nice as determined by western blot analysis.
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Figure 3.7 - Increased mortality ofKlebsiella pneumoniae infected NLRP3' mice is not

due to increased bacterial burdenMice were euthanized via intraperitoneal (i.p.eotjon
with 2,2,2 tribromoethanol (avertin). Whole liygral bladder removed), spleen and lungs
were removed, wet weight was assessed and thegisgere homogenized in 500of

Hanks balanced salt solution (HBSS) with a Tisswstér 125 hand held tissue homogenizer
(Omni International). Homogenized tissues werdrdeged and the resulting supernatants

were serially diluted and plated on LB agar plated grown for 24 hours at %37.
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Table 3.1 Results of all cytokines and chemokinesgdiled using RayBiotech G Series 3
cytokine antibody array. Thioglycolate-elicted peritoneal macrophages dfdated
genotypes were infected wikh pneumoniaéMOI=200, 6 hours) or S. typhi (MOI=50, 1
hour). Cell free supernatants were analyzed on Rég&h G Series 3 cytokine antibody

arrays. “N/D” designates samples which were naalbg} measured.
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A — +Klebsiella

WT | ASC-- | NLRP3--
GM-CSF 0 35 0
IFNy 179 4 0
IL-1o 6258 6859 4687
IL-1p 5455 777 460
IL-2 2 20 13
IL-3 0 0 0
T IL4 0 1 0
% IL-5 0 0 0
2 IL-6 13042 | 15840 7901
@ L9 9 25 0
X IL-10 289 78 76
£ |L-12 169 231 0
O L3 0 0 1
IL-17c 195 519 68
KC 36031 | 37240 38640
MCP-1 3709 5183 3679
M-CSF 1 54 0
RANTES | 22593 | 27708 25863
TNFo 3582 4964 2256
VEGF 850 786 751

Table 3.2: All cytokines and chemokines quantifiethy RayBiotech custom Quantibody

service.
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CHAPTER IV

CONCLUSIONS & FUTURE DIRECTIONS



4.1 Conclusions & Future Directions

The discovery of NLR-regulated cell death and mihaatory pathways has opened
several interesting opportunities for future resbaNo doubt, additional bacterial, viral, and
environmental NLR activators will continue to bemdified and will further our
understanding of the interplay that occurs betw¢EeRs in immunity. Given over 20 NLR
molecules have been identified, both with pro- anti-inflammatory properties, some
degree of cooperation and antagonism is expecsad,some functional redundancy. Beyond
the characterization of the NLRs and their actngstimuli, three critical questions remain
unanswered: 1) What signaling pathways involvepyironecrosis and pyroptosis? 2) Why
do cathepsin B inhibitors block NLRP3 inflammasoacévity? and 3)Why are the NLRP3

deficient mice more susceptible to pathogen indletthlity?

1 — What signaling pathways involved in pyronecrosiand pyroptosis?

The greatest opportunity raised by this work isdharacterization of the
pyronecrosis and pyroptosis pathways. At this tithe,two cell death pathways are
distinguished only by the requirement of caspased.much work is needed to fully
elucidate pyronecrosis and pyroptosis signalingv@/shown that NLRP3, ASC, and the
lysosomal protease cathepsin B are required tat@ipyronecrosis, a caspase-1 independent
form of necrotic cell death. However, it is uncléaw and where cathepsin B interacts with
NLRP3 or ASC. Our preliminary data suggests thaRRB is required for pathogen-induced
cathepsin B activation. It's possible that cathesinteracts with ASC and NLRP3 within a

complex similar to the apoptosome or inflammasontech we term the necrosome. The
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existence of this complex could be evaluated biynomunoprecipitation assays and/or the
purification of high molecular weight complexes taning NLRP3, ASC, and cathepsin B.
Given the ability of disease-associated NLRP3 ntstaminduce pyronecosis, novel
components of the necrosome and pyronecrosis pgtbowdd be identified by mass
spectrometry analysis following immunoprecipitatmimutant NLRP3. Finally, the use of
small molecule inhibitors of known cell death média may be effective in identifying
components of the pyronecrosis and pyroptosis patewThis approach has proven useful
in identifying cathepsin B and caspase-1 as a nmdiaf pyronecrosis and pyroptosis and
may yield additional results.

Several opportunities are available in the charaetgon of pyroptosis also. Though
caspase-1 inhibitors fail to abrogate pyronecrabes ability of cathepsin B inhibitors to
block pyroptosis has not been investigated. Thidccbe evaluated by determining if
cathepsin B inhibitors blockalmonellaor Pseudomonamduced cell death, two known
activator of NLRC4-dependent pyroptosis (Brennath @ookson, 2000; Franchi et al., 2007,
Sutterwala et al., 2007). Our lab and others ltavdirmed the requirement of caspase-1 in
pyroptosis initiated byalmonellahowever the events leading to caspase-1 activatie®
worthy of additional investigation. Both NLRC4 aA&C deficient macrophages fail to
activate caspase-1 in respons&atmonella typhimuriurandPseudomonas aerugingsm
event presumably required to initiate caspase-&mggnt cell death (Mariathasan et al.,
2004; Sutterwala et al., 2007). However, AS@acrophages demonstrate no defect in
Pseudomonamduced cell death and only a partial decreagaimonellanduced

pyroptosis. This suggests that in the absence &, AR RC4 initiates cell death in a
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caspase-1 independent manner. It's possible tlsat¥olves another caspase, such as

caspase-11, but this backup mechanism is currenigown.

2 -Why do cathepsin B inhibitors block NLRP3 inflamma®me activity?

Biochemical studies have identified a number dfimimasomes, which promote
inflammation by activating caspase-1, resultinthie release of the pyrogenic cytokine IL-
1 and IL-18 from cells treated with different stim(Agostini et al., 2004; Duncan et al.,
2007) (Fig 1.6). The NLRP3 inflammasome consi$tdIdRP3, ASC, and CARDINAL,
which aggregate and activate pro-caspase-1 incarcat proximity model analogous to the
activation of caspase-8 and caspase-9 (Agostali,€2004; Martinon et al., 2002). We have
demonstrated that cathepsin B inhibitors not onlyhit pyronecrosis, but also NLRP3
mediated IL-PB release in response to pathogens. This suggestviausly unrecognized
role for cathepsin B in regulating inflammasomenatyt The mechanism of this inhibition is
currently unknown. The simplest explanation is tethepsin B is required for cleavage and
activation of caspase-1, though this is untestésb Anknown is whether this effect is
specific for the NLRP3 inflammasome or if cathe@imhibitors regulate the NLRC4 and
NLRP1 inflammasomes as well. Answering these dquesiill significantly impact our
understanding of inflammasome function and may &mnentally alter our perception of how

the NLRs elicit inflammation and cell death.

3 - Why are the NLRP3 deficient mice more susceptié to K. pneumoniae induced
lethality?

Few others have attempted to evaluaterthavo relevance of NLRs in response to

pathogens, often with lackluster results. The dtamuefects associated with NLR
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deficiencyin vitro are typically much more subtle when evaluatechimal models, perhaps
reflecting NLR functional redundancy and cell tygpecific functionality. We have
demonstrated that mice lacking NLRP3 exhibit sigaifit decreases in lung inflammation
following pulmonary infection withkK. pneumoniaeHowever, these mice are more
susceptible t&. pneumoniaénduced lethality compared to controls. Cumuliythese
results demonstrate that NLRP3 activity is benafitd the host in defense agaiKst
pneumoniaethoughthe cause of the increased NLRP®ortality is currently unknown.

In plants, the hypersensitive response initiate®Rlgenes is required for the
inhibition of pathogen growth, thus bacterial buradgas expected to be substantially higher
in NLR deficient mice (Mackey et al., 2002; MoreldaDangl, 1997). Indeed, NLRC1 and
NLRC2 are required fdr. monocytogenedearance and host survival (Kim et al., 2008).
Similar modest increases in pathogen expansion aleserved in NLRC4 mice injected
with P. aeruginosathough this was not associated with a loss dfilig (Franchi et al.,
2007; Sutterwala et al., 2007However, NLRP3 deficient were not more permissoK.
pneumoniagrowth or systemic dissemination, indicating thathogen replication is
unlikely responsible for this effect.

While NLRP3" mice demonstrated dramatic decreases infliarid HMGB1, they
also had significant increases in IL-6 as well@gesal other inflammatory mediators afker
pneumoniaehallenge. This may be a compensatory respongbddoss of IL-B and may
contribute to the increased mortality, though thas not been evaluated. Finally, it's possible
that the 24-36 hour delay K. pneumoniaéenduced lethality is simply a combination of
several minor factors. This could include the baatgrowth, cytokine production, and the

actions of other NLRs. In the future, it will b&eresting to revisit these vivo pathogen
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experiments in mice deficient for several NLRsyéty eliminating any confounding

functional redundancy.
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