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Summary	

	

Inflammasomes	are	protein	complexes	serving	as	activation	platforms	for	the	protease	

caspase-1,	which	leads	to	a	pro-inflammatory	type	of	cell	death	termed	pyroptosis	and	

to	 maturation	 and	 release	 of	 the	 cytokines	 interleukin-	 (IL)-1b	 and	 IL-18.	 These	

processes	 are	 involved	 in	 host	 protection	 against	 pathogens	 and	 in	 the	 control	 of	

commensal	microbial	 communities;	 however,	 under	pathological	 conditions,	 they	may	

contribute	 to	 diseases	 such	 as	 Alzheimer’s	 disease,	 atherosclerosis,	 gout,	 or	 type	 2	

diabetes.	Several	receptors	and	sensors	are	capable	of	assembling	inflammasomes.	For	

example,	 absent	 in	 melanoma	 2	 (AIM2)	 triggers	 inflammasome	 formation	 in	 the	

presence	 of	 cytosolic	 double-stranded	 (ds)	 DNA,	 whereas	 NACHT,	 LRR,	 and	 PYD	

domains-containing	 protein	 3	 (NLRP3)	 nucleates	 the	 inflammasome	 in	 response	 to	

multiple	stimuli,	many	of	which	deplete	the	cytosolic	pool	of	K+	ions.	

	

The	 molecular	 mechanisms	 governing	 the	 NLRP3	 inflammasome	 activation	 are	

incompletely	 understood.	 Here,	 I	 characterized	 the	 inflammasome	 activation	 by	 m-

3M3FBS,	 a	 reported	 phospholipase	 C	 (PLC)	 agonist	 previously	 suggested	 to	 activate	

NLRP3.	 Unexpectedly,	 I	 found	 that	 the	 m-3M3FBS-induced	 inflammasome	 assembly	

does	 not	 require	 NLRP3.	 Furthermore,	 I	 provided	 evidence	 that	 PLC	 inhibitors,	

previously	 reported	 to	 inhibit	 the	NLRP3	 inflammasome	 formation,	do	so	 through	off-

target	effects.	These	observations	raised	 the	questions	of	which	sensors/receptors	are	

involved	 in	 inflammasome	 formation	 in	 cells	 treated	 with	m-3M3FBS,	 and	 how	 this	

response	is	initiated.	

	

Using	 a	 combination	 of	 forward-	 and	 reverse-genetic	 approaches,	 I	 identified	 two	

inflammasome-forming	 proteins	 activated	 by	 m-3M3FBS:	 AIM2	 and	 NLRP10.	 By	

employing	 fluorescence	 microscopy	 techniques	 and	 pharmacological	 manipulation	 of	

cell	 signaling,	 I	 discovered	 that	 the	m-3M3FBS	 mechanism	 of	 action	 consists	 of	 the	

induction	of	mitochondrial	(mt)	rupture.	This	damage	exposes	mtDNA	to	AIM2,	leading	

to	 inflammasome	 formation.	 In	 opposition	 to	 the	 previously	 proposed	 models	 of	

inflammasome	 activation,	 NLRP3	 was	 not	 involved	 in	 this	 response	 to	 mtDNA.	 The	

activation	 of	 the	 NLRP10	 inflammasome	 was	 also	 mtDNA-independent,	 but	 likely	

relying	on	another	factor	exposed	by	the	disrupted	organelles.	In	further	experiments,	I	

identified	three	more	activators	of	the	AIM2	and	NLRP10	inflammasomes	(thapsigargin,	



	 j	

SMBA1,	and	SC-10)	and	two	NLRP10-specific	inflammasome	activators	(o-3M3FBS	and	

SC-9).	

	

In	my	Thesis,	I	characterize	in	detail	the	off-target	activity	of	m-3M3FBS	as	an	inducer	of	

mitochondrial	 damage.	 I	 also	 provide	 evidence	 that	 AIM2	 can	 be	 activated	 by	

endogenous	mtDNA.	Furthermore,	I	describe	NLRP10	as	a	novel	inflammasome-forming	

sensor	possibly	responding	to	mitochondrial	rupture.	Finally,	my	findings	indicate	that	

the	NLRP3	inflammasome	formation	is	not	dependent	on	PLC	and	mtDNA,	significantly	

simplifying	the	current	model	of	NLRP3	activation.	



	 k	

Zusammenfassung	

	

Inflammasomen	 sind	 Proteinkomplexe,	 die	 die	 Aktivierung	 der	 Protease	 Caspase-1	

ermöglichen.	 Dieses	 führt	 zu	 einem	 proinflammatorischen	 Zelltod,	 der	 als	 Pyroptose	

bezeichnet	 wird,	 sowie	 zur	 Spaltung	 und	 Sekretion	 der	 Zytokine	 Interleukin-	 (IL)-1b	

und	 IL-18.	 Diese	 immunologische	 Reaktion	 hilft,	 den	 Körper	 gegen	 Pathogene	 zu	

schützen	 und	 spielt	 eine	 Rolle	 bei	 der	 Kontrolle	 von	 kommensalen	Mikroorganismen.	

Unter	 pathologischen	 Bedingungen	 kann	 die	 Inflammasom-Aktivierung	 jedoch	 zu	

Krankheiten	 wie	 Alzheimer,	 Arteriosklerose,	 Gicht	 oder	 Typ-2-Diabetes	 führen.	

Verschiedene	 Rezeptoren	 und	 Sensoren	 können	 die	 Bildung	 von	 Inflammasomen	

initiieren.	 Absent	 in	 Melanoma	 2	 (AIM2)	 wird	 in	 Gegenwart	 von	 zytosolischer	

doppelsträngiger	 (ds)	 Deoxyribonukleinsäure	 (DNA)	 aktiviert	 und	 NACHT-,	 LRR-	 und	

PYD	Domains-Containing	Protein	 3	 (NLRP3)	 bildet	 das	 Inflammasom	als	Reaktion	 auf	

mehrere	 Stimuli,	 viele	 von	 denen	 den	 Ausfluss	 von	 Kalium-Ionen	 aus	 der	 Zelle	

verursachen.	

	

Die	 molekularen	 Mechanismen	 der	 NLRP3-Aktivierung	 sind	 noch	 nicht	 vollständig	

verstanden.	 In	 meiner	 Dissertation	 habe	 ich	 die	 Inflammasom-Aktivierung	 durch	m-

3M3FBS	 charakterisiert.	 m-3M3FBS	 ist	 ein	 niedermolekularer	 Agonist	 der	

Phospholipase	 C	 (PLC)	 und	 wurde	 als	 ein	 Aktivator	 des	 NLRP3-Inflammasomes	

beschrieben.	Unerwartet	habe	ich	aber	festgestellt,	dass	die	durch	m-3M3FBS	induzierte	

Inflammasom-Aktivierung	von	NLRP3	unabhängig	 ist.	Weiterhin	habe	 ich	gezeigt,	dass	

PLC-Inhibitoren,	 die	 zuvor	 verwendet	 wurden,	 um	 die	 Beteiligung	 von	 PLC	 an	 der	

Aktivierung	 des	 NLRP3-Inflammasomes	 zu	 beweisen,	 durch	 unspezifische	 Effekte	

wirken.	 Infolge	 dieser	 Ergebnisse	 habe	 ich	 die	 Fragen	 gestellt,	 welche	 Sensoren	 oder	

Rezeptoren	 in	 m-3M3FBS-stimulierten	 Zellen	 Inflammasomen	 bilden	 können,	 und	

welche	Signalwege	daran	beteiligt	sind.	

	

Durch	 genetische	 Ansätze	 habe	 ich	 zwei	 Inflammasom-bildende	 Proteine	 identifiziert,	

die	 auf	 die	 Stimulierung	 mit	 m-3M3FBS	 reagieren:	 AIM2	 und	 NLRP10.	 Durch	

Fluoreszenzmikroskopie	als	auch	pharmakologische	Manipulation	der	Signalwege	habe	

ich	anschließend	entdeckt,	dass	der	Wirkmechanismus	von	m-3M3FBS	in	der	Induktion	

der	mitochondrialen	Störung	besteht.	Dieser	Zusammenbruch	der	Mitochondrien	setzt	

die	mtDNA	frei,	was	dann	zur	Aktivierung	des	AIM2-Inflammasomes	führt.	Im	Gegensatz	
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zu	den	vorherigen	Modellen	 ist	NLRP3	an	der	Reaktion	auf	mtDNA	nicht	beteiligt.	Die	

Aktivierung	des	NLRP10-Inflammasomes	hängt	 ebenfalls	 nicht	 von	mtDNA	ab,	 könnte	

aber	von	anderen	Faktoren	verursacht	werden,	die	die	zerstörten	Organellen	freisetzen.	

In	 weiteren	 Experimenten	 habe	 ich	 noch	 drei	 Aktivatoren	 der	 AIM2-	 und	 NLRP10-

Inflammasomen	 (Thapsigargin,	 SMBA1	 und	 SC-10)	 und	 zwei	 NLRP10-spezifische	

Inflammasom-Aktivatoren	(o-3M3FBS	und	SC-9)	identifiziert.	

	

In	meiner	Doktorarbeit	habe	ich	den	Off-Target-Effekt	von	m-3M3FBS	beschrieben,	der	

eine	 mitochondriale	 Störung	 verursacht.	 Diese	 führt	 zur	 Aktivierung	 des	 AIM2-

Inflammasomes	 durch	 endogene	 mtDNA.	 Parallel	 dazu	 habe	 ich	 den	 Sensor	 NLRP10	

charakterisiert,	 der	 in	 den	 Zellen,	 in	 den	 die	 Mitochondrien	 geschädigt	 werden,	

Inflammasomen	bilden	kann.	Schließlich	habe	ich	gezeigt,	dass	die	Bildung	des	NLRP3-

Inflammasomes	 von	 PLC	 und	 mtDNA	 unabhängig	 ist,	 was	 das	 aktuelle	 Modell	 der	

NLRP3-Aktivierung	erheblich	vereinfacht.	
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Abbreviations	index	

	
2-APB,	2-Aminoethoxydiphenylborane	
8-OH-dG,	8-hydroxy-2’-deoxyguanosine	(monomeric)	
8-OH-dG,	8-hydroxy-2’-deoxyguanosine	(residues	within	a	DNA	strand)	
8-oxo-dGTP,	8-oxo-2'-deoxyguanosine-5'-triphosphate	
AIM2,	absent	in	melanoma	2	
ALR,	AIM2-like	receptor	
ANT[1],	adenine	nucleotide	translocator	[1]	(also	known	as	Slc25a4)	
APAF1,	apoptotic	protease	activating	factor	1	
APLAID,	 autoinflammation	 and	 phospholipase	 Cg2-associated	 antibody	 deficiency	 and	
immune	dysregulation	
ASC,	apoptosis-associated	speck	like	protein	containing	a	CARD	
ATP,	adenosine-5’-triphosphate	
Bad,	BCL-2-associated	agonist	of	cell	death	
Bak,	BCL-2	homologous	antagonist/killer	
Bax,	BCL-2-associated	X,	apoptosis	regulator	
BCL-2,	B-cell	lymphoma	2	
BCL-W,	BCL-2-like	protein	2	
BCL-XL,	B-cell	lymphoma-extra	large	
BCR,	B-cell	receptor	
BFP,	blue	fluorescent	protein	
Bid,	BH3	interacting-domain	death	agonist	
Bim,	BCL-2-interacting	mediator	of	cell	death	
BMDM,	bone	marrow-derived	macrophage	
Bok,	BCL-2-related	ovarian	killer	
bp,	base	pair	
cAMP,	3’,5’-cyclic	adenosine	monophosphate	
CARD,	caspase	activation	and	recruitment	domain	
CaSR,	calcium-sensing	receptor	
cGAMP,	2’,3’-cyclic	guanosine	monophosphate-adenosine	monophosphate	
cGAS,	2’,3’-cyclic	guanosine	monophosphate-adenosine	monophosphate	synthase	
CD,	cluster	of	differentiation	
cIAP,	baculoviral	IAP	repeat-containing	protein	
CLR,	C-type	lectin-like	receptor	
CRISPR,	clustered	regularly	interspaced	short	palindromic	repeats	
CsA,	cyclosporin	A	
CXCL8,	chemokine	(C-X-C	motif)	ligand	8	
CytD,	cytochalasin	D	
CytoD,	cytochalasin	D	
DAG,	diacylglycerol	
DAMP,	damage-associated	molecular	pattern	
ddC,	2’,3’-dideoxycytidine	
DDOST,	dolichyl-diphosphooligosaccharide-protein	glycosyltransferase	non-catalytic	
subunit	
DDX3X,	DEAD-box	helicase	3	X-linked	
DMEM,	Dulbecco’s	Modified	Eagle’s	Medium	
DMSO,	Dimethyl	sulfoxide	
DNA,	Deoxyribonucleic	acid	
dNTP,	deoxynucleoside-5’-triphosphate	
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DPBS,	Dulbecco’s	phosphate-buffered	saline	
ds,	double-stranded	
ER,	endoplasmic	reticulum	
EtBr,	ethidium	bromide	
FADD,	Fas-associated	protein	with	death	domain	
FBS,	fetal	bovine	serum	
FIIND,	function-to-find	domain	
FPR,	formyl	peptide	receptor	
g,	gravitational	acceleration	
GCN2,	general	control	nonderepressible	2	
GPCR,	G	protein-coupled	receptor	
Gsdm,	gasdermin	
h	[prefix],	human	
h,	hour	
HAMP,	homeostasis-altering	molecular	process	
HEK,	human	embryonic	kidney	
HIN-200,	 hematopoietic	 expression,	 interferon-inducible	 nature,	 and	 nuclear	
localization-200	
HIV,	human	immunodeficiency	virus	
HMGB1,	high	mobility	group	box	1	protein	
HRI,	heme-regulated	inhibitor	
HSP90,	heat	shock	protein	90	
HTRF,	homogenous	time-resolved	fluorescence	
IAP,	inhibitor	of	apoptosis	protein	
IC50,	half	maximal	inhibitory	concentration	
IFN,	interferon	
IL,	interleukin	
iMac,	immortalized	macrophage	
IMM,	inner	mitochondrial	membrane	
IMS,	intermembrane	space	
IP1,	inositol	monophosphate	
IP3,	inositol	1,4,5-trisphosphate	
IP3R,	IP3	receptor	
IRE1a,	inositol-requiring	enzyme	1	a	
IRES,	internal	ribosomal	entry	site	
IRF,	interferon	regulatory	factor	
ISR,	integrated	stress	response	
LAMP1,	lysosomal-associated	membrane	protein	1	
Leu-Leu-O-Me,	Leu-Leu	methyl	ester	
LMW,	low	molecular	weight	
LPS,	lipopolysaccharide	
LRR,	leucine-rich	repeat	
m	[prefix],	murine	
M.	leprae,	Mycobacterium	leprae	
MAVS,	mitochondrial	antiviral	signaling	protein	
MCD,	methylcyclodextrin	
MCL-1,	myeloid	cell	leukemia	sequence	1	(BCL-2-related)	
MCU,	mitochondrial	Ca2+	uniporter	
MEM,	minimal	essential	medium	
MHC,	major	histocompatibility	complex	
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min,	minute	
MLKL,	mixed	lineage	kinase	domain-like	protein	
MOMP,	mitochondrial	outer	membrane	permeabilization	
mPT,	mitochondrial	permeability	transition	
mPTP,	mitochondrial	permeability	transition	pore	
MSS,	minimal	salt	solution	
mt,	mitochondrial	
MW,	molecular	weight	
NACHT,	nucleotide-binding	oligomerization	domain	
NAIP,	neuronal	apoptosis	 inhibitory	protein/baculoviral	 inhibitor	of	apoptosis	domain	
[IAP]	repeat-containing	protein	
NEK7,	never	in	mitosis	gene	A	(NIMA)-related	kinase	7	
NET,	neutrophil	extracellular	trap	
NFAT,	nuclear	factor	of	activated	T	cells	
NF-kB,	nuclear	factor	kappa-light-chain-enhancer	of	activated	B	cells	
NK,	natural	killer	
NLR,	NOD-like	receptor	
NLRC4,	NLR	family	CARD	domain-containing	protein	4	
NLRP,	NACHT,	LRR,	and	PYD	domains-containing	protein	
NOD2,	Nucleotide-binding	oligomerization	domain-containing	protein	2	
Noxa,	see:	PMAIP1	
nuc	[prefix],	nuclear	
OMM,	outer	mitochondrial	membrane	
ox[-]	[prefix],	oxidized	
P.	aeruginosa,	Pseudomonas	aeruginosa	
P2X7R,	P2X	purinoceptor	7	
P2Y2R,	P2Y	purinoceptor	2	
PAMP,	pathogen-associated	molecular	pattern	
PARL,	presenilins-associated	rhomboid-like	protein	
PBMC,	peripheral	blood	mononuclear	cell	
PBS,	phosphate-buffered	saline	
PC,	phosphatidylcholine	
PCR,	polymerase	chain	reaction	
PERK,	PKR-like	ER	kinase	
PI,	phosphatidylinositol	
PI4P,	phosphatidylinositol	4-phosphate	
PINK1,	PTEN-induced	kinase	1	
PIP2,	phosphatidylinositol	4,5-bisphosphate	
PKC,	protein	kinase	C	
PKD,	protein	kinase	D	
PKR,	protein	kinase	RNA-activated	
PLC,	phospholipase	C	
PMA,	phorbol-12-myristate-13-acetate	
PMAIP1,	phorbol-12-myristate-13-acetate-induced	protein	1	
poly-(dA:dT),	poly(deoxyadenylic-deoxythymidylic)	acid	
PPIA,	peptidyl-prolyl	cis-trans	isomerase	A	
PPIF,	peptidyl-prolyl	cis-trans	isomerase	A	
PRR,	pattern	recognition	receptor	
PYCARD/Pycard,	 PYD	 and	 CARD	 domain-containing	 protein	 (the	 name	 of	 the	 gene	
encoding	ASC)	



	 p	

PYD,	pyrin	domain	
qPCR,	quantitative	polymerase	chain	reaction	
RAGE,	receptor	for	advanced	glycation	end	products	
RIG-I,	retinoic	acid-inducible	gene-I	
RIPK,	receptor-interacting	serine/threonine-protein	kinase	
RLR,	RIG-I-like	receptor	
RNA,	ribonucleic	acid	
ROS,	reactive	oxygen	species	
rpm,	revolutions	per	minute	
RPMI,	Roswell	Park	Memorial	Institute	[tissue	culture	medium]	
rRNA,	ribosomal	RNA	
RT,	room	temperature	
s,	second	
SCAP,	sterol	regulatory	element-binding	protein	cleavage-activating	protein	
SD,	standard	deviation	
SERCA,	sarco/endoplasmic	reticulum	Ca2+-ATPase	
SGK,	serum	and	glucocorticoid-regulated	kinase	
shRNA,	short	hairpin	RNA	
Slc25a4,	 Solute	 Carrier	 Family	 25	 Member	 4	 (also	 known	 as	 adenine	 nucleotide	
translocator	1)	
SLR,	sequestosome-1-like	receptor	
SMAC,	second	mitochondria-derived	activator	of	caspases	
ss,	single-stranded	
STING,	stimulator	of	interferon	genes	
tBid,	truncated	Bid	
TCR,	T-cell	receptor	
TGOLN2,	Trans-Golgi	Network	Protein	2	
TIM,	translocase	of	the	inner	[mitochondrial]	membrane	
TIR,	Toll/IL-1	receptor	homology	[domain]	
TLR,	Toll-like	receptor	
TOM,	translocase	of	the	outer	[mitochondrial]	membrane	
TOMM20,	Mitochondrial	import	receptor	subunit	TOM20	homolog	
TRIF,	TIR-domain-containing	adaptor	inducing	interferon-b	
tRNA,	transfer	RNA	
TSPO,	translocator	protein	(also	known	as	peripheral	benzodiazepine	receptor)	
TXNIP,	thioredoxin-interacting	protein	
UPR,	unfolded	protein	response	
UPRmt,	mitochondrial	unfolded	protein	response	
VDAC,	voltage-dependent	anion	channel	
WT,	wild-type	
XIAP,	X-linked	inhibitor	of	apoptosis	protein	
Y.	pestis,	Yersinia	pestis	
ZBP1,	Z-DNA-binding	protein	1	
DY,	potential	gradient	
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1.	Introduction	

	

1.1.	Overview	of	mammalian	immune	systems	

	

All	 animals	 share	 their	 bodies	 and	 their	 environment	with	 other	 organisms,	 including	

viruses,	 bacteria,	 and	 fungi.	Most	of	 these	microorganisms	are	neutral	 or	beneficial	 to	

their	hosts	 (Dethlefsen	et	al.,	2007)	but	some	of	 them,	 if	allowed	 to	reproduce	and/or	

spread	in	an	uncontrolled	manner,	may	pose	a	threat	to	the	host	survival	(Méthot	and	

Alizon,	2014).	The	ability	to	detect	microorganisms	and	mount	appropriate	responses	is	

an	essential	component	of	normal	animal	physiology.	Such	responses	can	lead	to	spatial	

containment	 of	 the	 microorganisms,	 to	 tolerance,	 or	 they	 may	 aim	 at	 eliminating	

potential	pathogens.	Classically,	coordination	of	host	interactions	with	the	surrounding	

microbes	is	the	primary	function	of	the	immune	system	(Pradeu,	2020).	

	

Mechanisms	defined	as	immune	have	been	identified	in	all	branches	of	the	tree	of	life;	it	

has	 been	proposed	 that	 possession	 of	 an	 immune	 system	 is	 an	 inherent	 feature	 of	 all	

living	organisms	 (Pradeu,	2020).	Consequently,	 the	diversity	of	 the	described	 immune	

systems	is	immense.	In	my	thesis,	I	investigated	immune	pathways	active	in	murine	and	

human	 cells,	 so	 in	 this	 Chapter	 I	 will	 present	 a	 brief	 characterization	 of	 mammalian	

immunity.	Of	note,	the	principal	characteristics	of	the	immune	systems	of	mammals	are	

shared	with	other	vertebrates.	

	

The	 mammalian	 immune	 system	 can	 be	 described	 in	 terms	 of	 a	 ‘layered’	 structure	

consisting	 of	 the	 following	 levels:	 (1)	 physical	 and	 chemical	 barriers,	 (2)	 constitutive	

innate	 immune	 responses,	 (3)	 induced	 innate	 immune	 responses,	 and	 (4)	 adaptive	

immune	responses	(Paludan	et	al.,	2020).	

	

The	physical	barriers,	chiefly	the	skin	and	the	mucous	membranes	lining	organs	such	as	

the	 lungs	 and	 the	 intestines,	 enable	mechanical	 separation	 between	 the	 host	 and	 the	

microorganisms.	These	surfaces	are	also	the	site	of	action	of	host	factors	contributing	to	

antimicrobial	 defenses,	 such	 as	 antimicrobial	 peptides	 and	 lysozyme.	 Importantly,	

barrier	 organs	 may	 be	 inhabited	 by	 commensal	 microbial	 communities.	 One	 of	 the	

consequences	 of	 this	 microbial	 colonization	 is	 that	 the	 commensal	 microorganisms	
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compete	with	potential	pathogens,	promoting	host	protection	(Holt	et	al.,	2008;	Murphy,	

2016;	Peterson	and	Artis,	2014;	Spadoni	et	al.,	2017).	

	

The	constitutive	 innate	 immune	responses	are	permanently	active	processes	 that	may	

contribute	to	antimicrobial	defense	but	frequently	also	have	other	functions.	Examples	

of	 such	 responses	 include	 constitutive	 phagocytosis,	 autophagy,	 proteasomal	

degradation	 of	 proteins,	 and	 hydrolysis	 of	 nucleic	 acids	 by	 nucleases	 present	 in	 the	

extracellular	 fluid,	 in	the	 lumen	of	the	endolysosomal	compartment,	and	in	the	cytosol	

(Bartok	 and	 Hartmann,	 2020).	 Of	 note,	 some	 of	 the	 constitutive	 innate	 immune	

mechanisms	are	not	only	active	in	professional	immune	cells	but	also	in	multiple	other	

cell	types	as	well	as	 in	blood	plasma	and	in	interstitial	 fluids.	Many	constitutive	innate	

immune	responses	promote	physical	separation	and	hydrolytic	degradation	of	microbes	

and	dead	or	damaged	host	cells.	As	a	consequence,	the	microbial	components	and	host	

cell	debris	are	being	turned	over	and	their	buildup	is	prevented	(Paludan	et	al.,	2020).	

	

The	induced	innate	immune	responses	can	be	defined	as	processes	that	are	not	active	in	

the	absence	of	microbe-	or	damaged	host	cell-derived	signals	and	only	 initiated	under	

conditions	indicative	of	tissue	damage	or	microbial	invasion	(Paludan	et	al.,	2020).	The	

nature	of	the	activating	signals,	frequently	interpreted	as	immunological	danger	signals,	

is	 still	 a	matter	of	debate.	 I	will	discuss	 the	current	hypotheses	on	 the	mechanisms	of	

initiation	 of	 the	 induced	 innate	 immune	 responses	 in	 Section	 1.2.	 Important	

characteristics	 of	 these	 responses	 are	 the	 relative	 speed	 at	 which	 they	 occur,	 the	

reliance	 on	 germline-encoded	 sensors	 and	 receptors,	 and	 the	 involvement	 of	 several	

specialized	immune	cell	types	as	well	as	non-immune	cells	(Murphy,	2016).	Of	note,	the	

activity	of	immune	pathways	in	cell	types	classically	regarded	as	non-immune	is	termed	

cell-autonomous	immunity.	Its	consequence	is	that	non-immune	cells	may	detect	signs	of	

microbial	 invasion	 and	 either	 recruit	 support	 of	 professional	 immune	 cells,	 or	 even	

attempt	to	eliminate	the	threat	on	their	own	(Randow	et	al.,	2013).	

	

The	mechanisms	employed	during	induced	innate	immune	responses	aim	at	eliminating	

a	 potential	 threat,	 but	 also	 at	 informing	 other	 cells	 in	 the	 body	 of	 the	 host	 about	 a	

potentially	dangerous	situation	and	at	recruiting	some	of	these	cells	to	fight	a	microbial	

invasion	 (Murphy,	 2016).	 The	 specific	 inducible	 innate	 immune	 mechanisms	 include	

receptor-mediated	 phagocytosis,	 targeted	 degradation	 and	 chemical	 inactivation	 of	
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microbes,	production	and	release	of	molecular	signals	that	inform	other	cells	about	the	

ongoing	immune	process,	and	immunological	cell	death.	

	

Phagocytosis	of	an	encountered	microbe	typically	leads	to	its	degradation	by	hydrolases	

in	 the	 lysosomal	 compartment	 and	 by	 chemical	 antimicrobial	 agents	 such	 as	 reactive	

oxygen	species	(ROS)	(Dupré-Crochet	et	al.,	2013;	Gordon,	2016).	Microbes	found	in	the	

cytosol	may	be	targeted	by	autophagy,	which	can	also	lead	to	elimination	of	pathogens	

through	 fusion	 of	 autophagosomes	 with	 vesicles	 of	 the	 endolysosomal	 compartment	

(Gomes	and	Dikic,	2014).	In	addition	to	the	direct	antimicrobial	effects,	foreign	material	

internalized	through	phagocytosis	and	autophagy	may	be	processed	and	transported	to	

organs	 known	 as	 lymph	 nodes	 (Blander,	 2008;	 Germic	 et	 al.,	 2019).	 There,	 these	

antigens	 are	 used	 for	 instruction	 and	 activation	 of	 the	 adaptive	 immune	 responses	

(Murphy,	2016).	

	

Under	 certain	 conditions,	 cells	may	 use	 programmed	 cell	 death	 as	 an	 innate	 immune	

mechanism.	This	encompasses	 two	classes	of	 scenarios.	First,	 the	death	of	an	 immune	

cell	may	occur	in	response	to	an	intracellular	infection	in	an	autonomous	manner.	This	

eliminates	the	replication	niche	of	a	pathogen	and	may	also	lead	to	the	release	of	danger	

signals	 for	 the	 neighboring	 cells	 (Man	 et	 al.,	 2017).	 The	 second	 scenario	 involves	 the	

immune	 cell-mediated	 induction	 of	 programmed	 cell	 death	 in	 infected	 or	 otherwise	

harmful	cells	(Murphy,	2016).	

	

Apart	 from	direct	 engagement	 of	 antimicrobial	mechanisms,	 innate	 immune	 cells	 also	

produce	a	wide	range	of	molecules	that	inform	other	cells	about	the	status	of	a	microbial	

invasion	and/or	an	immune	response.	These	signaling	molecules	include	lipid	mediators	

(arachidonic	 acid	 derivatives	 known	 as	 eicosanoids;	 Soberman	 and	 Christmas,	 2003)	

and	proteins:	chemokines	(Griffith	et	al.,	2014),	cytokines	(Altan-Bonnet	and	Mukherjee,	

2019),	 and	 interferons	 (Ivashkiv	 and	 Donlin,	 2013).	 Collectively,	 these	 molecules	

coordinate	the	actions	of	immune	and	non-immune	cells	(for	example,	smooth	muscles	

or	 blood	 vascular	 endothelium).	 Eicosanoids,	 chemokines,	 cytokines,	 and	 interferons	

may	 serve	 as	 calls	 for	 support	 from	 other	 immune	 cells,	 and	 the	 intercellular	

communication	that	 these	molecules	mediate	helps	achieve	an	optimal	outcome	of	 the	

immune	response.	
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The	 cells	 of	 the	 hematopoietic	 system	 responsible	 for	 mounting	 innate	 immune	

responses	 are	monocytes,	macrophages	 and	dendritic	 cells,	 granulocytes	 (neutrophils,	

basophils,	 and	 eosinophils),	 mast	 cells,	 and	 natural	 killer	 (NK)	 cells	 (Murphy,	 2016).	

Monocytes	and	macrophages	are	phagocytes	patrolling	the	blood	and	peripheral	tissues.	

They	 can	 both	 phagocytose	 and	 eliminate	 microbes,	 and	 produce	 lipid	 mediators,	

chemokines,	cytokines,	and	interferons	to	provide	information	about	a	potential	threat	

for	other	cells	in	the	body.	Monocytes	and	macrophages	may	also	process	antigens	and	

present	 them	to	T	cells	 (Jakubzick	et	al.,	2017),	but	dendritic	cells,	another	phagocytic	

cell	type,	are	considered	more	specialized	in	this	function.	

	

Neutrophils	are	professional	microbicidal	phagocytes	that	can	internalize	microbes	and	

kill	them	inside	of	the	phagolysosomal	compartment	vesicles	using	hydrolytic	enzymes	

and	ROS	(Segal,	2005).	They	may	also	release	their	contents	to	fight	bacterial	and	fungal	

infections	 outside	 of	 the	 cell	 (Amulic	 et	 al.,	 2017;	 Brinkmann,	 2004).	 Eosinophils	 and	

basophils	 release	 granules	 with	 proteolytic	 and	 chemical	 factors	 in	 response	 to	

multicellular	 parasites.	 Mast	 cells	 may	 also	 release	 their	 granules	 on	 the	 surface	 of	

parasitic	organisms	(Murphy,	2016).	

	

NK	 cells	 stand	 in	 contrast	 to	 the	 cell	 types	 described	 so	 far	 in	 this	 section	 both	with	

respect	 to	 their	 ontogeny	 (NK	 cells	 derive	 from	 a	 common	 lymphoid	 progenitor,	

whereas	the	other	mentioned	innate	 immune	cell	 types	are	myeloid	cells)	and	to	their	

contribution	 to	 the	 immune	defense:	NK	 cells	may	 recognize	 certain	 virus-infected	 or	

tumor	 cells,	 and	 release	 factors	 triggering	 programmed	 cell	 death	 of	 these	 cells	 in	 a	

targeted	manner	(Murphy,	2016).	

	

***	

	

In	contrast	 to	 innate	 immunity,	 the	adaptive	 immune	responses	rely	on	non-germline-

encoded	 antigen	 recognition	 system.	 Adaptive	 immunity	 is	 driven	 by	 lymphocytes:	 B	

cells	 and	 T	 cells.	 Their	 receptors,	 respectively,	 are	 called	 B-cell	 and	 T-cell	 receptors	

(BCRs	 and	 TCRs)	 and	 they	 are	 products	 of	 somatic	 recombination	 and,	 in	 the	 case	 of	

BCRs,	subsequent	mutagenesis.	In	vertebrates,	these	processes	generate	a	highly	diverse	

repertoire	 of	 antigen-specific	 immune	 receptors	 and	 also	 result	 in	 the	 formation	 of	

antigen-specific	memory.	 The	 adaptive	 immune	 response	 is	 substantially	 slower	 than	
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innate	 immune	responses,	as	 time	 is	needed	 for	clonal	expansion	of	antigen-specific	B	

cells	and	T	cells.	Importantly,	innate	immune	cell	types	and	mechanisms	are	necessary	

to	mount	adaptive	immunity,	and,	conversely,	the	adaptive	immune	responses	direct	the	

behavior	of	innate	immune	cells	(Jack	and	Pasquier,	2019;	Murphy,	2016).	

	

BCRs	and	their	soluble	forms,	termed	antibodies,	bind	to	antigens	in	their	native	form,	

either	on	the	surface	of	the	microbes	or	the	infected	cells,	or	in	bodily	fluids.	Antibodies,	

depending	on	their	class	and	isotype,	can	mark	their	targets	for	opsonization	and	lysis,	

phagocytosis	 by	 myeloid	 phagocytes,	 NK	 cell-mediated	 killing,	 or	 the	 release	 of	

granulocyte	 contents,	 or	 they	 can	directly	neutralize	 the	 activity	 of	 bacterial	 toxins	or	

counteract	viral	entry	into	host	cells	(Lu	et	al.,	2017).	

	

TCRs	recognize	peptide	antigens	presented	on	the	surfaces	of	other	cells	in	the	context	

of	 major	 histocompatibility	 complex	 (MHC)-I	 or	 II	 molecules.	 These	 antigens	 are	 no	

longer	 in	 their	 native	 state,	 and	 instead	undergo	multistep	processing.	 T	 lymphocytes	

may	be	very	broadly	divided	 into	CD4+	 (helper)	T	 cells,	which	provide	 signals	driving	

macrophage	and	B-cell	 responses,	 and	CD8+	 (cytotoxic)	T	 cells,	which	 can	directly	kill	

virus-infected	or	tumor	cells	(Jack	and	Pasquier,	2019;	Murphy,	2016).	

	

***	

	

Even	 though	 immunity	 had	 been	 classically	 associated	 with	 infection	 biology,	 it	 has	

become	 clear	 that	 the	 immune	 system	 also	 plays	 a	 role	 in	 multiple	 physiological	

processes	 not	 directly	 related	 to	 the	 host-microbe	 interactions.	 These	 include	

homeostatic	 clearance	 of	 dead	 cells	 and	 their	 molecular	 remnants,	 as	 well	 as	

developmental	 and	 regeneration	 processes	 (Pradeu,	 2020).	 Furthermore,	 immunity	 is	

not	 always	 targeted	 at	 foreign	 microorganisms;	 the	 immune	 responses	 can	 also	 be	

mounted	 against	 the	 components	 of	 the	 host,	 which	 may	 lead	 to	 autoinflammatory	

(Dinarello,	2009)	and	autoimmune	pathologies	(Rosenblum	et	al.,	2015).	Finally,	 there	

are	 instances	where	 infection-related	 and	 -unrelated	 inputs	 result	 in	 the	 activation	 of	

similar	 host	 responses;	 I	 will	 provide	 an	 example	 of	 such	 a	 situation	 in	 Section	 1.2,	

where	the	integrated	stress	response	(ISR)	will	be	described	as	one	of	cell-autonomous	

innate	immune	mechanisms	(Pakos	Zebrucka	et	al.,	2016).	
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In	 my	 Thesis,	 I	 investigated	 a	 protein	 complex	 known	 as	 the	 inflammasome.	 The	

inflammasome	activation	has	initially	been	described	in	macrophages	and	dendritic	cells	

(Martinon	 et	 al.,	 2002),	 and	 it	 is	 best	 understood	 in	 the	 context	 of	 innate	 immune	

responses.	 Therefore,	 in	 the	 next	 sections	 I	 will	 focus	 on	 the	 mechanisms	 by	 which	

innate	immune	cells	sense	the	microbes	and	sterile	(host)	damage	(Section	1.2).	As	the	

inflammasome	signaling	is	the	subject	of	my	research,	this	process	will	be	discussed	in	

particular	detail	(Sections	1.3	and	1.4).	

	

1.2.	Activation	mechanisms	of	induced	innate	immune	responses	

	

Three	classes	of	signals	recognized	by	the	innate	immune	system	can	be	distinguished:	

pathogen-associated	 molecular	 patterns	 (PAMPs;	 Janeway,	 1989),	 damage-associated	

molecular	 patterns	 (DAMPs;	 Gong	 et	 al.,	 2019;	 Land,	 2003),	 and	 homeostasis-altering	

molecular	processes	(HAMPs;	Liston	and	Masters,	2017).	

	

PAMPs	 are	microbial-derived	molecules	 whose	 presence	 or	 anomalous	 localization	 is	

indicative	 of	 infection.	 Examples	 of	 PAMPs	 include	 lipopolysaccharide	 (LPS),	 a	

component	 of	 the	 outer	 membrane	 of	 Gram-negative	 bacteria,	 bacterial	 lipoproteins,	

and	flagellin,	a	building	block	of	bacterial	flagella	(Kumar	et	al.,	2011;	Mogensen,	2009).	

An	 important	group	of	PAMPs	are	also	bacterial	and	viral	nucleic	acids,	which	may	be	

distinguished	 from	host	nucleic	acids	based	on	specific	 chemical	modifications	and	on	

atypical	localization	patterns	(Bartok	and	Hartmann,	2020;	Schlee	and	Hartmann,	2016).	

	

DAMPs	were	initially	defined	as	host-derived	molecules	that	are	normally	shielded	from	

innate	 immune	receptors	but	may	be	exposed	or	released	by	damaged	cells.	Currently	

the	 abbreviation	DAMPs	 is	 also	 frequently	 expanded	 as	 ‘danger-associated	 molecular	

patterns’,	 a	 broader	 and	 less	 well-defined	 category	 (Gong	 et	 al.,	 2019).	 Examples	 of	

canonical	DAMPs	include	extracellular	adenosine-5’-triphosphate	(ATP)	(Mariathasan	et	

al.,	 2006;	 Pelegrín	 and	 Surprenant,	 2006),	 displaced	 host	 nucleic	 acids	 (Bartok	 and	

Hartmann,	 2020;	 Schlee	 and	 Hartmann,	 2016),	 N-formylated	 peptides	 released	 from	

ruptured	mitochondria	(Dorward	et	al.,	2015),	or	histones	derived	from	ruptured	nuclei	

(Allam	et	al.,	2013).	Collectively,	PAMPs	and	DAMPs	are	chemically	defined	molecules	or	

classes	of	molecules	and	the	mechanisms	by	which	they	activate	their	cognate	receptors	
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–	the	pattern	recognition	receptors	(PRRs)	–	can	usually	be	explained	in	terms	of	ligand-

receptor	interactions.	

	

Somewhat	in	contrast,	HAMPs	have	been	proposed	as	a	third	category	of	innate	immune	

responses-activating	 signals.	 HAMPs	 do	 not	 fit	 the	 definition	 of	 molecularly	 defined	

ligands	and	instead	are	biological	processes	whose	abnormally	high	or	low	rate	may	be	

indicative	of	an	infection	or	another	type	of	pathology.	It	 is	generally	believed	that	the	

information	about	disrupted	homeostasis	 is	 transmitted	 to	 the	HAMP	sensors	 through	

post-translational	modifications	(Liston	and	Masters,	2017).	

	

The	 group	 of	 receptors	 most	 frequently	 associated	 with	 PAMPs,	 DAMPs,	 and	 HAMPs	

recognition	 are	 the	 PRRs.	 Five	 protein	 families	 are	 classified	 in	 this	 group:	 Toll-like	

receptors	 (TLRs),	 nucleotide-binding	 oligomerization	 domain	 (NOD)-like	 receptors	

(NLRs),	 retinoic	 acid-inducible	 gene-I	 (RIG-I)-like	 receptors	 (RLRs),	 C-type	 lectin-like	

receptors	 (CLRs),	 and	 absent	 in	melanoma	 2	 (AIM2)-like	 receptors	 (ALRs)	 (Takeuchi	

and	 Akira,	 2010a).	 Sometimes	 the	 PRR	 definition	 is	 also	 proposed	 to	 include	

sequestosome-1-like	 receptors	 (SLRs),	 which	 can	 initiate	 autophagic	 engulfment	 of	

cytoplasmic	contents	(Deretic	et	al.,	2013).	PRR	families,	their	agonists,	and	the	effects	of	

their	activation	(described	below)	are	presented	in	Scheme	1.1.	

	

TLRs	and	CLRs	are	membrane	proteins	and	they	sample	the	extracellular	compartment	

(including	 the	 lumina	 of	 endosomes)	 for	 microbial	 products	 (Takeda	 et	 al.,	 2003).	

Examples	 of	 their	 ligands	 include	 bacterial	 lipoproteins	 (ligands	 of	 TLR1/2/6;	

Kirschning	and	Schumann,	2002;	Takeda	et	al.,	2002;	Takeuchi	et	al.,	2002),	LPS	(TLR4;	

Chow	et	al.,	1999;	Poltorak,	1998;	Qureshi	et	al.,	1999),	 flagellin	 (TLR5;	Gewirtz	et	al.,	

2001;	Hayashi	et	al.,	2001),	dsRNA	(TLR3;	Alexopoulou	et	al.,	2001),	DNA	(TLR9;	Hemmi	

et	 al.,	 2000),	 or	 the	 fungal	 saccharide	 beta-glucan	 (the	 CLR	 family	 member	 Dectin-1;	

Brown	 and	Gordon,	 2001).	 RLRs,	NLRs,	 ALRs,	 and	 SLRs	 are	 all	 cytosolic	 proteins	 and	

they	 sample	 the	 contents	 of	 the	 intracellular	 compartment.	 RLR	 ligands	 are	 well-

characterized	 and	 they	 include	 bacterial	 and	 viral	 RNA	molecules	 (Chow	 et	 al.,	 2018;	

Rehwinkel	and	Gack,	2020),	whereas	the	ligand	for	AIM2	is	cytosolic	dsDNA	(Fernandes-

Alnemri	et	al.,	2009;	Hornung	et	al.,	2009).	
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The	 mechanisms	 of	 activation	 of	 NLRs	 are	 less	 well-defined.	 While	 some	 NLRs	 have	

defined	direct	ligands	(for	example,	NOD2	binds	to	muramyl	dipeptide,	a	component	of	

bacterial	 cell	 walls;	 Girardin	 et	 al.,	 2003a;	 2003b;	 Inohara	 et	 al.,	 2003)	 and	 some	

recognize	 their	 cognate	 ligands	 through	 an	 adaptor	 (for	 example,	 NLR	 family	 caspase	

activation	 and	 recruitment	 domain	 [CARD]-containing	 protein	 4	 [NLRC4]	 can	 be	

activated	by	flagellin	and	by	components	of	bacterial	type	3	secretion	systems	[Zhao	et	

al.,	2011b],	which	bind	to	adaptors	known	as	baculoviral	inhibitor	of	apoptosis	domain	

[IAP]	 repeat-containing	 proteins	 [NAIPs1;	 Kofoed	 and	 Vance,	 2011;	 Lightfield	 et	 al.,	

2008;	Molofsky	et	al.,	2006;	Rayamajhi	et	al.,	2013;	Yang	et	al.,	2013]),	other	NLRs,	such	

as	NACHT,	LRR,	and	PYD	domains-containing	protein	1	(NLRP1)	and	NLRP3,	have	less	

straightforward	activation	mechanisms.	It	is	generally	considered	that	HAMPs	may	play	

a	 role	 in	 these	 processes	 (Liston	 and	 Masters,	 2017).	 The	 existing	 models	 of	 NLRP3	

activation	will	be	discussed	in	Section	1.4.	

	

In	a	simplified	model,	three	classes	of	responses	can	be	triggered	by	PRRs:	induction	of	

gene	expression	(by	TLRs,	CLRs,	RLRs,	and	some	NLRs;	Takeuchi	and	Akira,	2010b),	cell	

death	 (by	 several	 NLRs	 and	 the	 ALR	 family	 member	 AIM2;	 Man	 et	 al.,	 2017),	 or	

autophagy	(by	SLRs;	Deretic	et	al.,	2013;	Gomes	and	Dikic,	2014).	TLRs,	CLRs,	and	some	

NLRs	initiate	pro-inflammatory	gene	expression	through	activation	of	the	transcription	

factor	 nuclear	 factor	 kappa-light-chain-enhancer	 of	 activated	 B	 cells	 (NF-kB).	 This	

occurs	 in	 a	 multi-step	 cascade	 involving	 protein-protein	 interactions	 and	 post-

translational	 modifications	 and	 leads	 to	 production	 of	 cell	 adhesion	 molecules,	

chemokines,	which	attract	other	 immune	cells	to	the	site	of	 infection,	cytokines,	which	

contribute	 to	directing	 the	course	of	 the	 immune	response	as	well	 as	of	 inflammatory	

lipid	mediators	and	nitric	oxide.	Additionally,	 activation	of	 some	TLRs	may	also	 cause	

activation	of	transcription	factors	termed	interferon	regulatory	factors	(IRFs),	triggering	

a	process	known	as	type	I	interferon	(IFN)	response	(Ivashkiv	and	Donlin,	2013).	RLRs	

also	initiate	type	I	IFN	response,	albeit	through	a	different	signaling	cascade	than	TLRs	

(Rehwinkel	and	Gack,	2020;	Takeuchi	and	Akira,	2010b).	Type	I	IFNs	(IFN-a	and	-b)	are	

secreted	signaling	proteins	that	were	initially	described	as	agents	that	counteract	viral	

replication	 (Isaacs	 and	 Lindemann,	 1957;	 Isaacs	 et	 al.,	 1957),	 for	 example,	 by	

	
1	The	 archaic	 name	of	 this	 protein	 –	 and	 the	 source	 of	 the	NAIP	 abbreviation	 –	was	neuronal	apoptosis	
inhibitory	protein.	
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suppressing	protein	translation	and	cell	proliferation.	Of	note,	 the	production	of	type	I	

IFNs	is	not	limited	to	viral	infections.		

	

The	 inflammatory	 cell	 death	 pathway	 initiated	 by	 PRR	 activation	 –	 specifically	 by	 the	

ALR	 family	 member	 AIM2	 and	 the	 NLR	 family	 members	 NLRP1,	 NLRP3,	 NLRC4,	 and	

possibly	 NLRP6,	 NLRP12,	 and	murine	 NLRP9B	 –	 is	 known	 as	 pyroptosis	 (Man	 et	 al.,	

2017).	NLRP1,	-3,	-6,	-9B,	and	-12	are	paralogs	sharing	similar	domain	architecture:	an	

N-terminal	pyrin	domain	(PYD),	a	central	nucleotide-binding	oligomerization	(NACHT)	

domain,	and	a	C-terminal	domain	containing	 leucine-rich	repeats	 (LRRs).	Additionally,	

NLRP1	contains	a	function-to-find	domain	(FIIND)	and	a	CARD,	whereas	the	NLR	family	

member	NLRC4	has	 an	N-terminal	 CARD	 instead	 of	 a	 PYD	 (Meunier	 and	Broz,	 2017).	

AIM2	 has	 an	 N-terminal	 PYD	 but	 instead	 of	 NACHT	 and/or	 LRR	 domains,	 it	 has	 a	 C-

terminal	hematopoietic	expression,	interferon-inducible	nature,	and	nuclear	localization	

(HIN)-200	 domain	 (Fernandes-Alnemri	 et	 al.,	 2009;	 Hornung	 et	 al.,	 2009;	 Jin	 et	 al.,	

2012).	Collectively,	these	proteins	can	initiate	the	process	of	inflammasome	activation. 

	

Inflammasome	 activation	 involves	 the	 recruitment	 of	 an	 adaptor	 protein	 apoptosis-

associated	 speck	 like	 protein	 containing	 a	 CARD	 (ASC)	 and,	 subsequently,	 of	 pro-

caspase-1,	 a	 precursor	 form	of	 the	 pyroptosis	 effector	 protease	 caspase-1	 (Latz	 et	 al.,	

2013).	 Thus,	 the	 inflammasome	 serves	 as	 a	 caspase-1	 activation	 platform.	 Caspase-1	

activation	 enables	 the	 proteolytic	 cleavage	 of	 the	 pore-forming	 protein	 gasdermin	

(Gsdm)	D,	leading	to	pyroptotic	cell	death	(He	et	al.,	2015;	Kayagaki	et	al.,	2015;	Shi	et	

al.,	2015b).	Additionally,	caspase-1	catalyzes	the	maturation	of	the	pro-forms	of	the	pro-

inflammatory	cytokine	 interleukin	 (IL)-1b	 and	 the	pleiotropic	cytokine	 IL-18	(Black	et	

al.,	 1989;	 Ghayur	 et	 al.,	 1997;	 Kostura	 et	 al.,	 1989).	 In	 turn,	 these	 cytokines	 regulate	

transcriptional	 programs	 (IL-1b,	 IL-18)	 and	 proliferation/cell	 death	 (IL-1b)	 of	

neighboring	cells	(Garlanda	et	al.,	2013).	

	

Lastly,	autophagy,	which	is	an	effector	mechanism	of	SLRs,	enables	engulfment	of	both	

host-	and	microbe-derived	material	in	the	cytosol.	This	process	results	in	the	formation	

of	autophagosomes,	which	can	fuse	with	lysosomes	leading	to	degradative	clearance	of	

the	 engulfed	matter	 (Deretic	 et	 al.,	 2013;	 Gomes	 and	Dikic,	 2014).	 Unlike	NF-kB-	 and	

IRFs-mediated	 transcriptional	 responses	 and	 pyroptosis,	 autophagy	 is	 a	 mechanism	

active	under	both	basal	and	PAMP-,	DAMP-,	or	HAMP-stimulated	conditions.	Therefore,	
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it	 can	 also	 be	 classified	 as	 a	 constitutive	 innate	 immune	 mechanism	 (Paludan	 et	 al.,	

2020).	

	

	

	
Scheme	1.1.	Pattern	recognition	receptors,	their	ligands,	and	their	signaling	outputs	
Toll-like	receptors	(TLRs)	sample	the	contents	of	the	extracellular	space	as	well	as	the	endosomal	lumina	
for	 pathogen-associated	 molecular	 patterns	 (PAMPs)	 and	 damage-associated	 molecular	 patterns	
(DAMPs).	Among	the	TLR	ligands	are	bacterial	lipoproteins	and	acylated	peptides	(TLR1/2/6),	bacterial	
nucleic	 acids	 (TLR3/7/8/9),	 lipopolysaccharide	 (TLR4)	 and	 the	 bacterial	 protein	 flagellin	 (TLR5).	 In	 a	
simplified	model,	 the	activation	of	TLRs	leads	to	the	engagement	of	two	groups	of	transcription	factors:	
nuclear	 factor	 kappa-light-chain-enhancer	 of	 activated	 B	 cells	 (NF-kB)	 and	 interferon	 (IFN)	 regulatory	
factors	 (IRFs).	 This	 induces,	 respectively,	 the	 pro-inflammatory	 and	 the	 type	 I	 IFN	 transcriptional	
responses.	Somewhat	similar	to	TLRs,	C-type	lectin-like	receptors	(CLRs)	are	plasma	membrane-resident	
proteins,	whose	activation	induces	an	NF-kB-driven	pro-inflammatory	transcriptional	response.	
Retinoic	 acid-inducible	 gene	 I	 (RIG-I)-like	 receptors	 (RLRs)	 RIG-I,	 MDA5,	 and	 LGP2	 are	 sensors	 of	
bacterial	 and	 viral	 RNA	 molecules.	 Indirectly,	 these	 receptors	 activate	 the	 IRF	 transcription	 factors,	
triggering	the	type	I	IFN	response.	
The	 inflammasome	 formation	can	be	 initiated	by	 the	absent	 in	melanoma	2	(AIM2)-like	receptor	 (ALR)	
AIM2	and	by	 several	members	of	 the	NOD-like	 receptor	 (NLR)	 family:	NACHT,	LRR,	 and	PYD	domains-
containing	protein	1	(NLRP1),	NLRP3,	NLRP6,	NLRP12,	and	NLR	family	CARD	domain-containing	protein	
4	 (NLRC4).	 These	 proteins	 serve	 as	 receptors	 or	 sensors	 of	 molecules	 or	 physiological	 alterations	
associated	with	infection	and/or	tissue	damage.	Numerous	factors	and	conditions	have	been	described	to	
activate	inflammasomes:	infection	with	Yersinia	(Y.)	pestis,	bacterial	and	viral	dsDNA,	bacterial	proteases	
(for	example,	lethal	factor	[LF]	of	Bacillus	anthracis),	taurine,	lipoteichoic	acid	(LTA),	and	the	components	
of	bacterial	 type	3	 secretion	systems	 (T3SS).	Activation	of	 the	 inflammasome-forming	proteins	 leads	 to	
the	 recruitment	of	an	adaptor	protein	apoptosis-associated	speck	 like	protein	containing	a	CARD	(ASC)	
and	 the	proteolytic	maturation	of	 the	 inflammasome	effector	–	 caspase-1.	Caspase-1	 cleaves	gasdermin	
(Gsdm)	D,	and	thus	released	N-terminal	domain	of	GsdmD	forms	pores	in	the	plasma	membrane,	resulting	
in	 pyroptotic	 cell	 death.	 Caspase-1	 also	 cleaves	 the	 pro-forms	 of	 the	 pro-inflammatory	 cytokine	
interleukin	 (IL)-1b	 and	 the	 pleiotropic	 cytokine	 IL-18.	 Mature	 IL-1b	 and	 IL-18	 are	 released	 through	
GsdmD	pores	(not	pictured)	as	well	as	through	other	mechanisms.	
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Importantly,	 the	model	presented	above	provides	a	simplified	version	of	the	biological	

reality.	 Crosstalk	 between	 the	 innate	 immune	 pathways	 is	 a	 commonly	 observed	

phenomenon	 and,	 as	 a	 consequence,	 some	 innate	 immune	 response	 outcomes	 are	

difficult	to	predict	(Jack	and	Pasquier,	2019).	The	results	of	PRRs	activation	are	dictated	

by	 the	 doses	 of	 PAMPs,	 DAMPs,	 or	 HAMPs,	 the	 temporal	 characteristics	 of	 PRR	

stimulation,	and	the	cell	type-specific	expression	patterns	of	receptors/sensors,	adaptor,	

and	effector	molecules	(Cheng	et	al.,	2020;	Lee	and	Kim,	2007;	Taylor	et	al.,	2020).	

	

In	 addition	 to	 canonical	 PRRs,	 several	 other	 proteins	 also	 fulfill	 the	 PRR	 definition	 in	

that	 they	 are	 activated	 under	 conditions	 indicative	 of	 infection	 or	 damage	 and	 they	

initiate	 signaling	 pathways	 aimed	 at	 counteracting	 a	 pathogen	 invasion.	 Examples	 of	

such	 receptors	 and	 sensors	 include	protein	 kinase	RNA-activated	 (PKR)	 (García	 et	 al.,	

2007),	 cyclic	 GMP/AMP	 (cGAMP)	 synthase	 (cGAS)	 (Ablasser	 et	 al.,	 2013;	 Civril	 et	 al.,	

2013;	Sun	et	al.,	2013),	receptor	for	advanced	glycation	end	products	(RAGE)	(Peng	et	

al.,	2016;	Riehl	et	al.,	2010),	pyrin,	or	formyl	peptide	receptors	(FPRs)	(Dorward	et	al.,	

2015).	

	

PKR	is	a	cytosol-resident	kinase	that,	upon	binding	to	viral	dsRNA	molecules,	initiates	a	

set	of	processes	known	as	 the	 ISR	 (Pakos	Zebrucka	et	 al.,	 2016).	The	most	prominent	

manifestation	of	 the	 ISR	 is	a	global	 inhibition	of	 translation.	Notably,	other	signals	can	

also	activate	the	ISR.	The	unfolded	protein	response	(UPR),	or	accumulation	of	unfolded	

proteins	 in	 the	 endoplasmic	 reticulum	 (ER),	 promotes	 activation	 of	 the	 ISR	 through	

activation	 of	 PKR-like	 ER	 kinase	 (PERK)	 (Harding	 et	 al.,	 1999),	 amino	 acid	 starvation	

triggers	the	ISR	through	activation	of	general	control	nonderepressible	2	(GCN2)	kinase	

(Dever	 et	 al.,	 1993;	 1992),	 and	 iron	 deficiency	may	 activate	 heme-regulated	 inhibitor	

(HRI)	kinase	(Chen	and	London,	1995).	Thus,	the	ISR	is	an	example	of	a	situation	where	

both	 immune	 (PKR)	and	non-immune	 (PERK,	GCN2,	and	HRI)	 inputs	engage	 the	same	

effector	mechanism.	

	

cGAS	 is	 a	 soluble	 cytosolic	 catalytic	 receptor	 that	 produces	 the	 cyclic	 dinucleotide	

cGAMP	upon	 encountering	dsDNA	 (Ablasser	 et	 al.,	 2013;	 Civril	 et	 al.,	 2013;	 Sun	 et	 al.,	

2013).	cGAMP	is	a	second	messenger	and	a	ligand	for	stimulator	of	IFN	genes	(STING),	

initiating	 the	 type	 I	 IFN	 response.	 RAGE	 is	 a	 plasma	 membrane	 protein	 acting	 as	 a	

receptor	 for	multiple	 ligands,	 including	 extracellular	 DNA	 and	 RNA	 (Bertheloot	 et	 al.,	
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2016;	 Sirois	 et	 al.,	 2013).	 Ligation	 of	 RAGE	 by	 these	 molecules	 may	 trigger	

internalization	of	the	agonist	but	also	a	transcriptional	response	(Peng	et	al.,	2016;	Riehl	

et	al.,	2010).	Pyrin	is	an	inflammasome-nucleating	sensor	of	several	bacterial	toxins	that	

becomes	 activated	 through	 post-translational	 modifications	 (Gao	 et	 al.,	 2016).	 Lastly,	

FPRs	are	plasma	membrane-resident	G	protein-coupled	receptors	(GPCRs)	that	enable	a	

chemotactic	 response	 of	 neutrophils.	 N-formylation	 is	 a	 chemical	 modification	

encountered	 in	mitochondrially-encoded	and	bacterial	peptides,	 serving	as	a	potential	

PAMP	and	DAMP	(Dorward	et	al.,	2015).	

	

RAGE,	 cGAS,	 and	 pyrin	 are	 examples	 of	molecules	 that	 can	 initiate	 the	 same	 types	 of	

immune	 responses	 as	 PRRs	despite	 the	 fact	 that	 they	 do	not	 belong	 to	 the	 five	 or	 six	

canonical	 PRR	 families.	 PKR	 and	 FPRs	 are	 examples	 of	 PAMP	 and	DAMP	 sensors	 that	

trigger	 responses	 outside	 of	 the	 typical	 PRR	 signaling	 outputs.	 Collectively,	 this	

demonstrates	 that	 PAMP,	 DAMP,	 and	 HAMP	 detection	 is	 not	 exclusively	mediated	 by	

TLRs,	 NLRs,	 CLRs,	 ALRs,	 RLRs,	 and	 SLRs,	 and	 that	 the	 signaling	 outcomes	 of	 PAMP,	

DAMP,	and	HAMP	recognition	are	not	limited	to	transcription,	cell	death,	and	autophagy.	

	

1.3.	Inflammasome	assembly	and	signaling:	cell	death	as	an	effector	mechanism	of	

innate	immunity	

	

Inflammasomes	 are	 protein	 complexes	 minimally	 composed	 of	 a	 receptor/sensor	

molecule,	 the	 adaptor	molecule	 ASC	 (recruited	 upon	 activation	 of	 the	 inflammasome-

forming	 sensor/receptor),	 and	 the	 protease	 caspase-1.	 In	 molecular	 terms,	

inflammasome	 activation	 occurs	 through	 homotypic	 interactions	 between	 the	 death	

domains	of	the	inflammasome	components	(Latz	et	al.,	2013).	

	

Inflammasome-forming	molecules	–	AIM2	(Fernandes-Alnemri	et	al.,	2009;	Hornung	et	

al.,	2009),	NLRP1	(Martinon	et	al.,	2002),	-3	(Hoffman	et	al.,	2001),	-6	(Hara	et	al.,	2018;	

Levy	et	al.,	2015),	-9B	(Zhu	et	al.,	2017),	-12	(Vladimer	et	al.,	2012),	and	pyrin	(Richards	

et	al.,	2001)	–	all	have	an	N-terminal	PYD,	whereas	NLRC4	(Zhao	et	al.,	2011b)	has	an	N-

terminal	 CARD.	 ASC	 (encoded	 by	 the	 gene	 named	 PYCARD)	 consists	 of	 two	 death	

domains,	 an	 N-terminal	 PYD	 and	 a	 C-terminal	 CARD	 (Srinivasula	 et	 al.,	 2002).	

Inflammasome	 activating	 signals	 enable	 the	 interaction	between	 the	PYDs	 of	ASC	 and	

the	PYDs	of	an	 inflammasome-forming	receptor/sensor	molecule.	 In	turn,	 the	CARD	of	
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ASC	 serves	 as	 a	 recruitment	 domain	 for	 pro-caspase-1,	which	 also	 possesses	 a	 CARD.	

The	 close	 apposition	 of	 pro-caspase-1	 molecules	 recruited	 to	 ASC	 enables	 caspase-1	

autoproteolytic	activation2	(Elliott	et	al.,	2009;	Wilson	et	al.,	1994).	

	

Importantly,	 the	 PYDs	 of	 two	 ASC	molecules	 can	 interact	 with	 each	 other,	 which	 has	

important	 consequences	 on	 the	 biophysical	 characteristics	 of	 the	 inflammasome	

complex.	 The	 current	 model	 proposes	 that	 activation	 of	 several	 molecules	 of	 the	

inflammasome	 sensor	 component	 leads	 to	 prion-like	 polymerization	 of	 virtually	 all	

molecules	of	ASC	in	the	cell	(Cai	et	al.,	2014;	Lu	et	al.,	2014).	This	process	results	in	the	

formation	of	one	 large	 (~1	µm)	complex	 termed	an	ASC	speck	 (Richards	et	al.,	2001).	

Correspondingly,	 an	 ASC	 speck	 can	 recruit	 multiple	 molecules	 of	 pro-caspase-1.	 An	

important	repercussion	of	the	formation	of	a	large	prion-like	ASC	complex	is	the	relative	

irreversibility	 of	 this	 process,	 as	 an	ASC	 speck	 persists	 in,	 or	 even	 outside	 of,	 the	 cell	

after	pyroptotic	 cell	death	 (Baroja-Mazo	et	al.,	 2014;	Franklin	et	 al.,	 2014).	A	negative	

feedback	in	this	system	is	provided	by	caspase-1	proteolytic	self-inactivation	(Boucher	

et	al.,	2018).	

	

In	 most	 elementary	 terms,	 the	 function	 of	 inflammasomes	 is	 activation	 of	 caspase-1	

(Martinon	et	 al.,	 2002).	The	most	well-studied	 substrates	of	 caspase-1	 include	GsdmD	

(whose	N-terminal	domain	released	by	the	caspase-1-catalyzed	cleavage	forms	pores	in	

the	plasma	membrane)	and	the	pro-forms	of	the	cytokines	IL-1b	and	IL-18	(Black	et	al.,	

1989;	Ghayur	et	al.,	1997;	Kayagaki	et	al.,	2015;	Kostura	et	al.,	1989).	Insertion	of	GsdmD	

into	 the	 plasma	membrane	may	 lead	 to	 the	 loss	 of	 cell	 integrity,	 promoting	 lytic	 cell	

death	(Kayagaki	et	al.,	2015;	Liu	et	al.,	2016;	Shi	et	al.,	2015b).	However,	activation	of	

caspase-1	 can	 trigger	 cell	 death	 also	 in	 the	 absence	of	GsdmD	 (Kayagaki	 et	 al.,	 2015).	

GsmdD	pores	also	serve	as	a	release	gate	for	mature	IL-1b	and	IL-18	(Heilig	et	al.,	2018;	

Hu	et	al.,	2020),	although	other	secretion	routes	have	also	been	proposed	(Monteleone	

et	al.,	2018).	

	

	
2	Activation	of	the	NLRP1	and	NLRC4	inflammasomes	is,	to	an	extent,	an	exception	to	this	scenario.	NLRC4	
can	directly	recruit	both	ASC	and	pro-caspase-1	through	CARD-CARD	interactions,	whereas	NLRP1,	which	
contains	both	a	PYD	and	a	CARD,	can	recruit	pro-caspase-1	directly	as	well	as	through	the	ASC	adaptor	
(Broz	 et	 al.,	 2010;	 Jin	 et	 al.,	 2013;	 Nour	 et	 al.,	 2009;	 Poyet	 et	 al.,	 2001;	 Van	 Opdenbosch	 et	 al.,	 2014;	
reviewed	by	Malik	and	Kanneganti,	(2017)).	
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IL-1b	 induces	 a	 pro-inflammatory	 response	 through	 activation	 of	 the	 NF-kB	

transcription	 factor	 in	neighboring	cells;	 it	also	plays	a	role	 in	neutrophil	 recruitment.	

Systemic	 release	 of	 IL-1b	 promotes	 fever	 and	 other	 signs	 of	 inflammation	 such	 as	

production	of	 acute	phase	proteins	 in	 the	 liver.	 IL-18-triggered	 signaling	also	 leads	 to	

activation	 of	 NF-kB	 and	 systemically	 injected	 IL-18	 has	 pro-inflammatory	 activity	

(Dinarello,	2017).	However,	IL-18	release	in	the	gut	is	suggested	to	be	constitutive	and	

in	 some	 experimental	 models	 it	 promotes	 the	 barrier	 function	 of	 the	 gut	 epithelium	

(Elinav	et	al.,	2011;	Levy	et	al.,	2015).	This	evidence	of	 the	protective	activity	of	 IL-18	

suggests	that	it	may	be	prudent	to	classify	this	cytokine	as	pleiotropic	rather	than	pro-

inflammatory.	

	

Pyroptosis,	 the	 cell	 death	 pathway	 initiated	 by	 the	 caspase-1-mediated	 cleavage	 of	

GsdmD,	 can	 deliver	 pro-inflammatory	 signals	 to	 the	 neighboring	 cells.	 Additionally,	

pyroptosis	is	suggested	to	function	as	a	mechanism	to	eliminate	the	replicative	niche	of	

intracellular	pathogens	(Man	et	al.,	2017),	and	even	trap	such	microorganisms	inside	the	

pyroptotic	 cell	 remnants.	 This	 may	 facilitate	 spatial	 containment	 of	 pathogens	 and	

subsequent	phagocytosis	by	neutrophils	(Jorgensen	et	al.,	2016).	

	

Inflammasome	 signaling	 was	 initially	 described	 in	 myeloid	 cells:	 monocytes,	

macrophages,	 and	 dendritic	 cells	 (Martinon	 et	 al.,	 2002),	 as	 well	 as	 in	 microglia,	 the	

brain-resident	 macrophages	 (Heneka	 et	 al.,	 2012).	 While	 inflammasome	 activation	 is	

beneficial	 for	 certain	 antiviral	 (Allen	 et	 al.,	 2009)	 and	 antifungal	 (Hise	 et	 al.,	 2009)	

defenses,	 this	 immune	 response	 also	 gained	 recognition	 as	 a	 driving	 force	 behind	 the	

pathogenesis	of	diseases	such	as	atherosclerosis	 (Duewell	et	al.,	2010;	Rajamäki	et	al.,	

2010),	gout	(Martinon	et	al.,	2006),	Alzheimer’s	disease	(Heneka	et	al.,	2012)	as	well	as	a	

range	 of	 genetic	 disorders	 caused	 by	 hypermorphic	 NLRP3	 variants	 (Hoffman	 et	 al.,	

2001).	Pharmacological	inhibition	of	IL-1	signaling	is	a	successful	therapeutic	strategy	in	

genetic	inflammasomopathies	(Dinarello	et	al.,	2012),	and	recent	evidence	suggests	that	

IL-1b	blockade	may	also	lead	to	beneficial	outcomes	in	cardiovascular	diseases	(Ridker	

et	 al.,	 2017).	 Studies	 in	 animal	models	 suggest	 that	 inflammasome-forming	molecules	

such	as	NLRP3	could	also	become	drug	targets	in	the	future	(Mangan	et	al.,	2018).	

	

Accumulating	evidence	also	indicates	that	the	inflammasome	signaling	is	not	limited	to	

myeloid	 cells.	 In	 CD4+	 T	 cells,	 inflammasome	 activation	 has	 been	 proposed	 to	 be	
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involved	both	 in	optimal	 antiviral	 responses	 (Arbore	 et	 al.,	 2016)	 and	 in	 autoimmune	

pathology	(Li	et	al.,	2019).	Furthermore,	inflammasome	signaling	may	contribute	to	cell-

autonomous	immunity	in	barrier	organs	such	as	the	skin	(Zhong	et	al.,	2016)	and	the	gut	

(Levy	et	al.,	2015;	Mukherjee	et	al.,	2020).	

	

1.4.	Mechanisms	triggering	inflammasome	activation	

	

The	mechanisms	downstream	of	inflammasome	formation	–	the	activation	of	caspase-1	

and	 GsdmD,	 the	 lytic	 cell	 death,	 and	 the	 physiological	 outcomes	 of	 IL-1b	 and	 IL-18	

secretion	 –	 are	 relatively	 well	 understood.	 In	 contrast,	 the	 processes	 that	 lead	 to	

inflammasome	 assembly	 by	 the	 inflammasome	 sensor/receptor	 components	 are	 still	

being	 investigated.	 AIM2	 and	 NLRC4	 both	 have	 well	 defined	 molecular	 ligands	

(Fernandes-Alnemri	 et	 al.,	 2009;	 Hornung	 et	 al.,	 2009;	 Zhao	 et	 al.,	 2011b).	 The	 AIM2	

agonist	 is	 cytosolic	 dsDNA,	whereas	NLRC4	 recognizes	 the	 bacterial	 proteins	 flagellin	

and	components	of	the	type	3	secretion	systems	through	adaptors	from	the	NAIP	family.	

	

The	 activation	mechanisms	 of	 NLRP1,	NLRP3,	 and	 pyrin	 are	much	more	 complicated.	

These	 proteins	 are	 examples	 of	 HAMP	 sensors	 that	 are	 probably	 regulated	 by	

combinations	of	post-translational	modifications	(Liston	and	Masters,	2017).	NLRP1	 is	

activated	 during	Bacillus	anthracis	 infection;	 specifically,	 it	 is	 a	 target	 of	 the	 protease	

lethal	 factor	 produced	 by	 this	 bacterium	 (Boyden	 and	 Dietrich,	 2006;	 Hellmich	 et	 al.,	

2012;	 Levinsohn	 et	 al.,	 2012).	 Lethal	 factor	 cleaves	 NLRP1	 close	 to	 the	 N-terminus,	

destabilizing	 the	 sensor	 and	 leading	 to	 its	 ubiquitination.	 A	 partial	 proteasomal	

degradation	of	NLRP1	ensues	and	a	C-terminal	portion	of	NLRP1	is	released	to	trigger	

ASC	speck	assembly	(Chui	et	al.,	2019;	Sandstrom	et	al.,	2019).	Of	note,	other	bacterial	

effectors	also	enhance	NLRP1	ubiquitination	and	proteasomal	degradation	(Sandstrom	

et	 al.,	 2019),	 suggesting	 that	 NLRP1	 could	 be	 an	 integration	 hub	 for	 several	 signals	

indicative	 of	 bacterial	 invasion.	 The	 NLRP1	 activation	 model	 is	 an	 example	 of	

autoinhibition	release	mediated	by	controlled	proteolysis.	

	

Pyrin	 is	 present	 in	 cells	 in	 a	 constitutively	 phosphorylated	 form.	 This	 pyrin	 form	 is	

sequestered	 in	 an	 inactive	 conformation	 by	 proteins	 called	 14-3-3e,	 preventing	

inflammasome	activation.	Pyrin-phosphorylating	kinases	are	indirectly	inhibited	during	

several	 bacterial	 infections,	 leading	 to	 a	 gradual	 loss	 of	 pyrin	 phosphorylation,	
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dissociation	of	 the	14-3-3e	proteins,	and	a	shift	 toward	 the	active	pyrin	conformation,	

which	 nucleates	 an	 ASC	 speck	 (Gao	 et	 al.,	 2016).	 The	 pyrin	 activation	 model	 is	 an	

example	 of	 sensor	 autoinhibition	 released	 by	 gradual	 erasure	 of	 a	 constitutive	 post-

translational	modification.	 Of	 note,	 there	 are	 additional	 signaling	 inputs	 impacting	 on	

the	pyrin	inflammasome	activation,	some	of	which	are	likely	related	to	the	status	of	the	

microtubule	 cytoskeleton.	 The	 tubulin	 polymerization	 inhibitor	 colchicine	 blocks	 the	

pyrin	inflammasome	assembly	(Park	et	al.,	2016).	

	

Among	inflammasome-forming	receptors	and	sensors,	NLRP3	may	be	the	most	relevant	

for	human	pathology	but	its	activation	mechanism	is	the	most	controversial.	At	present,	

four	 sources	 of	 inputs	 that	 activate	 the	 NLRP3	 inflammasome	 are	 proposed	 to	 exist,	

namely	the	canonical	NLRP3	activation	(Mariathasan	et	al.,	2006;	Muñoz-Planillo	et	al.,	

2013;	 Perregaux	 and	 Gabel,	 1994;	 Petrilli	 et	 al.,	 2007;	 Walev	 et	 al.,	 1995),	 the	 non-

canonical	 NLRP3	 activation	 (Kayagaki	 et	 al.,	 2015;	 2011),	 the	 alternative	 NLRP3	

activation	 (Gaidt	 et	 al.,	 2016),	 and	 NLRP3	 activation	 by	 stimuli	 that	 directly	 target	

glycolytic	metabolism	and	the	mitochondria	(Groß	et	al.,	2016;	Sanman	et	al.,	2016;	Wolf	

et	al.,	2016),	which	I	will	call	here	‘the	metabolic	NLRP3	activation	mechanism’.	

	

With	few	exceptions,	the	NLRP3	inflammasome	assembly	is	a	two-step	process.	The	first	

stage	 is	 transcriptional	 priming,	 which	 can	 be	 mediated	 by	 TLRs	 as	 well	 as	 other	

pathways	 leading	 to	 activation	 of	 the	 transcription	 factor	 NF-kB.	 In	 most	 cell	 types,	

NLRP3	 is	not	expressed	under	basal	conditions,	 so	 the	most	 important	 function	of	 the	

priming	 stimulus	 is	 the	 induction	 of	 NLRP3	 transcription	 (Bauernfeind	 et	 al.,	 2009).	

Similarly,	pro-IL-1b	is	usually	not	present	in	cells	under	basal	conditions,	so	the	priming	

stimulus	also	enables	production	of	this	cytokine	pro-form.	Lastly,	the	priming	stimulus	

is	also	proposed	 to	 impact	on	 the	NLRP3	 inflammasome	activation	 through	additional	

mechanisms	such	as	post-translational	modifications	(López-Castejón	et	al.,	2013;	Py	et	

al.,	2013;	Song	et	al.,	2017).	However,	several	reductionist	models	indicate	that	NLRP3	

overexpression	 allows	 to	 circumvent	 the	 requirement	 for	 inflammasome	 priming	

(Bauernfeind	et	al.,	2009;	Chen	and	Chen,	2018).	

	

Importantly,	 under	most	 circumstances,	 the	 priming	 stimulus	 is	 not	 sufficient	 for	 the	

NLRP3	inflammasome	activation	(Bauernfeind	et	al.,	2009).	Instead,	NLRP3	synthesized	

upon	TLRs	stimulation	remains	in	the	cytosol	in	the	inactive	conformation	until	the	cells	



Chapter	1	
	

	 17	

encounter	 a	 second	 stimulus,	 termed	 the	 triggering	 stimulus,	 which	 will	 induce	 the	

NLRP3	shift	to	the	active	conformation	and	the	recruitment	of	ASC	and	caspase-1.	

	

The	 canonical	 NLRP3	 activation	 is	 initiated	 by	 stimuli	 that	 deplete	 K+	 ions	 from	 the	

cytosol	 (Mariathasan	 et	 al.,	 2006;	 Muñoz-Planillo	 et	 al.,	 2013;	 Perregaux	 and	 Gabel,	

1994;	Petrilli	et	al.,	2007;	Walev	et	al.,	1995).	Under	homeostatic	conditions,	a	gradient	

of	K+	ions	exists	across	the	plasma	membrane,	with	the	intracellular	K+	concentration	of	

~110-140	 mM,	 and	 the	 extracellular	 K+	 concentration	 of	 ~5	 mM.	 (This	 gradient	 is	

countered	by	the	corresponding	gradient	of	Na+	ions,	whose	extracellular	concentration	

is	within	the	range	of	~120-140	mM,	and	the	intracellular	concentration	is	~10-20	mM.)	

Treatments	 such	 as	 the	 electroneutral	 K+/H+	 ionophore	 nigericin	 (Pressman,	 1976),	

extracellular	ATP	 (an	agonist	 of	 the	purinergic	 receptor	P2X7R,	 a	 low-selectivity	metal	

cation	channel;	Mariathasan	et	al.,	2006;	Pelegrín	and	Surprenant,	2006),	and	lysosomal	

destabilization	and	rupture	(Duewell	et	al.,	2010;	Hornung	et	al.,	2008;	Martinon	et	al.,	

2006;	Rajamäki	 et	 al.,	 2010)	have	 all	 been	demonstrated	 to	 act	 as	 strong	 and	 specific	

NLRP3	activators	in	a	manner	dependent	on	K+	efflux	(Muñoz-Planillo	et	al.,	2013).	

	

The	 non-canonical	 NLRP3	 activation	 is	 triggered	 by	 cytosolic	 LPS,	 which	 is	 a	 PAMP	

potentially	indicative	of	an	invasion	by	intracellular	Gram-negative	bacteria	(Kayagaki	et	

al.,	 2011;	 2015;	 Shi	 et	 al.,	 2014).	 This	 pathway	 can	 also	 be	 triggered	 by	 several	 host-

derived	oxidized	lipid	species,	which	may	be	associated	with	membrane	damage	(Zanoni	

et	 al.,	 2016).	 Collectively,	 these	 agents	 are	 ligands	 for	 the	 human	 caspases-4	 and	 -5	

(their	 murine	 ortholog	 is	 caspase-11).	 These	 proteases	 catalyze	 cleavage	 of	 GsdmD	

(Kayagaki	et	al.,	2015),	whose	N-terminal	domain	forms	pores	in	the	plasma	membrane,	

leading	 to	K+	 efflux	and	 the	engagement	of	–	essentially	–	 the	canonical	mechanism	of	

NLRP3	 activation	 (He	 et	 al.,	 2015;	 Shi	 et	 al.,	 2015b;	 for	 historical	 reasons,	 the	

nomenclature	is	somewhat	misleading).	Of	note,	caspases-4,	-5,	and	-11	cannot	catalyze	

the	 proteolytic	maturation	 of	 pro-IL-1b	 and	 pro-IL-18,	 so	while	 the	 intracellular	 LPS-

induced	 response	 does	 not	 require	 the	 inflammasome	 for	 pyroptosis,	 it	 does	 require	

NLRP3	for	the	initiation	of	IL-1	signaling	(Kayagaki	et	al.,	2015).	

	

The	 alternative	 NLRP3	 activation	 is	 a	 less	 commonly	 encountered	 mechanism.	 It	

appears	to	be	specific	to	monocytes	from	certain	species	(for	example,	 this	pathway	is	

active	in	human	but	not	murine	monocytes)	(Gaidt	et	al.,	2016).	The	alternative	NLRP3	
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activation	 is	 initiated	 by	 TLR4	 binding	 to	 extracellular	 LPS,	 and	 over	 the	 course	 of	

several	hours	leads	to	NLRP3-	and	ASC-dependent	caspase-1	activation.	The	mediators	

of	 this	 response	 are	 the	 TLR	 signaling	 adaptor	 Toll/IL-1	 receptor	 homology	 (TIR)-

domain-containing	 adaptor	 inducing	 interferon-b	 (TRIF),	 the	 kinase	 receptor-

interacting	 serine/threonine-protein	 kinase	 1	 (RIPK1),	 the	 scaffold	 protein	 Fas-

associated	 protein	with	 death	 domain	 (FADD),	 and	 caspase-8.	 The	 alternative	 NLRP3	

activation	differs	from	the	canonical	and	non-canonical	pathways	in	that	it	does	not	rely	

on	K+	efflux	and	it	is	not	associated	with	ASC	speck	formation.	Unlike	other	instances	of	

NLRP3	 activation,	 in	 this	 model	 the	 priming	 signal	 (LPS)	 is	 sufficient	 for	 the	 NLRP3	

inflammasome	assembly	without	the	need	for	the	additional	triggering	stimulus	(Gaidt	

et	al.,	2016).	Of	note,	during	influenza	infection,	a	cytosolic	viral	sensor	Z-DNA-binding	

protein	 1	 (ZBP1)	 has	 also	 been	 reported	 to	 engage	 caspase-8	 to	 induce	 NLRP3	

activation,	but	in	this	case	the	identified	adaptor	was	RIPK3	(Kuriakose	et	al.,	2016).	

	

Lastly,	I	use	the	term	‘metabolic’	mechanisms	of	NLRP3	activation	to	describe	a	group	of	

independently	 reported	 NLRP3-triggering	 stimuli	 that	 affect	 the	 cellular	 energy	

metabolism.	These	include	R837	(imiquimod),	a	low	molecular	weight	(LMW)	inhibitor	

of	 the	 mitochondrial	 electron	 transport	 chain	 complex	 I	 (Groß	 et	 al.,	 2016),	 N-

acetylglucosamine,	a	component	of	the	cell	walls	of	Gram-positive	bacteria	that	acts	as	

an	inhibitor	of	the	glycolytic	enzyme	hexokinase	and	promotes	its	dissociation	from	the	

voltage-dependent	anion	channel	(VDAC)	on	the	outer	mitochondrial	membrane	(OMM)	

(Wolf	et	al.,	2016),	and	two	other	inhibitors	of	glycolysis:	koningic	(heptelidic)	acid	and	

ENOblock	(Sanman	et	al.,	2016).	The	pathways	currently	proposed	to	engage	the	NLRP3	

inflammasome	are	summarized	in	Scheme	1.2.	
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Scheme	1.2.	The	NLRP3	inflammasome	as	a	hub	integrating	multiple	signals	
Multiple	 input	 signals	 have	 been	 suggested	 to	 activate	 the	 NACHT,	 LRR,	 and	 PYD	 domains-containing	
protein	 3	 (NLRP3)	 inflammasome.	 The	 canonical	 NLRP3	 activation	 (purple)	 is	 initiated	 by	 stimuli	 that	
deplete	 the	 cytosolic	 K+	 pool	 by	 enabling	 K+	 efflux	 (for	 example,	 nigericin,	 ATP,	 or	 phagocytosed	
crystalline	 material).	 How	 the	 information	 about	 the	 decrease	 in	 the	 cytosolic	 K+	 concentration	 is	
transmitted	to	NLRP3	is	still	a	matter	of	debate.	
The	non-canonical	NLRP3	activation	(pink)	 is	triggered	by	cytosolic	LPS,	whose	presence	is	detected	by	
human	 caspases-4	 or	 -5,	 or	 by	 murine	 caspase-11.	 These	 proteases	 release	 the	 N-terminal	 domain	 of	
gasdermin	(Gsdm)	D,	which	then	translocates	to	the	plasma	membrane	to	form	the	pyroptotic	pores.	The	
GsdmD	pores	 are	 a	 route	 for	K+	 ions	 efflux,	 leading	 to	 the	 initiation	 of	 the	 canonical	NLRP3	 activation	
pathway.	
The	alternative	NLRP3	activation	(green)	is	a	mechanism	currently	only	described	in	human	and	porcine	
monocytes.	This	pathway	 is	 triggered	by	 lipopolysaccharide	 (LPS)	binding	 to	Toll-like	receptor	 (TLR)	4	
and	it	leads	to	the	NLRP3	inflammasome	activation	in	a	manner	dependent	on	caspase-8.	In	this	scenario,	
the	activation	of	 caspase-8	 requires	 the	engagement	of	a	 signaling	cascade	 involving	Toll/IL-1	 receptor	
homology	 (TIR)-domain-containing	 adaptor	 inducing	 interferon-b	 (TRIF),	 receptor-interacting	
serine/threonine-protein	kinase	1	(RIPK1),	and	Fas-associated	protein	with	death	domain	(FADD).	
RNA	viruses	like	the	influenza	A	virus	may	also	trigger	the	NLRP3	inflammasome	activation	(yellow)	in	a	
caspase-8-dependent	manner,	in	a	mechanism	involving	the	nucleic	acid	sensor	Z-DNA-binding	protein	1	
(ZBP1)	and	RIPK3.	
Lastly,	several	conditions	altering	the	cell’s	energy	metabolism	have	been	reported	to	activate	the	NLRP3	
inflammasome	 (blue).	 Among	 these	 stimuli	 are	 some	 inhibitors	 of	 glycolysis	 (N-acetylglucosamine,	
koningic	 acid	 and	 ENOblock)	 and	 R837	 (imiquimod),	 an	 inhibitor	 of	 mitochondrial	 respiration.	 N-
acetylglucosamine	 causes	dissociation	of	 the	 glycolytic	 enzyme	hexokinase	 from	 the	 voltage-dependent	
anion	 channel	 (VDAC)	 on	 the	 surface	 of	 the	mitochondria,	whereas	 one	 of	 the	 activities	 of	R837	 is	 the	
inhibition	of	the	mitochondrial	electron	transport	chain	(ETC)	complex	I.	
OMM,	outer	mitochondrial	membrane;	IMM,	inner	mitochondrial	membrane.	
	

Collectively,	 the	 ‘metabolic’	 stimuli	 trigger	 the	 NLRP3	 inflammasome	 activation	 in	 a	

manner	independent	of	K+	efflux.	It	is	currently	unknown	if	R837,	N-acetylglucosamine,	

koningic	acid,	and	ENOblock	circumvent	the	K+	efflux	requirement	and	directly	target	a	

proximal	step	in	the	NLRP3	activation	cascade,	or	if	they	represent	a	distinct	mechanism	

of	NLRP3	activation.	Given	that	the	K+	efflux-inducing	NLRP3	activators	are	on	the	whole	
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stronger	inflammasome	agonists	and	that	they	seem	to	be	active	in	a	broader	range	of	

cell	types	than	the	‘metabolic’	activators,	the	latter	option	is	more	likely.	

	

***	

	

A	common	feature	of	the	NLRP3	activation	mechanisms	described	above	is	that	none	of	

them	propose	a	direct	event	 triggering	 the	NLRP3	shift	 from	the	 inactive	 to	 the	active	

conformation.	For	the	canonical	and	non-canonical	NLRP3	activation	pathways,	K+	efflux	

appears	to	be	the	minimal	NLRP3-activating	stimulus	(Muñoz-Planillo	et	al.,	2013)	but	

how	 the	 information	 about	 the	 decreased	 cytosolic	 K+	 concentration	 could	 be	

transmitted	to	NLRP3	is	currently	unknown.	Similarly,	it	is	unclear	how	caspase-8	could	

trigger	 the	 NLRP3	 inflammasome	 assembly	 during	 the	 alternative	 or	 ZBP1-mediated	

activation	 (Gaidt	 et	 al.,	 2016;	 Kuriakose	 et	 al.,	 2016).	 While	 the	 impacts	 of	 R837,	 N-

acetylglucosamine,	koningic	acid,	and	ENOblock	on	the	cellular	energy	metabolism	are	

well-described	(Groß	et	al.,	2016;	Sanman	et	al.,	2016;	Wolf	et	al.,	2016),	it	is	not	known	

how	 the	 information	 about	 the	 changes	 induced	 by	 these	 molecules	 is	 passed	 on	 to	

NLRP3.	 Consequently,	 the	 nature	 of	 the	 direct	 NLRP3-activating	 stimulus	 remains	 a	

topic	of	debate.	

	

Multiple	mechanisms	have	been	proposed	 to	be	 the	direct	signal-transducing	modules	

that	activate	the	NLRP3	inflammasome	but	none	of	them	are	universal	and	many	have	

been	 demonstrated	 to	 stem	 from	 experimental	 artifacts.	 The	 best-studied	 group	 of	

NLRP3	 triggers	 are	 K+	 efflux	 agonists,	 which	 elicit	 the	 canonical	 NLRP3	 activation	

pathway	 (Mariathasan	 et	 al.,	 2006;	 Perregaux	 and	 Gabel,	 1994;	 Petrilli	 et	 al.,	 2007;	

Walev	et	al.,	1995).	It	was	initially	proposed	that	these	stimuli	induce	the	generation	of	

mitochondrial	 (mt)	 ROS,	 and	 that	 these	 agents	 promote	 the	 formation	 of	 a	 complex	

between	 thioredoxin-interacting	 protein	 (TXNIP)	 and	 NLRP3,	 leading	 to	 the	 NLRP3	

inflammasome	 formation	 (Zhou	 et	 al.,	 2009;	 2010).	 Around	 the	 same	 time,	 two	 other	

models	 of	 the	 NLRP3	 inflammasome	 activation	 were	 suggested.	 According	 to	 one	 of	

them,	 K+	 efflux	 agonists	 cause	 leakage	 of	 mtDNA	 into	 the	 cytosol	 and	 activation	 of	

NLRP3	through	binding	to	oxidized	(ox-)	mtDNA	(Nakahira	et	al.,	2010;	Shimada	et	al.,	

2012).	 Another	 model	 proposed	 that	 K+	 efflux	 agonists	 regulate	 the	 levels	 of	 two	

cytosolic	second	messengers:	3’,5’-cyclic	adenosine	monophosphate	(cAMP)	and	inositol	

1,4,5-trisphosphate	 (IP3)	 (Lee	 et	 al.,	 2012;	Murakami	 et	 al.,	 2012;	Rossol	 et	 al.,	 2012).	
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cAMP	was	suggested	to	directly	bind	to	NLRP3	and	act	as	an	inhibitor	of	inflammasome	

activation	 (Lee	 et	 al.,	 2012;	 Sokolowska	 et	 al.,	 2015;	 Yan	 et	 al.,	 2015).	 The	 canonical	

NLRP3	 activators	 were	 accordingly	 proposed	 to	 decrease	 the	 cytosolic	 cAMP	

concentration	 (Lee	 et	 al.,	 2012),	 releasing	 the	 inhibitory	 signal.	 In	 parallel,	 NLRP3	

activators	were	also	suggested	to	induce	phospholipase	C	(PLC)	through	GPCR	signaling	

(Lee	 et	 al.,	 2012;	 Murakami	 et	 al.,	 2012;	 Rossol	 et	 al.,	 2012).	 PLC	 is	 an	 enzyme	 that	

hydrolyzes	 the	 lipid	 phosphatidylinositol	 4,5-bisphosphate	 (PIP2)	 yielding	 two	 second	

messengers:	 diacylglycerol	 (DAG)	 and	 IP3	 (Kadamur	 and	 Ross,	 2013).	 DAG	may	 then	

function	 as	 an	 agonist	 for	 a	 class	 of	 signaling	 enzymes	 known	 as	 protein	 kinases	 C,	

whereas	IP3	binds	to	the	IP3	receptors	(IP3Rs),	which	are	ligand-gated	Ca2+	channels	in	

the	ER	membrane.	 IP3Rs	opening	releases	Ca2+	 ions	to	the	cytosol,	and	this	 increase	in	

the	 cytosolic	 Ca2+	 concentration	was	 proposed	 to	 act	 as	 an	 NLRP3	 trigger	 (Lee	 et	 al.,	

2012;	Murakami	et	al.,	2012),	although	the	specific	mechanism	has	not	been	defined.	In	

support	 of	 this	model,	 a	 reported	LMW	PLC	activator	m-3M3FBS	was	 shown	 to	 cause	

inflammasome	 activation	 (Lee	 et	 al.,	 2012;	Muñoz-Planillo	 et	 al.,	 2013)3.	 Importantly,	

none	of	 the	NLRP3	activation	mechanisms	described	 in	 this	paragraph	are	universally	

accepted;	 the	 role	 of	 mtROS	 upstream	 of	 the	 NLRP3	 inflammasome	 formation	 was	

contested	 in	 a	 study	 by	 Muñoz-Planillo	 et	 al.	 (2013),	 and	 multiple	 studies	 provided	

evidence	 that	 the	 apparent	 link	 between	 Ca2+	 signaling	 and	 NLRP3	 activation	 is	 a	

product	 of	 experimental	 artifacts	 (Baldwin	 et	 al.,	 2017;	Katsnelson	 et	 al.,	 2016;	 2015;	

Muñoz-Planillo	et	al.,	2013).	

	

In	addition	to	TXNIP,	several	other	protein	partners	were	proposed	to	form	complexes	

with	NLRP3,	resulting	 in	 inflammasome	activation.	The	kinase	never	 in	mitosis	gene	A	

(NIMA)-related	kinase	7	(NEK7)	was	identified	as	an	NLRP3	binding	partner	during	the	

canonical	NLRP3	activation	(He	et	al.,	2016;	Schmid-Burgk	et	al.,	2016;	Shi	et	al.,	2015a),	

and	 it	 was	 proposed	 that	 the	 interaction	 between	 NEK7	 and	 NLRP3	 is	 enhanced	 by	

mtROS	(Shi	et	al.,	2015a),	 similar	 to	 the	 interaction	between	NLRP3	and	TXNIP.	Other	

proteins	reported	to	be	required	for	the	canonical	NLRP3	activation	are	the	gatekeeper	

of	 cholesterol	 synthesis	 sterol	 regulatory	 element-binding	 protein	 cleavage-activating	

protein	(SCAP),	which	is	a	membrane	protein	in	the	endoplasmic	reticulum	(Guo	et	al.,	

	
3	The	experimental	models	employed	in	the	studies	of	the	role	of	Ca2+	in	NLRP3	activation	are	discussed	in	
detail	 in	Chapters	4,	5,	 and	6,	whereas	 the	experimental	models	used	 for	demonstrating	 the	 role	of	ox-
mtDNA	in	the	NLRP3	inflammasome	activation	are	discussed	in	Chapter	8.	
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2018)	and	the	RNA	helicase	DEAD-box	helicase	3	X-linked	(DDX3X),	which	is	involved	in	

stress	granule	 formation	but	has	been	proposed	 to	mediate	 the	NLRP3	 inflammasome	

activation	 through	 a	 distinct	 mechanism	 (Samir	 et	 al.,	 2019).	 Furthermore,	

mitochondrial	antiviral	signaling	protein	(MAVS)	was	proposed	to	enhance	 the	NLRP3	

inflammasome	responses	(Subramanian	et	al.,	2013),	but	these	results	have	 later	been	

contested	(Allam	et	al.,	2014).	To	my	knowledge,	no	studies	have	tested	whether	forced	

(for	example,	by	 synthetic	dimerization	domains)	 interactions	between	NLRP3	and	 its	

proposed	 binding	 partners	 are	 sufficient	 for	 inflammasome	 activation.	 Furthermore,	

very	 few	 studies	 addressed	 the	 possible	 biochemical	 and/or	 functional	 relationships	

between	the	different	reported	NLRP3	interaction	partners.	

	

In	addition	to	forming	complexes	with	other	proteins,	NLRP3	has	also	been	proposed	to	

be	 recruited	 to	 organelle	 membranes	 through	 interactions	 with	 lipids:	 the	 inner	

mitochondrial	membrane	(IMM)	component	cardiolipin	(Iyer	et	al.,	2013)	and	the	Golgi	

apparatus	 phospholipid	 phosphatidylinositol	 4-phosphate	 (PI4P)	 (Chen	 and	 Chen,	

2018).	

	

Finally,	post-translational	modifications	of	NLRP3	have	also	been	proposed	to	serve	as	

licensing	steps	during	the	NLRP3	inflammasome	activation.	To	my	knowledge,	there	is	

no	instance	where	a	post-translational	modification	is	described	as	sufficient	for	NLRP3	

activation,	but	there	are	reports	of	dephosphorylation	steps	that	are	required	for	NLRP3	

activation	 (Stutz	 et	 al.,	 2017).	 Correspondingly,	 depending	 on	 the	 position	 of	 the	

modified	 amino	 acid	 residue,	 phosphorylation	 reactions	 were	 reported	 as	 both	

inhibiting	 NLRP3	 (Guo	 et	 al.,	 2016;	 Mortimer	 et	 al.,	 2016)	 and	 required	 for	 NLRP3	

activation	(Zhang	et	al.,	2017).	Lastly,	NLRP3	deubiquitination	has	also	been	proposed	

as	 a	 step	 required	 for	 the	NLRP3	 inflammasome	assembly	 (Py	 et	 al.,	 2013;	Ren	 et	 al.,	

2019).	

	

Collectively,	the	multiple	reports	of	NLRP3	post-translational	modifications	indicate	that	

there	may	exist	a	phosphorylation/ubiquitination	‘code’,	whereby	combinations	of	post-

translational	marks	shift	NLRP3	between	the	 inactive	and	the	active	conformations.	 In	

contrast,	 it	 does	 not	 seem	plausible	 that	NLRP3	 activation	 could	 be	 a	 simple	 event	 of	

receptor	oligomerization	on	a	(multivalent)	ligand.	Taking	at	face	value	the	results	of	the	

numerous	studies	on	NLRP3	activation,	 it	 is	very	difficult	 to	explain	how	NLRP3	could	
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simultaneously	 form	 complexes	 with	 the	 membrane	 components	 of	 several	 cellular	

compartments	 (the	 OMM	 [MAVS],	 the	 IMM	 [cardiolipin],	 the	 ER	 [SCAP],	 the	 Golgi	

[PI4P]).	 It	 is	 therefore	 likely	 that	 future	 research	will	 reevaluate,	 refine,	 and	unify	 the	

current	models	of	the	NLRP3	inflammasome	formation.	

	

Several	 NLRP	 family	 members	 have	 functions	 less	 clearly	 defined	 than	 NLRP1	 and	

NLRP3.	There	is	evidence	that	NLRP6	may	nucleate	an	inflammasome	in	the	presence	of	

gut	microbes-derived	molecules	such	as	 taurine	or	 lipoteichoic	acid	(Hara	et	al.,	2018;	

Levy	 et	 al.,	 2015).	 Murine	 NLRP9B	 has	 been	 proposed	 to	 act	 as	 an	 inflammasome-

forming	dsRNA	sensor	in	a	model	of	viral	infection	(Zhu	et	al.,	2017).	NLRP12	has	been	

proposed	to	form	an	inflammasome	in	response	to	infection	with	the	bacterium	Yersinia	

pestis	 (Vladimer	 et	 al.,	 2012)	 but	 it	may	 also	 act	 as	 a	 negative	 regulator	 of	 the	 innate	

immune	 responses	 in	 an	 inflammasome-independent	 manner	 (Chen	 et	 al.,	 2017).	

Notably,	NLRP10,	the	only	NLRP	subfamily	member	without	the	LRR	domain,	has	been	

proposed	 to	 act	 as	 a	 negative	 regulator	 of	 inflammasome	 activation	 (Imamura	 et	 al.,	

2010;	 Murphy	 et	 al.,	 2013;	 Wang	 et	 al.,	 2004);	 the	 validity	 of	 these	 claims	 will	 be	

addressed	in	Chapters	6,	7,	and	8	of	my	Thesis.	NLRP10	was	also	proposed	to	regulate	

immune	signaling	in	an	inflammasome-independent	manner	(Clay	et	al.,	2017;	Damm	et	

al.,	2016;	Lautz	et	al.,	2012;	Vacca	et	al.,	2017).	

	

The	cellular	and	physiological	processes	involving	NLRP2,	-4,	-5,	-7,	-8,	-9,	-11,	-13,	and	-

14	 are	 not	well	 defined	 and	 it	 is	 unclear	whether	 these	 proteins	 can	 form	 functional	

inflammasome	 complexes.	 Importantly,	 the	 NLRP	 subfamily	 members	 with	 unknown	

function	typically	retain	both	the	domain	composition	(PYD,	NACHT,	and	LRR)	and	the	

conserved	ATPase	activity-warranting	residues	in	the	NACHT	domain	(MacDonald	et	al.,	

2013;	Meunier	and	Broz,	2017),	indicating	their	evolutionary	conservation.	

	

1.5.	Mitochondria	as	a	signaling	hub	for	inflammasome	activation	and	cell	death	

	

Mitochondria	are	organelles	best	known	for	their	role	in	the	cellular	energy	metabolism	

but	 currently	also	gaining	attention	as	 signaling	hubs	 for	 inflammation	and	cell	death.	

The	mitochondrial	 structure	can	be	divided	 into	 four	subcompartments,	 the	OMM,	 the	

IMM,	 the	 intermembrane	 space	 (IMS)	 between	 the	 OMM	 and	 the	 IMM,	 and	 the	

mitochondrial	matrix,	which	 is	 enclosed	by	 the	 IMM.	The	OMM	 is	permeable	 to	water	
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and	small	solutes,	whereas	the	IMM	is	a	tight	barrier	across	which	a	potential	gradient	

(DYmt)	is	generated	by	the	activity	of	the	respiratory	chain.	In	the	mitochondrial	matrix	

resides	mtDNA,	the	genomic	material	of	these	organelles	encoding	mitochondrial	rRNAs	

and	tRNAs	as	well	as	~20	proteins.	The	remaining	mitochondrial	proteins	are	imported	

through	a	system	of	translocases	in	the	OMM	and	the	IMM,	and	further	communication	

between	the	mitochondria	and	the	cytosol	is	mediated	by	a	range	of	solute	transporters	

(Alberts	 et	 al.,	 2017).	 Mitochondria	 are	 a	 focus	 of	 innate	 immunity	 research	 because	

they	 are	 a	 potential	 source	 of	 DAMPs	 (mtDNA,	 mitochondrial	 RNAs,	 N-formylated	

peptides)	 but	 also	 of	 immunologically	 relevant	 metabolites,	 such	 as	 fumarate	

(Humphries	et	al.,	2020)	and	itaconate	(Hooftman	et	al.,	2020;	Mills	et	al.,	2018).	

	

Many	 studies	 proposed	 a	 role	 for	 the	 mitochondria	 in	 activation	 of	 the	 NLRP3	

inflammasome.	Specifically,	NLRP3	has	been	proposed	 to	bind	 to	mtDNA	(Nakahira	et	

al.,	 2010;	 Shimada	 et	 al.,	 2012;	 Zhong	 et	 al.,	 2018)4	and	 to	MAVS	 (Subramanian	 et	 al.,	

2013).	Furthermore,	mtROS	generation	is	proposed	to	cause,	or	at	least	support,	NLRP3	

activation	and	promote	the	interactions	between	NLRP3	and	TXNIP	(Zhou	et	al.,	2010)	

and	NLRP3	and	NEK7	(Shi	et	al.,	2015a).	Two	NLRP3	activators	have	been	demonstrated	

to	 directly	 target	 the	 mitochondria:	 R837	 (imiquimod)	 is	 an	 inhibitor	 of	 the	

mitochondrial	 electron	 transport	 chain	 complex	 I	 (Groß	 et	 al.,	 2016),	 and	 N-

acetylglucosamine	 is	 an	 inhibitor	 of	 the	 glycolytic	 enzyme	 hexokinase	 that	 causes	

hexokinase	 dissociation	 from	 VDAC	 on	 the	 OMM	 (Wolf	 et	 al.,	 2016).	 The	 IMM	 lipid	

cardiolipin	has	also	been	proposed	to	act	as	a	direct	agonist	of	NLRP3	(Iyer	et	al.,	2013).	

Lastly,	NLRP3	translocation	to	the	mitochondria	has	been	observed	in	cells	treated	with	

inflammasome	 activators	 and	 it	 has	 been	 proposed	 that	 this	 step	 is	 required	 for	 the	

NLRP3	 inflammasome	 assembly	 (Misawa	 et	 al.,	 2013).	 Importantly,	 some	 of	 the	

proposed	 mechanisms	 by	 which	 mitochondria-related	 events	 impact	 on	 the	 NLRP3	

inflammasome	activation	have	been	challenged	by	later	studies	(for	example	by	Muñoz-

Planillo	et	al.	(2013)	and	implicitly	by	Dang	et	al.	(2017)).	There	is	also	no	unified	model	

of	how	the	mitochondrial	signals	could	be	coordinated	to	activate	the	inflammasome.	

	

	
4	Of	 note,	mitochondrial	 DNA	 has	 also	 been	 proposed	 to	 act	 as	 a	 ligand	 for	 the	 activation	 of	 the	 AIM2	
inflammasome	(Dang	et	al.,	2017),	and	it	has	also	been	demonstrated	to	act	as	an	agonist	of	cGAS	(Huang	
et	al.,	2020;	Maekawa	et	al.,	2019;	McArthur	et	al.,	2018;	Riley	et	al.,	2018).	
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Mitochondria	 are	 known	 to	 be	 involved	 in	 the	 initiation	 of	 apoptotic	 cell	 death	 in	 a	

process	termed	intrinsic	apoptosis	(Bock	and	Tait,	2019;	Kale	et	al.,	2017).	Briefly,	 the	

intrinsic	 apoptosis	 pathway	 is	 initiated	 by	 permeabilization	 of	 the	 OMM	 (MOMP,	 for	

mitochondrial	 outer	membrane	 permeabilization),	 which	 results	 in	 the	 release	 of	 the	

protein	cytochrome	c	from	the	IMS	(Kluck,	1997;	Yang,	1997).	Cytochrome	c	is	a	direct	

ligand	of	apoptotic	protease	activating	factor	1	(APAF1),	a	signaling	protein	that	recruits	

and	enables	the	activation	of	the	protease	caspase-9	(Li	et	al.,	1997;	Pan	et	al.,	1998;	Zou	

et	al.,	1997).	Caspase-9,	in	turn,	cleaves	and	thereby	activates	caspases-3	and	-7,	known	

as	 the	 executioner	 caspases5.	 These	 caspases	 coordinate	 a	 cell	 death	 program	 that	

involves	cleavage	of	cytoskeletal	proteins	and	of	DNA,	and	cell	 fragmentation	resulting	

in	apoptotic	bodies	formation.	The	remnants	of	apoptotic	cells	can	be	cleared	by	tissue-

patrolling	 phagocytes,	 typically	 macrophages.	 Of	 note,	 the	 enzymatic	 activity	 of	

apoptotic	 caspases	 may	 be	 blocked	 by	 a	 group	 of	 proteins	 known	 as	 inhibitor	 of	

apoptosis	proteins	(IAPs),	 including	baculoviral	IAP	repeat-containing	proteins	(cIAPs)	

1	and	2,	and	X-linked	inhibitor	of	apoptosis	protein	(XIAP)	(Deveraux,	1998;	Roy,	1997;	

Takahashi	 et	 al.,	 1998).	 Until	 recently,	 apoptosis	 was	 considered	 to	 be	 a	 non-

immunogenic,	 ‘silent’	 form	of	 programmed	 cell	 death,	 in	 opposition	 to	pyroptosis	 and	

necrosis/necroptosis	(not	discussed	here).	

	

MOMP	 is	 a	 regulated	 process	 that	 involves	 formation	 of	 protein-lined	 pores	 by	 B-cell	

lymphoma	2	(BCL-2)	homologous	antagonist/killer	(Bak;	Chittenden	et	al.,	1995;	Kiefer	

et	al.,	1995),	BCL-2-associated	X,	apoptosis	regulator	(Bax;	Antonsson,	1997;	Manon	et	

al.,	 1997;	 Oltval	 et	 al.,	 1993;	Wolter	 et	 al.,	 1997),	 and/or	 BCL-2-related	 ovarian	 killer	

(Bok;	Hsu	et	al.,	1997).	Under	basal	conditions,	Bak,	Bax,	and	Bok	are	cytosolic	proteins	

(Kale	 et	 al.,	 2017),	 and	 their	 cytosolic,	 inactive	 state	 is	 stabilized	 by	 a	 group	 of	

antiapoptotic	 BCL-2	 proteins:	 BCL-2,	 BCL-2-like	 protein	 2	 (BCL-W),	 B-cell	 lymphoma-

extra	 large	 (BCL-XL),	 and	myeloid	 cell	 leukemia	 sequence	 1	 (BCL-2-related)	 (MCL-1)	

(Chao	and	Korsmeyer,	1998;	Shamas-Din	et	al.,	2013).	Under	conditions	of	antiapoptotic	

BCL-2	 proteins	 depletion	 or	 pharmacological	 inhibition,	 Bak,	 Bax,	 and	 Bok	 may	

translocate	to	the	OMM	and	form	pores	that	enable	the	egress	of	cytochrome	c	into	the	

cytosol	 (Bock	 and	 Tait,	 2019;	 Kale	 et	 al.,	 2017).	 Alternatively,	 Bak/Bax/Bok	 pore	

	
5	For	the	sake	of	completeness,	the	extrinsic	apoptosis	pathway	is	initiated	when	a	class	of	receptors	in	the	
plasma	membrane	are	ligated	by	the	so-called	death	ligands.	Inside	of	the	cell,	death	receptors	recruit	and	
activate	 caspase-8	 through	 the	adaptor	FADD,	and	caspase-8	activates	 caspases-3	and	 -7	 leading	 to	 the	
engagement	of	the	programmed	cell	death	effector	mechanisms.	
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formation	may	be	 induced	by	pro-apoptotic	members	of	 the	BCL-2	 family	 such	as	 the	

direct	 activators	 BCL-2	 homology	 domain	 3	 (BH3)	 interacting-domain	 death	 agonist	

(Bid)	 and	 BCL-2-interacting	 mediator	 of	 cell	 death	 (Bim)	 or	 the	 so-called	 sensitizers	

BCL-2-associated	 agonist	 of	 cell	 death	 (Bad)	 and	 phorbol-12-myristate-13-acetate-

induced	protein	1	 (PMAIP1,	also	known	as	Noxa)	 (Kale	et	al.,	2017;	Shamas-Din	et	al.,	

2011;	Westphal	et	al.,	2011;	Zhang	et	al.,	2012).	While	direct	activators	form	complexes	

with	 Bax	 and	 shift	 this	 protein	 towards	 the	 pore-forming	 state,	 sensitizers	 sequester	

antiapoptotic	 BCL-2	 family	 proteins,	 promoting	 the	 apoptotic	 pore	 formation	 through	

inhibition	of	the	antiapoptotic	signaling	(Kale	et	al.,	2017).	

	

Bid,	Bim,	Bad,	 and	Noxa	 can	 initiate	MOMP	 through	accumulation,	prevailing	over	 the	

anti-apoptotic	BCL-2	proteins,	but	post-translational	modifications	may	also	play	a	role	

in	this	process	(Kale	et	al.,	2017).	For	example,	the	cleavage	of	Bid	catalyzed	by	caspase-

8	produces	a	truncated	form	of	this	apoptotic	activator	(tBid),	which	is	a	strong	inducer	

of	Bax	pore	formation	(Gross	et	al.,	1999;	Li	et	al.,	1998;	Luo	et	al.,	1998).	A	simplified	

model	of	the	apoptotic	MOMP	is	presented	in	Scheme	1.3.	

	

The	biophysical	characteristics	of	Bak,	Bax,	and/or	Bok	pores	and	the	exact	mechanisms	

by	which	 pore	 formation	 is	 induced	 are	 still	 a	matter	 of	 debate	 (Kale	 et	 al.,	 2017).	 A	

recent	 report	 demonstrated	 that,	 in	 addition	 to	 Bak,	 Bax,	 and	 Bok,	 the	 N-terminal	

domain	 of	 GsdmE	 may	 also	 permeabilize	 the	 OMM	 to	 release	 cytochrome	 c.	

Interestingly,	 this	 process	 was	 described	 as	 a	 secondary	 event	 during	 the	 extrinsic	

apoptosis	 cascade	 and	 it	was	 suggested	 to	 provide	 an	 amplification	 of	 the	 cell	 death-

promoting	signals	by	recruiting	the	molecular	machinery	of	intrinsic	apoptosis	(Rogers	

et	 al.,	 2019).	 Surprisingly,	 recent	 reports	 also	 indicated	 that	 MOMP	 can	 trigger	 the	

permeabilization	 of	 the	 IMM	 (McArthur	 et	 al.,	 2018;	 Riley	 et	 al.,	 2018).	 Though	 the	

mechanism	of	 this	 process	 is	 poorly	 understood	 and	 is	 currently	 proposed	 to	 involve	

IMM	 extrusion	 through	 Bak/Bax	 pores	 followed	 by	 mechanical	 rupture,	 the	 damage	

inflicted	 is	 sufficient	 to	 cause	 translocation	 of	mtDNA	 to	 the	 cytosol,	 the	 induction	 of	

cGAS/STING	signaling,	and	 the	 type	 I	 IFN	response	(McArthur	et	al.,	2018;	Riley	et	al.,	

2018;	reviewed	by	Bock	and	Tait,	2019).	

	

In	LPS-primed	macrophages,	 the	 induction	of	 the	 intrinsic	apoptosis	cascade	has	been	

demonstrated	to	cause	IL-1b	maturation	and	release.	This	reaction	is	suggested	to	be	at	
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least	in	part	mediated	by	the	NLRP3	inflammasome	(Deo	et	al.,	2020;	Lawlor	et	al.,	2017;	

2015;	Vince	et	al.,	2018).	These	observations	rekindle	the	interest	in	whether	and	how	

mitochondrial	stress	could	trigger	the	inflammasome	activation.	

	

	
Scheme	1.3.	A	simplified	model	of	mitochondrial	cell	death	signaling	
Apoptotic	cell	death	can	be	initiated	through	the	intrinsic	and	the	extrinsic	pathway.	Intrinsic	apoptosis	
beings	with	the	permeabilization	of	the	outer	mitochondrial	membrane	(OMM)	by	Bax,	Bak,	and/or	Bok.	
These	three	proteins	are	believed	to	form	pores	in	the	OMM.	Inhibitors	of	apoptosis	from	the	BCL-2	family	
(BCL-2,	BCL-W,	BCL-XL,	MCL-1)	prevent	the	OMM	permeabilization,	whereas	apoptotic	sensitizers	(Bad,	
Noxa)	 and	 activators	 (Bid,	 Bim)	promote	Bax/Bak	pore	 formation.	 Cytochrome	 c	 (c)	 released	 from	 the	
intermembrane	space	(IMS)	upon	mitochondrial	permeabilization	acts	as	a	ligand	for	APAF1,	which,	when	
bound	to	cytochrome	c,	serves	as	an	activation	platform	for	caspase-9.	This	protease,	in	turn,	activates	the	
executioner	caspases	(caspases-3	and	-7),	causing	apoptotic	cell	death.	
The	OMM	permeabilization	has	 recently	been	demonstrated	 to	 also	 lead	 to	 the	permeabilization	of	 the	
inner	mitochondrial	membrane	(IMM).	The	molecular	details	of	this	process	are	lacking	but	it	may	involve	
extrusion	of	the	IMM	folds	through	Bax/Bak	pores	in	the	OMM.	The	concomitant	permeabilization	of	both	
mitochondrial	membranes	 exposes	mtDNA	 to	 the	 cytosol,	 triggering	 the	 activation	 of	 cyclic	 GMP/AMP	
synthase	 (cGAS)/stimulator	of	 interferon	 (IFN)	genes	 (STING)	 signaling	and	 type	 I	 IFN	response.	 It	has	
also	been	reported	that	permeabilization	of	the	OMM	and/or	the	IMM	by	pro-apoptotic	stimuli	may	cause	
the	 NACHT,	 LRR,	 and	 PYD	 domains-containing	 protein	 3	 (NLRP3)	 inflammasome	 activation,	 possibly	
through	a	mechanism	linked	to	K+	efflux.	
The	extrinsic	apoptosis	pathway	can	be	physiologically	 initiated	be	a	group	of	proteins	known	as	death	
ligands,	 which	 are	 agonists	 of	 death	 receptors	 in	 the	 plasma	 membrane.	 Ligation	 of	 these	 receptors	
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induces	a	signaling	cascade	 leading	 to	 the	activation	of	caspase-8,	which,	 similar	 to	caspase-9,	activates	
the	 executioner	 caspases-3	 and	 -7.	 Of	 note,	 caspase-8	 also	 cleaves	 the	 apoptotic	 activator	 protein	 Bid,	
yielding	a	truncated	(t)	Bid	form	that	is	a	strong	inducer	of	the	OMM	permeabilization	by	Bax.	Thus,	the	
caspase-8-catalyzed	 Bid	 cleavage	 provides	 an	 amplification	 loop	 of	 the	 initial	 pro-apoptotic	 signal	 by	
engaging	the	intrinsic	apoptosis	mechanisms.	
Recent	studies	also	suggest	that	proteins	other	than	Bax,	Bak,	and	Bok	may	form	pores	in	the	OMM.	One	of	
these	proteins	 is	gasdermin	(Gsdm)	E.	GsdmE	is	cleaved	by	the	executioner	caspases	and	the	GsdmE	N-
terminal	 domain	 permeabilizes	 the	 OMM	 leading	 to	 the	 cytochrome	 c	 release	 and	 an	 APAF1-mediated	
secondary	amplification	of	the	pro-apoptotic	signal.	
	

In	this	respect,	one	pathway	of	mitochondrial	damage	not	related	to	intrinsic	apoptosis	

may	be	of	interest.	In	the	presence	of	increased	ROS	levels	or	high	Ca2+	concentrations	

(Kwong	 and	 Molkentin,	 2015),	 the	 mitochondria	 have	 been	 reported	 to	 undergo	 a	

process	called	the	mitochondrial	permeability	transition	(mPT).	The	mPT	consists	of	the	

opening	of	the	mitochondrial	permeability	transition	pore	(mPTP)	in	the	IMM,	which	is	

permeable	to	water	and	small	solutes	(up	to	1.5	kDa;	Halestrap,	2009).	This	leads	to	the	

loss	of	DYmt	and,	according	to	some	reports,	to	the	swelling	of	the	mitochondrial	matrix	

and	 the	 rupture	 of	 the	 OMM.	 Neither	 the	 molecular	 composition	 nor	 the	

pharmacological	 properties	 of	 the	 mPTP	 are	 well-defined	 (I	 discuss	 this	 problem	 in	

detail	 in	 Section	 9.6),	 so	 determining	 whether	 the	 mPT	 is	 involved	 in	 a	 process	 of	

interest	is	difficult.	
	

The	mPT	has	been	proposed	to	occur	during	NLRP3	activation	(Murakami	et	al.,	2012;	

Yu	et	al.,	2014),	potentially	leading	to	the	release	of	mtDNA	to	the	cytosol	(Nakahira	et	

al.,	2010).	The	fact	that	a	single	mitochondrial	nucleoid	is	much	larger	than	the	1.5-kDa	

cutoff	of	the	mPTP	puts	under	question	the	validity	of	such	a	model.	The	literature	is	not	

conclusive	 on	 whether	 the	 mPT	 is	 actually	 required	 for	 the	 NLRP3	 inflammasome	

activation;	 likely,	 at	 least	 in	 part,	 because	 of	 the	 difficulties	 in	 defining	 the	molecular	

composition	and	the	biophysical	characteristics	of	the	mPTP.	
	

The	involvement	of	the	mitochondria	in	the	innate	immune	responses	will	probably	be	

an	 important	research	topic	 in	 the	next	couple	of	years.	As	regards	 the	 inflammasome	

signaling,	 the	most	 important	 task	will	be	 to	validate	and	unify	 the	existing	models	of	

how	 mitochondria	 could	 regulate	 NLRP3	 activation.	 A	 part	 of	 this	 effort	 will	 be	 to	

determine	how	mitochondrial	damage	could	differentially	cause	the	activation	of	NLRP3	

(Nakahira	et	al.,	2010;	Shimada	et	al.,	2012;	Zhong	et	al.,	2018),	AIM2	(Dang	et	al.,	2017),	

and	cGAS	(Huang	et	al.,	2020;	Maekawa	et	al.,	2019;	McArthur	et	al.,	2018;	Riley	et	al.,	

2018),	 and	 to	 establish	which	mitochondria-derived	 DAMPs	 could	 have	 an	 impact	 on	

these	responses.	
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2.	Rationale	and	objectives	of	the	study	

	

NLRP3	is	an	inflammasome-forming	sensor	implicated	in	numerous	pathologies	but	the	

signaling	events	upstream	of	the	NLRP3	inflammasome	activation	are	still	incompletely	

understood.	 Several	 scenarios	 have	 been	 proposed	 for	 how	 NLRP3	 activation	 is	

controlled.	One	of	 these	models	 posited	 that	NLRP3	 agonists	 induce	 activation	of	 PLC	

and,	consequently,	cytosolic	Ca2+	fluxes	(Lee	et	al.,	2012;	Murakami	et	al.,	2012;	Rossol	et	

al.,	2012).	While	the	involvement	of	Ca2+	ions	in	the	NLRP3	inflammasome	assembly	has	

been	contested	(Baldwin	et	al.,	2017;	Katsnelson	et	al.,	2015;	2016;	Muñoz-Planillo	et	al.,	

2013),	the	role	of	PLC	in	NLRP3	activation	has	not	been	conclusively	ruled	out	(Chae	et	

al.,	2015;	Martín-Nalda	et	al.,	2020).	

	

The	 initial	 aim	of	my	Thesis	was	 to	explain	 if	and	how	PLC	activation	by	 the	LMW	

PLC	 agonist	 m-3M3FBS	 (Lee	 et	 al.,	 2012)	 leads	 to	 the	 NLRP3	 inflammasome	

assembly.	However,	at	an	early	stage	of	my	work,	I	found	that	the	m-3M3FBS-induced	

inflammasome	activation	is	NLRP3-independent	(Chapter	4).	Consequently,	the	aims	of	

my	Dissertation	have	been	adapted	to	address	the	following	scientific	problems:	

	

a) to	determine	the	mechanism	through	which	PLC	inhibitors	(Lee	et	al.,	2012;	

Murakami	et	al.,	2012;	Rossol	et	al.,	2012)	block	the	NLRP3	inflammasome	

activation	(Chapter	5);	

b) to	 identify	 the	 receptors	 and/or	 sensors	 involved	 in	 the	 inflammasome	

response	to	m-3M3FBS	(Chapter	6);	

c) to	characterize	the	molecular	mechanism	by	which	m-3M3FBS	activates	the	

inflammasome	(chiefly	Chapters	6,	8,	and	9).	
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3.	Materials	and	methods	

	

3.1.	Laboratory	plastics	and	equipment	

	

Table	 3.1	 provides	 a	 summary	 of	 laboratory	 plastics,	 equipment,	 and	 instrumentation	

used	 in	 my	 Thesis.	 Of	 note,	 the	 96-well	 plates	 that	 were	 used	 for	 microscopy	

experiments	(96-well	plates,	flat-bottom,	tissue	culture-treated,	µ-clear,	black	wells	[for	

imaging;	 Greiner	 Bio-One]	 and	 96-well	 plates,	 flat-bottom,	 tissue	 culture-treated,	 Cell	

Carrier	Ultra,	black	wells	[for	imaging;	PerkinElmer])	were	coated	in-house	with	poly-L-

lysine	to	improve	cell	adhesion.	Briefly,	60-80	µL	of	~0.01%	aqueous	solution	of	poly-L-

lysine	was	 added	 per	well,	 followed	 by	 a	 30-60-min	 incubation	 at	 room	 temperature	

(RT).	 This	 was	 followed	 by	 removal	 of	 the	 poly-L-lysine	 solution	 (to	 ensure	 that	 no	

traces	 of	 the	 coating	 solution	 remain	 in	 the	 wells,	 the	 plates	 were	 centrifuged	 in	 an	

upside-down	position	for	5	min	at	1000	´	g,	at	RT).	

	
Type	of	product	 Source	
0.1-2	µL	pipette	 Mettler-Toledo/Rainin	
2-20	µL	pipette	 Mettler-Toledo/Rainin	
20-100	µL	pipette	 Mettler-Toledo/Rainin	
100-1000	µL	pipette	 Mettler-Toledo/Rainin	
2-20	µL	12-channel	pipette	 Mettler-Toledo/Rainin	
20-200	µL	12-channel	pipette	 Mettler-Toledo/Rainin	
20	µL	pipette	tips	 Mettler-Toledo/Rainin	
250	µL	pipette	tips	 Mettler-Toledo/Rainin	
1000	µL	pipette	tips	 Mettler-Toledo/Rainin	
20	µL	filter	tips	 Mettler-Toledo/Rainin	
200	µL	filter	tips	 Mettler-Toledo/Rainin	
1000	µL	filter	tips	 Mettler-Toledo/Rainin	
6-well	plates,	tissue	culture-treated	 VWR/Sarstedt/Greiner	Bio-One	
24-well	plates,	tissue	culture-treated	 VWR/Sarstedt/Greiner	Bio-One	
96-well	plates,	flat-bottom,	tissue	culture-treated	 VWR/Sarstedt/Greiner	Bio-One	
96-well	plates,	flat-bottom,	tissue	culture-treated,	µ-clear,	black	
wells	(for	imaging)	

Greiner	Bio-One	

96-well	plates,	flat-bottom,	tissue	culture-treated,	Cell	Carrier	
Ultra,	black	wells	(for	imaging)	

PerkinElmer	

96-well	plates,	V-bottom	(for	supernatant	collection)	 Greiner	Bio-One	
384-well	plates,	V-bottom	(for	supernatant	collection)	 Greiner	Bio-One	
384-well	plates,	low-volume,	white	(for	HTRF	assays)	 Greiner	Bio-One	
PIPETBOY	Acu2	Pipette	Controller	 Integra	
~5-mL	serological	pipettes	 Costar	
~10-mL	serological	pipettes	 Costar	
~25-mL	serological	pipettes	 Costar	
Cell	scrapers,	small	 Sarstedt	
Cell	scrapers,	large	 Sarstedt	
Syringes	(5	mL;	for	bone	flushing)	 BD	Biosciences	
Luer-Lok	syringes	(10	mL;	for	retrovirus	harvesting)	 BD	Biosciences	
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Needles,	20	G	(for	bone	flushing)	 B.	Braun	
Blunt	needles,	18	G	(for	retrovirus	harvesting)	 B.	Braun	
0.45	µm	filters	(for	retrovirus	purification)	 Merck	Millipore	
25-cm2	tissue	culture	flasks,	tissue	culture-treated,	with	filter	 Greiner	Bio-One	
75-cm2	tissue	culture	flasks,	tissue	culture-treated,	with	filter	 Greiner	Bio-One	
175-cm2	tissue	culture	flasks,	tissue	culture-treated,	with	filter	 Greiner	Bio-One	
10-cm	tissue	culture	dishes,	tissue	culture-treated	 Greiner	Bio-One	
Cryopreservation	vials	 Greiner	Bio-One	
Mr.	Frosty	freezing	containers	 Thermo	Fisher	Scientific	
CellCamper	freezing	containers	 neoLab	
Vacuum	filter	bottles,	100	mL	 Corning	
Vacuum	filter	bottles,	250	mL	 Corning	
Vacuum	filter	bottles,	500	mL	 Corning	
PCR	tubes	 Biozym	
Eppendorf-type	tubes,	1.5-mL	 Eppendorf	
Eppendorf-type	tubes,	2-mL	 Sarstedt	
Conical	tubes	(Falcon-type),	15-mL	 Greiner	Bio-One	
Conical	tubes	(Falcon-type),	50-mL	 Greiner	Bio-One	
Liquid	reservoirs,	50	mL	 VWR	
Liquid	reservoirs,	12-channel	 Carl	Roth	
Petri	dishes	for	bacterial	culture	 Greiner	Bio-One	
15-mL	tubes	for	small	bacterial	cultures	 BD	Falcon	
Pasteur	pipettes	(glass)	 Brand	
Bunsen	burner,	Fuego	Basic	 WLD-TEC	
PCR	thermocycler,	T3000	 Biometra	
Quant	Studio	6	Flex	System	 Thermo	Fisher	Scientific	
Spectramax	i3	multi-mode	platform	with	HTRF	cartridge	 Molecular	Devices	
Epoch	Microplate	Spectrophotometer	with	Take3	Micro-Volume	
Plate	

BioTek/Agilent	

Observer.Z1	fluorescence	microscope	 Zeiss	
SP5	confocal	microscope	AOBS	with	SMD	 Leica	
Inverted	phase-contrast	microscope,	TS100	 Nikon	
Tabletop	fluorescence	microscope,	EVOS-FL	 Thermo	Fisher	Scientific	(Life	

Technologies)	
IKA	Vortex	3	mixer	 Sigma/Merck	
Large	centrifuge	(for	15-50-mL	tubes	and	plates),	5810R	 Eppendorf	
Large	centrifuge	(for	15-50-mL	tubes),	4-16KS	 Sigma/Merck	
Small	centrifuge	(for	1.5-2-mL	tubes),	5425	 Eppendorf	
Neubauer	cell	counting	chamber	(0.1	mm)	 Paul	Marienfeld	GmBH	&	Co.KG	
Balance	(~0.01	g	accuracy),	Entris	 Sartorius	
Balance	(~0.001	g	accuracy),	Extend	 Sartorius	
Tissue	culture	incubator	 Sanyo	
Small	bacterial	shaker	 Heidolph	
Thermoshake	incubator	shaker	 C.	Gerhardt	Analytical	
Bacterial	incubator	 Thermo	Fisher	Scientific	
AccuBlock	thermoblock	 Labnet	
Thermomixer	thermoblock	 Eppendorf	
4°C	fridge	 Liebherr	
-20°C	freezer	 Liebherr	
-80°C	freezer	 Thermo	Fisher	Scientific	
-150°C	freezer	 Sanyo	
Table	3.1.	List	of	laboratory	plastics	and	equipment	used	in	my	Thesis.	
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3.2.	Molecular	cloning	

	

Cloning	of	all	constructs	was	performed	following	standard	procedures	and	according	to	

the	 instructions	 provided	 by	 the	 manufacturers	 of	 all	 the	 reagents.	 The	 inserts	 were	

amplified	by	polymerase	chain	reaction	(PCR)	using	the	PfuUltra	II	Hotstart	PCR	Master	

Mix	(Agilent	Technologies).	The	PCR	reactions	were	performed	in	50	µL	final	volumes,	

using	0.5	µM	forward	and	reverse	primers	and	~100-500	ng	of	DNA	per	reaction.	For	

site-directed	mutagenesis,	 the	 overlap-extension	 PCR	 protocol	 was	 used	 (Aiyar	 et	 al.,	

1996).	Generally,	PCR	was	initiated	with	a	1-min	denaturation	step	(94°C),	followed	by	

35	or	40	cycles	of	 (1)	denaturation	(94°C,	30	s),	 (2)	primer	annealing	(58-65°C,	30	s),	

and	(3)	elongation	(72°C,	1	min/kb	of	DNA).	At	the	end	of	the	reaction,	a	5-	or	10-	min	

final	elongation	step	at	72°C	was	 included.	The	PCR	products	were	electrophoretically	

separated	 in	 an	 agarose	 (Biozym)	 gel	 (1-1.5%)	with	 green	DNA-RNA	dye	 (PEQ-green,	

Peqlab/WVR;	~1.5´104	 dilution)	 and	 isolated	using	PureLink	Quick	Gel	 Extraction	 kit	

(Invitrogen/Thermo	 Fisher	 Scientific).	 Next,	 sticky	 ends	 were	 generated	 by	 digestion	

with	 a	 pair	 of	 restriction	 enzymes	 (Thermo	 Fisher	 Scientific)	 according	 to	 the	

manufacturer’s	instructions	in	final	volumes	of	50	µL.	Inserts	generated	in	this	fashion	

were	re-run	in	an	agarose	gel	(1-1.5%)	and	purified.	

	

The	backbone	vectors	were	linearized	by	restriction	by	restriction	digest	with	the	same	

pair	of	restriction	enzymes	as	the	insert,	and	then	isolated	from	a	1%	agarose	gel	after	

electrophoretic	digest.	

	

Ligation	 (20	 µL	 final	 volume)	 was	 performed	 according	 to	 the	 manufacturer’s	

instructions.	Briefly,	 the	 insert	of	 interest	was	mixed	with	the	backbone	at	 the	ratio	of	

3:1-9:1	 and	 kept	 on	 ice	 (~4°C)	with	 T4	 DNA	 ligase	 (Thermo	 Fisher	 Scientific)	 in	 the	

presence	 of	 1	´	 ligation	 buffer.	 After	 preparation	 of	 this	 reaction	mix,	 the	 tubes	were	

shifted	to	22°C	for	20	min.	Then	the.	Then,	the	reaction	mixes	were	returned	to	the	ice	

bath.	 Vectors	 generated	 in	 this	 manner	 (1-5	 µL)	 were	 used	 for	 transformation	 of	

chemically	 competent	 DH5a	 Escherichia	 coli	 cells	 (15	 µL).	 The	 heat	 shock	

transformation	 protocol	 was	 employed;	 briefly,	 the	 cells	 were	 incubated	 with	 the	

ligation	products	on	ice	(~4°C)	for	5	min,	followed	by	45-s	incubation	at	42°C,	and	a	2-

min	‘regeneration’	step	on	ice	(~4°C).	Then,	the	transformed	cells	were	diluted	in	Luria-
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Bertani	(LB)	broth	without	antibiotics	(~150	µL)	and	incubated	for	30	min	at	37°C	with	

shaking	 (400-600	 rpm).	 After	 this,	 the	 cells	 were	 plated	 in	 LB-agar	 (Thermo	 Fisher	

Scientific)	plates	with	ampicillin	(100	µg/mL,	Sigma/Merck)	used	as	selection	antibiotic.	

All	 of	 the	 constructs	 used	 in	 my	 thesis	 contained	 the	 ampicillin	 resistance	 gene.	

Following	an	overnight	incubation	at	37°C,	colonies	were	picked	from	agar	plates.	They	

were	 then	 used	 for	 inoculation	 of	 small	 bacterial	 cultures	 (6	 mL,	 LB	 broth	 with	 100	

µg/mL	 ampicillin),	which	were	 grown	 for	 16-18	 h	 at	 37°C	with	 shaking	 (~360	 rpm).	

After	this	time,	bacterial	cells	from	these	cultures	were	harvested	and	plasmid	DNA	was	

isolated	 using	 the	 PureLink	 Quick	 Plasmid	 Miniprep	 kit	 (Invitrogen/Thermo	 Fisher	

Scientific),	following	the	manufacturer’s	instructions.	Complete	sequences	of	the	inserts	

from	the	purified	plasmids	were	obtained	by	Sanger	sequencing	performed	by	GATC	or	

Eurofins	Genomics.	Of	the	positive	clones,	one	was	selected	to	prepare	a	cryopreserved	

stock	(bacterial	suspension	in	LB	broth	with	100	µg/mL	ampicillin	supplemented	with	

25%	 glycerol	 [Sigma/Merck];	 stored	 at	 -80°C).	 The	 glycerol	 stocks	 were	 used	 for	

inoculation	 of	 larger-scale	 bacterial	 cultures	 (120-150	 mL	 grown	 in	 LB	 broth	 with	

100µg/mL	ampicillin	for	16-18	h	at	37°C	with	shaking	[~340	rpm]),	from	which	plasmid	

DNA	was	 isolated	using	 the	PureLink	Quick	Plasmid	Maxiprep	kit	 (Invitrogen/Thermo	

Fisher	Scientific).	To	ensure	that	the	correct	plasmids	were	amplified,	the	inserts	were	

once	again	 subjected	 to	Sanger	 sequencing	performed	by	GATC	or	Eurofins	Genomics.	

For	 all	 subsequent	 applications,	 plasmid	 DNA	 from	 those	 validated	 Maxiprep	

preparations	was	used.	

	

Several	constructs	that	I	used	in	my	Thesis	were	cloned	independently	of	my	research	

project	 by	 other	 scientists	 at	 the	 III	 (Bonn);	 these	 cases	 are	 noted	 in	 the	 Source	and	

references	column	in	Table	3.2.	

	
ID	in	the	
III	
database	

Insert	 Applications	 Source	and	
references	

1051	 Human	NLRP1-IRES-
mCitrine	

Overexpression	of	human	NLRP1	 This	Thesis	

1052	 Human	NLRP2-IRES-
mCitrine	

Overexpression	of	human	NLRP2	 This	Thesis	

1053	 Human	NLRP3-IRES-
mCitrine	

Overexpression	of	human	NLRP3	 This	Thesis	

1054	 Human	NLRP4-IRES-
mCitrine	

Overexpression	of	human	NLRP4	 This	Thesis	

1055	 Human	NLRP5-IRES-
mCitrine	

Overexpression	of	human	NLRP5	 This	Thesis	



Chapter	3	

	 34	

1133	 Human	NLRP6-IRES-
mCitrine	

Overexpression	of	human	NLRP6	 This	Thesis	

1134	 Human	NLRP6-linker-
mCitrine	

Overexpression	of	human	NLRP6	 This	Thesis	

1056	 Human	NLRP7-IRES-
mCitrine	

Overexpression	of	human	NLRP7	 This	Thesis	

1057	 Human	NLRP9-IRES-
mCitrine	

Overexpression	of	human	NLRP9	 This	Thesis	

1058	 Human	NLRP10-IRES-
mCitrine	

Overexpression	of	human	NLRP10	 This	Thesis	

1059	 Human	NLRP11-IRES-
mCitrine	

Overexpression	of	human	NLRP11	 This	Thesis	

1060	 Human	NLRP12-IRES-
mCitrine	

Overexpression	of	human	NLRP12	 This	Thesis	

1061	 Human	NLRP13-IRES-
mCitrine	

Overexpression	of	human	NLRP13	 This	Thesis	

1062	 Human	NLRP14-IRES-
mCitrine	

Overexpression	of	human	NLRP14	 This	Thesis	

1120	 Human	NLRP10-linker-
mCitrine	

Overexpression	of	human	NLRP10	 This	Thesis	

1612	 Human	NLRP10-linker-
mCherry	

Overexpression	of	human	NLRP10	 This	Thesis	

1121	 Murine	Nlrp10-linker-
mCitrine	

Overexpression	of	murine	Nlrp10	 This	Thesis	

1122	 Human	NLRP10(PYD)-
linker-mCitrine	

Overexpression	of	the	PYD	domain	of	
human	NLRP10	

This	Thesis	

1123	 Human	NLRP10(NACHT)-
linker-mCitrine	

Overexpression	of	the	NACHT	domain	
of	human	NLRP10	

This	Thesis	

1124	 Murine	Nlrp10(PYD)-
linker-mCitrine	

Overexpression	of	the	PYD	domain	of	
murine	Nlrp10	

This	Thesis	

1125	 Murine	Nlrp10(NACHT)-
linker-mCitrine	

Overexpression	of	the	NACHT	domain	
of	murine	Nlrp10	

This	Thesis	

1378	 Human	NLRP10K179M-
linker-mCitrine	

Overexpression	of	a	Walker	A	motif	
mutant	of	human	NLRP10	

This	Thesis	

1447	 Human	NLRP10D249N-
linker-mCitrine	

Overexpression	of	a	Walker	B	motif	
mutant	of	human	NLRP10	

This	Thesis	

1448	 Human	NLRP10D249A-
linker-mCitrine	

Overexpression	of	a	Walker	B	motif	
mutant	of	human	NLRP10	

This	Thesis	

1379	 Murine	Nlrp10K175M-
linker-mCitrine	

Overexpression	of	a	Walker	A	motif	
mutant	of	murine	Nlrp10	

This	Thesis	

1453	 Murine	Nlrp10D245N-
linker-mCitrine	

Overexpression	of	a	Walker	B	motif	
mutant	of	murine	Nlrp10	

This	Thesis	

1454	 Murine	Nlrp10D245A-
linker-mCitrine	

Overexpression	of	a	Walker	B	motif	
mutant	of	murine	Nlrp10	

This	Thesis	

241	 mCitrine-linker-human	
AIM2	

Overexpression	of	human	AIM2	 Generated	by	Dr.	
Andrea	Stutz	(III	
Bonn)	

1044	 Human	AIM2-linker-
TagGFP2	

Overexpression	of	human	AIM2	 Generated	by	Brian	
Monks	(III	Bonn)	

1349	 Murine	Aim2-IRES-
mCherry	

Overexpression	of	murine	Aim2	 This	Thesis	

1040	 Human	pyrin-IRES-
mCitrine	

Overexpression	of	human	pyrin	 Generated	by	Brian	
Monks	(III	Bonn)	

799	 Human	ASC-linker-
TagBFP	

Overexpression	of	human	ASC	as	a	
fusion	protein	with	TagBFP,	fluorescent	
reporter	of	ASC	speck	formation	

MSc	Thesis	of	
Tomasz	Prochnicki	
(III	Bonn)	

389	 Human	ASC-linker-
mCerulean	

Overexpression	of	human	ASC	as	a	
fusion	protein	with	mCerulean,	
fluorescent	reporter	of	ASC	speck	

Generated	by	Brian	
Monks	(III	Bonn)	
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formation	
596	 HMGB1-linker-mCitrine	 Overexpression	of	human	HMGB1	as	a	

fusion	protein	with	mCitrine;	due	to	the	
nuclear	localization	of	HMGB1	under	
basal	condition	–	fluorescent	marker	of	
the	nuclei	

Generated	by	Dr.	
Damien	Bertheloot	
(III	Bonn)	

597	 HMGB1-linker-mCherry	 Overexpression	of	human	HMGB1	as	a	
fusion	protein	with	mCitrine;	due	to	the	
nuclear	localization	of	HMGB1	under	
basal	condition	–	fluorescent	marker	of	
the	nuclei	

Generated	by	Dr.	
Damien	Bertheloot	
(III	Bonn)	

819	 mCitrine	targeted	to	the	
mitochondrial	matrix	
using	the	COX8A	sequence	

Fluorescent	marker	of	the	
mitochondrial	matrix	

Generated	by	
Rainer	Stahl	(III	
Bonn)	

820	 mCherry	targeted	to	the	
mitochondrial	matrix	
using	the	COX8A	sequence	

Fluorescent	marker	of	the	
mitochondrial	matrix	

Generated	by	
Rainer	Stahl	(III	
Bonn)	

1176	 TOMM20-linker-mCitrine	 Fluorescent	marker	of	the	mitochondria	
(integral	protein	of	the	OMM)	

Generated	by	
Marta	Lovotti	(III	
Bonn)	

1177	 MAVS-linker-mCitrine	 Fluorescent	marker	of	the	
mitochondria,	peroxisomes,	and	
mitochondria-associated	membranes	
(transmembrane	protein)	

Generated	by	
Marta	Lovotti	(III	
Bonn)	

1163	 DDOST-linker-mCitrine	 Fluorescent	marker	of	the	ER	 Generated	by	
Marta	Lovotti	(III	
Bonn)	

1216	 TGOLN2-linker-mCitrine	 Fluorescent	marker	of	the	Golgi	
apparatus	

Generated	by	
Marta	Lovotti	(III	
Bonn)	

1165	 LAMP1-linker-mCitrine	 Fluorescent	marker	of	the	lysosomal	
compartment	

Generated	by	
Marta	Lovotti	(III	
Bonn)	

1626	 mTurquoise-linker-human	
PLCg2	(WT)	

Overexpression	of	human	PLCg2	 This	Thesis	

1627	 Human	PLCg2	(WT)-
linker-mTurquoise	

Overexpression	of	human	PLCg2	 This	Thesis	

1630	 mTurquoise-linker-human	
PLCg2S707Y	

Overexpression	of	a	reported	
hypermorphic	variant	of	human	PLCg2	

This	Thesis	

1631	 Human	PLCg2S707Y-linker-
mTurquoise	

Overexpression	of	a	reported	
hypermorphic	variant	of	human	PLCg2	

This	Thesis	

1137	 Gq	a	(WT)-IRES-mCherry	 Overexpression	of	Gq	a	protein	 This	Thesis	
1138	 Gq	aQ209L-IRES-mCherry	 Overexpression	of	a	constitutively	

active	variant	of	Gq	a	protein	(GTPase-
null)	

This	Thesis	

1673	 TagBFP-T2A-	Gq	a	(WT)	 Overexpression	of	Gq	a	protein	 This	Thesis	
1674	 TagBFP-T2A-	Gq	aQ209L	 Overexpression	of	a	constitutively	

active	variant	of	Gq	a	protein	(GTPase-
null)	

This	Thesis	

849	 Human	galectin	1-linker-
mCitrine	

Overexpression	of	human	galectin	1	as	a	
fusion	protein	with	mCitrine;	galectin	1	
speckle	formation	may	indicate	damage	
of	the	endolysosomal	compartment	

Generated	by	Dr.	
Matthew	Mangan	
(III	Bonn)	

850	 Human	galectin	3-linker-
mCitrine	

Overexpression	of	human	galectin	3	as	a	
fusion	protein	with	mCitrine;	galectin	1	
speckle	formation	may	indicate	damage	
of	the	endolysosomal	compartment	

Generated	by	Dr.	
Matthew	Mangan	
(III	Bonn)	

851	 Human	galectin	8-linker-
mCitrine	

Overexpression	of	human	galectin	8	as	a	
fusion	protein	with	mCitrine;	galectin	1	

Generated	by	Dr.	
Matthew	Mangan	
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speckle	formation	may	indicate	damage	
of	the	endolysosomal	compartment	

(III	Bonn)	

852	 Human	galectin	9-linker-
mCitrine	

Overexpression	of	human	galectin	9	as	a	
fusion	protein	with	mCitrine;	galectin	1	
speckle	formation	may	indicate	damage	
of	the	endolysosomal	compartment	

Generated	by	Dr.	
Matthew	Mangan	
(III	Bonn)	

1462	 Human	GsdmDFL-IRES-
mCherry	

Overexpression	of	full-length	human	
GsdmD	(nontoxic)	

Generated	by	Dr.	
Christina	Budden	
(III	Bonn)	

1746	 Human	GsdmD1-275-IRES-
mCherry	

Overexpression	of	the	N-terminal	
domain	of	human	GsdmD	(cytotoxic)	

This	Thesis	

1747	 Human	GsdmEFL-IRES-
mCherry	

Overexpression	of	full-length	human	
GsdmE	(nontoxic)	

This	Thesis	

1748	 Human	GsdmE1-270-IRES-
mCherry	

Overexpression	of	the	N-terminal	
domain	of	human	GsdmE	(cytotoxic)	

This	Thesis	

1749	 Human	GsdmDFL-linker-
mCherry	

Overexpression	of	full-length	human	
GsdmD	(nontoxic)	

This	Thesis	

1750	 Human	GsdmD1-275-linker-
mCherry	

Overexpression	of	the	N-terminal	
domain	of	human	GsdmD	(cytotoxic)	

This	Thesis	

1751	 Human	GsdmEFL-linker-
mCherry	

Overexpression	of	full-length	human	
GsdmE	(nontoxic)	

This	Thesis	

1752	 Human	GsdmE1-270-linker-
mCherry	

Overexpression	of	the	N-terminal	
domain	of	human	GsdmE	(cytotoxic)	

This	Thesis	

288	 MCS-IRES-mCitrine	 Empty	vector	control	(with	fluorescent	
reporter	and	puromycin	resistance	
gene)	

Generated	by	
Rainer	Stahl	(III	
Bonn)	

289	 MCS-IRES-mCherry	 Empty	vector	control	(with	fluorescent	
reporter	and	puromycin	resistance	
gene)	

Generated	by	
Rainer	Stahl	(III	
Bonn)	

290	 MCS-IRES-mTurquoise	 Empty	vector	control	(with	fluorescent	
reporter	and	puromycin	resistance	
gene)	

Generated	by	
Rainer	Stahl	(III	
Bonn)	

1516	 TagBFP-T2A-MCS	 Empty	vector	control	(with	fluorescent	
reporter	and	puromycin	resistance	
gene)	

Generated	by	
Fraser	Duthie	(III	
Bonn)	

56	 vsv-g	 Generation	of	retroviral	particles	 Generated	by	Dr.	
Gabor	Horvath/Dr.	
Karin	Pelka	(III	
Bonn)	

57	 gag-pol	 Generation	of	retroviral	particles	 Generated	by	Dr.	
Gabor	Horvath/Dr.	
Karin	Pelka	(III	
Bonn)	

782	 B-GECO1	 Fluorescent	Ca2+	sensor;	here:	template	
source	for	generation	of	oxidized	DNA	
by	PCR	(Section	3.9)	

MSc	Thesis	of	
Tomasz	Prochnicki	
(III	Bonn)	

Table	3.2.	List	of	plasmids	used	in	my	Thesis.	
	

3.3.	Tissue	culture	and	generation	of	stable	cell	lines	

	

The	 majority	 of	 experiments	 performed	 in	 my	 Thesis	 was	 performed	 in	 murine	

immortalized	macrophages	 (iMac	 cells)	 and	 in	 human	 embryonic	 kidney	 (HEK)	 293T	

cells	with	 various	 genetic	modifications.	 All	 stable	 cell	 lines	 used	 in	my	Thesis	 (Table	

3.3)	were	adherent	 cells	and	 they	were	cultured	 in	25-cm2,	 75-cm2,	 or	175-cm2	 tissue	
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culture-treated	 flasks	 in	 Dulbecco’s	 Modified	 Eagle’s	 Medium	 (DMEM)	 with	 4.5	 g/L	

glucose,	2	mM	L-glutamine,	and	phenol	red	supplemented	with	10%	fetal	bovine	serum	

(FBS)	and	penicillin-streptomycin	(100	´	dilution).	The	typical	volumes	of	growth	media	

per	 flask	were	7.5	mL	(25-cm2	 flask),	14	mL	(75-cm2	 flask),	or	32	mL	(175-cm2	 flask).	

Cells	were	 kept	 in	 tissue	 culture	 incubators	 at	 37°C,	 in	 the	 presence	 of	 5%	 CO2	 with	

passive	humidification.	Cells	were	split	every	second	or	third	day.	Briefly,	the	cells	in	the	

flask	were	washed	at	RT	with	5	mL	(25-cm2	flask),	10	mL	(75-cm2	flask)	or	12	mL	(175-

cm2	 flask)	 Dulbecco’s	 phosphate-buffered	 saline	 (DPBS).	 This	 was	 followed	 by	 an	

incubation	 (1-5	min,	RT)	with	TrypLE	Express	Enzyme	 (1	´)	 cell	 dissociation	 reagent	

with	phenol	red	(1.5	mL	per	25-cm2	flask,	2	mL	per	75-cm2	flask,	or	3	mL	per	175-cm2	

flask).	 The	 surface	 attachment	 of	 the	 cells	 was	 monitored	 using	 a	 phase-contrast	

microscope.	After	the	cells	detached,	the	cell	dissociation	reagent	was	then	neutralized	

with	10	mL	of	complete	tissue	culture	medium	(RT)	and	the	cells	were	transferred	to	a	

fresh	flask	at	the	desired	dilution	(3	´	to	25	´).	The	list	of	tissue	culture	reagents	can	be	

found	in	Table	3.4.	

	

Cells	were	not	allowed	to	exceed	the	confluence	threshold	of	90%	and	all	experiments	

were	performed	on	cells	between	passage	2	and	passage	20.	All	cell	lines	were	screened	

for	mycoplasma	contaminations	and	are	deposited	 in	 the	 Institute	of	 Innate	 Immunity	

(III)	 cell	 lines	 bank	 (Table	 3.3).	 For	 cryopreservation,	 cells	 were	 harvested	 from	 80-

90%-confluent	75-cm2	or	175-cm2	flasks	using	the	same	detachment	protocol	as	during	

routine	 passaging.	 Then,	 the	 cells	 were	 spun	 down	 at	 340	 ´	 g	 (RT),	 resuspended	 in	

cryopreservation	medium	(FBS	with	the	addition	of	10%	DMSO,	RT),	and	aliquoted	into	

cryopreservation	 vials.	 Cells	 from	 a	 75-cm2	 flask	 were	 typically	 distributed	 into	 3	

cryopreservation	 vials,	 whereas	 cells	 from	 a	 175-cm2	 flask	were	 typically	 distributed	

into	4-5	 cryopreservation	vials.	 The	vials	with	 cell	 suspensions	were	 then	 transferred	

into	Mr.	Frosty	or	CellCamper	freezing	containers,	placed	 in	a	-80°C	freezer	 for	24	h-1	

week,	 and	 eventually	 stored	 at	 -150°C	 for	 prolonged	 periods	 of	 time.	 To	 thaw	 frozen	

cells,	 the	 vials	 with	 cryopreserved	 cell	 suspensions	 were	 thawed	 ‘in	 hand’;	 their	

contents	were	 then	diluted	with	complete	DMEM	(~11	mL	DMEM	supplemented	with	

10%	 FBS	 and	 1:100	 penicillin-streptomycin	 per	 ~1	 mL	 frozen	 cell	 suspension),	

transferred	into	15-mL	conical	tubes,	spun	down	at	340	´	g	(RT),	resuspended	in	fresh	

complete	DMEM,	and	transferred	to	75-cm2	tissue	culture	flasks.	
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To	 generate	 cell	 lines	 stably	 transduced	 with	 constructs	 of	 interest	 (Table	 3.3),	

retroviruses	 were	 used	 as	 a	 nucleic	 acid	 vector.	 HEK	 293T	 cells	 were	 used	 for	

production	of	retroviruses.	Briefly,	~5´105	HEK	293T	cells	per	well	were	seeded	 in	6-

well	plates	 in	complete	DMEM	(~3	mL).	After	an	overnight	 incubation	(37°C,	5%	CO2)	

the	 cells	 were	 transfected	 with	 combinations	 of	 three	 vectors:	 the	 vector	 of	 interest	

(carrying	 the	 insert	 to	 be	 stably	 integrated	 into	 the	 genome	 of	 the	 target	 cell	 line;	 2	

µg/well),	 the	 packaging	 vector	 (gag-pol;	 vector	 57	 in	 the	 III	 plasmid	 database;	 1	

µg/well),	 and	 the	 entry	 vector	 (vsv-g;	 vector	 56	 in	 the	 III	 plasmid	 database;	 100	

ng/well).	 To	 prepare	 transfection	 mixes,	 (per	 one	 transfection	 well)	 GeneJuice	

transfection	reagent	(8	µL;	approx.	2.6	µL	of	GeneJuice	per	1	µg	of	DNA)	was	combined	

with	 100	 µL	 of	 FBS-	 and	 antibiotic-free	 DMEM,	 and,	 in	 a	 separate	 tube,	 the	 three	

plasmids	were	mixed	and	 filled	with	FBS-	 and	antibiotic-free	DMEM	 to	20	µL.	After	5	

min,	GeneJuiceDMEM	 and	plasmidsDMEM	were	mixed	and	 left	 for	20	min	 to	allow	 for	 the	

formation	 of	 transfection	 complexes.	 After	 this	 time,	 transfection	 complexes	 were	

transferred	to	the	HEK	cells,	followed	by	a	18-20-h	incubation	(37°C,	5%	CO2).	After	this	

time,	 the	 tissue	 culture	media	were	 removed,	 discarded,	 and	 replaced	with	~2	mL	 of	

DMEM	(4.5	g/L	glucose,	2	mM	L-glutamine)	supplemented	with	30%	FBS	and	penicillin-

streptomycin	(100	´	dilution).	The	high-FBS	(30%)	conditions	promote	the	generation	

of	 retroviral	particles.	After	~24	h	of	 incubation	under	 the	high-FBS	conditions	 (37°C,	

5%	CO2),	the	retrovirus-containing	tissue	culture	supernatants	were	harvested.	Briefly,	

the	supernatants	were	collected	in	a	Luer-Lok	syringe	using	a	blunt	18	G	needle.	Then,	

the	supernatants	were	 filtered	 through	a	0.45	µm	membrane	 filter.	Such	supernatants	

were	either	directly	used	for	stable	transgene	delivery	into	target	cell	lines,	or	they	were	

cryopreserved	 at	 -80°C	 in	 cryopreservation	 vials.	 For	 retrovirus-mediated	 transgene	

delivery	(retroviral	transduction),	the	target	cells	were	plated	at	~5´104	cells/well	(one	

day	 before	 transduction)	 or	 ~105	 cells/well	 (on	 the	 day	 of	 transduction)	 in	 24-well	

plates.	 Next,	 the	 cells	 were	 subjected	 to	 several	 doses	 of	 retrovirus-containing	

supernatants	 (typically	 5-500	µL).	 After	 24-48	 h	 of	 retroviral	 transduction	 (37°C,	 5%	

CO2),	 the	 transduction	efficiency	was	assessed	using	an	epifluorescence	microscope	(if	

the	delivered	transgenes	contained	a	constitutively	expressed	fluorescent	protein)	and,	

if	 necessary,	 the	 wells	 containing	 populations	 of	 positive	 cells	 were	 subjected	 to	

antibiotic	 selection	with	 puromycin	 (~10	µg/mL;	 at	 37°C	 and	 in	 the	 presence	 of	 5%	
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CO2).	All	vectors	used	in	my	thesis	carried	the	eukaryotic	puromycin	resistance	cassette.	

After	 successful	 transduction,	 the	 resulting	 cell	 lines	 were	 expanded	 and	 used	 for	

experiments	at	passages	4-20	following	retroviral	transduction	and/or	cryopreserved	at	

-150°C.	 The	 cells	 that	 underwent	 retrovirus-mediated	 transgene	 delivery	 were	

considered	 to	 be	 biosafety	 level	 2	 organisms	 for	 three	 passages	 following	 retroviral	

transduction,	after	which	time	they	were	considered	to	be	biosafety	level	1	organisms.	

Unless	otherwise	indicated,	all	hands-on	steps	of	the	procedure	above	were	performed	

at	 RT,	 under	 a	 tissue	 culture	 hood	 appropriate	 for	 biosafety	 level	 2	 work.	 The	

incubations	were	performed	in	a	tissue	culture	incubator	dedicated	to	biosafety	level	2	

work.	

	
ID	in	the	
III	
database	

Name	in	text	and	figures	 Cell	type	 Genetic	modifications	 Source	and	
references	

CL13	 WT	iMac	 Immortalized	
murine	
macrophages	

n.a.	 Generated	by	
Dr.	Dominic	
DeNardo	(III	
Bonn)	

CL170	 WT	iMac	+	[h]ASCmCerulean	 Immortalized	
murine	
macrophages	

Stable	overexpression	of	
human	ASC-linker-mCerulean	
(vector	389)	

This	Thesis	

CL12	 [m]NLRP3/[h]ASCmCerulean	
[reporter]	iMac	

Immortalized	
murine	
macrophages	

Stable	overexpression	of	
human	ASC-linker-mCerulean	
(vector	389)	and	of	murine	
NLRP3	

Franklin	et	
al.	(2014);	
Stutz	et	al.	
(2013)	

CL96	 [m]NLRP3/[h]ASCmCerulean	
[reporter]	iMac	[+]	control	
[empty]	vector	

Immortalized	
murine	
macrophages	

Stable	overexpression	of	
human	ASC-linker-mCerulean	
(vector	389),	of	murine	
NLRP3,	and	of	an	empty	
construct	(vector	288)	

This	Thesis	

CL97	 [m]NLRP3/[h]ASCmCerulean	
[reporter]	iMac	[+]	
hNLRP10	

Immortalized	
murine	
macrophages	

Stable	overexpression	of	
human	ASC-linker-mCerulean	
(vector	389),	of	murine	
NLRP3,	and	of	human	NLRP10	
(WT;	vector	1120)	

This	Thesis	

CL98	 [m]NLRP3/[h]ASCmCerulean	
[reporter]	iMac	[+]	
mNlrp10	

Immortalized	
murine	
macrophages	

Stable	overexpression	of	
human	ASC-linker-mCerulean	
(vector	389),	of	murine	
NLRP3,	and	of	murine	Nlrp10	
(WT;	vector	1121)	

This	Thesis	

CL185	 [m]NLRP3/[h]ASCmCerulean	
[reporter]	iMac	[+]	
hNLRP10K179M	

Immortalized	
murine	
macrophages	

Stable	overexpression	of	
human	ASC-linker-mCerulean	
(vector	389),	of	murine	
NLRP3,	and	of	a	Walker	A	
motif	of	human	NLRP10	
(vector	1378)	

This	Thesis	

CL186	 [m]NLRP3/[h]ASCmCerulean	
[reporter]	iMac	[+]	
hNLRP10D249N	

Immortalized	
murine	
macrophages	

Stable	overexpression	of	
human	ASC-linker-mCerulean	
(vector	389),	of	murine	
NLRP3,	and	of	a	Walker	B	
motif	of	human	NLRP10	

This	Thesis	
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(vector	1447)	
CL187	 [m]NLRP3/[h]ASCmCerulean	

[reporter]	iMac	[+]	
hNLRP10D249A	

Immortalized	
murine	
macrophages	

Stable	overexpression	of	
human	ASC-linker-mCerulean	
(vector	389),	of	murine	
NLRP3,	and	of	a	Walker	B	
motif	of	human	NLRP10	
(vector	1448)	

This	Thesis	

CL118	 [m]NLRP3/[h]ASCmCerulean/
HMGB1mCitrine	[reporter]	
iMac	

Immortalized	
murine	
macrophages	

Stable	overexpression	of	
human	ASC-linker-mCerulean	
(vector	389),	of	murine	
NLRP3,	and	of	an	HMGB1-
based	fluorescent	nuclear	
marker	(vector	596)	

This	Thesis	

CL119	 [m]NLRP3/[h]ASCmCerulean/
mitomCitrine	[reporter]	iMac	

Immortalized	
murine	
macrophages	

Stable	overexpression	of	
human	ASC-linker-mCerulean	
(vector	389),	of	murine	
NLRP3,	and	of	a	fluorescent	
marker	of	the	mitochondrial	
matrix	(vector	819)	

This	Thesis	

CL14	 Nlrp3-/-	iMac	 Immortalized	
murine	
macrophages	

NLRP3	deficiency	 Juliana	et	al.	
(2010;	2012)	

CL20	 Aim2CRISPR	iMac*	 Immortalized	
murine	
macrophages	

AIM2	deficiency	 Generated	
and	validated	
by	Brian	
Monks	(III	
Bonn)	

CL104	 Aim2CRISPR	iMac	+	empty	
[control]	vector	

Immortalized	
murine	
macrophages	

AIM2-deficient	cells	stably	
transduced	with	an	empty	
construct	(vector	288)	

This	Thesis	

CL181	 Aim2CRISPR	iMac	+	hAIM2	
(#1/vector	241)**	

Immortalized	
murine	
macrophages	

AIM2-deficient	cells	
reconstituted	with	human	
AIM2	(vector	241)	

This	Thesis	

CL105	 Aim2CRISPR	iMac	+	hAIM2	
(#2/vector	1044)	

Immortalized	
murine	
macrophages	

AIM2-deficient	cells	
reconstituted	with	human	
AIM2	(vector	1044)	

This	Thesis	

CL106	 Aim2CRISPR	iMac	+	mAim2	 Immortalized	
murine	
macrophages	

AIM2-deficient	cells	
reconstituted	with	murine	
Aim2	(vector	1349)	

This	Thesis	

CL107	 Aim2CRISPR	iMac	+	hNLRP10	 Immortalized	
murine	
macrophages	

AIM2-deficient	cells	stably	
overexpressing	human	
NLRP10	(WT;	vector	1120)	

This	Thesis	

CL108	 Aim2CRISPR	iMac	+	mNlrp10	 Immortalized	
murine	
macrophages	

AIM2-deficient	cells	stably	
overexpressing	murine	
Nlrp10	(WT;	vector	1121)	

This	Thesis	

CL182	 Aim2CRISPR	iMac	+	
hNLRP10-PYD	

Immortalized	
murine	
macrophages	

AIM2-deficient	cells	stably	
overexpressing	the	PYD	
domain	of	human	NLRP10	
(vector	1122)	

This	Thesis	

CL183	 Aim2CRISPR	iMac	+	
hNLRP10-NACHT	

Immortalized	
murine	
macrophages	

AIM2-deficient	cells	stably	
overexpressing	the	NACHT	
domain	of	human	NLRP10	
(vector	1123)	

This	Thesis	

CL184	 Aim2CRISPR	iMac	+	
hNLRP10K179M	

Immortalized	
murine	
macrophages	

AIM2-deficient	cells	stably	
overexpressing	a	Walker	A	
mutant	of	human	NLRP10	
(vector	1378)	

This	Thesis	

CL260	 Aim2CRISPR	iMac	+	
hNLRP10D249N	

Immortalized	
murine	
macrophages	

AIM2-deficient	cells	stably	
overexpressing	a	Walker	B	
mutant	of	human	NLRP10	

This	Thesis	
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(vector	1447)	
CL261	 Aim2CRISPR	iMac	+	

hNLRP10D249A	
Immortalized	
murine	
macrophages	

AIM2-deficient	cells	stably	
overexpressing	a	Walker	B	
mutant	of	human	NLRP10	
(vector	1448)	

This	Thesis	

CL23	 HEK	[293T]	 HEK	cells	 n.a.	 ATCC	
CL115/	
CL169	

[h]ASCTagBFP	HEK	 HEK	cells	 HEK	cells	stably	
overexpressing	human	ASC	as	
a	fusion	protein	with	TagBFP	
(vector	799),	may	serve	as	a	
fluorescent	reporter	of	ASC	
speck	formation	

This	Thesis	

CL172	 [h]ASCmCerulean	HEK	 HEK	cells	 HEK	cells	stably	
overexpressing	human	ASC	as	
a	fusion	protein	with	
mCerulean	(vector	389),	may	
serve	as	a	fluorescent	reporter	
of	ASC	speck	formation	

This	Thesis	

CL168	 mCitrine/[h]ASCTagBFP	HEK	 HEK	cells	 HEK	cells	stably	
overexpressing	mCitrine	
(vector	288)	and	human	ASC	
as	a	fusion	protein	with	
TagBFP	(vector	799),	may	
serve	as	a	fluorescent	reporter	
of	ASC	speck	formation	

This	Thesis	

CL100	 [h]NLRP10mCitrine/	
[h]ASCTagBFP	HEK	

HEK	cells	 HEK	cells	stably	
overexpressing	human	
NLRP10	(vector	1120)	and	
human	ASC	as	a	fusion	protein	
with	TagBFP	(vector	799),	
may	serve	as	a	fluorescent	
reporter	of	ASC	speck	
formation	in	response	to	
NLRP10	inflammasome	
activators	

This	Thesis	

CL163	 [h]NLRP10mCherry/	
[h]ASCmCerulean	HEK	

HEK	cells	 HEK	cells	stably	
overexpressing	human	
NLRP10	(vector	1612)	and	
human	ASC	as	a	fusion	protein	
with	mCerulean	(vector	389),	
may	serve	as	a	fluorescent	
reporter	of	ASC	speck	
formation	in	response	to	
NLRP10	inflammasome	
activators	

This	Thesis	

CL165	 [h]NLRP10mCitrine	HEK	 HEK	cells	 HEK	cells	stably	
overexpressing	human	
NLRP10	as	a	fusion	protein	
with	mCitrine	(vector	1120),	
may	serve	as	a	fluorescent	
reporter	of	NLRP10	
subcellular	localization	

This	Thesis	

CL236	 [h]NLRP10mCherry	HEK	 HEK	cells	 HEK	cells	stably	
overexpressing	human	
NLRP10	as	a	fusion	protein	
with	mCherry	(vector	1612),	
may	serve	as	a	fluorescent	
reporter	of	NLRP10	
subcellular	localization	

This	Thesis	

CL262	 [m]Nlrp10mCitrine	HEK	 HEK	cells	 HEK	cells	stably	 This	Thesis	
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overexpressing	murine	
Nlrp10	as	a	fusion	protein	
with	mCitrine	(vector	1121),	
may	serve	as	a	fluorescent	
reporter	of	Nlrp10	subcellular	
localization	

CL101	 [m]Nlrp10mCitrine/	
[h]ASCTagBFP	HEK	

HEK	cells	 HEK	cells	stably	
overexpressing	murine	
Nlrp10	(vector	1121)	and	
human	ASC	as	a	fusion	protein	
with	TagBFP	(vector	799),	
may	serve	as	a	fluorescent	
reporter	of	ASC	speck	
formation	in	response	to	
Nlrp10	inflammasome	
activators	

This	Thesis	

CL166	 [h]NLRP10-IRES-mCitrine	
HEK	

HEK	cells	 HEK	cells	stably	
overexpressing	human	
NLRP10	and	mCitrine	as	two	
separate	polypeptides	(vector	
1058),	serves	as	a	control	cell	
line	for	the	cell	lines	in	which	
NLRP10	localization	was	
monitored	using	NLRP10-
mCitrine	fusion	constructs	

This	Thesis	

CL116	 [h]NLRP10mCitrine/	
[h]ASCTagBFP/	
[h]HMGB1mCherry	HEK	

HEK	cells	 HEK	cells	stably	
overexpressing	human	
NLRP10	as	a	fusion	protein	
with	mCitrine	(vector	1120),	
human	ASC	as	a	fusion	protein	
with	TagBFP	(vector	799),	and	
an	HMGB1-based	fluorescent	
nuclear	marker	(vector	597)	

This	Thesis	

CL117	 [h]NLRP10mCitrine/	
[h]ASCTagBFP/mitomCherry	
HEK	

HEK	cells	 HEK	cells	stably	
overexpressing	human	
NLRP10	as	a	fusion	protein	
with	mCitrine	(vector	1120),	
human	ASC	as	a	fusion	protein	
with	TagBFP	(vector	799),	and	
a	fluorescent	marker	of	the	
mitochondrial	matrix	(vector	
820)	

This	Thesis	

CL258	 mitomCitrine	[reporter]	HEK	 HEK	cells	 HEK	cells	stably	
overexpressing	a	fluorescent	
marker	of	the	mitochondrial	
matrix	(vector	819)	

This	Thesis	

CL277	 [h]NLRP10mCherry/	
TOMM20mCitrine	HEK	

HEK	cells	 HEK	cells	stably	
overexpressing	human	
NLRP10	as	a	fusion	protein	
with	mCherry	(vector	1612)	
and	the	mitochondrial	marker	
TOMM20	as	a	fusion	protein	
with	mCitrine	(vector	1176)	

This	Thesis	

Table	3.3.	List	of	stable	cell	lines	used	in	my	Thesis.	
*Here	 only	 used	 as	 a	 parental	 cell	 line	 to	 generate	 other	 cell	 lines.	 The	 AIM2-deficient	 cells	 used	 in	
experiments	throughout	my	Thesis	is	CL20	stably	transduced	with	the	empty	vector	(vector	288	in	the	III	
database),	that	is,	CL104.	
**Only	used	in	the	experiment	in	Figure	7.7.	
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Reagent	 Source	
Dulbecco’s	Modified	Eagle’s	Medium	(DMEM),	4.5	g/L	glucose,	2	mM	
L-glutamine,	with	phenol	red	

Thermo	Fisher	Scientific	

DMEM	without	glucose,	without	phenol	red	 Thermo	Fisher	Scientific	
DMEM	without	glucose,	without	amino	acids,	with	phenol	red	 Genaxxon	
Roswell	Park	Memorial	Institute	(RPMI)	tissue	culture	medium	 Thermo	Fisher	Scientific	
Minimal	Essential	Medium	(MEM)	 Thermo	Fisher	Scientific	
OptiMEM	 Thermo	Fisher	Scientific	
Dulbecco’s	phosphate-buffered	saline	(DPBS)	 Thermo	Fisher	Scientific	
TrypLE	Express	(1	´)	Enzyme	 Gibco	(Thermo	Fisher	Scientific)	
Fetal	bovine	serum	(FBS)	 Gibco	(Thermo	Fisher	Scientific)	
L929	cell	conditioned	medium	 Generated	by	Gudrun	Engels	(III	

Bonn)	
Penicillin-streptomycin	(10,000	U/mL)	 Thermo	Fisher	Scientific	
Puromycin	(10	mg/mL)	 Gibco	(Thermo	Fisher	Scientific)	
Ampicillin	(100	mg/mL)	 Sigma/Merck	
Sodium	pyruvate	(100	mM)	 Life	Technologies	(Thermo	

Fisher	Scientific)	
poly-L-lysine	(0.1%	aqueous	solution)	 Sigma	
Ethidium	bromide	(10	mg/mL)	 Sigma	(Merck)	
2’,3’-dideoxycytidine	 abcam	
Water	(water-for-injection	grade)	 Fresenius	
Nuclease-free	water	 Thermo	Fisher	Scientific	
Sodium	chloride	(5	M	aqueous	solution)	 Sigma	(Merck)	
Potassium	chloride	(75	mM	aqueous	solution)	 Sigma	(Merck)	
Calcium	chloride	(1	M	aqueous	solution)	 Sigma	(Merck)	
Magnesium	chloride	(1	M	aqueous	solution)	 Sigma	(Merck)	
Lithium	chloride	(8	M	aqueous	solution)	 Sigma	(Merck)	
Sodium	hydroxide	(1	N	aqueous	solution)	 Sigma	(Merck)	
Glucose	(10%,	or	~555	mM,	aqueous	solution)	 Sigma	(Merck)	
HEPES	pH	7.4	(1	M	aqueous	solution)	 Sigma	(Merck)	
Lipofectamine	2000	 Thermo	Fisher	Scientific	
Lipofectamine	3000	and	P3000	reagent	 Thermo	Fisher	Scientific	
GeneJuice	Transfection	Reagent	 Merck	Millipore	
DMSO	(tissue	culture	grade)	 PanReac	AppliChem	
Ethanol	absolute	(molecular	biology	grade)	 PanReac	AppliChem	
Lipopolysaccharide	(LPS)	from	Escherichia	coli	0111:B4	 Invivogen	
Nigericin	 Thermo	Fisher	Scientific	
Silica	 US	Silica	(MIN-U5/MIN-U15)	
poly-(dA:dT)	 Sigma	(Merck)	
m-3M3FBS	 Sigma	(Merck),	Cayman	Chemical	
o-3M3FBS	 Tocris	
Thapsigargin	 Enzo	Life	Sciences	
SMBA1	 Tocris	
SC-9	 Tocris	
SC-10	 abcam	
DRAQ5	nuclear	stain	(5	mM)	 Invitrogen	(Thermo	Fisher	

Scientific)	
PhosSTOP	phosphatase	inhibitor	tablets	 Roche/Sigma	(Merck)	
Formaldehyde	(16%	aqueous	solution,	methanol-free)	 Thermo	Fisher	Scientific	
Triton	X-100	 Carl	Roth	
Isopropanol	(technical	grade)	 PanReac	AppliChem	
Table	3.4.	List	of	tissue	culture	reagents,	chemicals,	and	inflammatory	stimuli.	
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3.4.	DNA	transfection	(for	protein	overexpression)	

	

Of	 the	 cell	 lines	 used	 in	 my	 Thesis,	 only	 HEK	 cells	 could	 be	 subjected	 to	 transient	

transfection	with	 plasmid	 DNA	 to	 enable	 transient	 protein	 overexpression.	 iMac	 cells	

express	 a	 range	 of	 endogenous	 innate	 immune	DNA	 sensors	 (most	 prominently	AIM2	

and	cGAS),	so	cytosolic	DNA	delivery	may	lead	to	drastic	off-target	effects	including	cell	

death.	 Therefore,	 all	 genetic	 modifications	 in	 iMac	 cells	 were	 performed	 by	 stable	

transgene	delivery	using	retroviral	vectors	(Section	3.3).	

	

For	transient	protein	overexpression,	GeneJuice	transfection	reagent	was	used	for	DNA	

delivery	 into	 the	 cell.	 Typically,	 the	 transfection	 reagent	 was	 combined	 with	 plasmid	

DNA	at	the	ratio	of	2.3-2.8	µL	of	GeneJuice	per	1	µg	of	plasmid	DNA.	Briefly,	GeneJuice	

was	 first	mixed	with	 serum-	and	antibiotic-free	OptiMEM,	and,	 in	a	 separate	 tube,	 the	

plasmid	 of	 interest	 was	 mixed	 with	 the	 same	 volume	 of	 serum-	 and	 antibiotic-free	

OptiMEM.	After	a	5-10-min	incubation	at	RT,	the	contents	of	both	tubes	were	combined,	

and	the	resulting	mixture	was	incubated	at	RT	for	15-20	min	to	allow	for	the	formation	

of	transfection	complexes.	Thus	formed	transfection	complexes	were	transferred	to	HEK	

cells	plated	6-24	h	in	advance	in	complete	DMEM	medium	(with	4.5	g/L	glucose	and	2	

mM	 L-glutamine,	 with	 the	 10%	 FBS	 and	 penicillin-streptomycin	 [100	 ´	 dilution]	

supplementation1)	 in	either	uncoated	6-well	tissue	culture-treated	plates,	or	 in	poly-L-

lysine-coated	 96-well	 tissue	 culture-treated	 microscopy-adapted	 plates.	 The	 typical	

plating	densities	were	between	5´103-2.2´104	cells/well	(or	1.6´104-6.9´104	cells/cm2)	

in	 96-well	 plates,	 or	 ~5´105	 cells/well	 (or	 ~5.3´104	 cells/cm2)	 in	 6-well	 plates.	 The	

final	 volume	 of	 the	 transfection	 mix	 was	 generally	 kept	 under	 100	 µL/well	 for	 cells	

transfected	in	96-well	plates,	or	under	200	µL/well	for	cells	transfected	in	6-well	plates	

so	as	to	avoid	an	excessive	dilution	of	the	growth	medium.	Addition	of	DNA	transfection	

complexes	was	followed	by	a	centrifugation	step	(340	´	g,	5	min	at	RT).	All	prolonged	(>	

15	min)	incubations	of	cells	were	performed	at	37°C	in	the	presence	of	5%	CO2.	

	

For	 the	transfections	performed	 in	96-well	plates,	 the	cells	were	 imaged	after	24-48	h	

(depending	on	the	experiment),	either	after	direct	fixation	(4%	formaldehyde	with	the	

nuclear	 counterstain	 [5	 µM	 DRAQ5])	 or	 following	 a	 treatment	 with	 inflammasome	
	

1	Instances	where	any	additional	substances	were	included	in	the	media	during	transfection	experiments	
are	detailed	in	figure	legends.	
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activators	(Section	3.10)	and	subsequent	fixation.	For	the	transfections	performed	in	6-

well	plates,	the	cells	were	incubated	with	the	transfection	complexes	for	24	h	(37°C,	5%	

CO2).	Next,	the	cells	were	detached	from	the	growth	surface	(Section	3.3)	and	replated	in	

poly-L-lysine-coated	 tissue	 culture-treated	microscopy-adapted	 96-well	 plates.	 After	 a	

24-h	 ‘resting’	 period	 (37°C,	 5%	 CO2),	 these	 cells	 were	 treated	 with	 inflammasome	

activators	(Section	3.10),	 fixed	(4%	formaldehyde	with	the	nuclear	counterstain	[5	µM	

DRAQ5])	 and	 inspected	 by	 fluorescence	 microscopy.	 Specific	 details	 of	 each	

experimental	 setup	 (the	 ratio	 of	 transfection	 reagent	 to	 DNA,	 the	 initial	 cell	 plating	

density,	 the	 experimental	 timeline,	 and	 the	 incorporation	 of	 a	 re-plating	 step)	 are	

provided	in	figure	legends.	

	

3.5.	DNase	I	protein	transfection	

	

Protein	transfection	with	DNase	I	was	performed	using	the	PULSin	protein	transfection	

reagent	(Polyplus	Transfection)	following	the	manufacturer’s	instructions,	as	described	

by	(Jabir	et	al.,	2014).	Briefly,	the	cells	were	loaded	with	DNase	I	(from	bovine	pancreas	

[Sigma/Merck];	 0,	 60,	 300,	 or	 500	 ng	 per	 well	 in	 a	 96-well	 plate)	 using	 the	 PULSin	

protein	 transfection	 reagent	 (at	 the	 ratio	 of	 4	µL	 of	 PULSin	 per	 1	µg	 of	 protein).	 The	

loading	step	(5	h,	37°C,	5%	CO2)	was	performed	in	OptiMEM	without	FBS	or	penicillin-

streptomycin	supplementation.	After	the	DNase	I	delivery,	the	cells	were	shifted	for	90	

min	 to	DMEM	 (4.5	 g/L	 glucose,	 2	mM	L-glutamine)	 supplemented	with	 10%	FBS	 and	

penicillin-streptomycin	 (100	´	 dilution),	 at	 37°C	 in	 the	 presence	 of	 5%	CO2.	 This	was	

followed	by	treatment	with	inflammasome	agonists	(Section	3.10).	

	

3.6.	 Bone	 marrow	 extraction	 and	 generation	 of	 bone	 marrow-derived	

macrophages	(BMDMs)	

	

Femurs	and	tibias	were	typically	obtained	from	6-24-week-old	mice	with	the	following	

genotypes:	 C57BL/6	 (‘wild-type’	 [WT]),	 Pycard-/-	 (ASC-deficient),	 Aim2-/-	 (AIM2-

deficient),	 Nlrp3-/-	 (NLRP3-deficient),	 Nlrp10-/-	 (NLRP10-deficient),	 and	 Nlrp10flox/flox	

(WT-equivalent	 control	 for	NLRP10-deficient	 experiments).	Nlrp10-/-	 and	Nlrp10flox/flox	

bones	were	a	gift	from	Prof.	Thomas	Kufer	(University	of	Hohenheim).	
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After	isolation,	the	bones	were	briefly	washed	in	DPBS	in	a	tissue-culture	dish,	followed	

by	a	30-s	 incubation	 in	70%	ethanolaq.	Then,	 the	bones	were	 transferred	 to	DPBS	 in	a	

fresh	 tissue-culture	 dish	 and	 kept	 there	 until	 the	 bone	marrow	 extraction	 step	 (<	 30	

min).	The	bones	were	opened	using	scissors	and	flushed	(using	a	syringe)	with	FBS-	and	

antibiotic-free	DMEM	(4.5	g/L	glucose,	2	mM	L-glutamine;	bones	from	one	mouse	were	

flushed	 ~10	 mL	 of	 medium)	 in	 a	 fresh	 tissue-culture	 dish.	 The	 bone	 marrow	

suspensions	in	DMEM	were	centrifuged	(340	´	g,	5	min)	and	either	cryopreserved	at	-

150°C	(as	described	in	Section	3.3;	in	FBS	supplemented	with	10%	DMSO;	bone	marrow	

from	 one	 mouse	 was	 distributed	 into	 two	 cryopreservation	 vials)	 or	 resuspended	 in	

DMEM	 (4.5	 g/L	 glucose,	 2	mM	 L-glutamine)	 supplemented	 with	 10%	 FBS,	 penicillin-

streptomycin	 (100	 ´	 dilution)	 and	 15-30%	 L929	 cell	 conditioned	 medium,	 which	

contains	the	factors	necessary	for	BMDM	differentiation.	Bone	marrow	from	one	mouse	

was	 resuspended	 in	 ~40	 mL	 of	 such	 medium.	 All	 steps	 of	 this	 procedure	 were	

performed	at	RT.	

	

BMDM	 differentiation	 was	 conducted	 over	 the	 period	 of	 7	 days	 in	 a	 tissue	 culture	

incubator	(37°C,	5%	CO2).	Bone	marrow	from	one	mouse	was	typically	distributed	into	

two	175-cm2	flasks	or	three	to	four	75-cm2	flasks.	On	the	last	day	of	differentiation,	the	

L929	 cell	 conditioned	media-containing	 differentiation	media	were	 discarded	 and	 the	

cells	were	washed	with	DPBS	(~10	mL	per	 flask	 for	both	the	75-cm2	and	the	175-cm2	

flasks).	DPBS	from	this	wash	was	collected	and	replaced	with	fresh	DPBS	(~12	mL	per	

flask	for	both	the	75-cm2	and	the	175-cm2	flasks),	in	which	the	cells	were	detached	using	

a	 cell	 scraper.	 The	 BMDM	 suspensions	 in	 DPBS	 were	 collected	 and	 the	 flasks	 were	

washed	one	last	time	with	DPBS	(~10	mL	per	flask	for	both	the	75-cm2	and	the	175-cm2	

flasks),	which	was	also	collected.	Finally,	the	cell	suspensions	were	spun	down	(340	´	g,	

8	min),	the	DPBS	supernatants	were	discarded,	and	BMDMs	were	resuspended	in	DMEM	

(4.5	 g/L	 glucose,	 2	 mM	 L-glutamine)	 supplemented	 with	 10%	 FBS,	 penicillin-

streptomycin	(100	´	dilution)	and	1-5%	L929	cell	conditioned	medium	(bone	marrow	

from	 one	 mouse	 was	 resuspended	 in	 ~12	 mL	 of	 this	 medium).	 Then,	 the	 cells	 were	

counted	 and	 the	 volumes	 of	 cell	 suspensions	 were	 adjusted	 to	 reach	 the	 final	

concentration	of	~5´105	cells/mL.	For	further	experimentation,	BMDMs	were	plated	in	

96-well	plates	at	 the	density	of	5´104	 cells/well	 (or	~1.56´105	 cells/cm2).	All	steps	of	

this	procedure	were	performed	at	RT.	Experiments	using	BMDMs	were	performed	after	
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a	 16-18-h	 resting	 period	 in	 a	 tissue	 culture	 incubator	 (37°C,	 5%	 CO2)	 following	 cell	

plating.	

	

3.7.	Generation	of	mtDNA-depleted	cells	

	

mtDNA	depletion	experiments	were	all	performed	in	96-well	plates.	Initial	populations	

of	NLRP3/ASCmCerulean	reporter	iMac	cells	(2.5	´	103	cells	per	well	in	a	96-well	plate,	or	

~7.8	´	103	cells/cm2),	WT	iMac	cells	(2.5	´	103	cells	per	well	in	a	96-well	plate,	or	~7.8	´	

103	cells/cm2),	or	NLRP10mCitrine/ASCTagBFP	HEK	cells	(2.5	´	103	cells	per	well	in	a	96-well	

plate,	or	~7.8	´	103	cells/cm2;	or	5	´	103	cells	per	well	in	a	96-well	plate,	or	~1.56	´	104	

cells/cm2)	 were	 grown	 for	 72-96	 h	 in	 DMEM	 (4.5	 g/L	 glucose,	 2	 mM	 L-glutamine)	

supplemented	 with	 10%	 FBS,	 penicillin-streptomycin	 (100	 ´	 dilution),	 1	 mM	 sodium	

pyruvate	and	either	ethidium	bromide	(EtBr;	50	or	75	ng/mL)	or	2’,3’-dideoxycytidine	

(ddC;	 40	or	80	µg/mL)	under	 standard	 conditions	 (37°C,	 5%	CO2).	 Control	 cells	were	

grown	 in	 DMEM	 (4.5	 g/L	 glucose,	 2	 mM	 L-glutamine)	 supplemented	 with	 10%	 FBS,	

penicillin-streptomycin	 (100	 ´	 dilution),	 and	 1	 mM	 sodium	 pyruvate.	 After	 the	 cells	

reached	80-90%	confluence,	the	experiments	(Sections	3.8	and	3.10)	were	performed	in	

the	same	wells	in	which	the	cells	had	been	plated.	

	

3.8.	Measurement	of	the	cellular	mtDNA	content	

	

Total	cell	DNA	from	mtDNA-depleted	and	control	cells	(Section	3.7)	was	isolated	using	

QIAmp	DNA	micro	kit	(Qiagen),	following	the	manufacturer’s	instructions.	Per	condition,	

material	from	nine	wells	of	a	96-well	plate	was	collected.	

	

The	 total	 cellular	 mtDNA	 content	 was	 analyzed	 by	 quantitative	 PCR	 (qPCR)	 using	

sequences	from	nuclear	DNA	as	a	reference	(‘housekeeping’)	whose	level	is	not	strongly	

affected	by	addition	of	 the	mtDNA-depleting	agents.	The	 sequences	of	 [q]PCR	primers	

can	be	found	in	Table	3.5.	

	
Primer	name	 Primer	sequence	(5’-3’)	 Source	
Leu-tRNA	for	(h-mtDNA)	 GATGGCAGAGCCCGGTAATCGC	 Hashiguchi	and	Zhang-Akiyama,	2009	
Leu-tRNA	rev	(h-mtDNA)	 TAAGCATTAGGAATGCCATTGCG	 Hashiguchi	and	Zhang-Akiyama,	2009	
pol-gamma	for	(h-nucDNA)	 AGCGACGGGCAGCGGCGGCGGCA	 Hashiguchi	and	Zhang-Akiyama,	2009	
pol-gamma	rev	(h-nucDNA)	 CCCTCCGAGGATAGCACTTGCGGC	 Hashiguchi	and	Zhang-Akiyama,	2009	
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D-loop	for	(m-mtDNA)	 AATCTACCATCCTCCGTGAAACC	 West	et	al.,	2015	
D-loop	rev	(m-mtDNA)	 TCAGTTTAGCTACCCCCAAGTTTAA	 West	et	al.,	2015	
Tert	for	(m-nucDNA)	 CTAGCTCATGTGTCAAGACCCTCTT	 West	et	al.,	2015	
Tert	rev	(m-nucDNA)	 GCCAGCACGTTTCTCTCGTT	 West	et	al.,	2015	
Table	3.5.	Primer	sequences	used	for	the	qPCR	assessment	of	mtDNA	depletion	efficiency.	
	

For	the	qPCR	reaction	mixes	(20	µL),	100	ng	DNA	per	sample	was	analyzed.	The	primers	

were	 used	 at	 the	 final	 concentrations	 of	 500	 nM	 per	 primer.	 The	 qPCR	 master	 mix	

(Maxima	SYBR	Green/ROX	2	´	qPCR	Master	Mix	[Thermo	Fisher	Scientific])	was	based	

on	 SYBR	 Green	 DNA	 detection	 and	 it	 was	 supplied	 as	 a	 2	 ´	 concentrated	 working	

solution.	10	µL	of	qPCR	master	mix	were	used	per	reaction,	and	nuclease-free	water	was	

added	to	the	final	volume	of	20	µL.	

	

qPCR	 was	 run	 in	 technical	 duplicates	 according	 to	 the	 standard	 two-step	 cycling	

protocol.	Briefly,	 the	DNA	samples	were	denatured	for	10	min	at	95°C,	 followed	by	40	

cycles	of	(1)	denaturation	(95°C,	15	s)	and	(2)	annealing	and	elongation	(60°C,	1	min).	

The	 fluorescence	 signal	 was	 acquired	 during	 the	 annealing	 and	 elongation	 step,	

following	the	manufacturer’s	instruction.	The	fold	changes	in	the	mtDNA	content	values	

were	calculated	using	the	2-DDCt	method	(Livak	and	Schmittgen,	2001).	

	

3.9.	Generation	of	oxidized	DNA	(oxDNA)	fragments	by	PCR	

	

To	generate	double-stranded	(ds)	oxDNA	fragments,	a	PCR	reaction	was	performed	on	

vector	782	in	the	III	database	(encoding	the	blue	fluorescent	Ca2+	sensor	B-GECO1	[Zhao	

et	 al.,	 2011a];	 the	 choice	 of	 vector	 was	 dictated	 by	 the	 size	 of	 the	 amplicon	 and	 the	

availability	 of	 plasmid	DNA	 and	primers)	 using	 the	 following	 primers	 (5’-3’):	 forward	

TTTTTTGGCGCGCCACCATGGTCGACTCACCACGTC,	 and	 reverse	

AAAAAAGCGGCCGCCTACTTCGCTGTCATCATTTGTAC.	The	PCR	reaction	(50	µL)	was	run	

on	100	ng	DNA	using	500	nM	concentration	of	each	of	the	primers.	The	PCR	master	mix	

(PfuUltra	 II	 Hotstart	 PCR	 Master	 Mix	 [Agilent	 Technologies])	 was	 supplied	 as	 2	 ´	

working	 solution	 and	 25	 µL	 of	 master	 mix	 per	 reaction	 were	 added.	 To	 introduce	

oxidative	DNA	modifications	into	the	PCR	products,	8-oxo-dGTP	(0,	0.1,	0.2,	or	0.5	mM;	

Jena	Bioscience)	was	added	to	the	PCR	reaction	(typically,	the	concentrations	of	dNTPs	

in	PCR	reactions	are	~0.2	mM).	The	cycling	protocol	consisted	of	a	1-min	denaturation	

step	at	94°C,	followed	by	40	cycles	of	(1)	denaturation	(94°C,	30	s),	(2)	annealing	(60°C,	
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30	s),	and	(3)	elongation	(72°C,	2	min),	and	concluded	by	a	final	elongation	step	of	10	

min	 (72°C).	 Next,	 the	 PCR	 products	 were	 electrophoretically	 separated	 from	 the	

unoxidized	template	DNA	in	an	agarose	gel	(1%)	and	isolated	using	PureLink	Quick	Gel	

Extraction	kit	(Invitrogen/Thermo	Fisher	Scientific).	DNA	fragments	purified	in	this	way	

served	as	ligands	in	inflammasome	activation	experiments	(Section	3.10).	Incorporation	

of	ox-guanosine	residues	was	confirmed	by	antibody	staining	(Section	3.15).	

	

Single-stranded	 (ss)	 (ox)DNA	 fragments	 were	 generated	 as	 described	 above	 with	

several	 important	 modifications.	 The	 reverse	 primer	 used	 in	 the	 PCR	 reaction	

(AAAAAAGCGGCCGCCTACTTCGCTGTCATCATTTGTAC)	 was	 phosphorylated	 at	 the	 5’-

end	 (the	 forward	 primer	 did	 not	 contain	 any	modifications).	 Additionally,	 only	 the	 8-

oxo-dGTP-free	(‘0	mM’)	and	0.5	mM	8-oxo-dGTP	conditions	were	selected.	Following	the	

PCR	reaction,	the	products	were	subjected	to	digest	with	Lambda	exonuclease	(Thermo	

Fisher	Scientific).	Lambda	exonuclease	is	a	highly	processive	enzyme	that	degrades	the	

5’-phosphorylated	 but	 not	 the	 5’-unphosphorylated	 strands	 in	 dsDNA	 molecules,	

yielding	 ssDNA	 fragments.	 The	 reaction	 (400	 µL)	 was	 performed	 in	 the	 presence	 of	

Lambda	 exonuclease	 buffer	 supplied	 by	 the	 manufacturer	 and	 using	 16	 µL	 of	 the	

enzyme	(10	U/µL)	for	60	min	at	37°C.	This	was	followed	by	an	enzyme	inactivation	step	

(10	min	 at	 80°C).	 ssDNA	 generated	 in	 this	manner	was	 electrophoretically	 separated	

from	 leftover	 dsDNA	 substrate	 (1%	 agarose	 gel)	 and	 then	 purified	 from	 the	 gel	

(PureLink	 Quick	 Gel	 Extraction	 kit,	 Invitrogen/Thermo	 Fisher	 Scientific)	 and	 used	 in	

inflammasome	activation	assays	(Section	3.10).	

	

3.10.	Activation	of	the	inflammasome	

	

One	 day	 before	 the	 experiment,	 the	 cells	 were	 detached	 from	 growth	 surface	 (as	

described	in	Section	3.3)	and	plated	in	96-well	plates	in	DMEM	(4.5	g/L	glucose,	2	mM	L-

glutamine)	 supplemented	with	 10%	FBS	 and	 penicillin-streptomycin	 (100	´	 dilution).	

The	plating	densities	were	typically	6´104	cells	per	well	(~1.88´105	cells/cm2)	for	WT	

iMac	cells	and	cell	lines	derived	from	these	cells,	Nlrp3-/-	iMac	cells,	and	Aim2CRISPR	iMac	

cells	and	cell	lines	derived	from	these	cells,	5´104	cells	per	well	(~1.56´105	cells/cm2)	

for	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells,	 and	 3.5-3.8´104	 cells	 per	 well	 (~1.1´105-



Chapter	3	

	 50	

1.19´105	cells/cm2)	for	HEK	293T	cells	and	cell	lines	derived	from	these	cells.	The	cells	

were	kept	in	a	tissue	culture	incubator	(37°C,	5%	CO2)	overnight	(16-18	h).	

	

On	the	day	of	the	experiment,	the	cells	were	primed	with	LPS	(200	ng/mL,	2	h	at	37°C,	

5%	CO2)	 in	DMEM	 (4.5	 g/L	 glucose,	 2	mM	L-glutamine)	 supplemented	with	10%	FBS	

and	 penicillin-streptomycin	 (100	 ´	 dilution),	 or	 they	 were	 left	 unprimed.	 Of	 note,	

NLRP3/ASCmCerulean	 reporter	 iMac	 cells	do	not	 require	 the	priming	 step	 for	 the	NLRP3	

inflammasome	 activation	 due	 to	 the	 constitutive	 overexpression	 of	 NLRP3.	 For	 the	

experiments	where	the	IL-1b	secretion	from	these	cells	was	to	be	measured,	the	priming	

step	(200	ng/mL,	2	h	at	37°C,	5%	CO2)	was	included.	Any	deviations	from	the	standard	

priming	protocol	described	here	are	indicated	in	figure	legends.	

	

For	 inflammasome	 activation,	 the	 cells	 were	 shifted	 to	 the	 standard	 extracellular	

buffer/minimal	salt	solution	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	

glucose,	 10	 HEPES,	 pH	 7.4.	 For	 some	 experiments	 this	 list	 of	 buffer	 ingredients	 was	

modified;	the	compositions	of	all	extracellular	buffers	used	in	my	Thesis	is	summarized	

in	Table	3.6.	The	details	on	extracellular	milieu	compositions	are	also	provided	in	figure	

legends.	Typically,	 at	 this	point	90	µL	per	well	of	 the	extracellular	buffer	were	added.	

Next,	 the	 cells	were	 stimulated	with	 the	 following	 inflammasome	 activators:	 nigericin	

(final	 concentration	 10	 µM),	 thapsigargin	 (final	 concentration	 ~20	 µM),	 m-3M3FBS	

(final	concentration	~85	µM),	o-3M3FBS	(final	concentration	~85	µM),	or	poly-(dA:dT)	

(model	 dsDNA	 transfection	 complexes,	 administered	 at	 200	 ng/well 2 ).	 The	

inflammasome	 activators	 (typically	 10	 µL	 per	 well)	 were	 administered	 as	 10	 ´	

concentrated	working	solutions,	so,	for	example,	10	µL	of	100	µM	nigericin	were	added	

to	 90	 µL	 of	 the	 extracellular	 medium	 to	 produce	 the	 final	 concentration	 of	 10	 µM	

nigericin.	 The	 addition	 of	 inflammasome	 agonists	was	 followed	 by	 gently	 flicking	 the	

	
2	Poly-(dA:dT)	transfection	complexes	were	prepared	by	mixing	(per	well)	0.5	µL	of	Lipofectamine	2000	
with	5	µL	OptiMEM	and,	 in	 a	 separate	 tube,	200	ng	of	poly-(dA:dT)	with	5	µL	OptiMEM.	After	 a	5-min	
incubation	at	RT,	the	contents	of	both	tubes	were	mixed	and	incubated	for	further	10-15	min	to	allow	for	
the	formation	of	transfection	complexes.	Then,	10	µL	per	well	of	transfection	complexes	were	transferred	
to	 the	 cells,	 with	 90	 µL	 of	 the	 extracellular	 buffer	 already	 present	 in	 the	 medium.	 These	 amounts	
correspond	 to	 the	 final	 concentration	 of	 2	 µg/mL	 poly-(dA:dT)	 dsDNA	 complexed	 with	 5	 µL	 of	
Lipofectamine	2000.	Of	note,	for	a	set	of	specific	experiments	(Sections	8.9	and	8.10),	Lipofectamine	3000	
with	 the	 P3000	 reagent	 were	 used	 as	 transfection	 reagents	 to	 deliver	 DNA	 to	 the	 cytosol	 for	
inflammasome	 activation.	 Those	 instances,	 as	 well	 as	 the	 ratios	 of	 DNA	 to	 Lipofectamine	 3000	 to	 the	
P3000	reagents	are	indicated	in	the	respective	figure	legends.	
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plate	 with	 a	 finger,	 a	 centrifugation	 step3	(340	 ´	 g,	 5	 min,	 at	 RT),	 and	 a	 30-60-min	

incubation	(37°C,	5%	CO2).	After	 this	 time,	 tissue	culture	supernatants	were	collected,	

and/or	the	cells	were	fixed	(4%	formaldehyde)	and	counterstained	with	a	nuclear	dye	

(5	µM	DRAQ5).	

	

There	were	 two	 reasons	why	 I	 used	minimal	 salt	 solutions	 as	 extracellular	media	 for	

inflammasome	activation	in	my	Thesis.	First,	several	experiments	involved	testing	of	the	

influence	 of	 increased	 concentrations	 of	 certain	 ions	 (K+,	 Ca2+)	 on	 inflammasome	

activation,	or	of	 the	 impact	of	certain	 ions’	depletion	(K+,	Ca2+,	Mg2+,	Cl-).	There	are	no	

commercially	 available	 media	 to	 easily	 examine	 such	 conditions,	 so	 using	 buffers	

prepare	 in-house	was	a	sensible	alternative.	Secondly,	 the	 inflammasome	responses	to	

m-3M3FBS	 and	 thapsigargin	 were	 much	 more	 efficient	 in	 the	 standard	 extracellular	

buffer	than	they	were	in	DMEM	(4.5	g/L	glucose,	2	mM	L-glutamine)	supplemented	with	

10%	FBS	and	penicillin-streptomycin	(100	´	dilution)	(Supplementary	Methods	Figure	

SM1).	 In	 an	 attempt	 to	 determine	 whether	 the	 decrease	 in	 inflammasome	 activation	

could	 be	 attributed	 to	 the	 presence	 of	 FBS	 or	 bovine	 serum	 albumin	 (BSA;	 the	major	

protein	component	of	serum),	I	tested	whether	addition	of	FBS	(0.1-10%)	or	BSA	(0.05-

5	mg/mL)	to	the	standard	extracellular	buffer	would	block	the	inflammasome	responses	

to	m-3M3FBS	 and	 thapsigargin	 (Supplementary	 Methods	 Figure	 SM2).	 However,	 the	

inhibitory	effect	of	FBS	and	BSA	(Supplementary	Methods	Figure	SM2)	was	less	evident	

than	the	inhibitory	effect	of	DMEM	(4.5	g/L	glucose,	2	mM	L-glutamine)	supplemented	

with	 10%	 FBS	 and	 penicillin-streptomycin	 (100	 ´	 dilution)	 (Supplementary	 Methods	

Figure	SM1).	To	determine	whether	DMEM	(4.5	g/L	glucose,	2	mM	L-glutamine)	 itself	

contained	 ingredients	 that	 acted	 as	 inhibitors	 of	 the	 inflammasome	 responses	 to	m-

3M3FBS	and	 thapsigargin,	 I	 inspected	 the	 strength	of	 the	 inflammasome	activation	by	

these	stimuli	 in	WT	 iMac	cells,	NLRP3/ASCmCerulean	 reporter	 iMac	cells	 (Supplementary	

Methods	Figure	SM3),	and	NLRP10mCitrine/ASCTagBFP	HEK	cells	(Supplementary	Methods	

Figure	SM4)	in	the	presence	of	various	serum-free	extracellular	media:	the	minimal	salt	

solution,	 DPBS,	 DMEM	 (4.5	 g/L	 glucose,	 2	mM	L-glutamine),	 DMEM	 (glucose-free	 and	

without	 phenol	 red),	 DMEM	 (glucose-	 and	 amino	 acid-free,	 with	 phenol	 red),	 RPMI,	

OptiMEM,	and	MEM.	Overall,	there	was	no	indication	that	any	of	the	tested	media	may	

contain	 a	 complete	 inhibitor	 of	 the	m-3M3FBS-/thapsigargin-induced	 inflammasome	
	

3	Centrifugation	of	 the	 cells	was	 essential	 for	 an	 efficient	 inflammasome	activation	by	 thapsigargin	 and	
poly-(dA:dT).	
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activation	 but	 because	 of	 the	 reliably	 high	 levels	 of	 inflammasome	 activation	 in	 the	

minimal	 salt	 solution	 and	 because	 of	 the	 easiness	with	which	 the	 composition	 of	 this	

extracellular	buffer	can	be	manipulated,	I	performed	the	majority	of	the	experiments	in	

my	Thesis	 in	an	extracellular	buffer	 consisting	of	 (in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	 1	

CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	

	

A	certain	deviation	from	the	protocol	for	activation	of	the	inflammasome	with	nigericin,	

m-3M3FBS,	o-3M3FBS,	thapsigargin,	and	poly-(dA:dT)	was	the	stimulation	of	the	AIM2	

and	 NLRP10	 inflammasomes	 with	 SC-9,	 SC-10,	 and	 SMBA1.	 For	 the	 three	 latter	

stimulations,	the	cells	were	shifted	to	50	µL	per	well	of	the	standard	extracellular	buffer,	

followed	by	addition	of	50	µL	per	well	of	 the	 inflammasome	stimuli	 in	the	form	of	2	´	

concentrated	working	solutions	(SMBA1:	typically	100	µM	working	solution,	50	µM	final	

concentration;	SC-9:	typically	200	µM	working	solution,	100	µM	final	concentration;	SC-

10:	 typically	 200	 µM	working	 solution,	 100	 µM	 final	 concentration).	 Similar	 to	 other	

inflammasome	 activation	 protocols,	 the	 addition	 of	 inflammasome	 agonists	 was	

followed	by	gently	flicking	the	plate	with	a	finger,	a	centrifugation	step	(340	´	g,	5	min,	

at	 RT),	 and	 a	 30-60-min	 incubation	 (37°C,	 5%	 CO2).	 After	 this	 time,	 tissue	 culture	

supernatants	 were	 collected,	 or	 the	 cells	 were	 fixed	 (4%	 formaldehyde)	 and	

counterstained	with	a	nuclear	dye	(5	µM	DRAQ5).	

	

The	 exception	 to	 this	 general	 protocol	was	 the	 NLRP3	 inflammasome	 activation	with	

silica	 crystals.	 This	 stimulation	 was	 performed	 in	 the	 presence	 of	 DMEM	 (4.5	 g/L	

glucose,	 2	mM	L-glutamine)	 supplemented	with	 10%	FBS	 and	 penicillin-streptomycin	

(100	´	dilution).	Briefly,	 silica	crystal	suspension	(500	µg/mL)	was	added	to	 the	cells,	

followed	by	gently	flicking	the	plate	with	a	finger,	a	centrifugation	step	(340	´	g,	5	min,	

at	RT),	and	a	6-h	incubation	(37°C,	5%	CO2).	After	this	time,	tissue	culture	supernatants	

were	 collected,	 or	 the	 cells	were	 fixed	 (4%	 formaldehyde)	 and	 counterstained	with	 a	

nuclear	dye	(5	µM	DRAQ5).	

	
Name	of	buffer	 Composition	
Minimal	salt	solution	(standard)	 123	mM	NaCl,	5	mM	KCl,	2	mM	MgCl2,	1	mM	CaCl2,	10	mM	glucose,	10	

mM	HEPES,	pH	7.4.	Adjust	the	pH	to	7.4	with	1	N	NaOHaq	(~500	µL	of	
1	N	NaOHaq	per	500	mL	of	buffer).	

Minimal	salt	solution	(high	
potassium)	

125	mM	KCl,	2	mM	MgCl2,	1	mM	CaCl2,	10	mM	glucose,	10	mM	HEPES,	
pH	7.4.	Adjust	the	pH	to	7.4	with	1	N	NaOHaq	(~500	µL	of	1	N	NaOHaq	
per	500	mL	of	buffer).	
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Minimal	salt	solution	
(potassium-free)	

123	mM	NaCl,	2	mM	MgCl2,	1	mM	CaCl2,	10	mM	glucose,	10	mM	HEPES,	
pH	7.4.	Adjust	the	pH	to	7.4	with	1	N	NaOHaq	(~500	µL	of	1	N	NaOHaq	
per	500	mL	of	buffer).	

Minimal	salt	solution	(calcium-
free)	

123	mM	NaCl,	5	mM	KCl,	2	mM	MgCl2,	10	mM	glucose,	10	mM	HEPES,	
pH	7.4.	Adjust	the	pH	to	7.4	with	1	N	NaOHaq	(~500	µL	of	1	N	NaOHaq	
per	500	mL	of	buffer).	

Minimal	salt	solution	(calcium	
and	magnesium	free)	

131	mM	NaCl,	5	mM	KCl,	10	mM	glucose,	10	mM	HEPES,	pH	7.4.	Adjust	
the	pH	to	7.4	with	1	N	NaOHaq	(~500	µL	of	1	N	NaOHaq	per	500	mL	of	
buffer).	

Minimal	salt	solution	(chloride-
free;	acetate-based)	

131	mM	sodium	acetate,	5	mM	potassium	acetate,	10	mM	glucose,	10	
mM	HEPES,	pH	7.4.	Adjust	the	pH	to	7.4	with	1	N	NaOHaq	(~500	µL	of	
1	N	NaOHaq	per	500	mL	of	buffer).	

Minimal	salt	solution	(chloride-
free,	gluconate-based)	

131	mM	sodium	gluconate,	5	mM	potassium	gluconate,	10	mM	
glucose,	10	mM	HEPES	pH	7.4.	Adjust	the	pH	to	7.4	with	1	N	NaOHaq	
(~500	µL	of	1	N	NaOHaq	per	500	mL	of	buffer).	

Minimal	salt	solution	(with	
lithium	chloride,	high	
osmolarity)	

125	mM	NaCl,	50	mM	LiCl,	5	mM	KCl,	2	mM	MgCl2,	1	mM	CaCl2,	10	mM	
glucose,	10	mM	HEPES,	pH	7.4.	Adjust	the	pH	to	7.4	with	1	N	NaOHaq	
(~500	µL	of	1	N	NaOHaq	per	500	mL	of	buffer).	

Minimal	salt	solution	(with	
lithium	chloride,	osmolarity-
compensated)	

75	mM	NaCl,	50	mM	LiCl,	5	mM	KCl,	2	mM	MgCl2,	1	mM	CaCl2,	10	mM	
glucose,	10	mM	HEPES,	pH	7.4.	Adjust	the	pH	to	7.4	with	1	N	NaOHaq	
(~500	µL	of	1	N	NaOHaq	per	500	mL	of	buffer).	

Minimal	salt	solution	(high	
osmolarity)	

175	mM	NaCl,	50	mM	LiCl,	5	mM	KCl,	2	mM	MgCl2,	1	mM	CaCl2,	10	mM	
glucose,	10	mM	HEPES,	pH	7.4.	Adjust	the	pH	to	7.4	with	1	N	NaOHaq	
(~500	µL	of	1	N	NaOHaq	per	500	mL	of	buffer).	

Table	3.6.	Compositions	of	the	minimal	media/extracellular	buffers	for	inflammasome	activation.	
All	buffers	were	prepared	using	water-for-injection	grade	water.	
	

3.11.	Testing	of	LMW	inhibitors	

	

Multiple	 experiments	 throughout	my	 thesis	were	 performed	 using	 LMW	 inhibitors	 of	

signaling	enzymes,	or	blockers	of	channels	and	transporters.	The	comprehensive	list	of	

all	tested	treatments,	together	with	their	commercial	sources	and	reported	mechanisms	

of	action,	 is	provided	 in	Table	3.7.	These	assays	were	performed	in	96-well	plates	and	

the	cells	were	prepared	for	the	experiment	as	described	in	Section	3.10.	

	

The	basic	setup	of	the	inhibition	experiments	was	as	follows:	for	experiments	in	which	

the	readout	was	the	measurement	of	IL-1b	concentration	in	tissue	culture	supernatants,	

the	 cells	were	primed	with	 LPS	 (200	ng/mL,	 2	 h	 in	DMEM	 [4.5	 g/L	 glucose,	 2	mM	L-

glutamine]	supplemented	with	10%	FBS	and	penicillin-streptomycin	[100	´	dilution],	at	

37°C,	5%	CO2).	 For	experiments	 in	which	 the	 readout	was	 imaging	of	ASC	 specks,	 the	

cells	 were	 generally	 left	 unprimed.	 Next,	 the	 cells	 were	 shifted	 to	 an	 extracellular	

medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	

pH	7.4,	with	the	addition	of	LMW	inhibitors/blockers,	or	vehicle	[solvent]	controls	(90	

µL/well	when	the	next	step	was	inflammasome	activation	with	nigericin,	m-3M3FBS,	o-

3M3FBS,	 thapsigargin,	 poly-[dA:dT],	 or	 silica,	 or	 50	 µL	 when	 the	 next	 step	 was	
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inflammasome	 activation	 with	 SMBA1,	 SC-9,	 or	 SC-10).	 The	 tested	 concentrations	

inhibitor/blocker	concentrations	are	indicated	in	figure	legends.	Inhibitor	addition	was	

followed	by	~10-min	incubation	at	37°C,	5%	CO2.	Then,	the	cells	were	stimulated	with	

inflammasome	activators	(typically	10	or	50	µL/well),	as	described	in	Section	3.10.	The	

addition	 of	 inflammasome	 agonists	 was	 followed	 by	 gently	 flicking	 the	 plate	 with	 a	

finger,	a	centrifugation	step	(340	´	g,	5	min,	at	RT),	and	a	30-60-min	incubation	(37°C,	

5%	CO2).	After	 this	 time,	 tissue	 culture	 supernatants	were	 collected,	 or	 the	 cells	were	

fixed	 (4%	 formaldehyde)	 and	 counterstained	with	 a	 nuclear	 dye	 (5	µM	DRAQ5).	 Any	

deviations	from	this	general	protocol	are	specified	in	figure	legends.	

	
Name	 Source	 Solvent	

(vehicle)	
Reported	mechanism	of	action	

2-APB	 Sigma	(Merck)	 DMSO	 Inhibitor	of	IP3	receptors	in	the	
endoplasmic	reticulum	membrane	

3-methyladenine	 Sigma	(Merck)	 Ethanol	 Inhibitor	of	autophagy	
4-phenylbutyric	acid	 Sigma	(Merck)	 Water	 Chemical	chaperone	–	expected	to	

counteract	proteotoxic	stress	
8-hydroxy-2’-
deoxyguanosine	

Sigma	(Merck)	 DMSO	 Reported	inhibitor	of	NLRP3	

A-92	 Axon	Medchem	 DMSO	 GCN2	kinase	inhibitor	
ABT263	(navitoclax)	 Selleckchem	 DMSO	 BCL-2/XL/W	inhibitor	
ABT737	 Selleckchem	 DMSO	 BCL-2/XL/W	inhibitor	
Actinomycin	D	 Sigma	(Merck)	 DMSO	 Inhibitor	of	eukaryotic	mRNA	

transcription	
Alisporivir	(Debio025)	 MedChem	Express	 DMSO	 Non-immunosuppressive	analog	of	

cyclosporin	A	(blocks	mitochondrial	
damage)	

AMG	PERK	44	 Tocris	 DMSO	 PERK	kinase	inhibitor	
Amprenavir	 Sigma	(Merck)	 DMSO	 Inhibitor	of	HIV	protease	
Apoptosis	activator	2	 Tocris	 DMSO	 Inducer	of	intrinsic	apoptosis	
Artemisinin	 Tocris	 DMSO	 Reported	inhibitor	of	

sarco/endoplasmic	reticulum	Ca2+	
ATPase	

Ascomycin	 Biomol/Cayman	
Chemical	

DMSO	 Inhibitor	of	calcineurin/nuclear	
factor	of	activated	T	cells	signaling	

AT406	 Cayman	Chemical	 DMSO	 SMAC	mimetic	(pro-apoptotic)	
Atazanavir	 Sigma	(Merck)	 DMSO	 Inhibitor	of	HIV	protease	
Auranofin	 Sigma	(Merck)	 DMSO	 Cytotoxic	agent	reported	to	induce	

mtROS	generation	
Bafilomycin	A1	 Adipogen	 DMSO	 Inhibitor	of	vacuolar	H+-ATPase	
Barium	chloride	(BaCl2)	 Sigma	(Merck)	 Water	 Reported	inhibitor	of	mitochondrial	

permeability	transition	pore	
BAM7	 Tocris	 DMSO	 Agonist	of	Bax	
BAPTA-AM	 Enzo	Life	Sciences	 DMSO	 Intracellular	Ca2+	chelator	
Benzenesulfonamide	 Sigma	(Merck)	 DMSO	 Chemical	scaffold	of	m-3M3FBS	and	

related	molecules	
Betulinic	acid	 Sigma	(Merck)	 DMSO	 Activator	of	intrinsic	apoptosis	
BHQ	 Tocris	 DMSO	 Inhibitor	of	sarco/endoplasmic	

reticulum	Ca2+	ATPase	
BI-6C9	 Santa	Cruz	 DMSO	 Inhibitor	of	tBid-mediated	apoptosis	
Bisindolylmaleimide	II	 Tocris	 DMSO	 Inhibitor	of	protein	kinase	C	
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Birinapant	 Biomol/Cayman	
Chemical	

DMSO	 SMAC	mimetic	

Bongkrekic	acid	 Sigma	(Merck)	 TBS	 Inhibitor	of	Slc25a4,	reported	to	
inhibit	mPT	

Bortezomib	 Selleckchem	 DMSO	 Proteasome	inhibitor	
Bovine	serum	albumin	
(BSA)	

Sigma/Merck	 Water	 Major	serum	protein	component	

Brefeldin	A	 Sigma/Merck	 DMSO	 Inhibitor	of	protein	transport	from	
the	ER	to	the	Golgi	apparatus	

Bryostatin	1	 Enzo	Life	Sciences	 DMSO	 Activator	of	protein	kinase	C	
BTSA1	 Selleckchem	 DMSO	 Agonist	of	Bax	
C-1	 Tocris	 DMSO	 Inhibitor	of	protein	kinases	A,	C,	and	

G	
C16	 Tocris	 DMSO	 PKR	kinase	inhibitor	
Calcium	chloride	(CaCl2)	 Sigma/Merck	 Water	 Source	for	extracellular	Ca2+	ions	
Carboxyatractyloside	 Biomol/Cayman	

Chemical	
DMSO	 Inhibitor	of	Slc25a4,	reported	to	

activate	mPT	
CCCP	 Tocris	 DMSO	 Mitochondrial	uncoupler	
CDDO	 Cayman	Chemical	 DMSO	 Inducer	of	mitochondrial	unfolded	

protein	response	
CDDO-Me	 Tocris	 DMSO	 Inducer	of	mitochondrial	unfolded	

protein	response	
Chelerythrine	chloride	 Calbiochem	 DMSO	 Inhibitor	of	protein	kinase	C	
Chloramphenicol	 Sigma/Merck	 Ethanol	 Antibacterial	antibiotic	with	reported	

mitochondria-damaging	activity	
CkI7	 Santa	Cruz	 DMSO	 SGK	kinases	inhibitor	
Cobalt(II)	chloride	
(CoCl2)	

Sigma/Merck	 Water	 Chemical	inducer	of	hypoxia-like	
cellular	state	

Colchicine	 Sigma/Merck	 DMSO	 Inhibitor	of	microtubule	
polymerization	

Concanavalin	A	(type	IV)	 Sigma/Merck	 PBS	 Lectin	used	for	induction	of	
neutrophil	extracellular	trap	
formation	

Concanavalin	A	(type	VI)	 Sigma/Merck	 PBS	 Lectin	used	for	induction	of	
neutrophil	extracellular	trap	
formation	

CRID3	 Pfizer	 Ethanol	 Inhibitor	of	NLRP3	
CRT0066101	 abcam	 DMSO	 Inhibitor	of	protein	kinase	D	
Cyclopiazonic	acid	 Tocris	 DMSO	 Inhibitor	of	sarco/endoplasmic	

reticulum	Ca2+	ATPase	
Cyclosporin	A	 Sigma/Merck	 DMSO	 Inhibitor	of	mitochondrial	damage	as	

well	as	calcineurin/nuclear	factor	of	
activated	T	cells	signaling	

Cytochalasin	D	 Sigma/Merck	 DMSO	 Phagocytosis	inhibitor	(through	actin	
polymerization	inhibition)	

D609	 Tocris	 DMSO	 Phosphatidylcholine	(PC)-
phospholipase	C	inhibitor	

Debio025	(alisporivir)	 MedChem	Express	 DMSO	 Non-immunosuppressive	analog	of	
cyclosporin	A	(blocks	mitochondrial	
damage)	

Dexpramipexole	
dihydrochloride	

Sigma/Merck	 DMSO	 Mitoprotective	agent,	possibly	
through	mPT	inhibition	

Diazoxide	 Tocris	 DMSO	 K+	channel	blocker	
DIDS	 Tocris	 DMSO	 Inhibitor	of	Cl-	channels	
Doxorubicine	 Biomol/Cayman	

Chemical	
DMSO	 Antitumor	agent	triggering	DNA	

damage,	intercalating	agent	inhibiting	
topoisomerase	II	

DS16570511	 Aobious	 DMSO	 Mitochondrial	Ca2+	uniporter	
inhibitor	
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DS44170716	 Sigma/Merck	 DMSO	 Mitoprotective	agent,	possibly	
through	mPT	inhibition	

Edelfosine	 Enzo	Life	Sciences	 Ethanol	 Phosphatidylinositol	(PI)-
phospholipase	C	inhibitor	

Emricasan	 Sigma/Merck	 DMSO	 Pan-caspase	inhibitor	
Eperezolid	 AdooQ	Bioscience	 DMSO	 Antibacterial	antibiotic	with	reported	

mitochondria-damaging	activity	
ER000444793	 MedChem	Express	 DMSO	 Mitoprotective	agent,	possibly	

through	inhibition	of	mPT	
FCCP	 Tocris	 DMSO	 Mitochondrial	uncoupler	
FK506	 Tocris	 DMSO	 Inhibitor	of	calcineurin/nuclear	

factor	of	activated	T	cells	signaling	
Gadolinium	chloride	
(GdCl3)	

Sigma/Merck	 Water	 Reported	inhibitor	of	mitochondrial	
permeability	transition	pore	

Gambogic	acid	 Tocris	 DMSO	 Inducer	of	intrinsic	apoptosis	
GF109203X	 Tocris	 DMSO	 Inhibitor	of	protein	kinase	C	
Glycine	 Sigma/Merck	 PBS	 Inhibitor	of	lytic	cell	death	
Gö6983	 Tocris	 DMSO	 Inhibitor	of	protein	kinase	C	
GSK650394	 Tocris	 DMSO	 Inhibitor	of	SGK	kinases	
GSK2606414	 Tocris	 DMSO	 PERK	kinase	inhibitor	
GTPP	 MedChem	Express	 DMSO	 Inducer	of	mitochondrial	unfolded	

protein	response	
HA14-1	 Tocris	 DMSO	 Inducer	of	intrinsic	apoptosis	
IAA-94	 Sigma/Merck	 DMSO	 Cl-	channel	blocker	
ICH-1	 Sigma/Merck	 DMSO	 Caspase-2	inhibitor	
Idebenone	 Sigma/Merck	 DMSO	 Synthetic	analog	of	coenzyme	Q	in	the	

IMM	
iMAC2	 Tocris	 DMSO	 Inhibitor	of	intrinsic	apoptosis	
Importazole	 Sigma/Merck	 DMSO	 Inhibitor	of	nuclear	protein	import	
Ionomycin	 Enzo	Life	Sciences	 DMSO	 Ca2+	ionophore	
Ivermectin	 Tocris	 DMSO	 Reported	inhibitor	of	nuclear	protein	

import	
K252c	 Enzo	Life	Sciences	 DMSO	 Inhibitor	of	protein	kinase	C	
KB-R7943	mesylate	 Cayman	Chemical	 DMSO	 Inhibitor	of	mitochondrial	Ca2+	

uniporter	and	of	Na+/Ca2+	exchanger	
KPT-185	 Selleckchem	 DMSO	 Inhibitor	of	nuclear	export	
KPT-330	(Selinexor)	 Biomol/Cayman	

Chemical	
DMSO	 Inhibitor	of	nuclear	export	

LCL161	 Cayman	Chemical	 DMSO	 SMAC	mimetic	
Leptomycin	B	 Sigma/Merck	 Methanol:	

water	(7:3)	
Inhibitor	of	nuclear	export	

Leu-Leu-O-Me	 Chem-Impex	
International	

DMSO	 Activator	of	NLRP3	through	the	
lysosomal	damage	pathway	

Linezolid	 Tocris	 DMSO	 Antibacterial	antibiotic	with	reported	
mitochondria-damaging	activity	

Lithium	chloride	(LiCl)	 Sigma/Merck	 Water	 GSK3	kinase	inhibitor;	used	here	as	
an	inhibitor	of	inositol	
monophosphate	dephosphorylation	

Lonidamine	 Sigma/Merck	 DMSO	 Inhibitor	of	hexokinase	with	reported	
mitochondrial	activity	

Lopinavir	 Sigma/Merck	 DMSO	 Inhibitor	of	HIV	protease	
Maleimide	 Sigma/Merck	 DMSO	 Chemical	scaffold	of	U73122	and	

related	molecules	
MCD-cholesterol	 Sigma/Merck	 PBS	 Water-soluble	form	of	cholesterol	
Mdivi-1	 Tocris	 DMSO	 Inhibitor	of	mitochondrial	fission	
Metformin	 Tocris	 DMSO	 Likely	acts	on	multiple	targets;	some	

reports	suggest	mitoprotective	
activity	

Minocycline	 Enzo	Life	Sciences	 DMSO	 Antibacterial	antibiotic	with	reported	
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mitochondria-damaging	activity	
Mirin	 Enzo	Life	Sciences	 DMSO	 Inhibitor	of	DNA	repair,	suggested	to	

also	disrupt	mtDNA	
MitoBloCK-6	 Focus	

Biomolecules/tebu-
bio	

DMSO	 Inhibitor	of	mitochondrial	protein	
import	

MitoBloCK-12	 tebu-bio	 DMSO	 Inhibitor	of	mitochondrial	protein	
import	

N-ethylmaleimide	 Sigma/Merck	 DMSO	 Chemical	scaffold	of	U73122	and	
related	molecules	

N-ethyltoluene-4-
sulfonamide	

Sigma/Merck	 DMSO	 Chemical	scaffold	of	m-3M3FBS	and	
related	molecules	

N-methyl-p-
toluenesulfonamide	

Sigma/Merck	 DMSO	 Chemical	scaffold	of	m-3M3FBS	and	
related	molecules	

Navitoclax	(ABT263)	 Selleckchem	 DMSO	 BCL-2/XL/W	inhibitor	
Necrostatin-1	 Tocris	 DMSO	 Inhibitor	of	necroptosis	
Necrosulfonamide	 Merck	 DMSO	 Inhibitor	of	necroptosis	
Nelfinavir	 Sigma/Merck	 DMSO	 Inhibitor	of	HIV	protease	
Nifedipine	 Tocris	 DMSO	 Ca2+	channel	blocker	
NIM811	 MedChem	Express	 DMSO	 Non-immunosuppressive	analog	of	

cyclosporin	A	(blocks	mitochondrial	
damage)	

NSC668394	 EMD	Millipore/	
Calbiochem	

DMSO	 Inhibitor	of	ezrin	

Oligomycin	A	 Selleckchem	 Ethanol	 Inhibitor	of	ATP	synthase	
(mitochondrial)	

p-toluenesulfonamide	 Sigma/Merck	 DMSO	 Chemical	scaffold	of	m-3M3FBS	and	
related	molecules	

PF-543	 Tocris	 DMSO	 Sphingosine	kinase	inhibitor	with	
reported	mitoprotective	activity	

Pitstop	2	 Sigma/Merck	 DMSO	 Clathrin	inhibitor	demonstrated	to	
cause	a	breach	in	the	nuclear	
permeability	barrier	

PMA	 Sigma/Merck	 DMSO	 Activator	of	protein	kinase	C	
Potassium	chloride	(KCl)	 Sigma/Merck	 Water	 Major	salt	inside	of	the	cell	
Q-Vd-OPh	 Cayman	Chemical	 DMSO	 Pan-caspase	inhibitor	
R-(+)-N-(1-
phenylethyl)maleimide	

Sigma/Merck	 DMSO	 Chemical	scaffold	of	U73122	and	
related	molecules	

R837	 Invivogen	 PBS	 Activator	of	NLRP3	through	
inhibition	of	the	mitochondrial	
electron	transport	chain	complex	I	

Ritonavir	 Tocris	 DMSO	 Inhibitor	of	HIV	protease	
RO32-0432	 Tocris	 DMSO	 Inhibitor	of	protein	kinase	C	
Rotenone	 Sigma/Merck	 DMSO	 Inhibitor	of	the	mitochondrial	

electron	transport	chain	complex	I	
S63845	 Cayman	Chemical	 DMSO	 Inhibitor	of	the	BCL-2	family	protein	

MCL-1	
SC79	 Selleckchem/Biozol	 DMSO	 Activator	of	protein	kinase	B	(Akt)	
Selinexor	(KPT-330)	 Biomol/Cayman	

Chemical	
DMSO	 Inhibitor	of	nuclear	export	

Sodium	acetate	 Sigma/Merck	 Water	 Replacement	of	NaCl	in	Cl-	depletion	
experiments	

Sodium	azide	(NaN3)	 Sigma/Merck	 Water	 Inhibitor	of	the	mitochondrial	
electron	transport	chain	complex	IV	

Sodium	chloride	(NaCl)	 Sigma/Merck	 Water	 Major	salt	in	extracellular	fluids	
Sodium	gluconate	 Sigma/Merck	 Water	 Replacement	of	NaCl	in	Cl-	depletion	

experiments	
Succinimide	 Sigma/Merck	 DMSO	 Chemical	scaffold	of	U73343	and	

related	molecules	
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Staurosporine	 Enzo	Life	Sciences	 DMSO	 Pan-kinase	inhibitor	
Tetracycline	 Sigma/Merck	 Ethanol	 Antibacterial	antibiotic	with	reported	

mitochondria-damaging	activity	
TRO19622	 Tocris	 DMSO	 Mitoprotective	agent,	possibly	

through	inhibition	of	mPT	
Tunicamycin	 Tocris	 DMSO	 Inhibits	protein	glycosylation	in	the	

ER,	leading	to	ER	stress	
TW37	 Cayman	Chemical	 DMSO	 Inducer	of	intrinsic	apoptosis	
U73122	 Sigma/Merck	 DMSO	 Phosphatidylinositol	(PI)-

phospholipase	C	inhibitor	
U73343	 Tocris	 DMSO	 Inactive	analog	of	U73122	
Valinomycin	 Sigma/Merck	 DMSO	 Electrogenic	K+	ionophore	
VBIT-4	 Aobious	 DMSO	 Inhibitor	of	voltage-dependent	anion	

channel	
VX-765	 Selleckchem	 DMSO	 Inhibitor	of	caspase-1	
Z-IETD-FMK	 R&D	Systems	 DMSO	 Inhibitor	of	caspase-8	
Table	 3.7.	 List	 of	 low	 molecular	 weight	 enzyme	 inhibitors,	 channel/transporter	 blockers,	 and	
other	treatments	aimed	at	perturbing	cellular	processes.	
PBS,	phosphate-buffered	saline;	TBS,	TRIS-buffered	saline.	
	

3.12.	U73122,	maleimide,	and	CRID3	inhibitor	washout	experiment	

	

Unprimed	NLRP3/ASCmCerulean	 reporter	 iMac	cells	or	LPS-primed	(200	ng/mL,	2	h)	WT	

iMac	cells	were	shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	

2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4	and	pre-treated	for	10	min	with	CRID3	(5	

µM)	or	two	doses	of	U	73122	or	maleimide	(10	or	20	µM)	at	37°C	in	the	presence	of	5%	

CO2.	 This	was	 followed	 by	 0,	 1,	 or	 2	washes	with	 the	 extracellular	medium	 (RT)	 and	

addition	 of	 nigericin	 (10	µM)	 in	 the	 extracellular	medium	 consisting	 of	 (in	mM)	 123	

NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	negative	controls	were	

subjected	 to	 medium	 alone.	 Immediately	 after	 addition	 of	 nigericin,	 the	 plates	 were	

centrifuged	at	340	´	g	for	5	min	(RT)	and	then	transferred	to	a	tissue	culture	incubator	

(37°C,	 5%	CO2)	 to	 allow	 for	 inflammasome	 activation.	 After	 60	min,	 the	 supernatants	

were	collected	and	IL-1b	concentrations	were	measured,	or	the	cells	were	fixed	with	4%	

formaldehyde,	 counterstained	 for	 the	 nuclei	 with	 5	 µM	 DRAQ5	 and	 imaged	 using	 a	

fluorescence	microscope.	

	

3.13.	Induction	of	intrinsic	apoptosis	

	

Intrinsic	 apoptosis	 was	 induced	 by	 treatments	 described	 by	 Vince	 et	 al.	 (2018),	

McArthur	 et	 al.	 (2018),	 and	 Riley	 et	 al.	 (2018).	 Briefly,	 LPS-primed	 (100	 ng/mL,	 1	 h;	

37°C	 ,	 5%	 CO2;	 LPS	was	 kept	 in	 the	 stimulation	media	 for	 the	 entire	 duration	 of	 the	

experiments)	 or	 unprimed	 cells	 were	 subjected	 to	 the	 transcription	 inhibitor	
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actinomycin	D	(2	µM)	or	the	MCL-1	inhibitor	S63845	(5	µM),	or	they	were	left	untreated	

(-)	 in	 the	 presence	 or	 absence	 of	 the	 pan-caspase	 inhibitors	 Q-Vd-OPh	 (20	 µM)	 or	

emricasan	 (20	 µM),	 or	 the	 caspase-1	 inhibitor	 VX-765	 (20	 µM).	 Immediately	 after	

administration	 of	 these	 treatments,	 the	 cells	 were	 stimulated	 with	 the	 BCL-2	 family	

inhibitors	ABT263	(0,	10,	25,	or	50	µM)	or	ABT737	(0,	10,	25,	or	50	µM).	All	stimulations	

were	performed	in	DMEM	(4.5	g/L	glucose,	2	mM	L-glutamine)	supplemented	with	5%	

FBS	 and	 penicillin-streptomycin	 (100	 ´	 dilution).	 Immediately	 after	 addition	 of	

inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	a	

24-h	incubation	at	37°C	in	the	presence	of	5%	CO2,	the	supernatants	were	collected	for	

IL-1b	concentrations	measurement,	or	 the	cells	were	 fixed	with	4%	formaldehyde	and	

counterstained	with	the	nuclear	dye	DRAQ5	(5	µM).	

	

Any	modifications	to	this	general	protocol	(for	example,	introduction	of	pre-incubation	

steps	with	LMW	inhibitors	of	various	signaling	molecules	or	addition	of	 increased	KCl	

concentration	to	the	stimulation	medium)	are	specified	in	figure	legends.	

	

Other	 long-term	(³	6	h)	 stimulations	were	performed	using	a	 similar	 setup	 (in	DMEM	

[4.5	 g/L	 glucose,	 2	 mM	 L-glutamine]	 supplemented	 with	 5-10%	 FBS	 and	 penicillin-

streptomycin	 [100	 ´	 dilution],	 with	 a	 decreased	 concentration	 of	 ‘priming’	 LPS	 [100	

ng/mL],	and	with	LPS	present	in	the	stimulation	medium	for	the	entire	duration	of	the	

experiment);	all	the	deviations	from	this	general	protocol	are	noted	in	figure	legends.	

	

3.14.	Chemical-induced	hypoxia	and	ischemia	in	vitro	models	

	

For	the	CoCl2-induced	 in	vitro	hypoxia	model,	cells	plated	in	wells	of	96-well	plates	(as	

described	 in	 Section	3.10)	were	 treated	 overnight	 (~16	h)	with	CoCl2	 (0,	 100,	 or	 250	

µM)	 in	DMEM	 (4.5	 g/L	 glucose,	 2	mM	L-glutamine)	 supplemented	with	 10%	FBS	 and	

penicillin-streptomycin	(100	´	dilution;	37°C,	5%	CO2).	On	the	next	day,	the	cells	were	

shifted	to	CoCl2-free	media	and	primed	with	LPS	or	left	unprimed;	or	they	were	kept	in	

CoCl2	 (0,	 100,	 or	 250	 µM)-containing	 media	 and	 LPS-primed	 or	 left	 unprimed	 (all	

incubations	were	performed	 at	 37°C	 in	 the	presence	 of	 5%	CO2).	Next,	 the	 cells	were	

shifted	 to	 an	 extracellular	medium	 consisting	 of	 (in	mM)	 123	NaCl,	 5	 KCl,	 2	MgCl2,	 1	

CaCl2,	 10	 glucose,	 10	 HEPES	 pH	 7.4	 without	 or	 with	 CoCl2	 (0,	 100,	 or	 250	 µM)	 and	



Chapter	3	

	 60	

stimulated	with	the	inflammasome	activators	m-3M3FBS	(85	µM),	thapsigargin	(20	µM),	

nigericin	(10	µM)	or	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000).	

Immediately	after	addition	of	 inflammasome	activators,	 the	plates	were	centrifuged	at	

340	´	 g	 for	 5	min	 (RT).	 After	 30-60	min	 (37°C,	 5%	CO2),	 tissue	 culture	 supernatants	

were	 collected	 for	 IL-1b	 concentration	measurement,	 or	 the	 cells	were	 fixed	with	 4%	

formaldehyde	and	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM).	

	

For	 the	NaN3-induced	 in	vitro	 ischemia	model,	LPS-primed	(200	ng/mL,	2	h;	37°C,	5%	

CO2)	WT	iMac	cells,	NLRP3/ASCmCerulean	reporter	iMac	cells,	and	NLRP10mCitrine/ASCTagBFP	

HEK	cells	were	shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	

2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4,	without	or	with	NaN3	(0.5,	1,	2.5,	5,	10,	or	

20	 mM).	 The	 cells	 were	 incubated	 under	 these	 conditions	 for	 30	 min	 or	 for	 90	 min	

(controls)	at	37°C	in	the	presence	of	5%	CO2.	After	30	min,	NaN3	was	washed	away,	and	

the	cells	were	incubated	for	further	60	min	(37°C,	5%	CO2)	in	the	experimental	medium	

without	NaN3	(during	this	time,	the	cells	from	the	90-min	NaN3	condition	were	further	

incubated	 with	 NaN3).	 At	 this	 point,	 the	 positive	 (m-3M3FBS)	 control	 cells	 were	

stimulated	 with	 85	 µM	m-3M3FBS.	 	 At	 the	 completion	 of	 the	 experiment,	 the	 tissue	

culture	 supernatants	were	 collected	 for	 IL-1b	 concentrations	 assessment,	 or	 the	 cells	

were	 fixed	with	4%	formaldehyde	and	counterstained	with	 the	nuclear	dye	DRAQ5	(5	

µM).	

	

3.15.	Antibody	staining	

	

An	 antibody	 staining	 was	 performed	 to	 assess	 the	 efficiency	 of	 oxidized	 guanosine	

residues	incorporation	into	PCR	reaction	products	generated	in	the	presence	of	8-oxo-

dGTP	(Section	3.9).	Briefly,	NLRP3/ASCmCerulean	reporter	iMac	cells	in	wells	of	a	96-well	

plate	were	stimulated	(37°C,	5%	CO2)	with	PCR	reaction	products-Lipofectamine	2000	

complexes	at	1	µg/mL	DNA	complexed	with	2.5	µL	Lipofectamine	2000	(corresponding	

to	100	ng	DNA	and	0.25	µL	Lipofectamine	2000	per	well).	Immediately	after	addition	of	

DNA	transfection	complexes,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	

60	min	(37°C,	5%	CO2),	the	cells	were	fixed	with	4%	formaldehyde	(37°C,	60	min).	Next,	

formaldehyde	 was	 discarded,	 and	 its	 residues	 were	 ‘quenched’	 by	 and	 overnight	

incubation	 with	 150	 mM	 NH4ClDPBS	 (at	 4°C).	 Subsequently,	 the	 samples	 were	
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permeabilized	and	blocked	in	0.3%	Triton-X100	in	DPBS	with	3%	BSA	(blocking	buffer;	

RT,	 60	 min).	 Then,	 the	 blocking	 buffer	 was	 removed,	 and	 the	 primary	 antibody	 was	

added	(mouse	anti-8-oxo-dG	monoclonal	antibody,	Trevigen;	 supplied	as	a	0.5-mg/mL	

solution	and	used	here	at	a	100	´	dilution	 in	blocking	buffer)	 for	2	h,	at	RT.	Next,	 the	

samples	 were	 washed	 three	 times	 with	 DPBS,	 followed	 by	 incubation	 with	 the	

secondary	antibody	(goat	anti-mouse	IgG	F(ab’)2	fragments	conjugated	with	Alexa	Fluor	

568,	Invitrogen/Thermo	Fisher	Scientific;	supplied	as	a	2-mg/mL	solution	and	used	here	

at	a	500	´	dilution	in	blocking	buffer)	for	1	h,	at	RT	in	the	dark.	Next,	the	samples	were	

washed	 three	 times	 with	 DPBS	 in	 the	 dark	 and	 counterstained	 for	 the	 nuclei	 with	

DRAQ5	 (final	 concentration:	 5	 µM	 in	 DPBS).	 Samples	 prepared	 in	 this	 manner	 were	

subjected	to	widefield	fluorescence	imaging	(Section	3.16).	

	

3.16.	Widefield	fluorescence	imaging	of	fixed	samples	

	

Formaldehyde-fixed	 cell	 samples	 were	 analyzed	 by	 fluorescence	 microscopy	 no	 later	

than	 one	week	 after	 completion	 of	 the	 experiment.	 Until	 that	 time,	 the	 samples	were	

stored	at	4°C.	

	

Samples	 were	 imaged	 at	 the	Microscopy	 Core	 Facility	 (Medical	 Faculty,	 University	 of	

Bonn)	using	 the	Observer.Z1	 fluorescence	microscope	(Zeiss)	with	a	dry	20	´	LD	Plan	

Neo	Fluor	objective	(numerical	aperture	0.4)	or	a	dry	20	´	Plan	Apochromat	objective	

(numerical	 aperture	 0.8).	 Scale	 bars	 (typically	 50	 µm)	 are	 included	 in	 the	 overlay	

microscopy	images	presented	in	my	Thesis.	The	microscope	was	operated	using	Zen	2.3	

Pro	software	(Zeiss).	Image	acquisition	was	performed	at	RT.	

	

All	imaging	assays	were	performed	in	96-well	plates.	For	most	experiments,	six	images	

per	well	were	acquired4.	Automated	acquisition	was	set	up	in	the	microscope	software;	

as	 all	 fixed	 samples	 were	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5,	 the	 DRAQ5	

channel	was	used	as	the	reference	channel	for	software	autofocus.	

	

Generally,	a	phase-contrast	micrograph	was	acquired	for	every	condition,	with	the	DAPI	

filter	 set	 (Zeiss	 filter	 set	#49)	 in	 the	 light	 path.	 For	 the	 fluorescent	 proteins	 and	dyes	
	

4	For	example,	a	result	of	three	independent	experiments	performed	in	technical	duplicate	is	pooled	from	
36	images	(6	images/well	´	2	wells/repeat	of	experiment	´	3	independent	experiments).	
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used	 in	 my	 Thesis,	 the	 following	 filter	 sets	 were	 used:	 TagBFP,	 Zeiss	 filter	 set	 #49	

(DAPI);	mCerulean,	Zeiss	filter	set	#47	HE	(CFP);	mCitrine,	Zeiss	filter	set	#46	HE	(YFP);	

mCherry,	 Zeiss	 filter	 set	 #43	 HE	 (DsRed);	 Alexa	 Fluor	 568,	 Zeiss	 filter	 set	 #43	 HE	

(DsRed);	DRAQ5,	Zeiss	filter	set	#50	(Cy5).	

	

After	acquisition,	where	applicable,	sample	images	were	exported	as	TIFF	files	using	Zen	

Lite	software	(Zeiss).	Only	linear	adjustments	were	applied	to	the	images	(adjustments	

to	 the	 lower	 and	 upper	 boundaries	 of	 the	 lookup	 table),	 and	 these	 adjustments	were	

uniformly	 applied	 to	 all	 sample	 images	 within	 one	 experiment.	 No	 non-linear	

adjustments	 were	 applied.	 TIFF	 files	 exported	 from	 Zen	 Lite	 software	 were	 directly	

imported	 into	 figures,	 which	 were	 prepared	 using	 Ai	 Illustrator	 software	 (Adobe	

Creative	 Cloud).	 In	 Ai	 Illustrator,	 the	 images	 were	 cropped	 and,	 when	 necessary,	 the	

image	dimensions	were	adjusted	to	the	layout	of	the	figure.	

	

For	 image	 quantification	 (Section	 3.22),	 raw	 imaging	 data	 were	 imported	 into	 Cell	

Profiler	3.1.8	or	3.1.9	software	(Carpenter	et	al.,	2006;	Kamentsky	et	al.,	2011;	McQuin	et	

al.,	2018).	

	

3.17.	Time-lapse	(live)	widefield	fluorescence	imaging	

	

Samples	 were	 imaged	 at	 the	Microscopy	 Core	 Facility	 (Medical	 Faculty,	 University	 of	

Bonn)	using	 the	Observer.Z1	 fluorescence	microscope	(Zeiss)	with	a	dry	20	´	LD	Plan	

Neo	Fluor	objective	(numerical	aperture	0.4)	or	a	dry	20	´	Plan	Apochromat	objective	

(numerical	aperture	0.8)	and	the	37°C	incubation	chamber.	Scale	bars	(typically	50	µm)	

are	included	in	the	overlay	microscopy	images	presented	in	my	Thesis.	The	microscope	

was	 operated	 using	 Zen	 2.3	 Pro	 software	 (Zeiss).	 The	 cells	 were	 stimulated	 with	

inflammasome	 activators	 as	 detailed	 in	 Section	 3.10.	 The	 stimuli	 were	 added	 either	

directly	to	cells	in	the	microscope	incubation	chamber	just	after	the	onset	of	imaging	(<	

1	min),	 or,	when	a	 centrifugation	 step	was	necessary,	 they	were	 added	outside	of	 the	

incubation	chamber	just	before	the	onset	of	imaging	(<	2	min).	

	

All	imaging	assays	were	performed	in	96-well	plates.	For	most	experiments,	1-2	images	

per	well	were	acquired.	Automated	acquisition	with	time-lapse	recording	was	set	up	in	

the	microscope	software;	the	phase	contrast	was	typically	used	as	the	reference	channel	
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for	software	autofocus,	or	the	definite	focus	option	was	used.	The	time	interval	between	

consecutive	acquisitions	of	a	given	imaging	field	was	1	min	or	4	min,	depending	on	the	

activator	(the	time	intervals	for	each	treatment	are	specified	in	figure	legends).	

	

Generally,	a	phase-contrast	micrograph	was	acquired	for	every	condition,	with	the	DAPI	

filter	 set	 (Zeiss	 filter	 set	#49)	 in	 the	 light	 path.	 For	 the	 fluorescent	 proteins	 and	dyes	

used	 in	 my	 Thesis,	 the	 following	 filter	 sets	 were	 used:	 TagBFP,	 Zeiss	 filter	 set	 #49	

(DAPI);	mCerulean,	Zeiss	filter	set	#47	HE	(CFP);	mCitrine,	Zeiss	filter	set	#46	HE	(YFP);	

mCherry,	Zeiss	filter	set	#43	HE	(DsRed).	

	

After	acquisition,	where	applicable,	sample	images	were	exported	as	TIFF	files	using	Zen	

Lite	software	(Zeiss).	Only	linear	adjustments	were	applied	to	the	images	(adjustments	

to	the	lower	and	upper	boundaries	of	the	lookup	table).	No	non-linear	adjustments	were	

applied.	TIFF	files	exported	from	Zen	Lite	software	were	directly	imported	into	figures,	

which	 were	 prepared	 using	 Ai	 Illustrator	 software	 (Adobe	 Creative	 Cloud).	 In	 Ai	

Illustrator,	the	images	were	cropped	and,	when	necessary,	the	image	dimensions	were	

adjusted	to	the	layout	of	the	figure.	

	

3.18.	Confocal	laser	scanning	microscopy	

	

All	 imaging	assays	were	performed	in	96-well	plates.	Formaldehyde-fixed	cell	samples	

were	 analyzed	 by	 confocal	 laser	 scanning	 microscopy	 no	 later	 than	 one	 week	 after	

completion	of	the	experiment.	Until	that	time,	the	samples	were	stored	at	4°C.	

	

Samples	 were	 imaged	 at	 the	Microscopy	 Core	 Facility	 (Medical	 Faculty,	 University	 of	

Bonn)	 using	 the	 SP5	 AOBS	 with	 SMD	 confocal	 microscope	 (Leica)	 with	 a	 water	

immersion	 63	 ´	 HCX	 PL	 APO	 objective	 (numerical	 aperture	 1.2).	 The	 images	 were	

acquired	at	a	1024´1024	resolution	with	the	line	averaging	of	8.	Scale	bars	(typically	5	

µm)	 are	 included	 in	 the	 overlay	 microscopy	 images	 presented	 in	 my	 Thesis.	 The	

microscope	was	 operated	 using	 LAS	 AF	 2.7.3	 software	 (Leica).	 Image	 acquisition	was	

performed	at	RT.	

	

Generally,	 a	 transmitted	 light	 micrograph	 was	 acquired	 for	 every	 condition.	 For	 the	

fluorescent	 proteins	 and	 dyes	 used	 in	 my	 Thesis,	 the	 following	 lasers	 were	 used:	



Chapter	3	

	 64	

mCerulean,	 argon	 laser	 (the	 458	 nm	 line);	 mCitrine,	 argon	 laser	 (the	 514	 nm	 line);	

mCherry,	DPSS	laser	(561	nm);	DRAQ5,	HeNe	laser	(633	nm).	

	

After	 acquisition,	 where	 applicable,	 sample	 images	 were	 exported	 as	 TIFF	 files	 using	

LAS	 X	 Lite	 software	 (Leica).	 Only	 linear	 adjustments	 were	 applied	 to	 the	 images	

(adjustments	 to	 the	 lower	 and	 upper	 boundaries	 of	 the	 lookup	 table).	 No	 non-linear	

adjustments	were	 applied.	TIFF	 files	 exported	 from	LAS	X	Lite	 software	were	directly	

imported	 into	 figures,	 which	 were	 prepared	 using	 Ai	 Illustrator	 software.	 In	 Ai	

Illustrator,	when	 necessary,	 the	 image	 dimensions	were	 adjusted	 to	 the	 layout	 of	 the	

figure.	

	

3.19.	 Assessment	 of	 inflammasome	 activation	 by	 measurement	 of	 IL-1b	

concentrations	in	tissue	culture	supernatants	

	

IL-1b	 concentrations	 in	 tissue	 culture	 supernatants	 were	 assessed	 by	 a	 homogenous	

time-resolved	fluorescence	(HTRF)	‘sandwich’	antibody-based	assay	(Cisbio),	following	

the	manufacturer’s	 instructions.	 The	 supernatants	were	 analyzed	 either	 directly	 upon	

completion	of	the	experiment,	or	they	were	stored	at	4°C	for	up	to	24	h.	

	

Briefly,	 the	 anti-murine	 IL-1b	 antibody	 solutions	 (the	 antibody	 pair	 consisted	 of	 a	

fluorescence	donor-	 [cryptate]-conjugated	antibody	and	a	 fluorescence	acceptor-	 [d2]-

conjugated	 antibody)	 were	 mixed	 at	 a	 1:1	 ratio.	 4	 µL/well	 of	 this	 mixture	 were	

distributed	in	white	low-volume	medium-binding	HTRF-adapted	384-well	assay	plates.	

This	was	followed	by	addition	of	the	samples	(tissue	culture	supernatants;	16	µL/well).	

The	plates	were	centrifuged	at	RT,	1000	´	g	for	5	min,	followed	by	a	2-6-h	incubation	at	

RT,	 or	 a	 16-18-h	 incubation	 at	 4°C.	 After	 this	 time,	 the	 fluorescence	 signals	 were	

measured	using	Spectramax	i3	(Molecular	Devices)	with	HTRF	cartridge.	In	parallel	with	

the	analysis	of	experimental	samples,	 IL-1b	 standard	curve	was	prepared	 in	duplicate,	

according	 to	 the	 manufacturer’s	 instructions.	 It	 was	 against	 the	 fluorescence	 values	

obtained	 for	 the	 standard	 curve	 that	 the	 values	 of	 IL-1b	 concentrations	 in	 the	

experimental	samples	were	estimated.	
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3.20.	Assessment	of	the	interference	between	S63845	fluorescence	and	the	HTRF	

signal	

	

S63845	 was	 diluted	 in	 PBS	 (to	 the	 final	 concentrations	 of	 1,	 5,	 or	 10	 µM)	 and	 the	

fluorescence	signal	of	these	solutions	was	measured	and	compared	to	an	IL-1b	standard	

curve	 prepared	 according	 to	 the	 manufacturer’s	 instructions	 (66-4200	 pg/mL),	 as	

described	 in	Section	3.19.	Tissue	culture	supernatants	were	not	added	 to	any	of	 these	

samples.	

	

3.21.	Assessment	of	PLC	activity	by	measurement	of	inositol	monophosphate	(IP1)	

concentrations	in	tissue	culture	supernatants	

	

Inositol	monophosphate	(IP1)	concentrations	in	tissue	culture	lysates	were	assessed	by	

an	 HTRF	 competitive	 antibody-	 and	 labelled	 ligand-based	 assay	 (IPONE	 Gq	 HTRF	 kit,	

Cisbio),	 following	 the	manufacturer’s	 instructions.	 The	 lysates	were	 analyzed	 directly	

upon	completion	of	the	experiment.	

	

Briefly,	the	cells	were	lysed	with	0.5%	Triton-X100	in	a	medium	consisting	of	(in	mM)	

75	or	125	NaCl,	50	LiCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4,	with	the	

addition	 of	 the	 PhosSTOP	 phosphatase	 inhibitor	 cocktail	 (diluted	 as	 per	 the	

manufacturer’s	instructions).	Next,	the	d2-	(fluorescence	acceptor)-labelled	IP1	solution	

(3	µL/well)	was	distributed	 in	white	 low-volume	medium-binding	HTRF-adapted	384-

well	 assay	 plates5.	 The	 experimental	 samples	 (14	 µL/well)	 were	 added	 to	 the	 d2-

conjugated	 IP1,	 followed	 by	 a	 brief	 centrifugation	 (RT,	 1000	´	 g	 for	 1	min).	 Next,	 the	

cryptate-	 (fluorescence	 acceptor)-conjugated	 anti-IP1	 antibody	 solution	 was	 added	 (3	

µL/well),	 and	 the	 plates	were	 centrifuged	 at	 RT,	 1000	´	 g	 for	 5	min.	 Following	 a	 2-h	

incubation	 at	 RT,	 the	 fluorescence	 signals	 were	 measured	 using	 Spectramax	 i3	

(Molecular	Devices)	with	HTRF	cartridge.	 In	parallel	with	the	analysis	of	experimental	

samples,	IP1	standard	curve	was	prepared	in	duplicate,	according	to	the	manufacturer’s	

instructions.	It	was	against	the	fluorescence	values	obtained	for	the	standard	curve	that	

the	values	of	IP1	concentrations	in	the	experimental	samples	were	estimated.	

	
	

5	The	 use	 of	 low-volume	 assay	 plates	 for	 the	 IPONE	HTRF	 assay	 is	 crucial,	 high-volume	wells	 produce	
experimental	artifacts.	
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3.22.	ASC	specks	and	nuclei	counting	(image	quantification)	

	

For	 image	 quantification	 (obtaining	 nuclear	 and	 ASC	 specks	 counts	 from	 images	

acquired	on	the	Zeiss	Observer.Z1	widefield	fluorescence	microscope),	raw	imaging	data	

were	 imported	 into	 Cell	 Profiler	 3.1.8	 or	 3.1.9	 software	 (Carpenter	 et	 al.,	 2006;	

Kamentsky	 et	 al.,	 2011;	McQuin	 et	 al.,	 2018).	To	 each	 image,	 an	 analysis	pipeline	was	

applied	 consisting	of	 the	 following	 steps:	 first,	 the	DNA	 (DRAQ5)	and	ASC	 (TagBFP	or	

mCerulean)	 channels	were	extracted.	Then,	 the	 illumination	 correction	was	 calculated	

for	each	channel	(using	the	background	method	with	block	size	of	60,	with	rescaling	of	

the	 illumination	 function,	 and	 using	 the	 fit	 polynomial	 smoothing	 method),	 and	 the	

illumination	 correction	 was	 applied.	 In	 these	 corrected	 images,	 the	 primary	 objects	

(nuclei	 and	 ASC	 specks)	were	 identified	 and	 counted.	 For	 identification	 of	 the	 nuclei,	

typical	 diameter	of	 10-80	pixels	was	used	 (this	parameter	 could	be	 adjusted	between	

image	sets),	 and	objects	outside	 this	diameter	 range	were	discarded.	Objects	 touching	

the	 border	 of	 the	 image	were	 retained.	 The	 thresholding	 strategy	was	 global,	 and	 the	

thresholding	 method	 was	 robust	 background.	 The	 lower	 and	 upper	 outlier	 fractions	

were	 set	 to	 0.02.	 The	 averaging	 method	 was	 mode,	 and	 the	 variance	 method	 was	

standard	deviation.	The	number	of	deviations	was	set	to	0,	threshold	smoothing	scale	to	

1.3488,	 threshold	 correction	 factor	 to	 1.86,	 and	 the	 lower	 and	 upper	 bounds	 on	

threshold	 were	 set	 between	 ~0.001-~1	 (this	 parameter	 could	 be	 adjusted	 between	

image	 sets,	 depending	 on	 the	 brightness	 of	 the	 nuclear	 signal).	 The	 methods	 to	

distinguish	 between	 clumped	 objects	 and	 to	 draw	 dividing	 lines	 between	 clumped	

objects	were	both	set	 to	 intensity.	The	size	of	smoothing	 filter	 for	declumping	and	the	

minimum	allowed	distance	between	 local	maxima	were	both	automatically	 calculated.	

Lower-resolution	 images	 were	 used	 to	 find	 local	 maxima.	 Holes	 in	 identified	 objects	

were	filled	after	both	thresholding	and	declumping.	

	

For	identification	of	ASC	specks,	the	background	illumination-corrected	image	was	first	

enhanced	 using	 feature	 type	 ‘speckles’,	 feature	 size	 14,	 and	 slow	 speed	 and	 accuracy.	

ASC	specks	were	identified	in	these	enhanced	images	by	setting	the	typical	diameter	of	

objects	 to	~2-~19	pixels	 (this	 parameter	 could	 be	 adjusted	between	 image	 sets),	 and	

objects	outside	this	diameter	range	were	discarded.	Objects	touching	the	border	of	the	

image	 were	 retained.	 The	 thresholding	 strategy	 was	 global,	 and	 the	 thresholding	

method	was	robust	background.	The	lower	and	upper	outlier	fractions	were	set	to	0.02.	
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The	averaging	method	was	mode,	and	the	variance	method	was	standard	deviation.	The	

number	 of	 deviations	 was	 set	 to	 0,	 threshold	 smoothing	 scale	 to	 1.3488,	 threshold	

correction	 factor	 to	 1.97,	 and	 the	 lower	 and	 upper	 bounds	 on	 threshold	 were	 set	

between	~0-~0.05	for	HEK	cells	and	~0.01-~1	for	macrophages	(this	parameter	could	

be	 adjusted	 between	 image	 sets,	 depending	 on	 the	 brightness	 of	 the	 ASC	 signal).	 The	

method	 to	 distinguish	 between	 clumped	 objects	 was	 shape,	 and	 the	method	 to	 draw	

dividing	 lines	between	 clumped	objects	was	 intensity.	The	 size	of	 smoothing	 filter	 for	

declumping	 and	 the	 minimum	 allowed	 distance	 between	 local	 maxima	 were	 both	

automatically	 calculated.	 Lower-resolution	 images	 were	 used	 to	 find	 local	 maxima.	

Holes	in	identified	objects	were	filled	after	both	thresholding	and	declumping.	

	

After	performing	nuclear	and	ASC	specks	counts,	Cell	Profiler	generated	a	 ‘report’	 file,	

containing	 the	 numbers	 of	 ASC	 specks	 and	 nuclei	 in	 each	 image.	 This	 file	 was	 then	

imported	into	Microsoft	Excel,	where	the	ratio	of	ASC	specks	to	nuclei	in	each	well	was	

calculated.	

	

3.23.	Assessment	of	mitochondrial	granularity	(image	quantification)	

	

Raw	 imaging	 data	 from	 time-lapse	 recordings	 of	 cells	 overexpressing	 fluorescent	

protein-based	markers	 targeted	 to	 the	 mitochondrial	 matrix	 were	 imported	 into	 Cell	

Profiler	 3.1.9	 software	 (Carpenter	 et	 al.,	 2006;	 Kamentsky	 et	 al.,	 2011;	McQuin	 et	 al.,	

2018).	 The	 granularity	 of	 the	 mitochondrial	 fluorescence	 signal	 was	 assessed	 in	

unprocessed	 images.	 The	 module	 used	 was	 ‘MeasureGranularity’,	 with	 the	 following	

parameter	 settings:	measurement	within	objects	was	disabled,	 the	 subsampling	 factor	

for	 granularity	 measurements	 was	 0.25,	 the	 subsampling	 factor	 for	 background	

reduction	 was	 0.25,	 the	 radius	 of	 structuring	 element	 was	 3,	 and	 the	 range	 of	 the	

granular	spectrum	was	1.	To	facilitate	the	comparisons	between	multiple	recordings,	the	

image	 granularity	 in	 the	 first	 frame	 of	 the	 recording	was	 set	 to	 100%	and	 the	 values	

obtained	from	subsequently	recorded	frames	were	normalized	to	this	initial	value.	
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3.24.	Further	data	analysis	and	software	

	

The	 list	 of	 software	 used	 in	my	Thesis,	 together	with	 the	 sources	 and	 applications,	 is	

provided	in	Table	3.8.	

	
Name	of	
software	

Version,	source	 Applications	

Geneious	 R9-Prime	2020	 Molecular	cloning	manager	software,	storage	of	
plasmid	DNA	sequencing	data	

LAS	AF	 2.7.3,	Leica	 Operating	the	Leica	SP5	AOBS	with	SMD	confocal	
laser	scanning	microscope	

LAS	X	Lite	 Leica	 Export	of	images	acquired	on	the	Leica	SP5	AOBS	
with	SMD	confocal	laser	scanning	microscope	

Zen	Pro	 2.3,	Zeiss	 Operating	the	Zeiss	Observer.Z1	widefield	
fluorescence	microscope	

Zen	Lite	 Zeiss	 Export	of	images	acquired	on	the	Zeiss	Observer.Z1	
widefield	fluorescence	microscope	

Cell	Profiler	 3.1.8,	3.1.9;	Carpenter	et	al.	
(2006),	Kamentsky	et	al.	(2011),	
and	McQuin	et	al.	(2018)	

Image	quantification	(obtaining	nuclear	and	ASC	
specks	counts	from	images	acquired	on	the	Zeiss	
Observer.Z1	widefield	fluorescence	microscope)	

Gen5	Image+	 3.03,	BioTek/Agilent	 Operating	the	Epoch	Microplate	Spectrophotometer	
with	Take3	Micro-Volume	Plate	for	DNA	
concentration	measurements,	calculating	DNA	
concentrations	

SoftMax	Pro	 6.3,	Molecular	Devices	 Operating	the	Spectramax	i3	multi-mode	platform,	
acquiring	and	exporting	data	from	HTRF	assays	

QuantStudio	
Software	

1.7.1,	Thermo	Fisher	Scientific	 Operating	the	Quant	Studio	Flex	6	System	qPCR	
cycler,	export	of	Ct	data	from	the	qPCR	assay	

Clustal	W	 Sievers	et	al.	(2011)	 Comparison	of	protein	sequences	
Microsoft	
Excel	

16,	Microsoft	 Import	and	processing	of	numerical	data	

Prism	 6,	7,	8,	GraphPad	 Preparation	of	plots	
Ai	Illustrator	 CC	2018	(22.1.0),	2020	(24.1),	

Adobe	Creative	Cloud	
Preparation	of	figures	

Table	3.8.	List	of	software	used	for	data	acquisition	and	analysis.	
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4.	m-3M3FBS	activates	the	inflammasome	in	a	manner	independent	of	NLRP3	

	

Despite	 the	 enormous	body	of	 research	on	 the	NLRP3	 inflammasome,	 there	 is	 still	 no	

unified	model	explaining	the	activation	mechanism	of	this	sensor.	Among	the	molecular	

events	 proposed	 to	 occur	 upstream	 of	 the	 NLRP3	 inflammasome	 assembly	 is	 PLC	

activation	(Chae	et	al.,	2015;	Lee	et	al.,	2012;	Murakami	et	al.,	2012;	Rossol	et	al.,	2012).	

These	 early	 studies	 demonstrated	 that	 the	 NLRP3	 inflammasome	 responses	 are	

sensitive	to	PLC	inhibition	and	suggested	that	cytosolic	Ca2+	fluxes	are	the	link	between	

PLC	 signaling	 and	 NLRP3	 activation.	 Later,	 the	 role	 of	 Ca2+	 in	 this	 process	 has	 been	

contested	(Katsnelson	et	al.,	2015;	Muñoz-Planillo	et	al.,	2013),	but	this	criticism	did	not	

aim	at	the	involvement	of	PLC.	Here	I	will	focus	on	the	inflammasome	activation	by	m-

3M3FBS,	a	low	molecular	weight	agonist	of	PLC.	Initially	reported	as	an	inflammasome-

triggering	compound	(Lee	et	al.,	2012),	this	molecule	has	not	received	as	much	attention	

as	PLC	inhibitors	in	the	follow-up	studies.	Hoping	to	establish	whether	and,	if	yes,	how	

PLC	 regulates	 the	 NLRP3	 inflammasome,	 I	 began	 my	 project	 by	 characterizing	 m-

3M3FBS	as	an	inflammasome	activator.	

	

4.1.	m-3M3FBS	activates	the	inflammasome	in	immortalized	murine	macrophages	

	

I	 first	tested	whether	m-3M3FBS	can	activate	the	inflammasome	in	NLRP3/ASCmCerulean	

reporter	iMac	and	LPS-primed	WT	iMac	cells,	two	immortalized	murine	macrophage	cell	

lines	 that	 I	 use	 throughout	 my	 thesis.	 Importantly,	 NLRP3/ASCmCerulean	 reporter	 iMac	

cells	constitutively	overexpress	NLRP3,	which	allows	to	circumvent	the	requirement	for	

the	NLRP3	priming	stimulus	 in	assays	relying	on	fluorescent	ASC	specks	 imaging.	(For	

assays	 relying	 on	 the	 measurement	 of	 IL-1b	 concentrations	 in	 tissue	 culture	

supernatants,	NLRP3/ASCmCerulean	reporter	iMac	cells	still	have	to	be	primed	with	LPS.)	

To	 determine	 the	 potential	 of	m-3M3FBS	 to	 activate	 the	 inflammasome,	 I	 challenged	

NLRP3/ASCmCerulean	 reporter	 iMac	 and	 LPS-primed	 WT	 iMac	 cells	 with	 increasing	

concentrations	 of	m-3M3FBS,	 or	 of	 its	 PLC-inactive	 isomer	 o-3M3FBS	 (Figure	 4.1).	 I	

assessed	the	degree	of	inflammasome	activation	by	measurement	of	the	secreted	IL-1b	

concentrations	 (Figure	 4.1	 A)	 and	 imaging	 of	 ASC	 specks	 (Figure	 4.1	 B).	 The	 NLRP3	

activator	 nigericin	 and	 the	 AIM2	 agonist	 poly-(dA:dT)	 served	 as	 positive	 controls.	

Consistent	with	earlier	reports	(Chae	et	al.,	2015;	Lee	et	al.,	2012;	Muñoz-Planillo	et	al.,	

2013),	 m-3M3FBS	 triggered	 robust	 inflammasome	 responses	 at	 all	 tested	
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concentrations.	In	contrast,	the	stimulation	with	the	inactive	isomer	o-3M3FBS	did	not	

lead	to	IL-1b	secretion	or	ASC	speck	formation.	

	

	
Figure	 4.1.	m-3M3FBS	 activates	 the	 inflammasome	 in	WT	 iMac	 and	 NLRP3/ASCmCerulean	 reporter	
iMac	cells	in	a	manner	independent	of	crystal	formation	
A,	B:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A)	or	unprimed	NLRP3/ASCmCerulean	reporter	iMac	cells	
(B)	were	stimulated	with	m-3M3FBS,	o-3M3FBS	(both	at	30,	40,	50,	60,	70,	80,	90,	or	100	µM),	nigericin	
(10	µM),	or	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	medium	
consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	unprimed	and	
LPS	controls	were	subjected	to	medium	alone.	Immediately	after	addition	of	inflammasome	activators,	the	
plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	60	min,	the	supernatants	were	collected	and	IL-1b	
concentrations	were	measured	 by	HTRF	 (A),	 or	 the	 cells	were	 fixed,	 counterstained	 for	 the	 nuclei	 and	
imaged	using	a	fluorescence	microscope	(B).	
C,	 D:	 For	 the	 assessment	 of	 the	 sensitivity	 of	 the	 inflammasome	 activation	 to	 cytochalasin	 D	 (CytoD;	
phagocytosis	inhibitor),	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(C)	or	unprimed	NLRP3/ASCmCerulean	
reporter	iMac	cells	(D)	were	pre-treated	with	CytoD	(0	[DMSO	control],	10,	25,	or	50	µM)	for	10	min,	and	
then	stimulated	with	silica	crystals	(0.5	mg/mL,	6	h),	m-3M3FBS	(m-3M3;	85	µM,	60	min),	or	nigericin	(10	
µM,	 60	min).	 The	 silica	 stimulations	 as	well	 as	 the	 unprimed	 and	 LPS	 control	 stimulations	 (6	 h)	were	
performed	 in	 DMEM	 supplemented	 with	 10%	 FBS.	 The	 m-3M3FBS	 and	 nigericin	 stimulations	 were	
performed	in	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	
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10	HEPES,	pH	7.4.	Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	
340	´	g	for	5	min	(RT).	After	the	stimulations	were	completed,	the	supernatants	were	collected	and	IL-1b	
concentrations	were	measured	 by	HTRF	 (C),	 or	 the	 cells	were	 fixed,	 counterstained	 for	 the	 nuclei	 and	
imaged	using	a	fluorescence	microscope	(D).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	triplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	triplicate	values	from	each	of	
the	independent	experiments.	
	

m-3M3FBS	 has	 a	 relatively	 low	 solubility	 in	 aqueous	media.	 Because	 precipitates	 and	

crystals	are	known	to	activate	NLPR3	through	the	lysosomal	damage	pathway	(Duewell	

et	 al.,	 2010;	 Franchi	 and	Núñez,	 2008;	 Hornung	 et	 al.,	 2008;	 Rajamäki	 et	 al.,	 2010),	 I	

proceeded	to	verify	whether	the	observed	inflammasome	activation	could	be	a	result	of	

m-3M3FBS	 precipitation.	 To	 this	 end,	 I	 challenged	 NLRP3/ASCmCerulean	 reporter	 iMac	

cells	and	LPS-primed	WT	iMac	cells	with	m-3M3FBS	in	the	presence	or	absence	of	 the	

phagocytosis	 inhibitor	 cytochalasin	 D.	 Cytochalasin	 D	 prevents	 internalization	 of	

crystals	 by	 macrophages	 (Hornung	 et	 al.,	 2008),	 so	 if	 the	 m-3M3FBS-driven	

inflammasome	activation	was	mediated	by	agonist	precipitation,	cytochalasin	D	would	

inhibit	this	response.	I	assessed	the	level	of	inflammasome	activation	by	measuring	the	

secreted	 IL-1b	 concentrations	 and	 imaging	 of	 ASC	 specks	 (Figure	 4.1	 C,	 D).	 Nigericin	

served	 as	 a	 phagocytosis-independent	 control,	 whereas	 the	 silica	 crystals	 were	 a	

cytochalasin	D-sensitive	control	activator.	

	

While	the	NLRP3	inflammasome	activation	with	silica	crystals	was	blocked	by	all	tested	

concentrations	of	cytochalasin	D,	the	m-3M3FBS-induced	inflammasome	activation	was	

not	sensitive	to	(Figure	4.1	D)	or	even	slightly	increased	by	(Figure	4.1	C)	this	inhibitor,	

indicating	 that	 m-3M3FBS	 does	 not	 activate	 the	 inflammasome	 through	 crystal	

formation	and	lysosomal	destabilization.	

	

4.2.	Inflammasome	activation	by	m-3M3FBS	is	dependent	on	ASC	and	caspase-1	

	

To	 confirm	 that	 the	m-3M3FBS-driven	 response	 exhibits	 the	 typical	 characteristics	 of	

inflammasome	activation,	I	examined	whether	the	m-3M3FBS-elicited	IL-1b	secretion	is	

dependent	on	the	inflammasome	adaptor	ASC	(the	murine	gene	encoding	ASC	is	called	

Pycard),	 and	 on	 the	 effector	 protease	 caspase-1.	 For	 this	 purpose,	 I	 challenged	 LPS-

primed	 WT	 and	 ASC-deficient	 (Pycard-/-)	 BMDMs	 (Figure	 4.2	 A),	 and	 LPS	 primed,	

vehicle-	 or	 VX-765-	 (caspase-1	 inhibitor)-pre-treated	WT	 BMDMs	 (Figure	 4.2	 B)	with	

increasing	doses	of	m-3M3FBS.	I	assessed	the	extent	of	the	inflammasome	response	by	
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measurement	 of	 secreted	 IL-1b.	 The	 inflammasome	 activators	 nigericin	 and	 poly-

(dA:dT)	 served	 as	 control	 stimuli	 whose	 dependence	 on	 ASC	 and	 caspase-1	 is	 well-

established.	

	

	
Figure	4.2.	The	m-3M3FBS-driven	inflammasome	response	relies	on	ASC	and	caspase-1	
A:	To	determine	whether	the	m-3M3FBS-induced	inflammasome	activation	is	dependent	on	ASC,	BMDMs	
generated	from	WT	and	ASC-deficient	(Pycard-/-)	bone	marrows	were	primed	with	LPS	(200	ng/mL,	2	h)	
and	 then	 stimulated	with	m-3M3FBS,	 (at	 55,	 65,	 75,	 or	 85	µM),	 nigericin	 (10	µM),	 or	 poly-(dA:dT)	 (2	
µg/mL	complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	medium	consisting	of	(in	mM)	123	
NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	unprimed	and	LPS	controls	were	subjected	
to	medium	alone.	Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	
340	´	 g	 for	 5	min	 (RT).	 After	 60	min,	 the	 supernatants	were	 collected	 and	 IL-1b	 concentrations	were	
measured	by	HTRF.	
B:	 To	 determine	whether	 the	m-3M3FBS-induced	 inflammasome	 activation	 is	 dependent	 on	 caspase-1,	
BMDMs	generated	from	WT	bone	marrows	were	primed	with	LPS	(200	ng/mL,	2	h),	pre-treated	with	the	
caspase-1	 inhibitor	VX-765	(40	µM,	10	min)	or	vehicle	 (DMSO),	and	 then	stimulated	as	 in	 (A).	After	60	
min,	the	supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF.	
The	results	are	plotted	as	means	from	4	independent	experiments	performed	in	technical	triplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	triplicate	values	from	each	of	
the	independent	experiments.	
	

IL-1b	secretion	by	m-3M3FBS-stimulated	BMDMs	was	dependent	on	ASC	(Figure	4.2	A)	

and	 caspase-1	 (Figure	 4.2	B),	 consistent	with	 the	 typical	 course	 of	 the	 inflammasome	

activation	cascade.	

	

4.3.	 Inflammasome	 responses	 to	m-3M3FBS,	 nigericin,	 and	 poly-(dA:dT)	 are	 all	

comparably	sensitive	to	PLC	inhibitors	

	

m-3M3FBS	 has	 previously	 been	 employed	 to	 demonstrate	 that	 PLC	 activation	 can	

trigger	 the	 NLRP3	 inflammasome	 assembly	 (Chae	 et	 al.,	 2015;	 Lee	 et	 al.,	 2012).	

However,	 there	are	no	published	reports	addressing	whether	PLC	 inhibitors	can	block	
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the	 inflammasome	 response	 to	 m-3M3FBS.	 Only	 two	 phosphatidylinositol-	 (PI)-PLC	

inhibitors	 are	 commercially	 available,	 U	 73122	 and	 edelfosine.	 To	 test	 how	 these	

compounds	 impact	 on	 the	 inflammasome	 activation,	 I	 pre-treated	 NLRP3/ASCmCerulean	

reporter	iMac	cells	and	LPS-primed	WT	iMac	cells	with	increasing	doses	of	U	73122	or	

edelfosine	and	challenged	them	with	nigericin,	poly-(dA:dT),	or	m-3M3FBS.	The	degree	

of	the	inflammasome	responses	was	assessed	by	measurement	of	IL-1b	concentrations	

in	the	supernatants	(Figure	4.3	A,	C)	and	imaging	of	ASC	specks	(Figure	4.3	B,	D).	

	

	
Figure	 4.3.	 The	 PLC	 inhibitors	 edelfosine	 and	 U	 73122	 non-selectively	 inhibit	 multiple	
inflammasome	responses	
A-D:	To	determine	whether	the	 inflammasome	responses	to	m-3M3FBS,	nigericin,	and	poly-(dA:dT)	are	
sensitive	 to	 edelfosine	 and	 U	 73122,	 LPS-primed	 (200	 ng/mL,	 2	 h)	WT	 iMac	 cells	 (A,	 C)	 or	 unprimed	
NLRP3/ASCmCerulean	reporter	iMac	cells	(B,	D)	were	pre-treated	with	edelfosine	(A,	B;	0	[ethanol],	1,	2.5,	5,	
10,	25,	50,	or	75	µM;	10	min)	or	U	73122	(C,	D;	0	[DMSO],	0.5,	1,	2.5,	5,	10,	25,	or	50	µM;	10	min)	and	then	
stimulated	with	m-3M3FBS	(85	µM),	nigericin	(10	µM),	or	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	
Lipofectamine	2000)	in	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	
10	 glucose,	 10	 HEPES,	 pH	 7.4.	 The	 unprimed	 and	 LPS	 controls	 were	 subjected	 to	 medium	 alone.	
Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	
(RT).	After	60	min,	the	supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF	(A,	
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C),	or	the	cells	were	fixed,	counterstained	for	the	nuclei	and	imaged	using	a	fluorescence	microscope	(B,	
D).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

Strikingly,	 the	 inflammasome	 activation	 with	 the	 PLC	 agonist	 m-3M3FBS	 was	 not	

particularly	 sensitive	 to	 the	 PLC	 inhibitors.	 Edelfosine	 inhibited	 the	 inflammasome	

responses	 to	 nigericin	 and	 poly-(dA:dT)	 more	 strongly	 than	 it	 inhibited	 the	

inflammasome	activation	with	m-3M3FBS	(Figure	4.3	A,	B).	U	73122	inhibited	all	tested	

inflammasome	activations	with	similar	potency	on	the	ASC	specking	level	(Figure	4.3	D),	

whereas	it	was	a	very	strong	inhibitor	of	the	nigericin-induced	IL-1b	secretion	(Figure	

4.3	C).	Neither	of	the	tested	PLC	inhibitors	provided	an	indication	that	the	m-3M3FBS-

induced	 inflammasome	 activation	 could	 be	 specifically	 mediated	 by	 PLC1 .	 This	

observation	was	 the	 first	 hint	 that	m-3M3FBS	might	 be	 activating	 the	 inflammasome	

through	a	PLC-unrelated	off-target	effect.	I	will	elaborate	on	this	topic	in	Chapters	5	and	

6.	

	

4.4.	m-3M3FBS	does	not	exhibit	the	typical	characteristics	of	an	NLRP3	agonist	

	

In	 the	 previous	 section,	 I	 demonstrated	 that	 the	 m-3M3FBS-induced	 inflammasome	

activation	 is	 not	 sensitive	 to	PLC	 inhibition.	Another	 issue	not	 sufficiently	 explored	 in	

the	literature	is	whether	m-3M3FBS	has	pharmacological	and	cell	biological	properties	

similar	to	other	NLRP3	agonists.	

	

The	 NLRP3	 signaling	 cascade	 consists	 of	 two	 steps,	 priming,	 chiefly	 involving	 the	

induction	of	NLRP3	expression	(Bauernfeind	et	al.,	2009),	and	activation.	For	a	number	

of	NLRP3	agonists,	the	activation	step	is	mediated	by	K+	efflux	from	the	cytosol	into	the	

extracellular	 fluid	 (Muñoz-Planillo	 et	 al.,	 2013;	 Petrilli	 et	 al.,	 2007).	 Therefore,	 the	

NLRP3	activation	by	many,	though	not	all	(Groß	et	al.,	2016;	Sanman	et	al.,	2016;	Wolf	et	

al.,	 2016),	 stimuli	 can	 be	 blocked	 by	 bathing	 the	 cells	 in	 media	 containing	 high	 KCl	

concentrations.	 Finally,	 there	 is	 a	 specific,	 high-affinity	 inhibitor	 of	 NLRP3	 known	 as	

CRID3,	MCC950,	or	CP-456773	(Coll	et	al.,	2019;	Tapia-Abellán	et	al.,	2019;	Vande	Walle	

	
1	Of	note,	U	73122	and	edelfosine	are	not	structurally	related.	These	molecules	are	also	not	similar	to	m-
3M3FBS.	For	that	reason,	 it	 is	unlikely	that	m-3M3FBS	and	edelfosine	or	m-3M3FBS	and	U	73122	could	
compete	for	the	same	binding	pocket	of	PLC	enzymes.	
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et	 al.,	 2019).	 CRID3	 blocks	 the	 NLRP3	 inflammasome	 through	 direct	 binding	 to	 the	

NLRP3	protein,	leading	to	global	inhibition	of	the	NLRP3	responses.	

	

To	determine	 to	what	 extent	 the	 inflammasome	activation	by	m-3M3FBS	 conforms	 to	

the	characteristics	outlined	above,	I	addressed	the	following	questions:	

1.	Does	the	inflammasome	activation	by	m-3M3FBS	require	the	priming	stimulus,	

such	as	LPS?	

2.	Is	the	inflammasome	activation	by	m-3M3FBS	blocked	by	high	extracellular	KCl	

concentrations?	

3.	Is	the	inflammasome	activation	by	m-3M3FBS	inhibited	by	CRID3?	

The	first	question	has	not	been	answered	by	the	literature	to	date.	To	my	knowledge,	the	

second	 and,	 indirectly,	 the	 third	 questions	 were	 only	 addressed	 in	 a	 single	 study	

(Muñoz-Planillo	 et	 al.,	 2013)2,	 which	 suggested	 that	m-3M3FBS	 activates	 the	 NLRP3	

inflammasome	through	K+	efflux.	I	set	out	to	verify	these	observations.	

	

To	 test	whether	 the	m-3M3FBS-driven	 inflammasome	 activation	 requires	 the	 priming	

step,	I	challenged	unprimed	and	LPS-primed	ASCmCerulean	reporter	WT	iMac	cells	with	m-

3M3FBS,	 nigericin	 (a	 model	 priming-dependent	 NLRP3	 inflammasome	 activator),	 or	

poly-(dA:dT)	(a	model	priming-independent	AIM2	 inflammasome	agonist).	The	degree	

of	inflammasome	activation	was	then	evaluated	by	imaging	of	ASC	specks	(Figure	4.4	A).	

	

	
2	The	relevant	data	can	be	found	in	the	Supplementary	Figure	S2	L	in	the	cited	article.	



Chapter	4	

	 76	

	
Figure	4.4.	The	m-3M3FBS-induced	 inflammasome	activation	 is	 independent	of	LPS	priming,	not	
relying	on	K+	efflux,	and	not	sensitive	to	CRID3	
A:	 To	 determine	 whether	 the	m-3M3FBS-induced	 inflammasome	 activation	 requires	 the	 priming	 step,	
ASCmCerulean-overexpressing	WT	iMac	cells	were	primed	with	LPS	(200	ng/mL,	2	h)	or	left	unprimed,	and	
then	 stimulated	 with	 m-3M3FBS	 (65,	 75,	 or	 85	 µM),	 nigericin	 (10	 µM),	 or	 poly-(dA:dT)	 (2	 µg/mL	
complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	
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KCl,	 2	MgCl2,	 1	 CaCl2,	 10	 glucose,	 10	HEPES,	 pH	 7.4.	 The	 negative	 controls	were	 subjected	 to	medium	
alone.	Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	
min	(RT).	After	60	min,	the	cells	were	fixed,	counterstained	for	the	nuclei	and	imaged	using	a	fluorescence	
microscope.	
B,	 C:	 To	 determine	 whether	 the	m-3M3FBS-induced	 inflammasome	 activation	 requires	 K+	 efflux,	 LPS-
primed	(200	ng/mL,	2	h)	WT	iMac	cells	(B)	or	unprimed	NLRP3/ASCmCerulean	reporter	iMac	cells	(C)	were	
shifted	to	media	with	non-physiological	concentrations	of	KCl	(0,	5,	10,	25,	50,	75,	100,	or	125	mM;	for	the	
KCl	concentrations	above	5	mM,	the	NaCl	concentrations	were	accordingly	decreased	so	as	to	maintain	a	
constant	osmolarity)	and	then	stimulated	with	m-3M3FBS	(85	µM),	nigericin	(10	µM),	or	poly-(dA:dT)	(2	
µg/mL	complexed	with	5	µL	Lipofectamine	2000).	Apart	from	NaCl	(123-0	mM)	and	KCl	(0-125	mM),	the	
extracellular	media	 consisted	 of	 (in	mM)	2	MgCl2,	 1	 CaCl2,	 10	 glucose,	 10	HEPES,	 pH	7.4.	 The	 negative	
controls	were	 subjected	 to	medium	 alone.	 Immediately	 after	 addition	 of	 inflammasome	 activators,	 the	
plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	60	min,	the	supernatants	were	collected	and	IL-1b	
concentrations	were	measured	by	HTRF	(B)	or	the	cells	were	fixed,	counterstained	for	the	nuclei	(5	µM	
DRAQ5)	and	imaged	using	a	fluorescence	microscope	(C).	
D,	 E:	 To	 determine	 whether	 the	 m-3M3FBS-induced	 inflammasome	 activation	 is	 modulated	 by	 the	
extracellular	 Ca2+	 concentrations,	 the	 caspase-1	 inhibitor	 VX-765,	 or	 the	 NLRP3	 inhibitor	 CRID3	 LPS-
primed	(200	ng/mL,	2	h)	WT	iMac	cells	(D)	or	unprimed	NLRP3/ASCmCerulean	reporter	iMac	cells	(E)	were	
pre-treated	for	10	min	with	a	range	of	CaCl2	concentrations	(0,	1	[control],	2.5,	5,	or	10	mM),	VX-765	(10	
or	25	µM),	or	CRID3	 (5	µM),	and	 then	stimulated	with	m-3M3FBS	 (85	µM),	nigericin	 (10	µM),	or	poly-
(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	medium	consisting	of	(in	
mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2	(except	for	the	Ca2+-free	and	the	increased	[CaCl2]	conditions),	10	
glucose,	 10	 HEPES,	 pH	 7.4.	 The	 negative	 controls	 were	 subjected	 to	medium	 alone.	 Immediately	 after	
addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	60	min,	
the	supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF	(D)	or	the	cells	were	
fixed,	counterstained	for	the	nuclei	(5	µM	DRAQ5)	and	imaged	using	a	fluorescence	microscope	(E).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	triplicate	(A)	or	
duplicate	(B-E).	Error	bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	triplicate	
(A)	or	duplicate	(B-E)	values	from	each	of	the	independent	experiments.	
	

While	 the	nigericin-induced	ASC	 speck	 formation	was	 fully	 dependent	 on	 the	priming	

stimulus,	 both	 poly-(dA:dT)	 and	m-3M3FBS	 produced	 an	 ASC	 specking	 signal	 in	 the	

absence	of	LPS	priming	(Figure	4.4	A).	Even	 though	 the	LPS	 treatment	was	associated	

with	 a	 modest	 increase	 in	 ASC	 speck	 formation	 upon	 m-3M3FBS	 and	 poly-(dA:dT)	

stimulations,	 unprimed	 macrophages	 still	 showed	 considerable	 responses	 to	 these	

inflammasome	activators.	

	

I	next	assessed	the	reliance	of	the	m-3M3FBS-triggered	inflammasome	activation	on	K+	

efflux	by	shifting	NLRP3/ASCmCerulean	reporter	iMac	cells	and	LPS-primed	WT	iMac	cells	

to	extracellular	buffers	containing	a	range	(0-125	mM)	of	KCl	concentrations.	This	was	

followed	by	stimulation	with	m-3M3FBS,	nigericin	(a	model	K+	efflux-dependent	NLRP3	

inflammasome	 activator),	 or	 poly-(dA:dT)	 (a	 model	 K+	 efflux-independent	 AIM2	

inflammasome	 ligand).	 The	 levels	 of	 the	 inflammasome	 responses	were	 evaluated	 by	

measurement	of	IL-1b	concentrations	in	the	cell	culture	supernatants	(Figure	4.4	B),	and	

by	imaging	of	ASC	specks	(Figure	4.4	C).	Whereas	the	nigericin-driven	NLRP3	activation	

was	 abolished	 by	 KCl	 concentrations	 above	 25	mM	 (Figure	 4.4	 B,	 C),	 the	m-3M3FBS-
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elicited	 inflammasome	 activation	 was	 fully	 independent	 of	 K+	 efflux,	 similar	 to	 poly-

(dA:dT).	

	

Finally	I	examined	the	sensitivity	of	the	m-3M3FBS-induced	inflammasome	activation	to	

the	NLRP3	 inhibitor	 CRID3.	 Briefly,	 I	 pre-treated	NLRP3/ASCmCerulean	 reporter	 iMac	 or	

LPS-primed	WT	iMac	cells	with	CRID3	and	stimulated	them	with	m-3M3FBS,	nigericin	(a	

CRID3-sensitive	NLRP3	activator),	or	poly-(dA:dT)	(a	CRID3-insensitive	AIM2	agonist).	I	

assessed	 the	 degree	 of	 inflammasome	 activation	 by	 measurement	 of	 secreted	 IL-1b	

concentrations	(Figure	4.4	D)	and	imaging	of	ASC	specks	(Figure	4.4	E).	The	caspase-1	

inhibitor	 VX-765	 was	 employed	 here	 as	 a	 control	 compound	 expected	 to	 inhibit	 all	

tested	 inflammasome	 responses	 at	 the	 IL-1b	 secretion	 level,	 but	 none	 at	 the	 ASC	

specking	level.	Calcium-free	or	high-CaCl2	media	were	used	additionally	to	address	the	

question	 of	 the	 inflammasome	 activation	 dependence	 on	 extracellular	 Ca2+	 (Horng,	

2014;	Katsnelson	et	al.,	2015;	Lee	et	al.,	2012;	Muñoz-Planillo	et	al.,	2013;	Murakami	et	

al.,	2012;	Rossol	et	al.,	2012).	

	

Whereas	IL-1b	secretion	in	response	to	all	tested	stimuli	was	blocked	by	the	caspase-1	

inhibitor	 VX-765,	 only	 the	 nigericin-triggered	 NLRP3	 inflammasome	 activation	 was	

inhibited	by	CRID3.	m-3M3FBS	activated	the	inflammasome	in	a	manner	not	sensitive	to	

CRID3.	 Neither	 the	 extracellular	 Ca2+	 depletion,	 nor	 the	 increased	 (up	 to	 10	 mM)	

extracellular	 CaCl2	 concentrations	 affected	 the	 inflammasome	 activation	by	 any	 of	 the	

tested	stimuli	(Figure	4.4	D).	

	

On	 the	 level	 of	 ASC	 speck	 formation,	 VX-765	 did	 not	 interfere	 with	 inflammasome	

activation.	Consistent	with	the	results	of	the	IL-1b	assay,	the	ASC	specking	response	to	

nigericin	was	completely	abolished	by	CRID3,	but	 the	 response	 to	m-3M3FBS	was	not	

affected	 by	 the	 NLRP3	 inhibitor.	 The	 extracellular	 Ca2+	 depletion	 and	 the	 high	

extracellular	 CaCl2	 concentrations	 had	 no	 impact	 on	 the	 inflammasome	 activation	

(Figure	4.4	E).	

	

Collectively,	 the	 results	 presented	 in	 Figure	 4.4	 indicate	 that	m-3M3FBS	 activates	 the	

inflammasome	independently	of	the	priming	stimulus	and	of	K+	efflux,	and	in	a	manner	

not	 inhibitable	 by	 CRID3.	 Two	 alternative	 scenarios	 could	 explain	 these	 findings.	 The	

first	one	is	that	m-3M3FBS	triggers	a	signaling	event	very	close	upstream	of	the	NLRP3	
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inflammasome	formation,	possibly	even	acting	as	a	direct	NLRP3	binding	partner.	The	

second	 option	 is	 that	 this	 compound	 activates	 the	 inflammasome	 in	 an	 NLRP3-

independent	manner.	

	

4.5.	NLRP3	is	dispensable	for	the	m-3M3FBS-induced	inflammasome	activation	in	

murine	macrophages	

	

Out	 of	 the	 two	 scenarios	 proposed	 at	 the	 end	 of	 the	 last	 section,	 the	 second	 one	was	

much	easier	to	address	experimentally.	To	test	whether	the	inflammasome	activation	by	

m-3M3FBS	requires	NLRP3,	 I	 stimulated	LPS-primed	WT	or	NLRP3-deficient	 (Nlrp3-/-)	

BMDMs	with	increasing	doses	of	m-3M3FBS	and	measured	the	concentrations	of	IL-1b	

secreted	by	 these	 cells.	Nigericin	 served	as	an	NLRP3-dependent	 control,	whereas	 the	

AIM2	 ligand	 poly-(dA:dT)	 was	 a	 model	 NLRP3-independent	 inflammasome	 agonist	

(Figure	4.5).	

	

	
Figure	4.5.	NLRP3-deficient	BMDMs	activate	the	inflammasome	in	response	to	m-3M3FBS	
To	determine	whether	the	m-3M3FBS-induced	inflammasome	activation	is	dependent	on	NLRP3,	BMDMs	
generated	from	WT	and	NLRP3-deficient	(Nlrp3-/-)	bone	marrows	were	primed	with	LPS	(200	ng/mL,	2	h)	
and	then	stimulated	with	m-3M3FBS,	(at	18,	36,	54,	72,	or	85	µM),	nigericin	(10	µM),	or	poly-(dA:dT)	(2	
µg/mL	complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	medium	consisting	of	(in	mM)	123	
NaCl,	 5	KCl,	 2	MgCl2,	 1	CaCl2,	 10	glucose,	 10	HEPES,	pH	7.4.	The	LPS	 control	was	 subjected	 to	medium	
alone.	Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	
min	 (RT).	 After	 60	min,	 the	 supernatants	 were	 collected	 and	 IL-1b	 concentrations	 were	measured	 by	
HTRF.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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In	contrast	to	nigericin,	which	triggered	IL-1b	secretion	in	a	manner	fully	dependent	on	

NLRP3,	m-3M3FBS	elicited	robust	secretion	of	IL-1b	from	NLRP3-deficient	cells	(Figure	

4.5).	 This	 observation	 indicates	 that	 in	murine	macrophages	m-3M3FBS	 is	 an	NLRP3-

independent	inflammasome	activator.	

	

Based	on	the	results	presented	 in	this	chapter,	some	revisions	may	be	required	to	our	

understanding	 of	 the	 NLRP3	 inflammasome	 activation.	 I	 confirmed	 the	 previously	

reported	 observation	 that	 the	 PLC	 agonist	m-3M3FBS	 can	 activate	 the	 inflammasome	

(Chae	et	al.,	2015;	Lee	et	al.,	2012;	Muñoz-Planillo	et	al.,	2013).	I	further	established	that	

this	process	is	dependent	on	ASC	and	caspase-1.	However,	I	was	unable	to	reproduce	the	

results	indicating	that	NLRP3	is	the	inflammasome	sensor	molecule	engaged	during	the	

stimulation	 with	m-3M3FBS	 (Muñoz-Planillo	 et	 al.,	 2013).	 Instead,	 my	 data	 hint	 that	

there	may	be	another	inflammasome	sensor	responding	to	this	treatment.	Furthermore,	

I	 did	 not	 observe	 considerable	 sensitivity	 of	 the	 m-3M3FBS-driven	 inflammasome	

activation	to	the	PLC	inhibitors	edelfosine	and	U	73122.	This	result,	combined	with	the	

observed	low	selectivity	of	the	PLC	inhibitors,	suggests	that	off-target	effects	may	be	at	

play.	In	the	following	chapters	I	will	examine	the	mechanisms	of	these	off-target	effects	

(Chapters	 5	 and	 6).	 I	 will	 also	 determine	 which	 inflammasome	 sensor	molecules	 are	

activated	 by	 m-3M3FBS	 and	 attempt	 to	 propose	 how	 this	 activation	 could	 occur	

(Chapters	6	and	8).	
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5.	PLC	is	not	involved	in	the	NLRP3	inflammasome	activation	

	

PLC	 has	 been	 suggested	 to	 act	 as	 a	 positive	 upstream	 regulator	 of	 the	 NLRP3	

inflammasome	based	 on	 three	 lines	 of	 evidence.	 First,	 the	 PLC	 inhibitor	U	 73122	 and	

several	Ca2+	signaling-targeting	molecules	block	the	inflammasome	responses	(Lee	et	al.,	

2012;	Murakami	et	al.,	2012;	Rossol	et	al.,	2012).	Secondly,	the	PLC	activator	m-3M3FBS	

was	 observed	 to	 activate	 the	 inflammasome	 (Lee	 et	 al.,	 2012),	 and	 there	 was	 some	

evidence	 that	 this	 process	 may	 be	 NLRP3-dependent	 (Muñoz-Planillo	 et	 al.,	 2013).	

Finally,	people	with	hypermorphic	mutations	in	the	gene	encoding	PLCg2,	one	of	the	PLC	

isoforms,	suffer	from	an	autoinflammatory	disease.	Peripheral	blood	mononuclear	cells	

(PBMCs)	 isolated	 from	 these	 patients	 exhibit	 elevated	 spontaneous	 inflammasome	

activation	 compared	 to	healthy	 controls	 (Chae	 et	 al.,	 2015;	Martín-Nalda	 et	 al.,	 2020).	

This	evidence	was	critically	evaluated	in	several	studies	(primarily	Baldwin	et	al.,	2017;	

Katsnelson	et	al.,	2016;	2015;	Muñoz-Planillo	et	al.,	2013)	and	it	was	suggested	that	at	

least	some	of	the	results	 interpreted	as	a	proof	of	PLC/Ca2+	 involvement	 in	the	NLRP3	

activation	could	be	due	to	off-target	effects.	Despite	these	reservations,	treatments	such	

as	U	73122	have	been	used	 in	a	number	of	studies	to	demonstrate	the	 involvement	of	

the	 PLC-NLRP3	 ‘signaling	 axis’	 in	 various	 biological	 processes	 (a	 non-exhaustive	 list	

includes	the	studies	by	Zhou	et	al.,	2015;	Deng	et	al.,	2019;	Gutiérrez-López	et	al.,	2018;	

Freeman	et	al.,	2017;	Negash	et	al.,	2019;	Irmscher	et	al.,	2019;	and	Martín-Nalda	et	al.,	

2020).	

	

In	Chapter	4	I	have	demonstrated	that	the	reported	PLC	agonist	m-3M3FBS	activates	the	

inflammasome	 in	 an	 NLRP3-independent	manner.	 I	 have	 also	 suggested	 that	 it	might	

activate	 the	 inflammasome	 in	 a	 manner	 independent	 of	 PLC.	 Here,	 I	 would	 like	 to	

experimentally	 reassess	 the	 evidence	 on	 the	 PLC	 involvement	 in	 the	 NLRP3	

inflammasome	activation.	

	

5.1.	U	73122	may	inhibit	the	NLRP3	inflammasome	through	a	cysteine	alkylation-

related	off-target	effect	

	

By	far	the	most	frequently	invoked	piece	of	evidence	that	PLC	is	required	for	the	NLRP3	

activation	 is	 the	observation	 that	 the	NLRP3	 inflammasome	responses	are	suppressed	

by	the	PLC	 inhibitor	U	73122	(originally	reported	by	Lee	et	al.,	2012;	Murakami	et	al.,	
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2012;	Rossol	et	al.,	2012).	Notably,	edelfosine,	the	only	other	commercially	available	PI-

PLC	inhibitor,	has	been	included	in	inflammasome	studies	much	less	frequently.	To	my	

knowledge,	 the	 only	 reports	 addressing	 the	 sensitivity	 of	 the	 NLRP3	 activation	 to	

edelfosine	are	the	articles	by	Lee	et	al.	(2012)1,	where	100	µM	(sic)	edelfosine	is	shown	

to	fully	inhibit	the	NLRP3	activation	with	ATP,	and	Robblee	et	al.	(2016)2,	where	25	µM	

edelfosine	 partially	 inhibits	 the	 inflammasome	 activation	 with	 ATP	 and	 several	 ER	

stress-inducing	 stimuli.	 Importantly,	 in	 my	 experiments,	 25	 µM	 was	 a	 threshold	

edelfosine	concentration	that	inhibited	both	the	NLRP3	activation	with	nigericin	and	the	

AIM2	activation	with	poly-(dA:dT)	(Figure	4.3	A,	B).	Based	on	this	observation,	and	with	

no	other	accounts	of	edelfosine-mediated	inflammasome	inhibition,	it	is	likely	that	this	

molecule	 blocks	 the	 inflammasome	 responses	 in	 a	 non-selective	 manner.	 Because	 of	

this,	edelfosine	is	not	a	suitable	tool	for	establishing	the	links	between	PLC	activity	and	

the	inflammasome	formation.	

	

As	 regards	 the	 observation	 that	 the	 PLC	 inhibitor	 U	 73122	 blocks	 the	 NLRP3	

inflammasome	activation,	 interpretation	of	the	experimental	results	obtained	with	this	

compound	 is	 difficult	 because	 of	 its	 numerous	 off-target	 effects.	 Most	 importantly,	 U	

73122	is	a	cysteine-alkylating	agent	(Horowitz	et	al.,	2005),	as	 it	contains	a	maleimide	

moiety	 (Figure	 5.1	 A).	 This	 part	 of	 the	 U	 73122	 molecule	 includes	 a	 b-unsaturated	

carbonyl	group,	which	can	act	as	a	Michael	reaction	acceptor	(Maucher	et	al.,	2017;	Nair	

et	 al.,	 2013).	 The	 other	 substrate	 is	 provided	 by	 the	 thiol	 groups	 of	 protein	 cysteinyl	

residues,	which	can	act	as	Michael	donors.	The	reaction	between	these	substrates	may	

lead	to	 the	 formation	of	covalent	protein-U	73122	adducts	and	broadly	affect	multiple	

exposed	cysteinyl	residues	in	the	cell’s	proteome.	

	

A	 PLC	 non-targeting	 analog	 of	 U	 73122	 is	 commercially	 available	 and	marketed	 as	 U	

73343	(Figure	5.1	A,	B).	To	their	credit,	Lee	et	al.	(2012)	tested	whether	U	73343	could	

inhibit	 the	 NLRP3	 inflammasome	 responses	 and	 observed	 no	 influence	 of	 this	

compound	 on	 the	 inflammasome	 activation.	 However,	 the	 difference	 between	 the	 U	

73122	 and	 U	 73343	molecules	 is	 precisely	 the	 presence	 of	 the	 double	 bond	 that	 can	

react	with	 the	 thiol	 groups	 in	protein	 cysteinyl	 residues	 (Figure	5.1	A,	B).	This	means	

that	 U	 73343	 is	 not	 a	 suitable	 control	 for	 the	 protein-alkylating	 activity	 of	 U	 73122.	
	

1	The	relevant	data	can	be	found	in	the	Supplementary	Figure	S5	A	in	the	cited	article.	
2	The	relevant	data	can	be	found	in	Figure	7	B	in	the	cited	article.	
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Importantly,	 multiple	 instances	 of	 NLRP3	 inhibition	 by	 cysteine-reactive	 compounds	

have	been	described	(Cocco	et	al.,	2014;	2016;	2017;	He	et	al.,	2014;	Juliana	et	al.,	2010).	

Taking	 these	 reports	 into	 account,	 I	 tested	whether	maleimide	alone	 could	 inhibit	 the	

inflammasome	 activation	with	 nigericin	 (NLRP3),	 poly-(dA:dT)	 (AIM2),	 or	m-3M3FBS.	

To	 this	 end,	 I	 pre-treated	NLRP3/ASCmCerulean	 reporter	 iMac	 and	 LPS-primed	WT	 iMac	

cells	with	U	73122,	maleimide,	U	73343,	or	succinimide	(a	maleimide	analog	without	the	

cysteine-targeting	 double	 bond),	 followed	 by	 the	 challenge	 with	 inflammasome	

activators.	The	strength	of	the	inflammasome	responses	was	assessed	by	measurement	

of	secreted	IL-1b	concentrations	and	imaging	of	ASC	specks	(Figure	5.1	C,	D).	

	

	
Figure	 5.1.	 Influence	 of	 U	 73122,	 maleimide,	 U	 73343,	 and	 succinimide	 on	 the	 inflammasome	
responses	to	nigericin,	poly-(dA:dT),	and	m-3M3FBS	
A:	Structural	formulas	of	U	73122,	maleimide,	U	73343,	and	succinimide.	
B:	 Comparison	 of	 cell	 biological	 (ability	 to	 inhibit	 PLC)	 and	 biochemical	 (ability	 to	 react	 with	 protein	
cysteinyl	residues)	properties	of	U	73122,	maleimide,	U	73343,	and	succinimide.	
C,	 D:	 To	 determine	 how	 U	 73122,	 maleimide,	 U	 73343,	 and	 succinimide	 impact	 on	 inflammasome	
activation,	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(C)	or	unprimed	NLRP3/ASCmCerulean	reporter	iMac	
cells	 (D)	 were	 pre-treated	 for	 10	 min	 with	 increasing	 doses	 of	 U	 73122,	 maleimide,	 U	 73343,	 or	
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succinimide	(5,	10,	or	20	µM).	The	vehicle	for	these	compounds	was	DMSO.	Then	the	cells	were	stimulated	
with	 m-3M3FBS	 (85	 µM),	 nigericin	 (10	 µM),	 or	 poly-(dA:dT)	 (2	 µg/mL	 complexed	 with	 5	 µL	
Lipofectamine	2000)	in	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	
10	glucose,	10	HEPES,	pH	7.4.	The	negative	controls	were	subjected	to	medium	alone.	Immediately	after	
addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	60	min,	
the	supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF	(C)	or	the	cells	were	
fixed,	counterstained	for	the	nuclei	and	imaged	using	a	fluorescence	microscope	(D).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

Two	 principal	 conclusions	 can	 be	 drawn	 from	 the	 results	 of	 this	 experiment.	 First,	 U	

73122	and	maleimide	both	inhibited	the	nigericin-driven	NLRP3	activation	with	similar	

potencies,	reaching	full	 inhibition	at	the	concentration	of	10	µM	(Figure	5.1	C,	D).	This	

observation	 suggests	 that	 U	 73122	 may	 inhibit	 NLRP3	 through	 cysteinyl	 residues	

alkylation	rather	than	because	of	 its	effect	on	PLC.	 In	 line	with	the	report	by	Lee	et	al.	

(2012),	 U	 73343	 did	 not	 inhibit	 the	 inflammasome	 activation,	 and	 neither	 did	

succinimide	 (Figure	 5.1	 C,	 D).	 Secondly,	 in	 agreement	with	my	 previous	 observations	

(Figure	4.3	C,	D),	 the	NLRP3	activation	with	nigericin	was	much	more	sensitive	 to	 the	

inhibition	with	U	73122/maleimide	than	the	inflammasome	activations	with	m-3M3FBS	

and	poly-(dA:dT)	 (Figure	5.1	C,	D).	Of	note,	 the	poly-(dA:dT)-induced	AIM2	activation	

was	more	strongly	inhibited	by	U	73122	than	was	the	inflammasome	activation	with	m-

3M3FBS.	 Together	 these	 observations	 indicate	 that	 U	 73122	 targets	 multiple	

inflammasome	responses	in	a	non-selective	manner,	likely	because	of	cysteinyl	residues	

alkylation.		

	

5.2.	N-substituted	maleimide	derivatives	have	an	NLRP3-inhibitory	activity	

	

To	gain	more	insight	into	the	relative	impacts	of	maleimide-containing	molecules	on	the	

inflammasome	 activations	 with	 nigericin,	m-3M3FBS,	 and	 poly-(dA:dT),	 I	 determined	

the	 half	 maximal	 inhibitory	 concentration	 (IC50)	 values	 for	 U	 73122,	 maleimide,	 N-

ethylmaleimide,	 and	 R-(+)-N-(1-phenylethyl)maleimide	 in	 an	 ASC	 speck	 formation	

assay.	 Briefly,	 I	 pre-treated	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 with	 0-80	 µM	

concentrations	 of	 these	 cysteine-alkylating	 agents,	 followed	 by	 stimulation	 with	

inflammasome	activators	(Figure	5.2).	
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Figure	5.2.	 Influence	 of	N-substituted	maleimide	derivatives	 on	 the	 inflammasome	 responses	 to	
nigericin,	m-3M3FBS,	and	poly-(dA:dT)	
A-C:	 To	 determine	 the	 relative	 potencies	 with	 which	 maleimide	 and	 its	 derivatives	 (U	 73122,	 N-
ethylmaleimide,	and	R-(+)-N-(1-phenylethyl)maleimide)	inhibit	the	inflammasome	responses	to	nigericin,	
m-3M3FBS,	and	poly-(dA:dT),	unprimed	NLRP3/ASCmCerulean	 reporter	 iMac	cells	were	pre-treated	 for	10	
min	 with	 increasing	 doses	 of	 U	 73122,	 maleimide,	 N-ethylmaleimide,	 or	 R-(+)-N-(1-
phenylethyl)maleimide	 (0	 [DMSO],	 1,	 2.5,	 5,	 10,	 20,	 40	or	80	µM).	Then	 the	 cells	were	 stimulated	with	
nigericin	(10	µM;	A)	m-3M3FBS	(85	µM;	B),	or	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	
2000;	C)	in	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	
HEPES,	pH	7.4.	Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	
´	g	 for	5	min	(RT).	After	60	min,	 the	cells	were	 fixed,	counterstained	 for	 the	nuclei	and	 imaged	using	a	
fluorescence	microscope.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	monoplicate.	Error	bars	
represent	SD.	
	

The	 estimated	 IC50	 values	 revealed	 that	 the	 nigericin-mediated	 NLRP3	 activation	 is	

similarly	 sensitive	 to	 maleimide,	 U	 73122,	 and	 the	 two	 other	 tested	 N-substituted	

maleimide	derivatives	(IC50	ranging	from	approximately	1	to	5	µM;	Figure	5.2	A).	The	m-
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3M3FBS-induced	 ASC	 speck	 formation	 was	 less	 sensitive	 to	 the	 cysteine-alkylating	

agents	 (all	 IC50	 values	 between	 20	 and	 30	µM;	 Figure	 5.2	 B).	 The	 IC50	 values	 for	 the	

inhibition	 of	 the	 poly-(dA:dT)-induced	 activation	 of	 AIM2	 lay	 between	 the	 values	

obtained	for	nigericin	and	m-3M3FBS,	indicating	intermediate	sensitivity	(Figure	5.2	C).	

This	 is	 consistent	 with	 my	 previous	 observation	 that	 the	 nigericin-induced	

inflammasome	 activation	 was	 the	 most	 sensitive	 to	 U	 73122,	 and	 the	 m-3M3FBS-

induced	 inflammasome	 activation	 –	 the	 least	 sensitive	 (Figure	 4.3	 C,	 D),	 although	

presently	I	registered	a	slightly	higher	potency	of	U	73122.	

	

5.3.	U	73122	behavior	in	a	washout	assay	suggests	that	it	could	be	acting	through	

a	covalent	cysteine	modification	

	

To	test	whether	U	73122	and	maleimide	behave	like	covalent	inhibitors	in	the	context	of	

the	 NLRP3	 activation,	 I	 performed	 a	 washout	 experiment.	 Such	 experimental	 setup	

allows	 establishing	 to	 which	 extent	 a	 molecule	 is	 ‘trapped’	 inside	 of	 the	 cell	 after	 a	

period	of	pre-incubation	 followed	by	 removal	 of	 the	 compound	 from	 the	 extracellular	

milieu	(the	‘washing	steps’;	Figure	5.3	A).	I	tested	whether	washing	away	U	73122	and	

maleimide	 could	 restore	 the	 NLRP3	 inflammasome	 response	 to	 nigericin	 in	

NLRP3/ASCmCerulean	 reporter	 iMac	 and	 LPS-primed	WT	 iMac	 cells.	 IL-1b	 concentration	

measurement	and	imaging	of	ASC	specks	served	as	readouts	of	inflammasome	activation	

(Figure	5.3	B-D).	The	non-covalent	NLRP3	inhibitor	CRID3	was	used	for	the	purpose	of	

comparison.	
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Figure	5.3.	Characteristics	of	U	73122	and	maleimide	as	NLRP3	inhibitors	in	a	washout	experiment	
A:	Scheme	of	the	experimental	setup.	
B-D:	 To	 determine	whether	 the	 inhibitory	 impact	 of	 U	 73122	 and	maleimide	 on	 the	 nigericin-induced	
NLRP3	 activation	 could	 be	 alleviated	 by	 washing	 away	 the	 inhibitors,	 unprimed	 NLRP3/ASCmCerulean	
reporter	iMac	cells	(B)	or	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(C,	D)	were	pre-treated	for	10	min	
with	 CRID3	 (5	µM)	 or	 two	 doses	 of	 U	 73122	 or	 maleimide	 (10	 or	 20	µM),	 followed	 by	 the	 indicated	
number	of	washes	and	addition	of	nigericin	(10	µM)	in	an	extracellular	medium	consisting	of	(in	mM)	123	
NaCl,	 5	 KCl,	 2	 MgCl2,	 1	 CaCl2,	 10	 glucose,	 10	 HEPES,	 pH	 7.4.	 The	 negative	 controls	 were	 subjected	 to	
medium	alone.	 Immediately	after	addition	of	nigericin,	 the	plates	were	centrifuged	at	340	´	g	 for	5	min	
(RT).	After	60	min,	the	supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF	(C,	
D)	or	the	cells	were	fixed,	counterstained	for	the	nuclei	and	imaged	using	a	fluorescence	microscope	(B).	
The	values	in	(C)	are	normalized	to	the	conditions	of	optimal	NLRP3	activation	(without	CRID3,	U	73122,	
or	maleimide);	the	values	in	(D)	are	absolute	concentrations	of	IL-1b	detected	in	cell	culture	supernatants.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

On	the	level	of	ASC	speck	formation	in	NLRP3/ASCmCerulean	reporter	iMac	cells,	washing	

away	of	U	73122/maleimide	led	to	a	minimal	(at	10	µM	inhibitor	concentration)	or	no	

(at	20	µM)	recovery	of	the	NLRP3	activation	with	nigericin.	In	contrast,	washing	away	of	
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CRID3	 (5	 µM)	 resulted	 in	 an	 almost	 complete	 recovery	 of	 the	 NLRP3	 inflammasome	

response	 (Figure	5.3	B).	On	 the	 level	of	 IL-1b	 secretion	by	LPS-primed	WT	 iMac	 cells,	

washing	 away	 of	 U	 73122/maleimide	 did	 not	 restore	 the	 NLRP3	 inflammasome	

activation,	while	removal	of	CRID3	led	to	a	partial	recovery	of	the	inflammasome	activity	

(Figure	5.3	C,	D).	As	the	washes	alone	produced	a	slight	but	noticeable	decrease	in	the	

inflammasome	 activation	 level	 (Figure	 5.3	 D),	 I	 also	 provide	 the	 normalized	 IL-1b	

secretion	 values	 (Figure	 5.3	 C).	 In	 this	 normalization,	 the	 100%	 values	 were	 the	

concentrations	 of	 IL-1b	 detected	 in	 the	 samples	without	 inhibitors	 after	 the	 indicated	

number	of	washes.	

	

U	 73122	 and	 maleimide	 exhibited	 similar	 behavior	 in	 the	 washout	 assay.	 This	

observation	is	compatible	with	the	scenario	whereby	the	maleimide	derivatives	inhibit	

NLRP3	by	covalent	modification	of	protein	cysteinyl	residues.	Importantly,	though,	it	is	

not	a	proof	that	the	covalent	modification	is	the	cause	of	NLRP3	inhibition.	For	example,	

non-covalent	inhibitors	that	bind	to	the	inactive	conformations	of	their	targets	with	high	

affinity	would	be	expected	to	produce	similar	results.	Furthermore,	compounds	that	are	

‘trapped’	 inside	of	the	cell	by	certain	enzymatic	modifications	could	also	behave	in	the	

same	 way.	 Finally,	 as	 maleimide	 and	 U	 73122	 (Horowitz	 et	 al.,	 2005)	 are	 both	

promiscuous	 cysteine-alkylating	 agents,	 it	 is	 impossible	 to	 conclude	 whether	 they	

inhibit	 the	 inflammasome	 activation	 through	 direct	 alkylation	 of	 NLRP3,	 through	

specific	 alkylation	 of	 another	 target,	 or	 through	 a	 general	 toxicity	 resulting	 from	

multiple	covalent	modifications	at	the	proteome	scale.	

	

Regardless	 of	 the	mechanistic	 details	 of	 the	 U	 73122-mediated	 NLRP3	 inhibition,	 the	

data	presented	in	Sections	4.3	and	5.1-5.3	indicate	that	the	commercially	available	PLC	

inhibitors	block	the	inflammasome	responses	in	a	non-selective	manner,	with	numerous	

off-target	effects.	Therefore,	 it	 is	 impossible	to	state	that	PLC	is	 involved	in	the	NLRP3	

activation	based	on	the	results	obtained	using	these	inhibitors.	

	

5.4.	 Direct	 assessment	 of	 PLC	 activity	 under	 conditions	 of	 inflammasome	

activation	

	

Can	 a	 definitive	 conclusion	 regarding	 the	 role	 of	 PLC	 in	 the	 NLRP3	 inflammasome	

activation	 be	 reached?	 Inhibitor-based	 perturbation	 experiments	 are	 uninterpretable	
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because	 of	 the	 lack	 of	 selectivity	 of	 edelfosine	 (Section	 4.3)	 and	 the	 broad	 off-target	

effects	of	U	73122	(Sections	5.1-5.3).	Genetic	approaches	to	tackle	the	same	question	are	

difficult	 because	 there	 are	 13	 PLC	 isoenzymes	 encoded	 by	 the	 human	 genome,	 with	

partial	 redundancy	with	 respect	 to	 the	 stimuli	 that	 activate	 them	and	 full	 redundancy	

regarding	 the	 reaction	 that	 they	 catalyze	 (Kadamur	 and	Ross,	 2013).	 Ca2+	 signaling,	 a	

downstream	effector	of	PLC	activation,	may	be	approached	experimentally	but	this	only	

addresses	 one	 ‘arm’	 of	 the	 PLC-elicited	 signal.	 Furthermore,	 Ca2+	 is	 not	 exclusively	

mobilized	 by	 PLC,	 and	 the	 role	 of	 Ca2+	 ions	 upstream	 of	 the	 NLRP3	 inflammasome	

activation	 has	 been	 contested	 (Baldwin	 et	 al.,	 2017;	 Katsnelson	 et	 al.,	 2015;	 2016;	

Muñoz-Planillo	et	al.,	2013).	

	

Taking	 these	 issues	 into	consideration,	 I	 set	 to	determine	whether	 the	 inflammasome-

activating	 stimuli	 also	 trigger	 PLC	 activation	 using	 the	 inositol	 monophosphate	 (IP1)	

concentration	measurement	assay	(IP1	HTRF).	This	method	allows	for	a	relatively	direct	

estimation	of	PLC	activity.	It	relies	on	the	measurement	of	the	IP1	concentrations	in	cell	

lysates.	In	the	presence	of	Li+	ions,	IP1	is	the	final	breakdown	product	of	the	PLC	product	

IP3	 so	 the	 IP1	 concentrations	may	serve	as	surrogate	values	 for	 the	 IP3	 concentrations	

(Zhang	et	al.,	2010).	

	

To	my	knowledge,	there	is	only	one	instance	where	a	similar	assay	has	been	applied	to	

demonstrate	the	involvement	of	PLC	in	the	NLRP3	inflammasome	activation	(Lee	et	al.,	

2012)3.	In	this	study,	the	authors	showed	that	the	IP1	concentrations	were	increased	in	

macrophages	 treated	 with	 the	 inflammasome	 activators	 ATP	 and	 CaCl2,	 compared	 to	

untreated	controls4.	A	critical	evaluation	of	these	results	points	to	several	ambiguities:	

	

1.	The	PLC	activity	assay	was	performed	in	NLRP3-proficient	cells,	but	there	were	

no	 control	 experiments	 to	 ensure	 that	 the	 observed	 increase	 in	 IP1	 is	 not	

occurring	downstream	of	the	NLRP3	inflammasome	activation.	

	

2.	 The	 choice	 of	 the	 tested	 inflammasome	 activators	 (ATP	 and	 CaCl2/calcium	

phosphate	 crystals)	was	 peculiar.	 ATP	 activates	 the	NLRP3	 inflammasome	 in	 a	

	
3	The	relevant	data	can	be	found	in	Figure	2	C	of	the	cited	paper.	
4	It	was	 later	demonstrated	that	under	the	conditions	applied	 in	the	study	by	Lee	et	al.	 (2012),	 the	Ca2+	
ions	 precipitate	with	 inorganic	 phosphate,	 forming	 crystals	 that	 activate	NLRP3	 through	 the	 lysosomal	
damage	pathway	(Muñoz-Planillo	et	al.,	2013).	
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manner	 fully	 dependent	 on	 P2X7R	 (Mariathasan	 et	 al.,	 2006;	 Solle	 et	 al.,	 2001;	

Sutterwala	 et	 al.,	 2006),	 an	 ion	 channel	 enabling	 K+	 efflux	 upon	 binding	 to	

extracellular	 ATP.	 P2X7R	 activation	 has	 not	 been	 linked	 to	 PLC	 activation.	

However,	ATP	may	still	act	on	another	receptor,	the	P2Y2	receptor	(P2Y2R;	del	Rey	

et	al.,	2006;	Elliott	et	al.,	2009).	P2Y2R	is	a	Gq-coupled	GPCR	and	its	activation	may	

stimulate	PLC	in	a	manner	not	relevant	for	the	NLRP3	activation.	Consequently,	

detecting	 an	 increase	 in	 the	 IP1	 concentration	 in	ATP-stimulated	 cells	 does	 not	

prove	a	causal	link	to	the	NLRP3	activation	pathway.	As	for	CaCl2,	it	was	initially	

suggested	 to	 activate	 PLC	 and	 the	 NLRP3	 inflammasome	 through	 CaSR,	 a	 Gq-

coupled	 GPCR	 family	 member.	 Later	 studies	 contested	 the	 existence	 of	 such	

signaling	axis	(Katsnelson	et	al.,	2015;	Muñoz-Planillo	et	al.,	2013).	To	date,	there	

have	been	no	further	reports	indicating	if	other	NLRP3	stimuli	could	induce	PLC	

activation.	

	

3.	 The	 IP1	 assay	was	developed	 for	 screening	 of	 Gq-coupled	GPCR	 agonists	 and	

antagonists,	 and	 it	 is	 well	 suited	 for	 this	 purpose.	 In	 this	 relatively	 linear	

sequence	of	events	(ligand	–	GPCR	–	Gq	–	PLCb	–	IP3	–	IP1),	IP1	is	solely	derived	as	

a	breakdown	product	of	IP3,	and	further	dephosphorylation	of	IP1	is	prevented	by	

the	addition	of	a	high	(50	mM)	concentration	of	LiCl.	

	

Activation	 of	 the	 NLRP3	 inflammasome	 is	 likely	 not	 such	 a	 simple	 process.	

Consequently,	at	 least	 two	concerns	need	to	be	addressed.	First,	 the	addition	of	

50	mM	LiCl	to	the	tissue	culture	medium	may	not	be	completely	neutral	for	the	

macrophage	behavior,	and	it	might	interfere	with	some	of	the	processes	involved	

in	 the	 inflammasome	 activation.	 Li+	 ions	 have	 known	 cellular	 effects	

(Raghavendra	 et	 al.,	 2013),	 and	 the	 addition	 of	 50	 mM	 LiCl	 requires	 either	 a	

significant	change	in	the	osmolarity	of	the	extracellular	milieu	(100	mOsm	on	top	

of	the	typical	tissue	culture	medium	osmolarity	of	approximately	300	mOsm)	or	a	

reduction	 in	 the	NaCl	 concentration	 to	 keep	 the	 osmolarity	 constant	 (from	 the	

typical	 110-140	 mM	 NaCl	 concentration	 to	 60-90	 mM).	 Secondly,	 the	 IP1	

concentration	 may	 increase	 in	 the	 cell	 independent	 of	 the	 PLC-IP3	 axis.	 To	

confidently	establish	that	an	increase	in	the	IP1	concentration	is	caused	by	PLC,	it	

needs	 to	be	 inhibitable	by	PLC	blockers,	unspecific	 as	 they	are.	These	 concerns	

have	not	been	considered	in	the	literature.	
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The	first	issue	I	addressed	was	testing	the	compatibility	of	the	inflammasome	activation	

with	the	IP1	assay	conditions.	To	this	end,	I	challenged	NLRP3/ASCmCerulean	reporter	iMac	

and	 LPS-primed	 WT	 iMac	 cells	 with	 the	 inflammasome	 activators	 nigericin,	 poly-

(dA:dT),	and	m-3M3FBS	in	the	presence	of	standard	MSS,	MSS	with	50	mM	LiCl	and	the	

normal	NaCl	concentration	(125	mM),	MSS	with	175	mM	NaCl	(high	osmolarity	control),	

or	MSS	with	50	mM	LiCl	 and	 the	NaCl	 concentration	decreased	 to	75	mM	 to	keep	 the	

osmolarity	constant.	For	WT	iMac	cells,	the	LPS	priming	step	was	performed	under	Li+-

free	 conditions	 (DMEM	 supplemented	 with	 10%	 FBS).	 The	 degree	 of	 inflammasome	

activation	 was	 assessed	 by	 IL-1b	 concentration	 measurement	 (Figure	 5.4	 A)	 and	

imaging	of	ASC	specks	(Figure	5.4	B).	

	

	
Figure	5.4.	Influence	of	50	mM	LiCl	on	the	inflammasome	responses	to	nigericin,	poly-(dA:dT),	and	
m-3M3FBS	
A,	B:	 To	determine	whether	high-LiCl	 conditions	 are	 optimal	 for	 inflammasome	activation,	 LPS-primed	
(200	ng/mL,	2	h)	WT	iMac	cells	(A)	or	unprimed	NLRP3/ASCmCerulean	reporter	iMac	cells	(B)	were	shifted	
to	extracellular	media	consisting	of	(in	mM):	125	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	
7.4	(5	mM	KCl/125	mM	NaCl),	50	LiCl	125	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4	(5	
mM	KCl/125	mM	NaCl/50	mM	LiCl),	50	LiCl,	75	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4	
(5	mM	KCl/75	mM	NaCl/50	mM	LiCl),	or	175	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4	(5	
mM	KCl/175	mM	NaCl)	and	then	stimulated	with	m-3M3FBS	(85	µM),	nigericin	(10	µM),	or	poly-(dA:dT)	
(2	 µg/mL	 complexed	 with	 5	 µL	 Lipofectamine	 2000).	 The	 negative	 controls	 were	 subjected	 to	 media	
alone.	Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	
min	 (RT).	 After	 60	min,	 the	 supernatants	 were	 collected	 and	 IL-1b	 concentrations	 were	measured	 by	
HTRF	 (A)	 or	 the	 cells	 were	 fixed,	 counterstained	 for	 the	 nuclei	 and	 imaged	 using	 a	 fluorescence	
microscope	(B).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	triplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	triplicate	values	from	each	of	
the	independent	experiments.	
	

In	 WT	 iMac	 cells,	 both	 the	 high	 osmolarity	 and	 the	 osmolarity-compensated	 LiCl-

containing	media	slightly	 inhibited	the	NLRP3	activation	with	nigericin,	while	the	high	

osmolarity	 LiCl	 medium	 also	 affected	 the	 inflammasome	 activation	 with	m-3M3FBS.	
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None	 of	 the	 conditions	 interfered	with	 the	 AIM2	 inflammasome	 activation	with	 poly-

(dA:dT)	(Figure	5.4	A).	On	the	ASC	specking	level,	neither	of	the	LiCl-containing	media	

inhibited	the	NLRP3	activation	with	nigericin	but	the	high	osmolarity	media	appeared	to	

interfere	 with	 the	 m-3M3FBS-induced	 inflammasome	 activation	 and	 with	 the	 AIM2	

activation	 by	 poly-(dA:dT)	 (Figure	 5.4	 B).	 These	 results	 indicate	 that	 whereas	 the	

inflammasome	 activation	 in	 the	 LiCl-containing	 media	 may	 be	 suboptimal,	 it	 is	 in	

principle	possible.	With	that	in	mind,	I	proceeded	to	evaluate	how	the	IP1	levels	change	

in	cells	challenged	with	inflammasome	activators.	

	

5.5.	 The	 K+	 efflux-triggering	 NLRP3	 agonist	 nigericin	 is	 neither	 a	 strong	 nor	 a	

specific	inducer	of	PLC	in	immortalized	murine	macrophages	

	

For	a	comprehensive	overview	of	the	IP1	 levels	under	the	conditions	of	 inflammasome	

activation,	 I	 challenged	 unprimed	 or	 LPS-primed	 WT	 iMac	 cells	 with	 nigericin,	 poly-

(dA:dT),	m-3M3FBS,	or	o-3M3FBS	(the	PLC-inactive	isomer	of	m-3M3FBS),	followed	by	

lysis	and	measurement	of	the	IP1	concentrations	in	the	cell	lysates.	To	gain	better	insight	

into	 the	 links	 between	 PLC	 activation	 and	 the	 inflammasome	 assembly,	 I	 tested	 the	

impact	of	the	following	pre-treatments:	U	73122,	edelfosine	(PLC	inhibitors),	maleimide	

(the	 active	 moiety	 of	 U	 73122	 without	 the	 specific	 PLC-targeting	 properties),	 CRID3	

(NLRP3	inhibitor),	and	VX-765	(caspase-1	inhibitor).	Furthermore,	to	partially	address	

the	risk	of	artifacts	from	the	high-LiCl	buffers,	I	performed	the	assay	in	parallel	in	50	mM	

LiCl/75	mM	NaCl	and	50	mM	LiCl/125	mM	NaCl	media.	As	the	conclusions	from	both	of	

these	 setups	were	 the	 same,	 I	 present	 the	 results	obtained	 in	 the	50	mM	LiCl/75	mM	

NaCl	medium	below	(Figure	5.5),	while	the	results	from	the	50	mM	LiCl/125	mM	NaCl	

medium	can	be	inspected	in	the	Supplementary	Figure	S1.	
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Figure	 5.5.	 IP1	 levels	 in	 unprimed	 or	 LPS-primed	 WT	 iMac	 cells	 treated	 with	 inflammasome	
activators	in	a	minimal	salt	solution	containing	50	mM	LiCl	and	75	mM	NaCl	
A-H:	 To	 determine	 whether	 the	 inflammasome	 activators	 nigericin,	 poly-(dA:dT),	 and	m-3M3FBS	 are	
capable	of	eliciting	PLC	activation,	unprimed	or	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	were	shifted	
to	an	extracellular	medium	consisting	of	(in	mM):	50	LiCl,	75	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	
HEPES,	pH	7.4.	Then	the	cells	were	left	untreated	or	pre-treated	for	10	min	with	U	73122	(5	or	25	µM),	
maleimide	 (5	 or	 25	 µM),	 edelfosine	 (10,	 25,	 or	 50	µM),	 CRID3	 (5	 µM),	 or	 VX-765	 (40	µM).	 This	 pre-
incubation	was	followed	by	administration	of	the	inflammasome	activators:	10	µM	nigericin	(B),	2	µg/mL	
poly-(dA:dT)	complexed	with	5	µL	lipofectamine	(C),	40-85	µM	m-3M3FBS	(E-G),	or	70-85	µM	o-3M3FBS	
(D,	H;	PLC-inactive	isomer	of	m-3M3FBS).	The	negative	controls	(A)	were	subjected	to	the	medium	alone.	
Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	
(RT).	After	45	min	of	 stimulation,	 the	 cells	were	 lysed	by	 addition	of	Triton	X-100	 (final	 concentration	
0.5%)	and	the	concentrations	of	IP1	in	the	supernatants	were	assessed	by	HTRF.	
Because	the	tested	treatments	led	to	a	relatively	wide	range	of	detected	IP1	concentrations,	the	scales	on	
the	y-axes	differ	between	panels	A-H.	To	enable	easier	comparisons,	absolute	mean	values	are	specified	
above	each	bar	or	within	the	bars.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

To	consider	an	inflammasome-triggering	stimulus	as	a	PLC	activator,	it	has	to	fulfill	the	

following	criteria:	

1.	It	produces	a	marked	increase	in	the	cytosolic	concentration	of	IP1;	
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2.	 This	 increase	 is	 inhibitable	 by	 edelfosine	 and/or	 U	 73122,	 but	 not	 by	

maleimide;	

3.	The	increase	in	IP1	is	not	blocked	by	CRID3	or	VX-765.	Sensitivity	to	the	latter	

two	 treatments	would	 suggest	 that	 the	 IP1	 increase	 occurs	 downstream	 of	 the	

inflammasome	activation.	

	

Unexpectedly,	the	inflammasome	activator	that	best	fit	to	these	characteristics	was	the	

AIM2	 agonist	 poly-(dA:dT),	 which	 produced	 a	 strong,	 U	 73122-/edelfosine-sensitive	

increase	in	the	IP1	level	(Figure	5.5	C	and	Supplementary	Figure	S1	C).	The	observation	

that	the	caspase-1	inhibitor	VX-765	enhanced	the	poly-(dA:dT)-induced	increase	in	the	

IP1	concentration	suggests	that	blocking	pyroptosis	may	allow	the	cells	to	maintain	the	

production	of	IP3.	

	

The	NLRP3	activator	nigericin	triggered	a	much	lower	increase	in	the	IP1	 levels,	which	

was	not	sensitive	to	U	73122/edelfosine,	but	was	partially	blocked	by	CRID3	under	the	

LPS-primed	conditions	(Figure	5.5	B	and	Supplementary	Figure	S1	B).	

	

Treatments	 with	 the	 PLC	 activator	 m-3M3FBS	 resulted	 in	 IP1	 levels	 higher	 than	 in	

untreated	cells	or	in	cells	treated	with	the	inactive	isomer	o-3M3FBS	(Figure	5.5	A,	D-H	

and	Supplementary	Figure	S1	A,	D-H).	Notably,	the	m-3M3FBS-induced	activation	of	PLC	

was	partially	 sensitive	 to	edelfosine,	but	not	 sensitive	 to	U	73122	 (Figure	5.5	E-G	and	

Supplementary	Figure	S1	E-G).	

	

Finally,	the	treatment	with	U	73122	alone	led	to	a	marked	increase	in	the	detected	IP1	

concentrations	 (Figure	 5.5	A	 and	 Supplementary	 Figure	 S1	A).	 Though	 confusing,	 this	

result	was	consistent	with	a	report	that	demonstrated	that	one	of	the	off-target	effects	of	

U	73122	is	in	fact	direct	PLC	activation	(Klein	et	al.,	2011).	

	

Interpreted	 together	 with	 my	 earlier	 results	 (Sections	 4.3,	 5.1-5.3)	 as	 well	 as	

observations	 from	 other	 studies	 (Horowitz	 et	 al.,	 2005;	 Klein	 et	 al.,	 2011),	 the	 data	

presented	in	Figure	5.5	and	Supplementary	Figure	S1	point	to	two	conclusions:	

1. PLC	is	not	required	for	activation	of	the	NLRP3	inflammasome;	

2. Global	PLC	activation	does	not	trigger	the	activation	of	NLRP3.	
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I	believe	 these	statements	are	warranted	 in	particular	by	 the	observation	 that	murine	

macrophage	 transfection	with	 the	AIM2	agonist	poly-(dA:dT)	 results	 in	 an	 increase	 in	

PLC	 activity.	 Poly-(dA:dT)	 is	 a	 well	 characterized	 AIM2	 ligand	 and	 has	 been	 broadly	

validated	as	a	specific	trigger	of	the	AIM2-mediated	inflammasome	formation	in	murine	

macrophages	 (Fernandes-Alnemri	 et	 al.,	 2009;	 Hornung	 et	 al.,	 2009;	 Jin	 et	 al.,	 2012;	

Rathinam	et	al.,	2010).	The	AIM2	deficiency	fully	abolishes	the	inflammasome	response	

to	poly-(dA:dT),	while	the	NLRP3	deficiency	does	not	affect	 it.	Given	that	poly-(dA:dT)	

does	 not	 activate	 NLRP3,	 but	 it	 appears	 to	 induce	 PLC,	 it	 can	 be	 inferred	 that	 PLC	

activation	alone	does	not	lead	to	the	NLRP3	inflammasome	assembly.	This	conclusion	is	

in	 agreement	 with	 the	 previous	 studies	 that	 provided	 arguments	 against	 the	 model	

proposing	 that	 PLC/Ca2+	 signaling	 triggers	 the	 NLRP3	 inflammasome	 activation	

(Katsnelson	et	al.,	2015;	Muñoz-Planillo	et	al.,	2013).	

	

5.6.	NLRP3	activation	does	not	stimulate	PLC	in	BMDMs	

	

To	 test	whether	 the	 key	 observations	 on	 PLC	 activity	 in	 the	 inflammasome	 activator-

treated	WT	 iMac	cells	also	hold	 true	 in	BMDMs,	 I	measured	the	 IP1	 levels	 in	WT,	ASC-

deficient	 (Pycard-/-),	 and	 VX-765	 (caspase-1	 inhibitor)-pre-treated	 WT	 BMDMs	

challenged	 with	 a	 range	 of	 inflammasome	 stimuli	 (Figure	 5.6).	 I	 assessed	 the	 IP1	

concentrations	 under	 both	 unprimed	 (Figure	 5.6	 A)	 and	 LPS-primed	 (Figure	 5.6	 B)	

conditions.	 Consistent	 with	 the	 results	 obtained	 in	 WT	 iMac	 cells	 (Figure	 5.5	 and	

Supplementary	 Figure	 S1),	 the	 strongest	 inducer	 of	 PLC	 in	 BMDMs	was	 poly-(dA:dT)	

(Figure	 5.6).	 Importantly,	 the	 increase	 in	 the	 IP1	 concentration	 detected	 upon	 poly-

(dA:dT)	 transfection	 was	 further	 enhanced	 by	 the	 ASC	 deficiency	 and	 by	 caspase-1	

inhibition,	 indicating	 that	 it	 was	 not	 a	 downstream	 effect	 of	 the	 AIM2	 inflammasome	

assembly.	Nigericin	did	not	cause	an	increase	in	the	IP1	concentration	under	any	of	the	

tested	conditions.	The	increase	in	the	IP1	level	elicited	by	m-3M3FBS	was	noticeable	but	

lower	 than	 the	 increase	 triggered	 by	 poly-(dA:dT).	 Finally,	 the	 PLC-inactive	 isomer	o-

3M3FBS	also	produced	a	moderate	IP1	increase,	especially	in	LPS-primed	cells.	
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Figure	 5.6.	 IP1	 levels	 in	 WT,	 ASC-deficient	 (Pycard-/-),	 and	 VX-765-	 (caspase-1	 inhibitor)-pre-
treated	BMDMs	stimulated	with	inflammasome	activators	in	the	minimal	salt	solution	containing	
50	mM	LiCl	and	75	mM	NaCl	
A,	 B:	 To	 determine	 whether	 the	 inflammasome	 activators	 nigericin,	 poly-(dA:dT),	 and	m-3M3FBS	 are	
capable	of	 eliciting	PLC	activation	 in	BMDMs,	unprimed	 (A)	or	LPS-primed	 (200	ng/mL,	2	h;	B)	WT	or	
ASC-deficient	(Pycard-/-)	BMDMs	were	shifted	to	an	extracellular	medium	consisting	of	(in	mM):	50	LiCl,	
75	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	Then	the	cells	were	pre-treated	with	the	
caspase-1	inhibitor	VX-765	(40	µM)	or	vehicle	(DMSO)	for	10	min.	This	pre-incubation	was	followed	by	
administration	of	the	inflammasome	activators:	10	µM	nigericin,	2	µg/mL	poly-(dA:dT)	complexed	with	5	
µL	 lipofectamine,	 50,	 75,	 or	 85	 µM	m-3M3FBS,	 or	 75	 or	 85	µM	 o-3M3FBS	 (PLC-inactive	 isomer	 of	m-
3M3FBS).	 The	 negative	 controls	 were	 subjected	 to	 the	 medium	 alone.	 Immediately	 after	 addition	 of	
inflammasome	 activators,	 the	 plates	 were	 centrifuged	 at	 340	 ´	 g	 for	 5	 min	 (RT).	 After	 45	 min	 of	
stimulation,	 the	 cells	 were	 lysed	 by	 addition	 of	 Triton	 X-100	 (final	 concentration	 0.5%)	 and	 the	
concentrations	of	IP1	in	the	supernatants	were	assessed	by	HTRF.	
The	results	are	plotted	as	means	from	4	independent	experiments	performed	in	technical	quadruplicate.	
Error	 bars	 represent	 SD.	 Individual	 data	 points	 represent	means	 of	 the	 technical	 quadruplicate	 values	
from	each	of	the	independent	experiments.	
	

Next,	 I	 tested	 the	 IP1	 responses	 to	 the	 inflammasome	 activators	 in	 NLRP3-deficient	

(Nlrp3-/-)	 and	 AIM2-deficient	 (Aim2-/-)	 BMDMs	 (Figure	 5.7).	 Despite	 the	 higher	

background	 PLC	 activity	 in	 this	 assay,	 I	 observed	 strong	 PLC	 induction	 with	 poly-

(dA:dT)	but	no	 increase	 in	 the	 IP1	 levels	upon	 stimulation	with	nigericin	 (Figure	5.7),	

consistent	 with	 my	 previous	 results	 (Figure	 5.6).	 Here,	 both	 the	 m-3M3FBS	 and	 o-

3M3FBS	treatments	resulted	in	elevated	IP1	concentrations	(Figure	5.7).	
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Figure	 5.7.	 IP1	 levels	 in	 WT,	 NLRP3-deficient	 (Nlrp3-/-),	 and	 AIM2-deficient	 (Aim2-/-)	 BMDMs	
stimulated	with	inflammasome	activators	in	the	minimal	salt	solution	containing	50	mM	LiCl	and	
75	mM	NaCl	
A,	 B:	 To	 determine	 whether	 the	 inflammasome	 activators	 nigericin,	 poly-(dA:dT),	 and	m-3M3FBS	 are	
capable	 of	 eliciting	 PLC	 activation	 in	 BMDMs,	 unprimed	 (A)	 or	 LPS-primed	 (200	 ng/mL,	 2	 h;	 B)	 WT,	
NLRP3-deficient	 (Nlrp3-/-),	 or	AIM2-deficient	 (Aim2-/-)	BMDMs	were	 shifted	 to	 an	 extracellular	medium	
consisting	of	(in	mM):	50	LiCl,	75	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	Then	the	cells	
were	 stimulated	with	 the	 inflammasome	activators:	 10	µM	nigericin,	 2	µg/mL	poly-(dA:dT)	 complexed	
with	5	µL	 lipofectamine,	 18,	 36,	 54,	 72,	 or	 85	µM	m-3M3FBS,	 or	 72	or	 85	µM	o-3M3FBS	 (PLC-inactive	
isomer	 of	m-3M3FBS).	 The	 negative	 controls	 were	 subjected	 to	 the	 medium	 alone.	 Immediately	 after	
addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	45	min	
of	 stimulation,	 the	 cells	 were	 lysed	 by	 addition	 of	 Triton	 X-100	 (final	 concentration	 0.5%)	 and	 the	
concentrations	of	IP1	in	the	supernatants	were	assessed	by	HTRF.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	triplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	triplicate	values	from	each	of	
the	independent	experiments.	
	

The	evidence	presented	in	the	present	Chapter	and	in	Sections	4.3	and	4.5	indicates	that	

PLC	 is	 likely	 not	 involved	 in	 the	 NLRP3	 inflammasome	 activation.	 First,	 m-3M3FBS	

activates	the	inflammasome	in	a	manner	independent	of	NLRP3	and	not	sensitive	to	the	

PLC	 inhibitors	 U	 73122	 and	 edelfosine.	 Secondly,	 U	 73122	 appears	 to	 inhibit	 the	

canonical	NLRP3	activation	through	an	off-target	effect	linked	to	covalent	modifications	

of	protein	cysteinyl	residues.	Furthermore,	edelfosine	is	not	a	selective	NLRP3	inhibitor	

as	 it	 inhibits	 the	AIM2	 inflammasome	activation	by	poly-(dA:dT)	with	similar	potency.	

Thirdly,	the	NLRP3	activator	nigericin	does	not	produce	a	major	increase	in	the	cellular	

IP1	 concentration,	 whereas	 transfection	 with	 poly-(dA:dT)	 strongly	 increases	 the	 IP1	

level5.	

	

	
5	Of	 note,	 it	 is	 unlikely	 that	 the	 PLC	 induction	 by	 poly-(dA:dT)	 is	 linked	 to	 the	 AIM2	 inflammasome	
activation.	 A	more	 plausible	 explanation	 is	 that	 the	 increased	 IP1	 levels	 result	 from	 activation	 of	 other	
DNA-	or	DNA/Lipofectamine	2000	complex-sensing	mechanisms.	
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What	evidence	remains	in	favor	of	the	model	whereby	PLC	activation	occurs	upstream	

of	 the	NLRP3	inflammasome	assembly?	There	are	two	reports	of	an	autoinflammatory	

disease	termed	autoinflammation	and	phospholipase	Cg2-associated	antibody	deficiency	

and	immune	dysregulation	(APLAID)	(Chae	et	al.,	2015;	Martín-Nalda	et	al.,	2020).	This	

condition	is	proposed	to	be	caused	by	hypermorphic	mutations	in	PLCg2	(characterized	

in	 detail	 by	 Walliser	 et	 al.,	 (2018)	 and	 Martín-Nalda	 et	 al.,	 (2020)).	 Monocytes	 from	

patients	 suffering	 from	 APLAID	 manifest	 with	 spontaneous	 inflammasome	 activation	

upon	LPS	treatment,	which	is	considered	as	evidence	that	increased	PLC	activity	triggers	

the	NLRP3	 inflammasome.	 Importantly,	neither	Chae	et	al.	 (2015)	nor	Martín-Nalda	et	

al.	(2020)	addressed	the	NLRP3	dependency	of	the	observed	phenotype	(for	example	by	

using	 CRID3	 or	 NLRP3-targeting	 siRNAs).	 Moreover,	 the	 involvement	 of	 PLC/Ca2+	

signaling	 has	 been	 inferred	 from	 experiments	 employing	 BAPTA-AM	 (shown	 to	 act	

through	an	off-target	effect	by	Katsnelson	et	al.	(2015)),	2-APB	(shown	to	act	through	an	

off-target	 effect	 by	 Katsnelson	 et	 al.	 (2015)	 and	 Baldwin	 et	 al.	 (2017)),	 and	 U	 73122	

(shown	 to	 act	 through	 an	 off-target	 effect	 in	 my	 thesis).	 Taking	 all	 of	 this	 under	

consideration,	 it	 would	 probably	 be	 prudent	 to	 re-evaluate	 both	 the	 mechanism	 of	

inflammasome	 activation	 in	 APLAID	 patients	 and	 the	 inflammasome	 sensor	molecule	

engaged	 in	 the	 excessive	 inflammatory	 response.	 However,	 as	 there	 is	 no	 APLAID	

patient	cohort	available	in	Bonn,	this	topic	will	not	be	further	investigated	in	my	thesis.	

	

In	 the	 following	Chapters,	 I	will	 identify	 the	 inflammasome	 sensor	molecules	 engaged	

during	 the	m-3M3FBS	 stimulation	 and	 examine	 the	mechanisms	 by	which	m-3M3FBS	

activates	the	inflammasome.	
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6.	m-3M3FBS	disrupts	the	mitochondrial	compartment	and	activates	the	NLRP10	

and	AIM2	inflammasomes	

	

In	 Chapters	 4	 and	 5,	 I	 have	 demonstrated	 that	 PLC	 is	 not	 involved	 in	 the	 NLRP3	

inflammasome	activation,	that	m-3M3FBS	activates	the	inflammasome	independently	of	

NLRP3,	 and	 that	 this	 molecule	 likely	 acts	 through	 a	 mechanism	 not	 relying	 on	 PLC	

(Scheme	 6.1).	 These	 conclusions	 prompt	 two	 questions:	 which	 inflammasome	 sensor	

components	are	activated	by	m-3M3FBS,	and	how	this	process	occurs.	

	

	
Scheme	6.1.	Comparison	of	the	existing	models	of	the	phospholipase	C	involvement	in	the	NLRP3	
inflammasome	activation	
Left:	 The	model	 implicitly	 suggested	by	 studies	 by	 Lee	 et	 al.	 (2012)	 and	Rossol	 et	 al.	 (2012).	K+	 efflux	
agonists	activating	NLRP3	were	proposed	to	trigger	PLC	activation,	which	was	considered	to	be	necessary	
for	the	inflammasome	activation.	m-3M3FBS	was	proposed	to	act	directly	at	the	level	of	PLC.	
Center:	The	model	emerging	from	the	revision	by	Muñoz-Planillo	et	al.	(2013).	In	this	study,	m-3M3FBS	
was	 proposed	 to	 activate	 the	 inflammasome	 in	 a	 K+	 efflux-dependent	manner,	 potentially	 placing	 PLC	
activation	upstream	of	K+	efflux,	which	is	in	contrast	to	the	studies	by	Lee	et	al.	(2012)	and	Rossol	et	al.	
(2012).	
Right:	 The	model	proposed	 in	my	 thesis	 based	on	 the	 results	presented	 in	Chapters	4	 and	5.	Here,	m-
3M3FBS	 activates	 the	 inflammasome	 in	 a	manner	 independent	 of	 K+	 efflux,	 of	NLRP3,	 and	 of	 PLC.	 The	
model	K+	efflux	agonist	nigericin	did	not	 trigger	PLC	activation.	Collectively,	my	observations	point	 to	a	
model	in	which	the	m-3M3FBS-induced	inflammasome	activation,	the	m-3M3FBS-induced	PLC	activation,	
and	the	NLRP3	activation	by	K+	efflux	agonists	are	all	unconnected	events.	
	

6.1.	 An	 overexpression	 screen	 in	 ASCTagBFP	 HEK	 cells	 identifies	 NLRP10	 as	 a	

prospective	inflammasome-forming	sensor	responding	to	m-3M3FBS	

	

In	 order	 to	 determine	 which	 sensor	 could	 initiate	 the	 inflammasome	 assembly	 upon	

stimulation	 with	 m-3M3FBS,	 I	 transiently	 overexpressed	 several	 PYD-containing	

proteins	in	ASCTagBFP	HEK	cells.	I	then	treated	these	cells	with	m-3M3FBS	or	nigericin	(as	

a	 control)	 and	 assessed	 their	 ASC	 specking	 responses	 by	 fluorescence	 microscopy	

(Figures	6.1-6.3).	Transient	transfections	with	the	different	PYD-containing	proteins	led	
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to	 variable	 levels	 of	 background	 ASC	 specking	 under	 the	 unstimulated	 conditions.	

Consequently,	 I	decided	 to	present	 the	results	here	as	normalized	 to	 the	unstimulated	

control.	The	graphs	with	the	non-normalized	values	obtained	in	this	screen	can	be	found	

in	the	Supplementary	Figures	S2-S4.	
	

Importantly,	 this	 screening	 approach	 was	 feasible	 because	 ASCTagBFP	 HEK	 cells	 and	

ASCTagBFP	HEK	cells	transfected	with	the	empty	(control)	vector	did	not	have	increased	

levels	of	ASC	speck	formation	when	exposed	to	m-3M3FBS	(Figures	6.1	A,	B,	6.2	A,	B,	and	

6.3	 A,	 B).	 The	 disadvantage	 of	 this	method	was	 the	 high	 likelihood	 of	 obtaining	 false	

negative	 results,	 especially	 for	 the	 PYD-containing	 proteins	 that	 produced	 high	

background	ASC	specking	levels	(Supplementary	Figures	S2-S4).	
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Figure	6.1.	ASC	specking	responses	to	m-3M3FBS	in	ASCTagBFP	HEK	cells	transiently	overexpressing	
human	NLRP1,	human	NLRP2,	human	NLRP3,	human	NLRP4,	human	NLRP5,	or	human	NLRP6	
A-H:	ASCTagBFP	HEK	cells	were	 left	untransfected	(A)	or	were	transiently	 transfected	 in	wells	of	a	6-well	
plate	with	the	empty	vector	(B)	or	with	vectors	encoding	human	(h)	NLRP1	(C),	hNLRP2	(E),	hNLRP3	(G),	
hNLRP4	 (D),	 hNLRP5	 (F),	 or	 hNLRP6	 (H;	 plasmid	 ID	 in	 the	 Institute	 of	 Innate	 Immunity	 database	was	
1133).	The	transfected	DNA	amount	was	1	µg	per	5	´	105	cells	(light	blue	bars;	the	number	of	cells	refers	
to	the	initial	cell	population)	or	2	µg	per	5	´	105	cells	(dark	blue	bars;	the	number	of	cells	refers	to	the	
initial	cell	population).	The	transfection	reagent	was	Gene	Juice	and	it	was	combined	with	DNA	at	the	ratio	
of	2.3	µL	of	Gene	 Juice	per	1	µg	of	DNA.	After	24	h	of	 transfection,	 the	cells	were	replated	 into	96-well	
plates,	and	after	additional	24	h	they	were	shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	
NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4.	Then,	the	cells	were	left	untreated	(-),	or	they	
were	 stimulated	with	m-3M3FBS	 (40,	 55,	 70,	 or	 85	µM)	 or	 with	 nigericin	 (10	µM).	 Immediately	 after	
addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min,	
the	 cells	 were	 fixed	 with	 4%	 formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	
imaged	using	a	widefield	fluorescence	microscope.	
The	results	are	plotted	as	mean	normalized	values	(the	untreated	[-]	control	within	each	of	the	panels	was	
taken	as	100%)	from	3	independent	experiments	performed	in	technical	duplicate.	Error	bars	represent	
SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	the	independent	
experiments.	
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Figure	6.2.	ASC	specking	responses	to	m-3M3FBS	in	ASCTagBFP	HEK	cells	transiently	overexpressing	
human	NLRP7,	human	NLRP9,	human	NLRP10,	human	NLRP11,	human	NLRP12,	or	human	NLRP13	
A-H:	ASCTagBFP	HEK	cells	were	 left	untransfected	(A)	or	were	transiently	 transfected	 in	wells	of	a	6-well	
plate	with	 the	empty	vector	(B)	or	with	vectors	encoding	human	(h)	NLRP7	(C),	hNLRP9	(E),	hNLRP10	
(G),	hNLRP11	(D),	hNLRP12	(F),	or	hNLRP13	(H).	The	transfected	DNA	amount	was	1	µg	per	5	´	105	cells	
(light	blue	bars;	the	number	of	cells	refers	to	the	initial	cell	population)	or	2	µg	per	5	´	105	cells	(dark	blue	
bars;	the	number	of	cells	refers	to	the	initial	cell	population).	The	transfection	reagent	was	Gene	Juice	and	
it	was	combined	with	DNA	at	the	ratio	of	2.3	µL	of	Gene	Juice	per	1	µg	of	DNA.	After	24	h	of	transfection,	
the	cells	were	replated	into	96-well	plates,	and	after	additional	24	h	they	were	shifted	to	an	extracellular	
medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4.	Then,	the	
cells	 were	 left	 untreated	 (-),	 or	 they	 were	 stimulated	 with	m-3M3FBS	 (40,	 55,	 70,	 or	 85	µM)	 or	 with	
nigericin	(10	µM).	Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	
340	´	g	for	5	min	(RT).	After	30	min,	the	cells	were	fixed	with	4%	formaldehyde,	counterstained	with	the	
nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope.	
The	results	are	plotted	as	mean	normalized	values	(the	untreated	[-]	control	within	each	of	the	panels	was	
taken	as	100%)	from	3	independent	experiments	performed	in	technical	duplicate.	Error	bars	represent	
SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	the	independent	
experiments.	
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Figure	6.3.	ASC	specking	responses	to	m-3M3FBS	in	ASCTagBFP	HEK	cells	transiently	overexpressing	
human	NLRP14,	human	pyrin,	human	AIM2,	murine	AIM2,	human	NLRP6,	or	human	NLRC4	
A-H:	ASCTagBFP	HEK	cells	were	 left	untransfected	(A)	or	were	transiently	 transfected	 in	wells	of	a	6-well	
plate	with	the	empty	vector	(B)	or	with	vectors	encoding	human	(h)	NLRP14	(C),	hPyrin	(E),	hNLRP6	(G;	
the	vector	 ID	 in	 the	 Institute	of	 Innate	 Immunity	database	was	1134),	 hAIM2	 (D),	murine	Aim2	 (F),	 or	
hNLRC4	(H).	The	transfected	DNA	amount	was	1	µg	per	5	´	105	cells	(light	blue	bars;	the	number	of	cells	
refers	to	the	initial	cell	population)	or	2	µg	per	5	´	105	cells	(dark	blue	bars;	the	number	of	cells	refers	to	
the	initial	cell	population).	The	transfection	reagent	was	Gene	Juice	and	it	was	combined	with	DNA	at	the	
ratio	of	2.3	µL	of	Gene	Juice	per	1	µg	of	DNA.	After	24	h	of	transfection,	the	cells	were	replated	into	96-well	
plates,	and	after	additional	24	h	they	were	shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	
NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4.	Then,	the	cells	were	left	untreated	(-),	or	they	
were	 stimulated	with	m-3M3FBS	 (40,	 55,	 70,	 or	 85	µM)	 or	 with	 nigericin	 (10	µM).	 Immediately	 after	
addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min,	
the	 cells	 were	 fixed	 with	 4%	 formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	
imaged	using	a	widefield	fluorescence	microscope.	
The	results	are	plotted	as	mean	normalized	values	(the	untreated	[-]	control	within	each	of	the	panels	was	
taken	as	100%)	from	3	independent	experiments	performed	in	technical	duplicate.	Error	bars	represent	
SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	the	independent	
experiments.	
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Out	 of	 the	 prospective	 inflammasome-forming	 sensors	 tested,	 the	 only	 one	 whose	

overexpression	 consistently	 led	 to	 a	 noticeable	 increase	 in	 ASC	 specking	 upon	

stimulation	with	m-3M3FBS	was	NLRP10	(Figure	6.2	G).	This	result	was	unexpected	for	

several	reasons.	First,	NLRP10	is	a	unique	member	of	the	NLRP	subfamily	in	that	it	lacks	

the	LRR	domain	 (MacDonald	et	al.,	2013).	Based	on	 this	 fact,	 several	previous	reports	

proposed	that	NLRP10	may	have	an	inhibitory	impact	on	the	inflammasome	formation	

(Imamura	et	al.,	2010;	Murphy	et	al.,	2013;	Wang	et	al.,	2004),	though	these	studies	can	

in	no	way	be	considered	conclusive	(I	address	this	issue	in	more	detail	 in	Sections	7.5,	

8.4,	 and	 10.5).	 Finally,	 NLRP10	 is	 not	 highly	 expressed	 in	 the	 hematopoietic	 system	

(Lautz	et	al.,	2012;	Nakajima	et	al.,	2018;	Vacca	et	al.,	2017)	so	it	is	unlikely	that	it	could	

be	 the	 sensor	 responding	 to	m-3M3FBS	 in	 murine	 macrophages	 (Chapter	 4;	 murine	

macrophage	 responses	 to	 m-3M3FBS	 were	 also	 previously	 reported	 by	 Deng	 et	 al.	

(2019);	Lee	et	al.	(2012);	Muñoz-Planillo	et	al.	(2013);	Rossol	et	al.	(2012)).	

	

6.2.	 NLRP10	 stably	 overexpressed	 in	 ASCTagBFP	 HEK	 cells	 enables	 ASC	 specking	

responses	to	both	m-3M3FBS	and	o-3M3FBS	

	

To	validate	the	finding	that	NLRP10	may	be	an	inflammasome-forming	sensor	activated	

by	m-3M3FBS	(Figure	6.2	G),	I	generated	ASCTagBFP	HEK	cells	stably	transduced	with	the	

empty	vector,	human	(h)	NLRP10mCitrine,	or	murine	(m)	NLRP10mCitrine.	I	stimulated	these	

cells	with	m-3M3FBS,	o-3M3FBS	(the	m-3M3FBS	isomer	without	PLC-inducing	activity),	

nigericin,	 or	 poly-(dA:dT)	 and	 assessed	 the	 levels	 of	 ASC	 speck	 formation	 by	

fluorescence	microscopy	(Figure	6.4	A-C).	NLRP3/ASCmCerulean	reporter	iMac	cells	served	

as	a	control	(Figure	6.4	D).	

	



Chapter	6	
	

	 105	

	
Figure	 6.4.	 ASC	 specking	 responses	 to	m-3M3FBS	 and	 o-3M3FBS	 in	 ASCTagBFP	 HEK	 cells	 stably	
transduced	 with	 the	 empty	 vector,	 human	 NLRP10mCitrine,	 or	 murine	 NLRP10mCitrine,	 and	 in	
NLRP3/ASCmCerulean	reporter	iMac	cells	
A-D:	Human	(h)	NLRP10mCitrine/ASCTagBFP	HEK	cells	(A),	murine	(m)	Nlrp10mCitrine/ASCTagBFP	HEK	cells	(B),	
mCitrine/ASCTagBFP	 HEK	 cells	 (C),	 and	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (D)	 were	 shifted	 to	 an	
extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4.	
Then	the	cells	were	left	untreated	(UT),	or	they	were	stimulated	with	m-3M3FBS	(m-3M3;	65,	75,	or	85	
µM),	o-3M3FBS	(o-3M3;	75	or	85	µM),	nigericin	(10	µM),	or	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	
Lipofectamine	2000).	Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	
at	340	´	g	for	5	min	(RT).	After	30	min	(A-C)	or	60	min	(D),	the	cells	were	fixed	with	4%	formaldehyde,	
counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	 imaged	 using	 a	 widefield	 fluorescence	
microscope.	
The	results	are	plotted	as	means	from	4	independent	experiments	performed	in	technical	triplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	triplicate	values	from	each	of	
the	independent	experiments.	
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Consistent	with	my	previous	observation	(Figure	4.1),	m-3M3FBS	elicited	a	strong	ASC	

specking	 response	 in	NLRP3/ASCmCerulean	 reporter	 iMac	 cells,	while	o-3M3FBS	 did	 not	

have	 inflammasome-stimulating	 activity	 in	 these	 cells	 (Figure	 6.4	 D).	 In	 contrast,	 in	

hNLRP10mCitrine/ASCTagBFP	and	mNLRP10mCitrine/ASCTagBFP	HEK	cells,	both	the	m-3M3FBS	

and	o-3M3FBS	treatments	resulted	in	ASC	speck	formation	(Figure	6.4	A,	B),	though	m-

3M3FBS	 was	 a	 stronger	 NLRP10	 activator.	 ASCTagBFP	 HEK	 cells	 transduced	 with	 the	

empty	vector	did	not	respond	to	m-/o-3M3FBS	(Figure	6.4	C).	 Importantly,	 the	NLRP3	

activator	nigericin	and	the	AIM2	ligand	poly-(dA:dT)	did	not	cause	NLRP10-driven	ASC	

speck	 formation	 (Figure	 6.4	 A-C),	 whereas	 they	 produced	 robust	 inflammasome	

responses	in	NLRP3/ASCmCerulean	reporter	iMac	cells	(Figure	6.4	D).	

	

This	 experiment	 confirmed	 that	 both	 the	 human	 and	murine	 NLRP10	 proteins,	 when	

overexpressed	 in	 HEK	 cells,	 can	 initiate	 ASC	 speck	 formation	 upon	 exposure	 to	 m-

3M3FBS.	 Surprisingly,	 a	 weaker,	 HEK	 cell-specific	 ASC	 specking	 response	 was	 also	

observed	 in	 o-3M3FBS-treated	 cells.	 The	 responsiveness	 to	 o-3M3FBS	 is	 difficult	 to	

interpret.	This	compound	is	considered	to	be	a	PLC-inactive	isomer	of	m-3M3FBS	(Bae	

et	 al.,	 2003).	 However,	 I	 have	 earlier	 determined	 that	m-3M3FBS	 likely	 activates	 the	

inflammasome	 in	 a	 manner	 not	 linked	 to	 PLC	 activation	 (Figures	 4.3,	 5.1,	 and	 5.2).	

Theoretically,	 a	 common	 off-target	 effect	 of	 both	 isomers	 could	 exist	 and	 it	 could	 be	

involved	 in	 the	NLRP10	activation.	As	m-3M3FBS	activates	 the	 inflammasome	 in	both	

murine	macrophages	 and	HEK	 cells	 overexpressing	 NLRP10,	whereas	 o-3M3FBS	 only	

appears	 to	 be	 active	 in	 HEK	 cells,	 in	 the	 following	 sections,	 I	 will	 focus	 on	 the	

inflammasome	activation	with	m-3M3FBS.	

	

6.3.	Cell	biological	characteristics	of	the	m-3M3FBS-induced	NLRP10	activation	in	

HEK	 cells	 resemble	 the	 characteristics	 of	 the	m-3M3FBS-driven	 inflammasome	

response	in	murine	macrophages	

	

To	 test	whether	 the	m-3M3FBS-driven	NLRP10	activation	 in	HEK	cells	 shows	 signs	of	

dependence	 on	 PLC,	 I	 pre-treated	 NLRP10mCitrine/ASCTagBFP	 HEK	 cells	 with	 increasing	

doses	of	 edelfosine	 (Figure	6.5	A),	 or	U	73122	 (Figure	6.5	B),	 followed	by	a	 challenge	

with	m-3M3FBS.	 I	 assessed	 the	 degree	 of	 the	 inflammasome	 response	 by	 ASC	 speck	

imaging.	
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Similar	 to	 the	 observations	 from	 immortalized	 macrophages	 (Figure	 4.3),	 only	 the	

highest,	non-selective	doses	of	the	PLC	inhibitors	blocked	the	NLRP10	activation	with	m-

3M3FBS,	 indicating	 that	 this	process	 likely	does	not	 rely	on	PLC	(Figure	6.5).	Notably,	

transient	overexpression	of	the	hyperactive	PLCg2	variant	(p.S707Y;	described	by	Chae	

et	 al.	 (2015)	 and	 Walliser	 et	 al.	 (2018))	 or	 of	 the	 constitutively	 active	 Gq	 a	 protein	

mutant	 (Q209L)	 in	 NLRP10/ASC	 fluorescent	 reporter	 HEK	 cells	 did	 not	 lead	 to	 ASC	

speck	 formation	 (Supplementary	 Figure	 S5).	 These	 observations	 further	 suggest	 that	

activation	of	PLC	does	not	promote	the	NLRP10	inflammasome	assembly.	

	

	
Figure	6.5.	Influence	of	the	PLC	inhibitors	edelfosine	and	U	73122	on	the	m-3M3FBS-induced	ASC	
speck	formation	in	NLRP10mCitrine/ASCTagBFP	HEK	cells	
A-B:	To	determine	whether	the	NLRP10	inflammasome	response	to	m-3M3FBS	is	sensitive	to	edelfosine	
and	 U	 73122,	 human	 (h)	 NLRP10mCitrine/ASCTagBFP	 HEK	 cells	 were	 pre-treated	 with	 edelfosine	 (A;	 0	
[ethanol],	1,	2.5,	5,	10,	25,	50,	or	75	µM;	10	min)	or	U	73122	(B;	0	[DMSO],	0.5,	1,	2.5,	5,	10,	25,	or	50	µM;	
10	min)	and	then	stimulated	with	m-3M3FBS	(85	µM)	or	left	untreated	(no	activator)	in	an	extracellular	
medium	 consisting	 of	 (in	 mM)	 123	 NaCl,	 5	 KCl,	 2	 MgCl2,	 1	 CaCl2,	 10	 glucose,	 10	 HEPES,	 pH	 7.4.	
Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	
(RT).	After	30	min,	 the	 cells	were	 fixed,	 counterstained	 for	 the	nuclei	 and	 imaged	using	 a	 fluorescence	
microscope.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	triplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	triplicate	values	from	each	of	
the	independent	experiments.	
	

I	went	on	 to	examine	whether	 the	NLRP3-inhibiting	KCl	 concentrations	could	have	an	

impact	on	the	NLRP10	activation	with	m-3M3FBS	(Figure	6.6	A).	This	process	was	not	

inhibited	by	any	of	 the	 tested	KCl	 concentrations	 (0-125	mM),	 indicating	 that	 it	 is	not	

dependent	on	K+	efflux.	
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Figure	6.6.	The	m-3M3FBS-induced	ASC	speck	formation	in	NLRP10mCitrine/ASCTagBFP	reporter	HEK	
cells	is	not	blocked	by	the	NLRP3	inflammasome	inhibitors	
A:	To	determine	whether	the	m-3M3FBS-induced	inflammasome	activation	requires	K+	efflux,	human	(h)	
NLRP10mCitrine/ASCTagBFP	HEK	cells	were	shifted	to	media	with	non-physiological	concentrations	of	KCl	(0,	
5,	10,	25,	50,	75,	100,	or	125	mM;	for	the	KCl	concentrations	above	5	mM,	the	NaCl	concentrations	were	
accordingly	decreased	so	as	to	maintain	a	constant	osmolarity)	and	then	stimulated	with	m-3M3FBS	(85	
µM)	or	left	untreated	(no	activator).	Apart	from	NaCl	(123-0	mM)	and	KCl	(0-125	mM),	the	extracellular	
media	consisted	of	(in	mM)	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	Immediately	after	addition	of	
inflammasome	activators,	 the	plates	were	centrifuged	at	340	´	g	 for	5	min	(RT).	After	30	min,	 the	cells	
were	fixed,	counterstained	for	the	nuclei	(5	µM	DRAQ5)	and	imaged	using	a	fluorescence	microscope.	
B,	 C:	 To	 determine	 whether	 the	 m-3M3FBS-induced	 inflammasome	 activation	 is	 modulated	 by	 the	
extracellular	 Ca2+	 concentrations,	 the	 caspase-1	 inhibitor	 VX-765,	 or	 the	 NLRP3	 inhibitor	 CRID3	
hNLRP10mCitrine/ASCTagBFP	HEK	cells	were	pre-treated	for	10	min	with	a	range	of	CaCl2	concentrations	(0,	1	
[control],	2.5,	5,	or	10	mM),	VX-765	(10	or	25	µM),	or	CRID3	(5	µM),	and	then	stimulated	with	m-3M3FBS	
(85	µM;	B)	or	left	untreated	(no	activator;	C)	in	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	
KCl,	2	MgCl2,	1	CaCl2	(except	for	the	Ca2+-free	and	the	increased	[CaCl2]	conditions),	10	glucose,	10	HEPES,	
pH	7.4.	Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	
5	min	(RT).	After	30	min,	 the	cells	were	 fixed,	counterstained	for	 the	nuclei	(5	µM	DRAQ5)	and	 imaged	
using	a	fluorescence	microscope.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	triplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	triplicate	values	from	each	of	
the	independent	experiments.	
	

Finally,	 I	 assessed	 the	 sensitivity	 of	 the	m-3M3FBS-elicited	NLRP10-driven	ASC	 speck	

formation	 to	 the	NLRP3	 inhibitor	CRID3,	 the	caspase-1	 inhibitor	VX-765,	as	well	 as	 to	

Ca2+-free	 and	 high-CaCl2	 media.	 None	 of	 these	 treatments	 blocked	 (Figure	 6.6	 B)	 or	

activated	(Figure	6.6	C)	NLRP10.	Overall,	the	general	characteristics	of	the	m-3M3FBS-

induced	 NLRP10	 activation	 in	 HEK	 cells	 were	 similar	 to	 the	 m-3M3FBS-driven	

inflammasome	response	in	murine	macrophages	(Figure	4.4).	

	

6.4.	NLRP10	 is	dispensable	 for	 the	m-3M3FBS-induced	 inflammasome	activation	

in	BMDMs	

	

NLRP10	is	not	expressed	in	myeloid	cells	(Lautz	et	al.,	2012;	Nakajima	et	al.,	2018;	Vacca	

et	al.,	2017),	so	it	is	unlikely	to	be	the	mediator	of	inflammasome	formation	in	BMDMs	

(Figures	 4.2	 and	4.5).	Nevertheless,	 considering	 the	 results	 presented	 in	 Sections	 6.1-
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6.3,	 I	proceeded	 to	determine	whether	 the	macrophage	 inflammasome	response	 to	m-

3M3FBS	 is	 dependent	 on	 NLRP10.	 To	 this	 end,	 I	 challenged	 LPS-primed	Nlrp10flox/flox	

and	Nlrp10-/-	 BMDMs	 (a	 kind	 gift	 from	Prof.	 Thomas	Kufer,	 University	 of	Hohenheim,	

Germany)	 with	 increasing	 doses	 of	 m-3M3FBS	 and	 measured	 the	 concentrations	 of	

secreted	 IL-1b	 to	 assess	 the	 strength	 of	 the	 inflammasome	 responses	 (Figure	 6.7).	

Nigericin	and	poly-(dA:dT)	served	as	NLRP10-independent	controls.	

	

	
Figure	6.7.	NLRP10-deficient	(Nlrp10-/-)	BMDMs	do	not	exhibit	a	defective	inflammasome	response	
to	m-3M3FBS	
LPS-primed	 (200	 ng/mL,	 2	 h)	 BMDMs	 from	 NLRP10-proficient	 (Nlrp10flox/flox;	 white	 bars)	 or	 NLRP10-
deficient	 (Nlrp10-/-;	 grey	bars)	mice	were	shifted	 to	an	extracellular	medium	consisting	of	 (in	mM)	123	
NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4	and	stimulated	with	nigericin	(10	µM),	poly-
(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000),	or	m-3M3FBS	(18,	36,	54,	72,	or	85	µM).	The	
LPS	controls	were	subjected	to	medium	alone.	Immediately	after	addition	of	inflammasome	activators,	the	
plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	60	min,	the	supernatants	were	collected	and	IL-1b	
concentrations	were	measured	by	HTRF.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

NLRP10-deficient	 BMDMs	 did	 not	 have	 a	 decreased	 IL-1b	 response	 to	m-3M3FBS.	 In	

fact,	 all	 tested	 inflammasome	 responses	 were	 elevated	 in	 NLRP10-deficient	 cells,	

compared	to	WT	controls	(Figure	6.7).	

	

It	 is	 difficult	 to	 comment	 on	 this	 apparent	 global	 increase	 in	 the	 inflammasome	

responses	upon	NLRP10	deficiency.	A	safe	conclusion	from	the	data	presented	in	Figure	

6.7	is	that	NLRP10	is	not	required	for	the	m-3M3FBS-induced	inflammasome	activation	

in	 macrophages.	 A	 less	 obvious	 question	 is	 whether	 the	 increased	 inflammasome	

responses	in	NLRP10-deficient	cells	should	be	interpreted	as	an	indication	that	NLRP10	
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is	an	inflammasome	inhibitor.	Several	groups	reported	normal	 levels	of	 inflammasome	

activation	in	NLRP10-deficient	myeloid	cells	compared	to	WT	controls	(Krishnaswamy	

et	al.,	2015;	Nakajima	et	al.,	2018;	Vacca	et	al.,	2017).	Based	on	these	studies	and	on	my	

own	observations	(Sections	7.5	and	8.4),	I	will	argue	that	it	is	unlikely	that	NLRP10	acts	

as	a	broad	inhibitor	of	inflammasome	activation.	Instead,	it	is	possible	that	the	increased	

inflammasome	 responses	 recorded	 in	 Figure	 6.7	 are	 a	 result	 of	 mouse	 breeding	

strategies	or	other	confounding	factors.	

	

6.5.	NLRP10	is	a	soluble	cytosolic	protein	that	changes	its	localization	pattern	on	

stimulation	with	m-3M3FBS	

	

So	 far,	 my	 attempts	 to	 determine	 how	m-3M3FBS	 activates	 the	 inflammasome	 have	

raised	more	questions	than	they	have	answered.	 In	macrophages,	m-3M3FBS	activates	

the	inflammasome	independently	of	NLRP3,	and	likely	 in	a	manner	not	related	to	PLC.	

Overexpression	 experiments	 in	 HEK	 cells	 suggest	 that	 NLRP10	 could	 act	 as	 a	 sensor	

responding	 to	m-3M3FBS,	 but	 this	 protein	 is	 not	 expressed	 in	 macrophages	 and	 not	

required	 for	 the	 macrophage	 response	 to	 m-3M3FBS.	 Hoping	 to	 gain	 a	 better	

understanding	 of	 the	 cellular	 events	 elicited	 by	 m-3M3FBS,	 I	 performed	 confocal	

imaging	of	h/m	NLRP10mCitrine	under	basal	and	m-3M3FBS-stimulated	conditions	(Figure	

6.8).	
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Figure	6.8.	 Localization	of	human	and	murine	NLRP10	 in	HEK	cells	under	basal	 and	m-3M3FBS-
stimulated	conditions	
HEK	 cells	 stably	 overexpressing	 human	 (h)	 NLRP10-IRES-mCitrine	 (two	 separate	 polypeptides),	
hNLRP10-linker-mCitrine	 (a	 single	 polypeptide),	 or	 murine	 (m)	 Nlrp10-linker-mCitrine	 (a	 single	
polypeptide)	were	shifted	to	an	extracellular	medium	consisting	of	 (in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	
CaCl2,	10	glucose,	10	HEPES	pH	7.4	and	 left	untreated	or	stimulated	with	m-3M3FBS	(85	µM).	After	30	
min,	the	cells	were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	
imaged	using	a	confocal	microscope.	
Images	are	representative	of	4	independent	experiments.	Scale	bars	correspond	to	5	µm.	
	

I	examined	NLRP10	localization	 in	HEK	cells	stably	overexpressing	h/m	NLRP10mCitrine	

fusion	proteins.	Of	note,	these	cells	did	not	overexpress	ASC	to	exclude	the	risk	that	the	

observed	 localization	 changes	 could	 result	 from	 ASC	 speck	 formation	 downstream	 of	

NLRP10	activation.	To	ensure	that	the	localization	changes	are	driven	by	NLRP10,	and	

not	by	mCitrine,	I	also	recorded	the	localization	of	mCitrine	without	a	fusion	partner	in	

HEK	 cells	 overexpressing	 NLRP10	 and	 mCitrine	 as	 two	 separate	 polypeptide	 chains	

(divided	 by	 an	 IRES	 sequence).	 	 A	 schematic	 of	 the	 overexpressed	 constructs	 is	

presented	in	the	right	column	of	Figure	6.8.	

	

HEK	 cells	 overexpressing	h/m	NLRP10mCitrine	 or	 hNLRP10-IRES-mCitrine	were	 treated	

with	m-3M3FBS	 (30	min),	 followed	 by	 fixation,	 nuclear	 counterstaining,	 and	 confocal	
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microscopy	(Figure	6.8).	Under	basal	conditions,	NLRP10	was	a	soluble	cytosolic	protein	

strongly	 excluded	 from	 the	 nuclei.	 Upon	 stimulation	 with	 m-3M3FBS,	 the	 NLRP10	

subcellular	 localization	underwent	a	shift	 toward	a	punctate	distribution	pattern.	This	

was	 observed	 for	 both	 human	 and	 murine	 NLRP10.	 mCitrine	 overexpressed	 as	 a	

separate	 polypeptide	 was	 a	 soluble	 protein	 uniformly	 distributed	 in	 the	 entire	

nucleocytosolic	compartment.	It	did	not	change	its	localization	patter	upon	stimulation	

with	m-3M3FBS,	 indicating	 that	 the	puncta	 formation	 is	driven	by	NLRP10	and	not	by	

mCitrine.	 Importantly,	 the	 cells	 stimulated	 with	 m-3M3FBS	 underwent	 noticeable	

morphological	changes,	of	which	the	best	visible	here	is	chromatin	condensation	(Figure	

6.8;	DRAQ5/nuclei	channel).		

	

6.6.	Organelle	marker	proteins	do	not	exhibit	evident	 localization	changes	upon	

m-3M3FBS	stimulation	

	

The	 localization	 pattern	 of	 NLRP10	 upon	 stimulation	 with	m-3M3FBS	 suggested	 that	

this	protein	could	translocate	to	one	of	the	organelles.	To	examine	whether	any	evident	

changes	could	be	observed	in	organelle	structures	in	cells	stimulated	with	m-3M3FBS,	I	

transiently	 overexpressed	 fluorescently	 labeled	 organelle	 markers	 in	 HEK	 cells	 and	

performed	 confocal	 imaging	 of	 fixed	 and	 nuclei-counterstained	 untreated,	 or	 m-

3M3FBS-treated	 and	 nigericin-treated	 cells	 (Figure	 6.9).	 I	 focused	 on	 the	 following	

compartments:	 the	 ER	 (DDOST),	 the	 endolysosomal	 compartment	 (LAMP1),	 the	

mitochondria	(TOMM20,	MAVS),	and	the	Golgi	(TGOLN2).	
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Figure	 6.9.	 Organelle	 morphologies	 in	 HEK	 cells	 under	 basal	 and	 m-3M3FBS-	 or	 nigericin-
stimulated	conditions	
HEK	cells	were	transiently	transfected	(200	ng	of	DNA	per	well	of	a	96-well	plate	combined	with	0.5	µL	of	
Gene	 Juice	 [transfection	 reagent],	 or	 2	µg/mL	 of	DNA	 combined	with	 5	µL	 of	 Gene	 Juice)	with	 vectors	
encoding	 the	 following	 organelle	 markers	 expressed	 as	 fusion	 proteins	 with	 mCitrine:	 DDOST	 (the	
endoplasmic	 reticulum),	 LAMP1	 (the	 endolysosomal	 system),	 TOMM20	 (the	mitochondria),	MAVS	 (the	
mitochondria),	or	TGOLN2	(the	Golgi	apparatus).	After	24	h	of	 transfection,	 the	cells	were	shifted	to	an	
extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4	
and	 left	untreated,	or	were	stimulated	with	m-3M3FBS	(85	µM)	or	nigericin	(10	µM).	After	30	min,	 the	
cells	were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	
using	a	confocal	microscope.	
Images	are	representative	of	4	independent	experiments.	Scale	bars	correspond	to	5	µm.	
	

Upon	 challenge	with	m-3M3FBS,	 no	 obvious	morphological	 changes	were	 detected	 in	

the	endolysosomal	compartment,	the	mitochondria,	and	the	Golgi.	The	ER	structure	also	

remained	 unaltered,	 but	 the	 nuclear	 envelope,	 which	 also	 stains	 positive	 for	 DDOST,	
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appeared	to	be	disrupted	by	m-3M3FBS.	A	leakage	of	the	nuclear	contents	to	the	cytosol	

was	 noticeable.	 This	 nuclear	 envelope	 rupture	 was	 not	 observed	 in	 nigericin-treated	

cells.	 In	 contrast,	 nigericin	 treatment	 appeared	 to	 result	 in	 an	 expansion	 of	 the	 Golgi	

apparatus	 compared	 to	 the	 untreated	 control.	 Collectively,	 with	 the	 exception	 of	 the	

nuclear	envelope,	 the	observation	of	organelle	morphologies	 in	HEK	cells	 treated	with	

m-3M3FBS	revealed	no	drastic	changes	compared	to	the	untreated	controls.	

	

6.7.	NLRP10	localizes	to	TOMM20-positive	mitochondria	in	HEK	cells	treated	with	

m-3M3FBS	

	

For	most	of	the	examined	organelles,	I	did	not	observe	an	altered	morphology	upon	m-

3M3FBS	 treatment,	 but	 this	 does	 not	 exclude	 the	 possibility	 of	 significant	 changes	

occurring	 at	 the	 subcellular	 level.	 To	 see	whether	 the	 translocation	 of	 NLRP10	 could	

point	 me	 in	 the	 direction	 of	 the	 compartment	 affected	 by	 m-3M3FBS,	 I	 transiently	

overexpressed	 mCitrine-labeled	 organelle	 markers	 for	 the	 ER,	 the	 endolysosomal	

system,	 the	mitochondria,	 and	 the	Golgi	 in	NLRP10mCherry	 HEK	 cells.	 I	 then	 challenged	

these	 cells	with	m-3M3FBS	 or	 nigericin	 and	 performed	 confocal	microscopy	 on	 fixed,	

nuclei-counterstained	samples	(Figure	6.10).	
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Figure	 6.10.	 Localization	 of	 NLRP10mCherry	 under	 basal	 and	m-3M3FBS-	 or	 nigericin-stimulated	
conditions	in	HEK	cells	transiently	overexpressing	mCitrine-labeled	organelle	markers	
Human	NLRP10mCherry	HEK	cells	were	transiently	transfected	(200	ng	of	DNA	per	well	of	a	96-well	plate	
combined	with	0.5	µL	of	Gene	Juice	[transfection	reagent],	or	2	µg/mL	of	DNA	combined	with	5	µL	of	Gene	
Juice)	with	vectors	encoding	the	following	organelle	markers	expressed	as	fusion	proteins	with	mCitrine:	
DDOST	(the	endoplasmic	reticulum),	LAMP1	(the	endolysosomal	system),	TOMM20	(the	mitochondria),	
MAVS	 (the	mitochondria),	 or	 TGOLN2	 (the	 Golgi	 apparatus).	 After	 24	 h	 of	 transfection,	 the	 cells	 were	
shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	
HEPES	pH	7.4	and	left	untreated,	or	were	stimulated	with	m-3M3FBS	(85	µM)	or	nigericin	(10	µM).	After	
30	min,	the	cells	were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	
and	imaged	using	a	confocal	microscope.	
Images	are	representative	of	4	independent	experiments.	Scale	bars	correspond	to	5	µm.	
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Stimulation	with	nigericin	did	not	affect	the	localization	pattern	of	NLRP10	compared	to	

the	 untreated	 controls,	 whereas	 the	 treatment	 with	 m-3M3FBS	 resulted	 in	 NLRP10	

puncta	 formation	 (Figure	6.10),	 consistent	with	my	previous	observation	 (Figure	6.8).	

On	the	organelle	level,	m-3M3FBS	caused	prominent	disruption	of	the	nuclear	envelope	

(marked	 by	 DDOST),	 but	 NLRP10	 did	 not	 colocalize	 with	 the	 ER/nuclear	 envelope	

membranes	 (Figure	 6.10).	 NLRP10	 was	 also	 not	 detected	 on	 the	 vesicles	 of	 the	

endolysosomal	 compartment	 (LAMP1),	 on	 the	 MAVS-positive	 mitochondrial	

membranes,	or	on	the	Golgi	(TGOLN2).	Instead,	under	m-3M3FBS-stimulated	conditions,	

a	 large	 proportion	 of	 the	 NLRP10	 puncta	 appeared	 to	 colocalize	 with	 the	 TOMM20-

positive	compartment,	suggesting	translocation	to	the	mitochondria.	White	arrowheads	

point	to	several	examples	of	TOMM20-NLRP10	colocalization	in	m-3M3FBS-treated	cells	

(Figure	6.10,	column	2,	row	3).	

	

6.8.	m-3M3FBS	is	an	activator	of	the	AIM2	inflammasome	in	murine	macrophages	

	

My	 results	 suggested	 that	m-3M3FBS	may	 affect	 two	organelles,	 the	nucleus	 (through	

the	disruption	of	 the	nuclear	 envelope)	 and	 the	mitochondria	 (based	on	 the	observed	

mitochondrial	 translocation	of	NLRP10).	Both	of	 these	 compartments	 contain	DNA,	 as	

they	 respectively	 host	 the	 nuclear	 and	 the	 mitochondrial	 genomes.	 Could	 AIM2,	 the	

inflammasome	sensor	component	activated	by	dsDNA,	be	involved	in	the	inflammasome	

response	 to	m-3M3FBS	 in	 macrophages?	 To	 answer	 this	 question,	 I	 stimulated	 WT,	

NLRP3-deficient	 (Nlrp3-/-;	 a	 control),	 and	 AIM2-deficient	 (Aim2-/-)	 BMDMs	 with	

increasing	 doses	 of	m-3M3FBS	 and	measured	 the	 concentrations	 of	 secreted	 IL-1b	 to	

assess	 the	 degree	 of	 the	 inflammasome	 activation	 (Figure	 6.11).	 Nigericin	 and	 poly-

(dA:dT)	served	as	NLRP3-	and	AIM2-dependent	controls,	respectively.	
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Figure	 6.11.	 IL-1b	 secretion	 from	 WT,	 NLRP3-deficient	 (Nlrp3-/-),	 and	 AIM2-deficient	 (Aim2-/-)	
BMDMs	stimulated	with	m-3M3FBS	
BMDMs	 from	WT	 (white	bars),	NLRP3-deficient	 (Nlrp3-/-;	 purple	bars),	 or	AIM2-deficient	 (Aim2-/-;	 blue	
bars)	mice	were	primed	with	LPS	(200	ng/mL,	2	h)	or	left	unprimed,	and	then	shifted	to	an	extracellular	
medium	 consisting	 of	 (in	 mM)	 123	 NaCl,	 5	 KCl,	 2	 MgCl2,	 1	 CaCl2,	 10	 glucose,	 10	 HEPES	 pH	 7.4	 and	
stimulated	with	nigericin	(10	µM),	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000),	or	
m-3M3FBS	 (18,	36,	54,	72,	85,	or	100	µM).	The	unprimed	and	LPS	 controls	were	 subjected	 to	medium	
alone.	Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	
min	 (RT).	 After	 60	min,	 the	 supernatants	 were	 collected	 and	 IL-1b	 concentrations	 were	measured	 by	
HTRF.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	triplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	triplicate	values	from	each	of	
the	independent	experiments.	
	

In	 agreement	with	my	 earlier	 observation	 (Figure	 4.5),	 both	WT	 and	NLRP3-deficient	

BMDMs	secreted	high	amounts	of	IL-1b	when	treated	with	m-3M3FBS	(Figure	6.11).	In	

contrast,	the	inflammasome	response	to	m-3M3FBS	was	completely	abolished	in	AIM2-

deficient	BMDMs,	indicating	that	in	murine	macrophages,	the	inflammasome	activation	

by	m-3M3FBS	 is	non-redundantly	dependent	on	AIM2	(Figure	6.11).	Of	note,	 I	did	not	

observe	 the	AIM2	activation	by	m-3M3FBS	 in	 the	overexpression	screen	performed	 in	

ASCTagBFP	HEK	cells	 (Figure	6.3	D,	F).	This	was	 likely	a	 false	negative	 result	due	 to	 the	

very	high	background	ASC	specking	signal	associated	with	the	transient	overexpression	

of	AIM2	(Supplementary	Figure	S4	D,	F).	

	

6.9.	Thapsigargin,	another	compound	with	mitochondria-damaging	properties,	is	

an	activator	of	AIM2	and	NLRP10	

	

As	m-3M3FBS	appeared	 to	have	a	mitochondria-related	activity	and	was	an	agonist	of	

the	 AIM2	 and	 NLRP10	 inflammasomes,	 I	 went	 on	 to	 test	 whether	 thapsigargin	 could	
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cause	a	response	similar	to	m-3M3FBS.	Thapsigargin,	commonly	known	as	an	inhibitor	

of	 the	 sarco/endoplasmic	 reticulum	 Ca2+-ATPase	 (SERCA),	 has	 an	 infamous	 record	 in	

inflammasome	 research.	 On	 different	 occasions	 it	 has	 been	 reported	 to	 be	 an	 NLRP3	

activator	(Bronner	et	al.,	2015;	Lerner	et	al.,	2012;	Menu	et	al.,	2012;	Rada	et	al.,	2014;	

Robblee	et	al.,	2016),	 inhibitor	(Murakami	et	al.,	2012),	or	 to	have	no	effect	on	NLRP3	

activation	(Katsnelson	et	al.,	2015).	Thapsigargin	can	be	expected	 to	share	some	of	 its	

downstream	 effects	 with	m-3M3FBS.	 Both	 of	 these	 compounds	 trigger	 cytosolic	 Ca2+	

fluxes,	albeit	by	different	mechanisms.	In	addition,	thapsigargin	is	known	to	disrupt	the	

mitochondria,	which	is	believed	to	rely	on	the	induction	of	the	mPT	(Korge	and	Weiss,	

1999).	
	

To	test	whether	I	could	reproduce	the	results	demonstrating	 inflammasome	activation	

by	 thapsigargin,	 I	 treated	 LPS-primed	 WT	 or	 ASC-deficient	 (Pycard-/-)	 BMDMs	 with	

increasing	doses	of	this	compound	in	the	presence	or	absence	of	the	caspase-1	inhibitor	

VX-765.	 To	 assess	 the	 degree	 of	 inflammasome	 activation,	 I	 measured	 the	

concentrations	of	secreted	IL-1b	(Figure	6.12).	

	

	
Figure	6.12.	High	doses	of	thapsigargin	activate	the	inflammasome	in	BMDMs	
A:	BMDMs	generated	from	WT	(white	bars)	and	ASC-deficient	(Pycard-/-;	grey	bars)	bone	marrows	were	
left	unprimed	or	were	primed	with	LPS	(200	ng/mL,	2	h)	and	then	stimulated	with	thapsigargin	(at	10,	15,	
20,	or	25	µM),	nigericin	(10	µM),	or	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000)	in	
an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	
7.4.	 The	 unprimed	 and	 LPS	 controls	 were	 subjected	 to	 medium	 alone.	 Immediately	 after	 addition	 of	
inflammasome	 activators,	 the	 plates	 were	 centrifuged	 at	 340	 ´	 g	 for	 5	 min	 (RT).	 After	 60	 min,	 the	
supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF.	
B:	BMDMs	generated	from	WT	bone	marrows	were	left	unprimed	or	were	primed	with	LPS	(200	ng/mL,	2	
h),	pre-treated	with	the	caspase-1	inhibitor	VX-765	(40	µM,	10	min;	grey	bars)	or	vehicle	(DMSO;	white	
bars),	 and	 then	 stimulated	 as	 in	 (A).	 After	 60	 min,	 the	 supernatants	 were	 collected	 and	 IL-1b	
concentrations	were	measured	by	HTRF.	
The	results	are	plotted	as	means	from	4	independent	experiments	performed	in	technical	triplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	triplicate	values	from	each	of	
the	independent	experiments.	
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High	 concentrations	 of	 thapsigargin	 triggered	 a	 dose-dependent	 IL-1b	 release	 from	

BMDMs.	This	IL-1b	response	was	lower	than	the	responses	to	nigericin	or	poly-(dA:dT),	

but	 it	was	 completely	 abolished	 in	ASC-deficient	 cells	 (Figure	6.12	A)	 and	 in	WT	cells	

pre-treated	 with	 the	 caspase-1	 inhibitor	 VX-765	 (Figure	 6.12	 B),	 consistent	 with	 the	

typical	characteristics	of	inflammasome	activation.	

	

To	 determine	 which	 inflammasome	 forming	 sensor	 is	 activated	 by	 thapsigargin,	 I	

stimulated	 LPS-primed	 WT,	 NLRP3-deficient	 (Nlrp3-/-),	 and	 AIM2-deficient	 (Aim2-/-)	

BMDMs	 with	 increasing	 doses	 of	 this	 molecule	 and	 evaluated	 the	 degree	 of	 the	

inflammasome	 response	 by	 measuring	 the	 concentrations	 of	 secreted	 IL-1b	 (Figure	

6.13).	

	

	
Figure	6.13.	 In	BMDMs,	 the	 inflammasome	activation	by	 thapsigargin	 is	dependent	on	AIM2,	but	
independent	of	NLRP3	
BMDMs	 from	WT	 (white	bars),	NLRP3-deficient	 (Nlrp3-/-;	 purple	bars),	 or	AIM2-deficient	 (Aim2-/-;	 blue	
bars)	mice	were	primed	with	LPS	(200	ng/mL,	2	h)	or	left	unprimed,	and	then	shifted	to	an	extracellular	
medium	 consisting	 of	 (in	 mM)	 123	 NaCl,	 5	 KCl,	 2	 MgCl2,	 1	 CaCl2,	 10	 glucose,	 10	 HEPES	 pH	 7.4	 and	
stimulated	with	nigericin	(10	µM),	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000),	or	
thapsigargin	 (10,	 15,	 20,	 or	 25	µM).	 The	 unprimed	 and	 LPS	 controls	were	 subjected	 to	medium	 alone.	
Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	
(RT).	After	60	min,	the	supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	triplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	triplicate	values	from	each	of	
the	independent	experiments.	
	

As	evidenced	above	(Figure	6.13),	NLRP3-deficient	BMDMs	were	as	capable	as	WT	cells	

at	 eliciting	 the	 inflammasome	 response	 to	 thapsigargin,	 whereas	 this	 response	 was	

completely	 abolished	 in	 AIM2-deficient	 BMDMs.	 This	 result	 indicates	 that	 in	 this	
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experimental	 model,	 AIM2	 was	 the	 inflammasome-forming	 sensor	 non-redundantly	

mediating	the	IL-1b	response	to	thapsigargin.	

	

My	observations	(Figures	6.12	and	6.13)	confirm	the	previous	reports	that	thapsigargin	

may	have	inflammasome-activating	properties	(Bronner	et	al.,	2015;	Lerner	et	al.,	2012;	

Menu	 et	 al.,	 2012;	 Rada	 et	 al.,	 2014;	 Robblee	 et	 al.,	 2016).	 An	 important	 difference	

compared	to	earlier	studies	is	that	I	identified	AIM2,	not	NLRP3,	as	the	inflammasome-

forming	sensor	involved	in	the	response	to	thapsigargin.	The	biological	significance	and	

potential	sources	of	this	observed	discrepancy	will	be	discussed	in	Section	10.2.	

	

I	next	examined	whether	 thapsigargin	could	 to	elicit	 the	NLRP10-driven	ASC	specking	

response	 in	NLRP10-overexpressing	ASCTagBFP	HEK	cells,	 similar	 to	m-3M3FBS.	To	 this	

end,	 I	 stimulated	 h/m	 NLRP10mCitrine/ASCTagBFP	 HEK	 cells	 or	 empty	 vector-transduced	

controls	with	increasing	concentrations	of	thapsigargin	and	imaged	the	ASC	specks	after	

fixation	and	nuclear	counterstaining	(Figure	6.14	A-C).	In	parallel,	I	tested	whether	the	

IL-1b	secretion	observed	in	BMDMs	stimulated	with	thapsigargin	would	be	reflected	by	

ASC	speck	formation	in	NLRP3/ASCmCerulean	reporter	iMac	cells	(Figure	6.14	D).	
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Figure	6.14.	Thapsigargin	triggers	ASC	speck	formation	in	human/mouse	NLRP10mCitrine/ASCTagBFP	
HEK	cells	and	in	NLRP3/ASCmCerulean	reporter	iMac	cells	
A-D:	Human	(h)	NLRP10mCitrine/ASCTagBFP	HEK	cells	(A),	murine	(m)	Nlrp10mCitrine/ASCTagBFP	HEK	cells	(B),	
mCitrine/ASCTagBFP	 HEK	 cells	 (C),	 and	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (D)	 were	 shifted	 to	 an	
extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4.	
Then	the	cells	were	left	untreated	(UT),	or	they	were	stimulated	with	thapsigargin	(thapsi;	5,	10,	15,	or	20	
µM),	m-3M3FBS	 (m-3M3;	 85	 µM),	 nigericin	 (10	µM),	 or	 poly-(dA:dT)	 (2	 µg/mL	 complexed	 with	 5	 µL	
Lipofectamine	2000).	Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	
at	340	´	g	for	5	min	(RT).	After	30	min	(A-C)	or	60	min	(D),	the	cells	were	fixed	with	4%	formaldehyde,	
counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	 imaged	 using	 a	 widefield	 fluorescence	
microscope.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	triplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	triplicate	values	from	each	of	
the	independent	experiments.	
	



Chapter	6	

	 122	

In	h/m	NLRP10mCitrine/ASCTagBFP	HEK	cells,	stimulation	with	thapsigargin	led	to	a	dose-

dependent	increase	in	ASC	speck	formation	(Figure	6.14	A,	B).	This	ASC	specking	signal	

was	 not	 as	 strong	 as	 in	 cells	 treated	 with	 m-3M3FBS,	 but	 fully	 attributable	 to	 the	

NLRP10	 overexpression,	 as	 ASC	 speck	 formation	 was	 not	 observed	 in	 ASCTagBFP	 HEK	

cells	transduced	with	the	empty	vector	(Figure	6.14	C).	In	NLRP3/ASCmCerulean	reporter	

iMac	cells,	thapsigargin	elicited	a	dose-dependent	ASC	speck	formation	at	a	level	similar	

to	other	inflammasome	activators	(Figure	6.14	D).	

	

The	 results	 presented	 in	 this	 Section	 indicate	 that	 thapsigargin,	 similar	 to	m-3M3FBS,	

activates	 the	AIM2	 and	NLRP10	 inflammasomes.	 I	went	 on	 to	 determine	whether	 the	

principal	 cell	 biological	 and	 pharmacological	 characteristics	 are	 shared	 between	 the	

thapsigargin-	 and	 the	 m-3M3FBS-driven	 inflammasome	 responses.	 Similar	 to	 m-

3M3FBS,	the	inflammasome	activation	by	thapsigargin	was	independent	of	phagocytosis	

(Supplementary	Figure	S6	A,	B),	as	no	sensitivity	to	cytochalasin	D	was	detected.	Similar	

to	 other	 AIM2	 activators,	 the	 thapsigargin-elicited	 inflammasome	 response	 did	 not	

require	LPS	priming	(Supplementary	Figure	S6	C).	The	NLRP3	inhibitor	CRID3	did	not	

block	 the	 thapsigargin-induced	 ASC	 speck	 formation	 and	 IL-1b	 secretion	

(Supplementary	 Figure	 S7),	 whereas	 the	 caspase-1	 inhibitor	 VX-765	 blocked	 the	

thapsigargin-induced	 IL-1b	 secretion	 (Supplementary	 Figure	 S8	 A),	 but	 not	 ASC	

specking	(Supplementary	Figure	S8	B,	C).	Collectively,	these	observations	are	consistent	

with	the	results	of	analogous	experiments	performed	with	m-3M3FBS	(Figures	4.1,	4.2,	

4.4,	4.5,	and	6.6).	

	

6.10.	 NLRP10	 translocates	 to	 TOMM20-positive	 mitochondria	 in	 HEK	 cells	

stimulated	with	thapsigargin	

	

To	test	whether	thapsigargin	affects	the	NLRP10	localization	in	a	manner	similar	to	m-

3M3FBS,	 I	 performed	 confocal	microscopy	on	NLRP10mCherry	HEK	 cells	 overexpressing	

the	TOMM20mCitrine	mitochondrial	marker.	The	cells	were	stimulated	with	thapsigargin,	

m-3M3FBS	 (positive	 control),	 or	 nigericin	 (negative	 control),	 fixed,	 nuclei-

counterstained,	and	imaged	(Figure	6.15).	
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Figure	6.15.	Thapsigargin	and	m-3M3FBS	induce	NLRP10	translocation	to	the	mitochondria	
Human	NLRP10mCherry	HEK	cells	were	transiently	transfected	(200	ng	of	DNA	per	well	of	a	96-well	plate	
combined	with	0.5	µL	of	Gene	Juice	[transfection	reagent],	or	2	µg/mL	of	DNA	combined	with	5	µL	of	Gene	
Juice)	 with	 a	 vector	 encoding	 the	 mitochondrial	 marker	 TOMM20	 expressed	 as	 a	 fusion	 protein	 with	
mCitrine.	After	 24	h	 of	 transfection,	 the	 cells	were	 shifted	 to	 an	 extracellular	medium	 consisting	 of	 (in	
mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4	and	left	untreated,	or	were	stimulated	
with	 thapsigargin	 (20	µM),	m-3M3FBS	(85	µM)	or	nigericin	 (10	µM).	After	30	min,	 the	cells	were	 fixed	
with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	confocal	
microscope.	
Images	are	representative	of	3	independent	experiments.	Scale	bars	correspond	to	5	µm.	
	

Thapsigargin	 induced	 a	 shift	 in	 the	 NLRP10	 localization	 from	 cytosolic	 to	

granular/vesicular.	The	thapsigargin-elicited	NLRP10	puncta	colocalized	with	TOMM20-

positive	mitochondria	(Figure	6.15).	

	

Because	thapsigargin	is	known	to	cause	ER	stress,	I	also	tested	whether	this	compound	

could	trigger	morphological	changes	of	the	ER	and	whether	NLRP10	translocation	to	the	

ER	membranes	 could	 be	 observed	 (Supplementary	 Figure	 S9).	 Although	 thapsigargin	

stimulation	did	change	the	ER	architecture	compared	to	the	untreated	conditions,	I	did	

not	 detect	 the	NLRP10	puncta	 colocalization	with	 the	ER	marker	DDOST.	Of	 note,	 the	

nuclear	 envelope	 rupture	 that	 could	 be	 observed	 upon	 treatment	 with	 m-3M3FBS	
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(Figures	6.9,	6.10,	 Supplementary	Figure	S9)	was	not	detected	 in	 thapsigargin-treated	

cells	(Supplementary	Figure	S9).	

	

Thapsigargin	 and	 m-3M3FBS	 both	 activate	 the	 AIM2	 and	 NLRP10	 inflammasomes.	

Stimulations	 with	 these	 compounds	 induce	 NLRP10	 colocalization	 with	 the	

mitochondria.	Taking	these	similarities	into	consideration,	it	is	likely	that	there	is	some	

overlap	 in	 the	 intracellular	 signals	 initiated	 by	 m-3M3FBS	 and	 thapsigargin.	 In	 the	

following	sections,	I	will	try	to	pinpoint	which	of	these	signals	could	be	relevant	for	the	

inflammasome	activation.	

	

6.11.	No	evidence	that	Ca2+	signaling	acts	downstream	of	m-3M3FBS/thapsigargin	

to	activate	the	AIM2	and	NLRP10	inflammasomes	

	

Both	m-3M3FBS	and	thapsigargin	mobilize	cellular	Ca2+	stores.	Thapsigargin	causes	Ca2+	

fluxes	chiefly	 through	 inhibition	of	 the	SERCA	Ca2+	pump,	whereas	m-3M3FBS	triggers	

the	 IP3R-mediated	ER	Ca2+	 release	downstream	of	PLC	activation	 (Bae	et	 al.,	 2003)	as	

well	as	ER-independent	Ca2+	 fluxes	(Krjukova	et	al.,	2004).	To	determine	whether	Ca2+	

ions	 could	 transmit	 the	 inflammasome-activating	 signals	 from	 m-3M3FBS	 and	

thapsigargin,	 I	 applied	 two	 approaches	 to	 interfere	 with	 Ca2+	 signaling:	 chelation	 of	

intracellular	 Ca2+	 ions	with	 the	 plasma	membrane-permeant	 Ca2+	 chelator	 BAPTA-AM	

(Figure	 6.16)	 and	 blocking	 of	 the	 IP3R	 ER	 Ca2+	 channels	 with	 2-

aminoethoxydiphenylborane	 (2-APB,	 an	 IP3R	 antagonist)	 (Figure	 6.17).	 In	 addition,	 I	

tested	 how	 the	 Ca2+	 ionophore	 ionomycin	 impacts	 on	 the	 inflammasome	 activation	

(Figure	 6.18).	 For	 comparison	 purposes,	 all	 of	 the	 experiments	 were	 performed	 in	

parallel	 in	 media	 containing	 1	 mM	 CaCl2	 and	 in	 Ca2+-free	 media.	 Briefly,	

NLRP3/ASCmCerulean	reporter	iMac	cells,	(h)	NLRP10mCitrine/ASCTagBFP	HEK	cells,	and	LPS-

primed	 WT	 iMac	 cells	 were	 pre-incubated	 for	 15	 min	 with	 BAPTA-AM,	 2-APB,	 or	

ionomycin	 in	 1	mM	 CaCl2	 or	 Ca2+-free	media,	 followed	 by	 challenge	 with	m-3M3FBS,	

thapsigargin,	 nigericin,	 or	 poly-(dA:dT).	 The	 degree	 of	 inflammasome	 activation	 was	

assessed	by	IL-1b	HTRF	(WT	iMac	cells;	Figures	6.16	A,	B,	6.17	A,	B,	and	6.18	A,	B)	and	

ASC	 speck	 imaging	 (NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 and	 (h)	

NLRP10mCitrine/ASCTagBFP	HEK	cells;	Figures	6.16	C-F,	6.17	C-F,	and	6.18	C-F).	
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Figure	 6.16.	 Influence	 of	 the	 Ca2+	 chelator	 BAPTA-AM	 on	 the	 inflammasome	 responses	 to	m-
3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-F:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A,	B),	NLRP3/ASCmCerulean	reporter	iMac	cells	(C,	D),	and	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(E,	F)	were	treated	for	10	min	with	BAPTA-AM	(0,	10,	25,	or	50	µM)	in	
the	presence	(A,	C,	E)	or	absence	(B,	D,	F)	of	extracellular	Ca2+	and	then	subjected	to	the	inflammasome	
activators	 m-3M3FBS	 (85	 µM),	 thapsigargin	 (20	 µM),	 nigericin	 (10	 µM)	 or	 poly-(dA:dT)	 (2	 µg/mL	
complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	
KCl,	2	MgCl2,	0	or	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	LPS	(A,	B)	and	unprimed	(A-F)	controls	were	
subjected	 to	 medium	 alone.	 Immediately	 after	 addition	 of	 inflammasome	 activators,	 the	 plates	 were	
centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	(E,	F)	or	60	min	(A-D),	the	supernatants	were	collected	
and	IL-1b	concentrations	were	measured	by	HTRF	(A,	B)	or	the	cells	were	fixed	with	4%	formaldehyde,	
counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope	
(C-F).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Figure	6.17.	 Influence	of	 the	 IP3R	blocker	2-APB	on	 the	 inflammasome	 responses	 to	m-3M3FBS,	
thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-F:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A,	B),	NLRP3/ASCmCerulean	reporter	iMac	cells	(C,	D),	and	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(E,	F)	were	treated	for	10	min	with	2-APB	(0,	5,	10,	or	50	µM)	in	the	
presence	 (A,	 C,	 E)	 or	 absence	 (B,	 D,	 F)	 of	 extracellular	 Ca2+	 and	 then	 subjected	 to	 the	 inflammasome	
activators	 m-3M3FBS	 (85	 µM),	 thapsigargin	 (20	 µM),	 nigericin	 (10	 µM)	 or	 poly-(dA:dT)	 (2	 µg/mL	
complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	
KCl,	2	MgCl2,	0	or	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	LPS	(A,	B)	and	unprimed	(A-F)	controls	were	
subjected	 to	 medium	 alone.	 Immediately	 after	 addition	 of	 inflammasome	 activators,	 the	 plates	 were	
centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	(E,	F)	or	60	min	(A-D),	the	supernatants	were	collected	
and	IL-1b	concentrations	were	measured	by	HTRF	(A,	B)	or	the	cells	were	fixed	with	4%	formaldehyde,	
counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope	
(C-F).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Figure	 6.18.	 Influence	 of	 the	 Ca2+	 ionophore	 ionomycin	 on	 the	 inflammasome	 responses	 to	m-
3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-F:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A,	B),	NLRP3/ASCmCerulean	reporter	iMac	cells	(C,	D),	and	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(E,	F)	were	treated	for	10	min	with	ionomycin	(0,	5,	10,	or	15	µM)	in	the	
presence	 (A,	 C,	 E)	 or	 absence	 (B,	 D,	 F)	 of	 extracellular	 Ca2+	 and	 then	 subjected	 to	 the	 inflammasome	
activators	 m-3M3FBS	 (85	 µM),	 thapsigargin	 (20	 µM),	 nigericin	 (10	 µM)	 or	 poly-(dA:dT)	 (2	 µg/mL	
complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	
KCl,	2	MgCl2,	0	or	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	LPS	(A,	B)	and	unprimed	(A-F)	controls	were	
subjected	 to	 medium	 alone.	 Immediately	 after	 addition	 of	 inflammasome	 activators,	 the	 plates	 were	
centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	(E,	F)	or	60	min	(A-D),	the	supernatants	were	collected	
and	IL-1b	concentrations	were	measured	by	HTRF	(A,	B)	or	the	cells	were	fixed	with	4%	formaldehyde,	
counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope	
(C-F).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Of	the	tested	treatments,	2-APB	had	no	influence	on	the	AIM2	and	NLRP10	activations	

(Figure	6.17)	and	only	blocked	the	NLRP3	activation	by	nigericin	at	 the	highest	 tested	

concentration	 (50	 µM;	 Figure	 6.17	 A-D).	 The	 2-APB-mediated	 NLRP3	 inhibition	 is	

known	to	rely	on	a	Ca2+-independent	activity	of	2-APB	(Baldwin	et	al.,	2017;	Katsnelson	

et	 al.,	 2015).	 Chelation	 of	 intracellular	 Ca2+	 ions	 with	 BAPTA-AM	 inhibited	 the	

inflammasome	activation	with	 thapsigargin	and	nigericin	with	similar	potencies	at	 the	

level	 of	 IL-1b	 release	 (Figure	 6.16	 A,	 B).	 At	 the	 level	 of	 ASC	 speck	 formation,	 the	

thapsigargin-	 and	 poly-(dA:dT)-induced	 inflammasome	 activations	 were	 similarly	

sensitive	to	the	BAPTA-AM	pre-treatment	(Figure	6.16	C,	D).	BAPTA-AM	had	no	impact	

on	 the	 NLRP10	 activation	 in	 HEK	 cells	 (Figure	 6.16	 E,	 F).	 The	 lack	 of	 BAPTA-AM	

selectivity	 (Figure	 6.16	 A-D)	 and	 the	 fact	 that	 only	 very	 high	 (25	 and	 50	 µM)	

concentrations	 of	 BAPTA-AM	 inhibit	 the	 inflammasome	 responses	 suggest	 that	 the	

observed	effect	may	be	due	to	toxicity	rather	than	because	of	the	interference	with	Ca2+	

signaling.	Of	note,	Katsnelson	et	al.	(2015)	demonstrated	that	the	BAPTA-AM-mediated	

NLRP3	inhibition	is	caused	by	an	off-target	effect.	

	

Ionomycin	at	the	lower	concentrations	(5-10	µM)	had	a	selective	inhibitory	effect	on	the	

NLRP3	activation	with	nigericin	 that	was	dependent	on	extracellular	Ca2+	 (Figure	6.18	

A-D).	This	suggests	that	overloading	the	cytosol	with	Ca2+	ions	negatively	interferes	with	

the	NLRP3	inflammasome	assembly,	consistent	with	a	previous	report	(Katsnelson	et	al.,	

2016).	 The	 higher	 concentrations	 of	 ionomycin	 non-selectively	 inhibited	 the	

inflammasome	responses	to	all	tested	stimuli	in	macrophages	(Figure	6.18	A-D)	but	was	

a	much	less	potent	inhibitor	of	the	NLRP10	inflammasome	in	HEK	cells	(Figure	6.18	E-

F).	 Of	 note,	 the	 ionomycin-mediated	 cytosolic	 delivery	 of	 Ca2+	 ions	 alone	 was	 not	 a	

sufficient	stimulus	for	the	inflammasome	activation	in	any	of	the	tested	models.	This	will	

be	discussed	in	more	detail	in	Section	6.14.	

	

Because	 four	 previous	 reports	 linked	m-3M3FBS	 and	 Ca2+	 signaling	 to	 cell	 death	 and	

suggested	 that	 the	 Ca2+	 channel	 blocker	 nifedipine	 could	 inhibit	 this	 reaction	 (Chen,	

2014;	Fang	et	al.,	2009;	Liu,	2013;	Tsai,	2010),	I	also	tested	the	impact	of	nifedipine	on	

the	 inflammasome	 responses	 to	m-3M3FBS,	 thapsigargin,	 nigericin,	 and	 poly-(dA:dT)	

(Supplementary	 Figure	 S10).	 I	 detected	 no	 inflammasome-inhibiting	 activity	 of	

nifedipine	under	any	of	 the	tested	conditions.	 Importantly,	 the	cited	studies	proposing	
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that	 nifedipine	 could	 counteract	 the	 effects	 of	m-3M3FBS	 bear	 uncanny	 resemblance,	

putting	into	question	the	validity	of	the	reported	findings.	

	

As	 the	 effects	 of	 thapsigargin	 and	 m-3M3FBS	 appeared	 to	 be	 independent	 of	 Ca2+	

signaling,	 I	 tested	 whether	 artemisinin	 (Riganti	 et	 al.,	 2009),	 BHQ	 (Jayasinghe	 et	 al.,	

2016),	 or	 cyclopiazonic	 acid	 (Seidler	 et	 al.,	 1989)	 (SERCA	 inhibitors	 structurally	

unrelated	 to	 thapsigargin)	 could	 trigger	 inflammasome	 activation	 (Supplementary	

Figures	S11	and	S12).	While	thapsigargin	elicited	the	AIM2	(Supplementary	Figure	S11)	

and	 NLRP10	 (Supplementary	 Figure	 S12)	 inflammasome	 responses	 within	 60	min	 of	

administration,	 artemisinin,	 BHQ,	 and	 cyclopiazonic	 acid	 did	 not	 cause	 inflammasome	

activation.	At	 the	6-h	 time	point,	BHQ	and	cyclopiazonic	acid	elicited	an	ASC	specking	

response	 in	macrophages	 (Supplementary	Figure	S11	D)	but	no	 IL-1b	was	detected	 in	

the	 supernatants	 (Supplementary	 Figure	 S11	 B),	 and	 no	 NLRP10	 activation	 was	

observed	 (Supplementary	 Figure	 S12	 B).	 These	 results	 suggest	 that	 thapsigargin	

probably	activates	AIM2	and	NLRP10	through	a	mechanism	unrelated	to	its	activity	on	

the	 SERCA	Ca2+	 pump.	This	 conclusion	 is	 also	 supported	by	 the	 observation	 that	 very	

high	 doses	 of	 thapsigargin	 are	 required	 for	 the	 inflammasome	 activation	 (>	 10	 µM),	

whereas	SERCA	inhibition	already	occurs	at	thapsigargin	concentrations	below	1	µM.	

	

6.12.	 No	 evidence	 that	 protein	 kinase	 C	 is	 involved	 in	 the	 inflammasome	

activation	with	m-3M3FBS/thapsigargin	

	

Protein	 kinase	 C	 (PKC)	 is	 one	 of	 the	 downstream	 effectors	 of	 PLC.	 Even	 though	 my	

earlier	 observations	 indicated	 that	m-3M3FBS	 likely	 activates	 the	 AIM2	 and	 NLRP10	

inflammasomes	 through	 a	 PLC-unrelated	 off-target	 effect,	 I	 went	 on	 to	 determine	

whether	 PKC	 could	 be	 a	 mediator	 of	 the	 inflammasome	 activation	 by	 m-

3M3FBS/thapsigargin.	First,	 I	 tested	whether	a	short	(15	min)	pre-incubation	with	the	

pan-kinase	inhibitor	staurosporine	could	block	the	m-3M3FBS-	or	thapsigargin-induced	

inflammasome	 activation	 in	 NLRP10/ASC	 fluorescent	 reporter	 HEK	 cells,	

NLRP3/ASCmCerulean	reporter	iMac	cells,	or	LPS-primed	WT	iMac	cells	(Figure	6.19).	
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Figure	6.19.	Influence	of	the	pan-kinase	inhibitor	staurosporine	on	the	inflammasome	responses	
to	m-3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-D:	 LPS-primed	 (200	 ng/mL,	 2	 h)	 WT	 iMac	 cells	 (A),	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (B),	
NLRP10mCitrine/ASCTagBFP	HEK	cells	 (C),	 and	NLRP10mCherry/ASCmCerulean	HEK	cells	 (D)	were	 treated	 for	10	
min	with	staurosporine	(STS;	0,	1,	5,	or	10	µM	in	panels	A-C;	0,	1.25,	2.5,	or	5	µM	in	panel	D)	and	then	
subjected	to	the	inflammasome	activators	m-3M3FBS	(85	µM),	thapsigargin	(20	µM),	nigericin	(10	µM)	or	
poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	medium	consisting	
of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	LPS	(A)	and	unprimed	(A-
D)	controls	were	subjected	to	medium	alone.	Immediately	after	addition	of	inflammasome	activators,	the	
plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	(C,	D)	or	60	min	(A,	B),	the	supernatants	
were	 collected	 and	 IL-1b	 concentrations	were	measured	 by	HTRF	 (A)	 or	 the	 cells	were	 fixed	with	 4%	
formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	 imaged	 using	 a	 widefield	
fluorescence	microscope	(B-D).	
The	results	are	plotted	as	means	from	3	(A,	C,	D)	or	4	(B)	independent	experiments	performed	in	technical	
duplicate.	 Error	 bars	 represent	 SD.	 Individual	 data	 points	 represent	 means	 of	 the	 technical	 duplicate	
values	from	each	of	the	independent	experiments.	
	

In	 macrophages,	 staurosporine	 did	 not	 block	 the	 inflammasome	 responses	 to	 m-

3M3FBS,	 thapsigargin,	 and	 nigericin,	 and	 only	 partially	 blocked	 the	 response	 to	 poly-

(dA:dT),	which	might	be	indicative	of	the	toxicity	of	the	kinase	inhibitor	(Figure	6.19	A,	

B).	In	NLRP10mCitrine/ASCTagBFP	HEK	cells,	the	influence	of	staurosporine	on	the	NLRP10	
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activation	could	not	be	assessed	as	the	compound	exhibited	strong	autofluorescence	in	

the	 BFP	 channel,	 producing	 a	 false-positive	 signal	 (artifactually	 high	 ASC	 specks-to-

nuclei	 ratios)	 (Figure	 6.19	 C).	 To	 overcome	 this	 problem,	 I	 generated	

NLRP10mCherry/ASCmCerulean	 HEK	 cells	 and	 tested	 the	 influence	 of	 staurosporine	 on	 the	

NLRP10	 activation	 by	 m-3M3FBS/thapsigargin	 in	 this	 model	 (Figure	 6.19	 D).	 No	

inhibition	 of	 ASC	 speck	 formation	was	 observed,	 indicating	 that	 kinase	 activity	 is	 not	

required	for	the	inflammasome	activation	with	m-3M3FBS	and	thapsigargin.	

	

To	 validate	 this	 result,	 I	 screened	 the	 AIM2,	 NLRP3,	 and	 NLRP10	 inflammasome	

responses	 against	 several	 more	 specific	 PKC	 inhibitors:	 bisindolylmaleimide	 II,	 C-1,	

chelerythrine	 chloride	 (Figure	 6.20),	 GF109203X,	 Gö6983	 (Figure	 6.21),	 K252c,	 and	

RO32-0432	 (Figure	 6.22).	 The	 only	 instance	 of	 consistent	 inhibition	 of	 the	

inflammasome	formation	was	observed	in	cells	pre-treated	with	chelerythrine	chloride	

(Figure	6.20	 I-L).	 This	 compound	exhibited	 features	 of	 a	 pan-inflammasome	 inhibitor.	

The	other	tested	PKC	inhibitors	either	had	no	influence	on	the	inflammasome	activation	

or	were	 only	 blocking	 it	 at	 the	 highest	 concentrations	 tested	 (typically	 at	 least	 5-fold	

higher	 than	 the	 commercially	 reported	 IC50).	 These	 results	 indicate	 that	 PKC	 is	 not	

required	 for	 the	 inflammasome	 activation.	 Of	 note,	 among	 the	 tested	 PKC	 inhibitors,	

K252c	 (an	 analog	 of	 staurosporine)	 exhibited	 strong	 autofluorescence	 in	 the	 BFP	

channel,	 resulting	 in	 artifactually	 high	 ASC	 speck	 counts	 in	 NLRP10mCitrine/ASCTagBFP	

reporter	HEK	cells	 (Figure	6.22	C).	All	of	 the	 tested	compounds	were	compatible	with	

ASC	 speck	 detection	 in	 the	 mCerulean	 channel,	 so	 the	 results	 obtained	 in	

NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 and	NLRP10mCherry/ASCmCerulean	 HEK	 cells	 could	

be	interpreted.	
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Figure	6.20.	Influence	of	the	PKC	inhibitors	bisindolylmaleimide	II,	C-1,	and	chelerythrine	chloride	
on	the	inflammasome	responses	to	m-3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-L:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A,	E,	I),	NLRP3/ASCmCerulean	reporter	iMac	cells	(B,	F,	J),	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(C,	G,	K),	and	NLRP10mCherry/ASCmCerulean	HEK	cells	(D,	H,	L)	were	treated	
for	10	min	with	bisindolylmaleimide-II	(BIM-II;	0,	5,	10,	or	20	µM;	A-D),	C-1	(0,	25,	50,	or	100	µM;	E-H),	or	
chelerythrine	chloride	(Chele;	0,	5,	10,	or	25	µM;	I-L)	and	then	subjected	to	the	inflammasome	activators	
m-3M3FBS	(85	µM),	thapsigargin	(20	µM),	nigericin	(10	µM)	or	poly-(dA:dT)	(2	µg/mL	complexed	with	5	
µL	 Lipofectamine	 2000)	 in	 an	 extracellular	medium	 consisting	 of	 (in	mM)	 123	NaCl,	 5	 KCl,	 2	MgCl2,	 1	
CaCl2,	 10	 glucose,	 10	HEPES,	 pH	 7.4.	 The	 LPS	 (A,	 E,	 I)	 and	 unprimed	 (A-L)	 controls	were	 subjected	 to	
medium	alone.	Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	
´	g	for	5	min	(RT).	After	30	min	(C,	D,	G,	H,	K,	L)	or	60	min	(A,	B,	E,	F,	I,	J),	the	supernatants	were	collected	
and	IL-1b	concentrations	were	measured	by	HTRF	(A,	E,	I)	or	the	cells	were	fixed	with	4%	formaldehyde,	
counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope	
(B-D,	F-H,	J-L).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Figure	 6.21.	 Influence	 of	 the	 PKC	 inhibitors	 GF109203X	 and	 Gö6983	 on	 the	 inflammasome	
responses	to	m-3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-H:	LPS-primed	 (200	ng/mL,	 2	 h)	WT	 iMac	 cells	 (A,	 E),	NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (B,	 F),	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(C,	G),	and	NLRP10mCherry/ASCmCerulean	HEK	cells	(D,	H)	were	treated	for	
10	min	with	GF109203X	(GF;	0,	5,	10,	or	50	µM;	A-D)	or	Gö6983	(Gö;	0,	5,	10,	or	50	µM;	E-H)	and	then	
subjected	to	the	inflammasome	activators	m-3M3FBS	(85	µM),	thapsigargin	(20	µM),	nigericin	(10	µM)	or	
poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	medium	consisting	
of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	LPS	(A,	E)	and	unprimed	
(A-H)	controls	were	subjected	to	medium	alone.	Immediately	after	addition	of	inflammasome	activators,	
the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	(C,	D,	G,	H)	or	60	min	(A,	B,	E,	F),	the	
supernatants	were	collected	and	 IL-1b	 concentrations	were	measured	by	HTRF	(A,	E)	or	 the	cells	were	
fixed	with	 4%	 formaldehyde,	 counterstained	with	 the	 nuclear	 dye	 DRAQ5	 (5	µM)	 and	 imaged	 using	 a	
widefield	fluorescence	microscope	(B-D,	F-H).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Figure	 6.22.	 Influence	 of	 the	 PKC	 inhibitors	 K252c	 and	 RO32-0432	 on	 the	 inflammasome	
responses	to	m-3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-H:	LPS-primed	 (200	ng/mL,	 2	 h)	WT	 iMac	 cells	 (A,	 E),	NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (B,	 F),	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(C,	G),	and	NLRP10mCherry/ASCmCerulean	HEK	cells	(D,	H)	were	treated	for	
10	min	with	 K252c	 (0,	 10,	 25,	 or	 50	 µM;	 A-D)	 or	 RO32-0432	 (RO;	 0,	 5,	 10,	 or	 25	µM;	 E-H)	 and	 then	
subjected	to	the	inflammasome	activators	m-3M3FBS	(85	µM),	thapsigargin	(20	µM),	nigericin	(10	µM)	or	
poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	medium	consisting	
of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	LPS	(A,	E)	and	unprimed	
(A-H)	controls	were	subjected	to	medium	alone.	Immediately	after	addition	of	inflammasome	activators,	
the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	(C,	D,	G,	H)	or	60	min	(A,	B,	E,	F),	the	
supernatants	were	collected	and	 IL-1b	 concentrations	were	measured	by	HTRF	(A,	E)	or	 the	cells	were	
fixed	with	 4%	 formaldehyde,	 counterstained	with	 the	 nuclear	 dye	 DRAQ5	 (5	µM)	 and	 imaged	 using	 a	
widefield	fluorescence	microscope	(B-D,	F-H).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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I	 further	 tested	 how	 several	 commercially	 available	 PKC	 activators	 impact	 on	 the	

inflammasome	responses	to	m-3M3FBS,	thapsigargin,	poly-(dA:dT),	and	nigericin	in	ASC	

fluorescent	 reporter	HEK	 cells	with	 or	without	 the	NLRP10	 overexpression	 cassettes,	

NLRP3/ASCmCerulean	reporter	iMac	cells,	and	LPS-primed	WT	iMac	cells.	I	focused	on	the	

following	molecules:	PMA,	bryostatin	1	(Figure	6.23),	SC-9,	and	SC-10	(Figure	6.24).	
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Figure	6.23.	Influence	of	the	PKC	agonists	PMA	and	bryostatin	1	on	the	inflammasome	responses	to	
m-3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-F:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A,	B),	NLRP3/ASCmCerulean	reporter	iMac	cells	(C,	D),	and	
NLRP10mCitrine/ASCTagBFP	HEK	cells	 (E,	F)	were	 treated	 for	10	min	with	PMA	 (0,	0.5,	1,	 or	5	µM;	A-C)	or	
bryostatin	1	(Bryo1;	0,	10,	100,	or	500	nM;	D-F)	and	then	subjected	to	the	 inflammasome	activators	m-
3M3FBS	(85	µM),	thapsigargin	(20	µM),	nigericin	(10	µM)	or	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	
Lipofectamine	2000)	in	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	
10	 glucose,	 10	HEPES,	 pH	7.4.	 The	 LPS	 (A,	 B)	 and	unprimed	 (A-F)	 controls	were	 subjected	 to	medium	
alone.	Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	
min	(RT).	After	30	min	(E,	F)	or	60	min	(A-D),	the	supernatants	were	collected	and	IL-1b	concentrations	
were	measured	by	HTRF	(A,	B)	or	 the	cells	were	 fixed	with	4%	 formaldehyde,	 counterstained	with	 the	
nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope	(C-F).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Figure	6.24.	 Influence	of	 the	PKC	agonists	SC-9	and	SC-10	on	 the	 inflammasome	responses	 to	m-
3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-H:	LPS-primed	 (200	ng/mL,	 2	 h)	WT	 iMac	 cells	 (A,	 C),	NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (B,	D),	
NLRP10mCherry/ASCmCerulean	 HEK	 cells	 (E,	 G),	 and	 ASCmCerulean	 HEK	 cells	 (NLRP10-negative	 control;	 F,	 H)	
were	treated	for	10	min	with	SC-9	(0,	25,	50,	or	100	µM;	A,	B,	E,	F)	or	SC-10	(0,	25,	50,	or	100	µM;	C,	D,	G,	
H)	 and	 then	 subjected	 to	 the	 inflammasome	 activators	 m-3M3FBS	 (85	 µM),	 thapsigargin	 (20	 µM),	
nigericin	(10	µM)	or	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	
medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	LPS	(A,	
C)	 and	 unprimed	 (A-H)	 controls	 were	 subjected	 to	 medium	 alone.	 Immediately	 after	 addition	 of	
inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	(E-H)	or	60	
min	(A-D),	 the	supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF	(A,	C)	or	
the	 cells	 were	 fixed	 with	 4%	 formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	
imaged	using	a	widefield	fluorescence	microscope	(B,	D-H).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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PMA	and	bryostatin	1	did	not	inhibit	any	of	the	tested	inflammasome	responses.	These	

compounds	 also	 did	 not	 have	 inflammasome-activating	 properties	 (Figure	 6.23).	

Unexpectedly,	 SC-10,	 but	 not	 SC-9,	 robustly	 induced	 inflammasome	 activation	 in	

macrophages	(Figure	6.24	A-D).	The	SC-10-induced	IL-1b	release	relied	on	caspase-1,	as	

it	was	sensitive	to	the	caspase-1	inhibitor	VX-765,	but	the	inflammasome	activation	by	

SC-10	was	 independent	of	phagocytosis	and	of	NLRP3	because	 it	was	not	 inhibited	by	

cytochalasin	D	and	by	CRID3	(Supplementary	Figure	S13).	

	

Somewhat	 perplexingly,	 both	 SC-9	 and	 SC-10	 stimulated	 the	 ASC	 speck	 formation	 in	

NLRP10mCherry/ASCmCerulean	HEK	cells	(Figure	6.24	E,	G).	This	was	fully	attributable	to	the	

NLRP10	overexpression,	as	HEK	cells	overexpressing	ASCmCerulean	alone	did	not	respond	

to	 SC-9	 and	 to	 SC-10	 (Figure	 6.24	 F,	 H).	 Of	 note,	 experiments	 using	 SC-9	 and	 SC-10	

required	 particular	 attention	 to	 the	 compound	 autofluorescence	 interfering	 with	 the	

experimental	readouts,	as	both	molecules	were	strongly	fluorescent	in	the	BFP	channel	

(Supplementary	 Figure	 S14).	 SC-9	 and	 SC-10	 did	 not	 interfere	 with	 the	 mCerulean	

channel	 so	 reporter	 cell	 lines	 overexpressing	 ASCmCerulean	 could	 be	 used	 to	 generate	

interpretable	results,	as	evidenced	in	Figure	6.24	E-H.	

	

Taking	 the	 data	 presented	 in	 this	 Section	 at	 face	 value,	 it	 is	 impossible	 to	 provide	 a	

coherent	interpretation	of	the	discrepant	observations.	On	the	one	hand,	pan-kinase	as	

well	 as	more	 specific	PKC	 inhibitors	did	not	block	 the	AIM2/NLRP10	 responses	 to	m-

3M3FBS	 and	 thapsigargin.	 Correspondingly,	 the	 relatively	 well-characterized	 PKC	

activators	PMA	and	bryostatin	1	were	not	inflammasome	activators.	However,	it	cannot	

be	 ignored	 that	 the	 reported	 PKC	 activators	 SC-9	 and	 SC-10	 (Ito	 et	 al.,	 1986)	 were	

capable	 of	 eliciting	 an	 NLRP10-driven	 ASC	 speck	 formation,	 and	 SC-10	 activated	 the	

inflammasome	in	an	NLRP3-independent	manner	in	murine	macrophages.	

	

Upon	 closer	 inspection,	 I	 noticed	 that	 SC-9	 and	 SC-10	 are	 structurally	 similar	 to	m-

3M3FBS	 and	 o-3M3FBS.	 All	 these	 molecules	 are	 sulfonamides	 with	 the	 sulfur	 atom	

connected	to	a	bulky	aromatic	group	(chloronaphthalene	in	the	case	of	SC-9/SC-10	and	

trimethylbenzene	in	the	case	of	m-/o-3M3FBS;	Supplementary	Figure	S15).	Of	note,	the	

sulfonamide	functional	group	is	relatively	well	exposed	in	the	‘double’	macrophage/HEK	

activators	m-3M3FBS	and	SC-10.	In	contrast,	this	group	is	partially	masked	in	the	‘HEK-

only’	 activators	 o-3M3FBS	 and	 SC-9,	 either	 by	 the	 substitution	 pattern	 of	 the	
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trifluorotolyl	group	connected	to	the	nitrogen	atom	(o-3M3FBS)	or	by	the	attachment	of	

the	phenyl	ring	to	the	alkyl	chain	connected	to	the	nitrogen	atom	(SC-9).	

	

I	 tested	whether	 several	 commercially	 available	 benzenesulfonamide	 derivatives	with	

structures	 broadly	 similar	 to	 m-/o-3M3FBS	 and	 SC-9/SC-10	 could	 also	 activate	 the	

inflammasome	(Supplementary	Figure	S16).	None	of	the	compounds	I	examined	elicited	

ASC	 speck	 formation	 in	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 or	 in	 ASC	 fluorescent	

reporter	 HEK	 cells	 with	 or	 without	 the	 NLRP10	 overexpression	 cassette.	 This	

observation	 indicates	 that	 the	 molecules	 I	 selected	 likely	 did	 not	 recapitulate	 the	

minimal	 chemical	 structure	 responsible	 for	 the	 biological	 effects	 of	 m-3M3FBS,	 o-

3M3FBS,	 SC-9,	 and	 SC-10.	 Despite	 that,	 the	 most	 plausible	 explanation	 for	 the	

inflammasome-triggering	 activities	 of	 SC-9	 and	 SC-10	 is	 that	 they	 act	 through	 a	 PKC-

independent	off-target	effect	shared	with	m-3M3FBS	and/or	o-3M3FBS.	Collectively,	my	

results	 provide	 no	 indication	 that	 PKC	 is	 necessary	 or	 sufficient	 for	 the	 AIM2	 and	

NLRP10	responses	to	m-3M3FBS	and	thapsigargin.	
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6.13.	 Mitochondrial	 and	 nuclear	 dynamics	 in	 cells	 treated	 with	m-3M3FBS	 and	

thapsigargin	

	

All	 my	 evidence	 suggests	 that	 m-3M3FBS,	 o-3M3FBS,	 SC-9,	 SC-10,	 and	 thapsigargin	

activate	the	AIM2	and	NLRP10	inflammasomes	in	a	manner	that	does	not	rely	on	their	

main	reported	targets.	My	previous	observations	pointed	toward	two	organelles	that	are	

likely	affected	by	m-3M3FBS	and	thapsigargin,	the	nuclei	and	the	mitochondria	(Sections	

6.7	 and	 6.9).	 To	 gain	 insight	 into	 the	 dynamic	 changes	 inflicted	 by	 m-3M3FBS	 and	

thapsigargin	 on	 these	 compartments,	 I	 performed	 live	 cell	 imaging	 of	

NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 and	 NLRP10mCitrine/ASCTagBFP	 HEK	 cells	

overexpressing	mitochondrial	or	nuclear	markers	(mCitrine	or	mCherry	targeted	to	the	

mitochondrial	 matrix,	 or	 fusion	 proteins	 between	 the	 nuclear	 protein	 HMGB1	 and	

mCitrine/mCherry,	 respectively).	 Briefly,	 I	 stimulated	 cells	 with	 the	 inflammasome	

activators	m-3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	directly	in	the	widefield	

fluorescence	microscope	incubation	chamber	after	the	onset	of	imaging	(m-3M3FBS	and	

nigericin),	 or	 just	 before	 the	 onset	 of	 imaging	 (thapsigargin	 and	 poly-[dA:dT]1).	 The	

nuclear	 (HMGB1)	 recordings	 are	 shown	 in	 Figures	 6.25	 (HEK	 cells)	 and	 6.26	

(macrophages),	whereas	the	mitochondrial	recordings	are	shown	in	Figures	6.27	(HEK	

cells)	and	6.28	(macrophages).	

	

	
1	For	these	two	activators,	a	brief	centrifugation	(30	s	at	340	´	g,	RT)	was	necessary,	so	direct	stimulation	
in	the	microscope	incubation	chamber	was	not	possible.	
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Figure	 6.25	 (this	 and	 previous	 page).	 Nuclear	 dynamics	 monitored	 by	 HMGB1	 localization	 in	
NLRP10mCitrine/ASCTagBFP/HMGB1mCherry	 HEK	 cells	 stimulated	 with	 m-3M3FBS,	 thapsigargin,	
nigericin,	or	poly-(dA:dT)	
A-E:	 HEK	 cells	 stably	 overexpressing	 human	 NLRP10mCitrine,	 ASCTagBFP,	 and	 the	 nuclear	 marker	
HMGB1mCherry	were	shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	
CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	Next,	 the	cells	were	 left	untreated	(E),	or	were	stimulated	with	m-
3M3FBS	(85	µM;	A),	thapsigargin	(20	µM;	B),	nigericin	(10	µM;	C),	or	poly-(dA:dT)	(2	µg/mL	complexed	
with	 5	 µL	 Lipofectamine	 2000;	 D),	 and	 live	 imaging	 was	 performed	 using	 a	 widefield	 fluorescence	
microscope	 to	 capture	 the	 nuclear	 dynamics.	 The	 time	 interval	 between	 the	 acquired	 images	 was	
approximately	1	min	(A-C,	E)	or	4	min	(D).	For	the	duration	of	the	experiment,	the	cells	were	kept	at	37°C	
in	the	microscope	incubation	chamber,	but	they	were	not	perfused	with	CO2	(HEPES-based	buffers	do	not	
require	CO2	perfusion	to	maintain	constant	pH).	The	stimuli	were	added	to	the	cells	either	directly	in	the	
microscope	incubation	chamber	immediately	after	the	onset	of	imaging	(m-3M3FBS	[A]	and	nigericin	[C]),	
or	they	were	added	to	the	cells	outside	of	the	microscope	incubation	chamber	(thapsigargin	[B]	and	poly-
(dA:dT)	 [D]),	 followed	 by	 a	 brief	 centrifugation	 (340	´	 g	 at	 RT	 for	 30	 s),	 after	which	 the	 imaging	was	
started.	
Images	are	representative	of	3	independent	experiments.	In	each	of	the	panels	(A-E),	the	same	field	(that	
is,	approximately	the	same	population	of	cells)	is	followed	over	time.	Scale	bars	correspond	to	50	µm.	
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Figure	 6.26	 (this	 and	 previous	 page).	 Nuclear	 dynamics	 monitored	 by	 HMGB1	 localization	 in	
NLRP3/ASCmCerulean/HMGB1mCitrine	 reporter	 iMac	 cells	 stimulated	 with	 m-3M3FBS,	 thapsigargin,	
nigericin,	poly-(dA:dT),	or	ionomycin	
A-F:	NLRP3/ASCmCerulean	reporter	iMac	cells	stably	overexpressing	the	nuclear	marker	HMGB1mCitrine	were	
shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	
HEPES,	 pH	7.4.	Next,	 the	 cells	were	 left	 untreated	 (F),	 or	were	 stimulated	with	m-3M3FBS	 (85	µM;	A),	
thapsigargin	(20	µM;	B),	nigericin	(10	µM;	C),	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	
2000;	 D),	 or	 ionomycin	 (10	 µM;	 E),	 and	 live	 imaging	 was	 performed	 using	 a	 widefield	 fluorescence	
microscope	 to	 capture	 the	 nuclear	 dynamics.	 The	 time	 interval	 between	 the	 acquired	 images	 was	
approximately	1	min	(A-C,	E,	F)	or	4	min	(D).	For	the	duration	of	the	experiment,	the	cells	were	kept	at	
37°C	in	the	microscope	incubation	chamber,	but	they	were	not	perfused	with	CO2	(HEPES-based	buffers	
do	not	require	CO2	perfusion	to	maintain	constant	pH).	The	stimuli	were	added	to	the	cells	either	directly	
in	the	microscope	incubation	chamber	immediately	after	the	onset	of	 imaging	(m-3M3FBS	[A],	nigericin	
[C],	and	 ionomycin	[E]),	or	 they	were	added	to	 the	cells	outside	of	 the	microscope	 incubation	chamber	
(thapsigargin	[B]	and	poly-(dA:dT)	[D]),	followed	by	a	brief	centrifugation	(340	´	g	at	RT	for	30	s),	after	
which	the	imaging	was	started.	
Images	are	representative	of	3	independent	experiments.	In	each	of	the	panels	(A-F),	the	same	field	(that	
is,	approximately	the	same	population	of	cells)	is	followed	over	time.	Scale	bars	correspond	to	50	µm.	
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Figure	6.27	(this	and	previous	page).	Mitochondrial	dynamics	monitored	by	mitochondrial	matrix-
targeted	mCherry	localization	in	NLRP10mCitrine/ASCTagBFP/mitomCherry	HEK	cells	stimulated	with	m-
3M3FBS,	thapsigargin,	nigericin,	or	poly-(dA:dT)	
A-E:	 HEK	 cells	 stably	 overexpressing	 human	 NLRP10mCitrine,	 ASCTagBFP,	 and	 the	 mitochondrial	 marker	
mitomCherry	were	shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	
10	glucose,	10	HEPES,	pH	7.4.	Next,	the	cells	were	left	untreated	(E),	or	were	stimulated	with	m-3M3FBS	
(85	µM;	A),	thapsigargin	(20	µM;	B),	nigericin	(10	µM;	C),	or	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	
Lipofectamine	2000;	D),	 and	 live	 imaging	was	performed	using	 a	widefield	 fluorescence	microscope	 to	
capture	the	mitochondrial	dynamics.	The	time	interval	between	the	acquired	images	was	approximately	1	
min	 (A-C,	 E)	 or	 4	 min	 (D).	 For	 the	 duration	 of	 the	 experiment,	 the	 cells	 were	 kept	 at	 37°C	 in	 the	
microscope	 incubation	 chamber,	 but	 they	 were	 not	 perfused	 with	 CO2	 (HEPES-based	 buffers	 do	 not	
require	CO2	perfusion	to	maintain	constant	pH).	The	stimuli	were	added	to	the	cells	either	directly	in	the	
microscope	incubation	chamber	immediately	after	the	onset	of	imaging	(m-3M3FBS	[A]	and	nigericin	[C]),	
or	they	were	added	to	the	cells	outside	of	the	microscope	incubation	chamber	(thapsigargin	[B]	and	poly-
(dA:dT)	 [D]),	 followed	 by	 a	 brief	 centrifugation	 (340	´	 g	 at	 RT	 for	 30	 s),	 after	which	 the	 imaging	was	
started.	
Images	are	representative	of	3	independent	experiments.	In	each	of	the	panels	(A-E),	the	same	field	(that	
is,	approximately	the	same	population	of	cells)	is	followed	over	time.	Scale	bars	correspond	to	50	µm.	
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Figure	6.28	(this	and	previous	page).	Mitochondrial	dynamics	monitored	by	mitochondrial	matrix-
targeted	 mCitrine	 localization	 in	 NLRP3/ASCmCerulean/mitomCitrine	 reporter	 iMac	 cells	 stimulated	
with	m-3M3FBS,	thapsigargin,	nigericin,	poly-(dA:dT),	or	ionomycin	
A-F:	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 stably	 overexpressing	 the	mitochondrial	marker	mitomCitrine	
were	 shifted	 to	 an	 extracellular	 medium	 consisting	 of	 (in	 mM)	 123	 NaCl,	 5	 KCl,	 2	 MgCl2,	 1	 CaCl2,	 10	
glucose,	10	HEPES,	pH	7.4.	Next,	the	cells	were	left	untreated	(F),	or	were	stimulated	with	m-3M3FBS	(85	
µM;	 A),	 thapsigargin	 (20	 µM;	 B),	 nigericin	 (10	 µM;	 C),	 poly-(dA:dT)	 (2	 µg/mL	 complexed	 with	 5	 µL	
Lipofectamine	 2000;	 D),	 or	 ionomycin	 (10	 µM;	 E),	 and	 live	 imaging	 was	 performed	 using	 a	 widefield	
fluorescence	microscope	to	capture	the	mitochondrial	dynamics.	The	time	interval	between	the	acquired	
images	was	approximately	1	min	 (A-C,	E,	F)	or	4	min	 (D).	For	 the	duration	of	 the	experiment,	 the	cells	
were	kept	at	37°C	in	the	microscope	incubation	chamber,	but	they	were	not	perfused	with	CO2	(HEPES-
based	buffers	do	not	require	CO2	perfusion	to	maintain	constant	pH).	The	stimuli	were	added	to	the	cells	
either	directly	in	the	microscope	incubation	chamber	immediately	after	the	onset	of	imaging	(m-3M3FBS	
[A],	 nigericin	 [C],	 and	 ionomycin	 [E]),	 or	 they	 were	 added	 to	 the	 cells	 outside	 of	 the	 microscope	
incubation	chamber	(thapsigargin	[B]	and	poly-(dA:dT)	[D]),	followed	by	a	brief	centrifugation	(340	´	g	at	
RT	for	30	s),	after	which	the	imaging	was	started.	
Images	are	representative	of	3	independent	experiments.	In	each	of	the	panels	(A-F),	the	same	field	(that	
is,	approximately	the	same	population	of	cells)	is	followed	over	time.	Scale	bars	correspond	to	50	µm.	
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Figure	 6.27/28Q.	 Quantifications	 of	 the	 granularity	 of	 the	 mitochondrial	 signal	 in	 Figures	 6.27	
(‘HEKNLRP10’)	and	6.28	A-D,	F	(‘iMac’)	
A-E:	Granularity	of	the	mitochondrial	fluorescence	signal	in	NLRP10mCitrine/ASCTagBFP/mitomCherry	HEK	cells	
(‘HEKNLRP10’)	 and	 in	 NLRP3/ASCmCerulean/mitomCitrine	 reporter	 iMac	 cells	 (‘iMac’)	 treated	with	m-3M3FBS	
(A),	 thapsigargin	 (B),	 nigericin	 (C)	 or	 poly-(dA:dT)	 (D),	 or	 left	 untreated	 (E).	 The	 granularity	 of	 the	
mitochondrial	matrix-targeted	fluorescent	protein	signal	was	calculated	as	a	proxy	for	the	mitochondrial	
integrity.	High	granularity	values	correlate	with	the	intact	status	of	the	mitochondria,	while	a	decrease	in	
granularity	correlates	with	the	cytosolic	dissipation	of	 the	mitochondrial	 fluorescence	signal.	The	 initial	
granularity	value	was	taken	as	100%	for	the	purpose	of	signal	normalization.	The	numbers	of	ASC	specks	
per	 imaging	 field	were	 treated	 as	 absolute	 values	 and	 no	 normalization	 has	 been	 performed.	 The	 data	
points	are	means	from	6-8	time-lapse	recordings	per	condition	per	cell	line,	collected	over	3	independent	
experiments.	The	error	bars	represent	SD.	The	time	(t)	unit	is	minute	(x-axis).	
	

Under	 untreated	 conditions,	 HMGB1	was	 contained	within	 the	 nuclei	 (Figures	 6.25	 E	

and	 6.26	 F)	 and	 the	 mitochondrially	 targeted	 fluorescent	 proteins	 had	 a	 granular	

distribution	pattern	consistent	with	enclosure	in	the	mitochondrial	matrix	(Figures	6.27	

E	and	6.28	F).	Strikingly,	both	m-3M3FBS	and	thapsigargin	caused	a	rapid	(within	 less	

than	15	min)	leakage	of	the	nuclear	HMGB1	into	the	cytosol	(Figures	6.25	A,	B	and	6.26	

A,	 B)	 and	 a	 loss	 of	 the	 granular	 localization	 pattern	 of	 mitochondrially	 targeted	

mCitrine/mCherry	 (Figures	 6.27	 A,	 B	 and	 6.28	 A,	 B).	 The	 quantifications	 of	 the	

granularity	of	 the	mitochondrial	 signal	 and	 the	ASC	 speck	 counts	 in	 cells	 treated	with	

inflammasome	 activators	 (Figures	 6.27	 and	 6.28	 A-D,	 F)	 are	 presented	 in	 Figure	

6.27/28Q.	The	onset	of	the	mitochondrial	changes	occurred	slightly	before	the	onset	of	

ASC	 speck	 formation,	while	 the	onset	of	 the	nuclear	 leakage	 coincided	with	or	 closely	

followed	the	onset	of	ASC	speck	formation.	The	strength	of	the	mitochondrial	effect	was	
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comparable	 between	 m-3M3FBS	 and	 thapsigargin,	 whereas	 the	 nuclear	 effect	 of	 m-

3M3FBS	appeared	to	be	stronger	than	that	of	thapsigargin.	

	

The	 cytosolic	 translocation	 of	 mitochondrial	 matrix	 contents	 upon	 challenge	 with	m-

3M3FBS/thapsigargin	 likely	 indicates	major	damage	occurring	at	 the	 level	of	 the	 IMM	

and	 the	 OMM.	 This	 disruption	 enables	 leakage	 of	 biomolecules	 as	 large	 as	 folded	

fluorescent	proteins	(slightly	above	25	kDa)2.	Importantly,	the	NLRP3	activator	nigericin	

and	the	AIM2	ligand	poly-(dA:dT)	did	not	induce	the	nuclear	and	mitochondrial	changes	

that	 had	 been	 observed	 in	 cells	 treated	 with	 m-3M3FBS	 and	 thapsigargin,	 even	 at	

relatively	 late	 time	points	 (Figures	6.25	C,	D,	6.26	C,	D,	6.27	C,	D,	 and	6.28	C,	D).	This	

indicates	 that	 the	 observed	 cellular	 alterations	 are	 not	 a	 common	 step	 in	 the	

inflammasome	 signaling	 and	 also	 likely	 not	 an	 effect	 of	 caspase-1	 activation.	 Instead,	

they	may	 represent	 specific	 cellular	 events	 triggered	 by	m-3M3FBS	 and	 thapsigargin,	

with	 possible	 relevance	 for	 the	 AIM2	 and	 NLRP10	 activations.	 Of	 note,	 nigericin	 has	

been	 proposed	 to	 elicit	 mitochondrial	 damage	 in	 a	 fashion	 relevant	 for	 the	 NLRP3	

inflammasome	 activation	 (Misawa	 et	 al.,	 2013;	 Subramanian	 et	 al.,	 2013;	 Zhou	 et	 al.,	

2010).	Based	on	my	observations,	m-3M3FBS	and	thapsigargin	affect	the	mitochondria	

in	different	manner	than	nigericin.	

	

As	m-3M3FBS	and	thapsigargin	both	increase	the	cytosolic	Ca2+	concentration,	 I	 tested	

whether	the	ionomycin-mediated	Ca2+	delivery	could	also	trigger	changes	in	the	nuclei	

or	the	mitochondria	(Figures	6.26	E,	6.28	E,	6.29,	and	6.30).	Ionomycin	treatment	led	to	

a	 leakage	 of	 HMGB1	 from	 the	 nuclei	 in	 a	 manner	 dependent	 on	 extracellular	 Ca2+	

(Figures	6.26	E,	6.29),	albeit	with	slower	kinetics	than	m-3M3FBS	and	thapsigargin.	 In	

contrast	 to	 m-3M3FBS	 and	 thapsigargin,	 ionomycin	 did	 not	 alter	 the	 mitochondrial	

matrix	localization	of	mitomCitrine/mitomCherry	(Figures	6.28	E,	6.30).	It	also	did	not	cause	

ASC	speck	formation,	consistent	with	my	earlier	observation	(Figure	6.18).	These	results	

suggest	that	while	the	nuclear	damage	in	m-3M3FBS-	and	thapsigargin-treated	cells	may	

be	 Ca2+-mediated,	 the	 mitochondrial	 disruption	 is	 probably	 not	 caused	 by	 the	 Ca2+	

fluxes.	As	the	ionomycin-induced	nuclear	permeabilization	alone	is	not	sufficient	for	the	

activations	of	AIM2	and	NLRP10,	the	mitochondria	are	more	likely	than	the	nuclei	to	be	

	
2	An	alternative	 interpretation	of	 this	observation	would	be	 that	 the	mitochondrial	 import	mechanisms	
are	blocked	upon	 treatment	with	m-3M3FBS/thapsigargin.	While	 this	 could	also	be	 true,	 the	extremely	
fast	rate	(minutes)	at	which	the	delocalization	of	the	mitochondrial	contents	occurs	is	a	strong	argument	
in	favor	of	the	unspecific	rupture/leakage	scenario.	
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involved	in	the	assembly	of	these	inflammasomes.	I	will	discuss	this	issue	in	more	detail	

in	Sections	6.14	and	6.15.	

	

	
Figure	 6.29.	 Nuclear	 dynamics	 monitored	 by	 HMGB1	 localization	 in	
NLRP10mCitrine/ASCTagBFP/HMGB1mCherry	HEK	cells	 treated	with	 ionomycin	 in	 the	presence	of	1	mM	
CaCl2	or	in	Ca2+-deficient	medium	
HEK	 cells	 stably	 overexpressing	 human	NLRP10mCitrine,	 ASCTagBFP,	 and	 the	 nuclear	marker	 HMGB1mCherry	
were	shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	0	or	1	CaCl2,	10	
glucose,	10	HEPES,	pH	7.4.	Next,	the	cells	were	left	untreated,	or	were	stimulated	with	ionomycin	(10	µM),	
and	 live	 imaging	 was	 performed	 using	 a	 widefield	 fluorescence	 microscope	 to	 capture	 the	 nuclear	
dynamics.	The	time	interval	between	the	acquired	images	was	approximately	1	min.	For	the	duration	of	
the	 experiment,	 the	 cells	were	 kept	 at	 37°C	 in	 the	microscope	 incubation	 chamber,	 but	 they	were	not	
perfused	 with	 CO2	 (HEPES-based	 buffers	 do	 not	 require	 CO2	 perfusion	 to	 maintain	 constant	 pH).	
Ionomycin	was	added	to	the	cells	either	directly	in	the	microscope	incubation	chamber	immediately	after	
the	onset	of	imaging.	Scale	bars	correspond	to	50	µm.	
Images	are	representative	of	3	independent	experiments.	In	each	of	the	columns,	the	same	field	(that	is,	
approximately	the	same	population	of	cells)	is	followed	over	time.	
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Figure	 6.30.	 Mitochondrial	 dynamics	 monitored	 by	 mitochondrial	 matrix-targeted	 mCherry	
localization	 in	 NLRP10mCitrine/ASCTagBFP/mitomCherry	 HEK	 cells	 treated	 with	 ionomycin	 in	 the	
presence	of	1	mM	CaCl2	or	in	Ca2+-deficient	medium	
HEK	cells	stably	overexpressing	human	NLRP10mCitrine,	ASCTagBFP,	and	the	mitochondrial	marker	mitomCherry	
were	shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	0	or	1	CaCl2,	10	
glucose,	10	HEPES,	pH	7.4.	Next,	the	cells	were	left	untreated,	or	were	stimulated	with	ionomycin	(10	µM),	
and	live	imaging	was	performed	using	a	widefield	fluorescence	microscope	to	capture	the	mitochondrial	
dynamics.	The	time	interval	between	the	acquired	images	was	approximately	1	min.	For	the	duration	of	
the	 experiment,	 the	 cells	were	 kept	 at	 37°C	 in	 the	microscope	 incubation	 chamber,	 but	 they	were	not	
perfused	 with	 CO2	 (HEPES-based	 buffers	 do	 not	 require	 CO2	 perfusion	 to	 maintain	 constant	 pH).	
Ionomycin	was	added	to	the	cells	either	directly	in	the	microscope	incubation	chamber	immediately	after	
the	onset	of	imaging.	
Images	are	representative	of	3	independent	experiments.	In	each	of	the	columns,	the	same	field	(that	is,	
approximately	the	same	population	of	cells)	is	followed	over	time.	Scale	bars	correspond	to	50	µm.	
	

The	 leakage	 of	 the	 nuclear	 and	 mitochondrial	 contents	 was	 not	 observed	 in	 cells	

stimulated	with	nigericin	and	with	poly-(dA:dT).	Therefore,	the	involvement	caspase-1	

downstream	 of	 the	 inflammasome	 responses	 to	 m-3M3FBS	 and	 thapsigargin	 was	

unlikely	 to	 be	 the	 mediator	 of	 the	 mitonuclear	 damage.	 Nevertheless,	 I	 went	 on	 to	

ensure	that	the	observed	effects	of	the	m-3M3FBS	and	thapsigargin	treatments	were	not	

caspase-1-dependent.	 To	 this	 end,	 I	 performed	 live	 imaging	 of	 NLRP3/ASCmCerulean	

reporter	 iMac	 cells3	overexpressing	 HMGB1mCitrine	 (Figure	 6.31)	 or	 mitomCitrine	 (Figure	

	
3	HEK	cells	do	not	express	caspase-1,	so	they	were	not	tested	in	this	experiment.	
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6.32)	 and	 stimulated	 with	m-3M3FBS,	 thapsigargin,	 nigericin,	 or	 poly-(dA:dT)	 in	 the	

presence	or	absence	of	the	caspase-1	inhibitor	VX-765.	

	

	
Figure	 6.31.	 Nuclear	 dynamics	 monitored	 by	 HMGB1	 localization	 in	
NLRP3/ASCmCerulean/HMGB1mCitrine	 reporter	 iMac	 cells	 treated	 with	 m-3M3FBS,	 thapsigargin,	
nigericin,	or	poly-(dA:dT)	in	the	presence	or	absence	of	the	caspase-1	inhibitor	VX-765	
A-D:	NLRP3/ASCmCerulean	reporter	iMac	cells	stably	overexpressing	the	nuclear	marker	HMGB1mCitrine	were	
shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	
HEPES,	pH	7.4	in	the	absence	(‘no	inhibitor’)	or	presence	of	the	caspase-1	inhibitor	VX-765	(50	µM).	Next,	
the	cells	were	stimulated	with	m-3M3FBS	(85	µM;	A),	 thapsigargin	(20	µM;	B),	nigericin	(10	µM;	C),	or	
poly-(dA:dT)	 (2	µg/mL	 complexed	with	5	µL	Lipofectamine	2000;	D),	 and	 live	 imaging	was	performed	
using	a	widefield	fluorescence	microscope	to	capture	the	nuclear	dynamics.	The	time	interval	between	the	
acquired	images	was	approximately	1	min	(A-C)	or	4	min	(D).	For	the	duration	of	the	experiment,	the	cells	
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were	kept	at	37°C	in	the	microscope	incubation	chamber,	but	they	were	not	perfused	with	CO2	(HEPES-
based	buffers	do	not	require	CO2	perfusion	to	maintain	constant	pH).	The	stimuli	were	added	to	the	cells	
either	directly	in	the	microscope	incubation	chamber	immediately	after	the	onset	of	imaging	(m-3M3FBS	
[A]	 and	 nigericin	 [C]),	 or	 they	were	 added	 to	 the	 cells	outside	 of	 the	microscope	 incubation	 chamber	
(thapsigargin	[B]	and	poly-(dA:dT)	[D]),	followed	by	a	brief	centrifugation	(340	´	g	at	RT	for	30	s),	after	
which	the	imaging	was	started.	
Images	are	representative	of	3	independent	experiments.	In	each	of	the	panels	(A-D),	the	same	field	(that	
is,	approximately	the	same	population	of	cells)	is	followed	over	time.	Scale	bars	correspond	to	50	µm.	
	

	
Figure	6.32.	Mitochondrial	dynamics	monitored	by	 localization	of	mitochondrial	matrix-targeted	
mCitrine	 in	 NLRP3/ASCmCerulean/mitomCitrine	 reporter	 iMac	 cells	 treated	 with	 m-3M3FBS,	
thapsigargin,	nigericin,	or	poly-(dA:dT)	in	the	presence	or	absence	of	the	caspase-1	inhibitor	VX-
765	
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3A-D:	NLRP3/ASCmCerulean	reporter	iMac	cells	stably	overexpressing	the	mitochondrial	marker	mitomCitrine	
were	 shifted	 to	 an	 extracellular	 medium	 consisting	 of	 (in	 mM)	 123	 NaCl,	 5	 KCl,	 2	 MgCl2,	 1	 CaCl2,	 10	
glucose,	10	HEPES,	pH	7.4	in	the	absence	(‘no	inhibitor’)	or	presence	of	the	caspase-1	inhibitor	VX-765	(50	
µM).	Next,	 the	cells	were	stimulated	with	m-3M3FBS	(85	µM;	A),	 thapsigargin	(20	µM;	B),	nigericin	(10	
µM;	C),	 or	 poly-(dA:dT)	 (2	µg/mL	 complexed	with	 5	µL	 Lipofectamine	 2000;	D),	 and	 live	 imaging	was	
performed	using	a	widefield	 fluorescence	microscope	 to	 capture	 the	mitochondrial	dynamics.	The	 time	
interval	between	the	acquired	images	was	approximately	1	min	(A-C)	or	4	min	(D).	For	the	duration	of	the	
experiment,	 the	 cells	 were	 kept	 at	 37°C	 in	 the	 microscope	 incubation	 chamber,	 but	 they	 were	 not	
perfused	 with	 CO2	 (HEPES-based	 buffers	 do	 not	 require	 CO2	 perfusion	 to	 maintain	 constant	 pH).	 The	
stimuli	were	added	 to	 the	cells	either	directly	 in	 the	microscope	 incubation	chamber	 immediately	after	
the	onset	 of	 imaging	 (m-3M3FBS	 [A]	 and	nigericin	 [C]),	 or	 they	were	 added	 to	 the	 cells	outside	 of	 the	
microscope	 incubation	 chamber	 (thapsigargin	 [B]	 and	 poly-(dA:dT)	 [D]),	 followed	 by	 a	 brief	
centrifugation	(340	´	g	at	RT	for	30	s),	after	which	the	imaging	was	started.	
Images	are	representative	of	3	independent	experiments.	In	each	of	the	panels	(A-D),	the	same	field	(that	
is,	approximately	the	same	population	of	cells)	is	followed	over	time.	Scale	bars	correspond	to	50	µm.	
	

Consistent	with	my	previous	observations,	m-3M3FBS	and	thapsigargin	caused	a	rapid	

HMGB1	leakage	to	the	cytosol	(Figure	6.31	A,	B)	and	a	loss	of	mitochondrial	localization	

of	the	mitomCitrine	protein	(Figure	6.32	A,	B).	The	nigericin	and	poly-(dA:dT)	stimulations	

did	not	lead	to	these	effects	(Figures	6.31	C,	D	and	6.32	C,	D).	VX-765	did	not	suppress	

the	m-3M3FBS-	and	thapsigargin-induced	mitonuclear	damage,	 indicating	that	 it	 is	not	

mediated	by	caspase-1.	

	

The	 changes	 observed	 in	 the	mitochondrial	 and	nuclear	 compartments	 in	m-3M3FBS-	

and	thapsigargin-treated	cells	could	not	be	attributed	to	PKC	activation	(downstream	of	

the	m-3M3FBS-PLC	 axis).	 The	 PKC	 activators	 PMA	 and	 bryostatin	 1	 did	 not	 cause	 a	

cytosolic	leakage	of	the	mitochondrial	or	nuclear	contents	in	HEK	cells	(Supplementary	

Figure	 S17)	 and	 in	 macrophages	 (Supplementary	 Figure	 S18)	 overexpressing	 the	

mitochondrial	 or	 nuclear	 reporter	 constructs	 (mitomCitrine/mCherry	 and	

HMGB1mCitrine/mCherry).	

	

6.14.	 No	 evidence	 that	 the	 nuclear	 disruption	 is	 a	 mediator	 in	 the	 AIM2	 and	

NLRP10	activation	by	m-3M3FBS/thapsigargin	

	

Two	 arguments	 support	 the	 notion	 that	 the	 mitochondrial	 damage	 rather	 than	 the	

nuclear	contents	egress	is	the	cause	of	the	inflammasome	activation	by	m-3M3FBS	and	

thapsigargin.	First,	NLRP10	translocates	 to	 the	mitochondria,	not	 to	 the	nucleus,	 in	m-

3M3FBS-	 and	 thapsigargin-treated	 cells.	 Secondly,	 triggering	 the	 nuclear	 contents	

leakage	by	ionomycin	does	not	activate	the	AIM2	and	NLRP10	inflammasomes.	
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However	compelling	these	observations	may	be,	they	do	not	provide	sufficient	evidence	

to	 fully	 exclude	 the	 role	 of	 the	 nuclei	 in	 AIM2	 and	 NLRP10	 activations.	 Below	 I	 will	

present	 further	 experimental	 evidence	 suggesting	 that	 the	 nuclear	 damage	 is	 not	

involved	 in	 the	 inflammasome	 responses	 under	 investigation4 .	 To	 examine	 the	

significance	of	 the	nuclear	damage	 for	 the	 inflammasome	responses	to	m-3M3FBS	and	

thapsigargin	 I	 applied	 two	 approaches:	 pharmacological	 perturbation	 of	 the	

nucleocytosolic	 transport	 in	 the	 presence	 or	 absence	 of	 the	 AIM2/NLRP10	 activators,	

and	pharmacological	perturbation	of	the	nuclear	barrier.	

	

	
Figure	 6.33.	 Influence	 of	 the	 nuclear	 export	 inhibitors	 KPT-185,	 KPT-330	 (selinexor),	 and	
leptomycin	 B	 on	 the	 inflammasome	 responses	 to	m-3M3FBS,	 thapsigargin,	 nigericin,	 and	 poly-
(dA:dT)	

	
4	The	 formal	 proof	 that	 the	 mitochondria	 are	 responsible	 for	 the	 AIM2	 activation	 by	m-3M3FBS	 and	
thapsigargin	will	be	the	topic	of	Chapter	8	of	my	Thesis.	
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3A-I:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A,	D,	G),	NLRP3/ASCmCerulean	reporter	iMac	cells	(B,	E,	
H),	and	NLRP10mCitrine/ASCTagBFP	HEK	cells	(C,	F,	I)	were	treated	for	10	min	with	KPT-185	(0,	5,	10,	or	50	
µM;	A-C),	KPT-330/selinexor	(0,	5,	10,	or	50	µM;	D-F),	or	leptomycin	B	(LeptoB;	0,	10,	20,	or	40	ng/mL;	G-
I)	and	then	subjected	to	the	inflammasome	activators	m-3M3FBS	(85	µM),	thapsigargin	(20	µM),	nigericin	
(10	µM)	or	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	medium	
consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	LPS	(A,	D,	G)	and	
unprimed	 (A-I)	 controls	were	 subjected	 to	medium	alone.	 Immediately	 after	 addition	of	 inflammasome	
activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	(C,	F,	I)	or	60	min	(A,	B,	D,	E,	
G,	H),	the	supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF	(A,	D,	G)	or	the	
cells	were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	
using	a	widefield	fluorescence	microscope	(B,	C,	E,	F,	H,	I).	
The	 results	 are	 plotted	 as	 means	 from	 3	 (A-F,	 I,	 and	 poly-(dA:dT)	 in	 panel	 G)	 or	 4	 (G	 [except	 the	
stimulation	with	poly-(dA:dT)]	and	H)	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

	
Figure	 6.34.	 Influence	 of	 the	 nuclear	 import	 inhibitors	 importazole	 and	 ivermectin	 on	 the	
inflammasome	responses	to	m-3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-G:	LPS-primed	 (200	 ng/mL,	 2	 h)	WT	 iMac	 cells	 (A,	 E),	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (B,	 F),	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(C,	G),	and	NLRP10mCherry/ASCmCerulean	HEK	cells	(D)	were	treated	for	10	
min	 with	 importazole	 (0,	 10,	 25,	 or	 50	 µM;	 A-D)	 or	 ivermectin	 (0,	 25,	 50,	 or	 100	 µM;	 E-G)	 and	 then	
subjected	to	the	inflammasome	activators	m-3M3FBS	(85	µM),	thapsigargin	(20	µM),	nigericin	(10	µM)	or	
poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	medium	consisting	
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of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	LPS	(A,	E)	and	unprimed	
(A-G)	controls	were	subjected	to	medium	alone.	Immediately	after	addition	of	inflammasome	activators,	
the	plates	were	centrifuged	at	340	´	g	 for	5	min	(RT).	After	30	min	(C,	D,	G)	or	60	min	(A,	B,	E,	F),	 the	
supernatants	were	collected	and	 IL-1b	 concentrations	were	measured	by	HTRF	(A,	E)	or	 the	cells	were	
fixed	with	 4%	 formaldehyde,	 counterstained	with	 the	 nuclear	 dye	 DRAQ5	 (5	µM)	 and	 imaged	 using	 a	
widefield	fluorescence	microscope	(B-D,	F,	G).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

I	tested	whether	three	inhibitors	of	nuclear	export	(KPT-185,	KPT-330,	and	leptomycin	

B;	Figure	6.33	and	Supplementary	Figure	S19)	and	two	–	of	nuclear	import	(importazole	

and	 ivermectin;	 Figure	 6.34)	 could	 trigger	 the	 inflammasome	 activation	 or	 block	 the	

AIM2/NLRP10	 responses	 to	 m-3M3FBS/thapsigargin.	 The	 nuclear	 export	 inhibitors	

were	not	inflammasome	activators	by	themselves	and	had	essentially	no	impact	on	the	

inflammasome	responses	 to	any	of	 the	 tested	 stimuli	 (Figure	6.33	and	Supplementary	

Figure	 S19).	 Among	 the	 nuclear	 import	 inhibitors,	 importazole	 had	 a	 slight	 inhibitory	

effect	on	the	NLRP3	activation	with	nigericin	on	the	level	of	IL-1b	secretion	(Figure	6.34	

A)	but	not	ASC	speck	 formation	(Figure	6.34	B),	and	 it	was	a	weak	 inhibitor	of	 the	m-

3M3FBS-driven	 NLRP10	 activation	 in	 NLRP10mCherry/ASCmCerulean	 reporter	 HEK	 cells	

(Figure	6.34	D).	Importazole	also	exhibited	strong	autofluorescence	in	the	BFP	channel	

(Figure	6.34	C),	so	its	effect	could	only	be	assessed	in	NLRP3/ASCmCerulean	reporter	iMac	

cells	and	NLRP10mCherry/ASCmCerulean	HEK	cells.	

	

Ivermectin	was	a	strong	inhibitor	of	the	thapsigargin-induced	AIM2/NLRP10	activation	

and	 it	 also	 partially	 inhibited	 the	 nigericin-	 and	 poly-(dA:dT)-induced	 inflammasome	

responses	(Figure	6.34	E-G).	Because	of	the	multiple	reported	targets	of	ivermectin,	it	is	

difficult	 to	draw	conclusions	 from	these	observations	 in	 the	absence	of	clear	effects	of	

the	 other	 tested	 nuclear	 transport	 inhibitors.	 Collectively,	 my	 results	 indicate	 that	

‘canonical’	 nuclear	 export	 is	not	 required	 for	 the	AIM2	and	NLRP10	activations	by	m-

3M3FBS	 and	 thapsigargin,	 but	 they	 do	 not	 provide	 a	 definitive	 answer	 as	 to	 the	

involvement	of	the	nuclear	import	in	this	process.	

	

To	 examine	 the	 potential	 role	 of	 the	 nuclear	 barrier	 breach	 in	 the	 inflammasome	

activation,	I	exploited	the	fact	that	 ionomycin	in	the	presence	of	extracellular	Ca2+	was	

capable	of	eliciting	the	nuclear	contents	leakage.	I	bathed	NLRP10mCitrine/ASCTagBFP	HEK	

cells,	NLRP3/ASCmCerulean	 reporter	 iMac	cells,	 and	LPS-primed	WT	 iMac	cells	 in	buffers	

containing	 a	 range	 of	 CaCl2	 concentrations	 (0-1	 mM)	 in	 the	 presence	 or	 absence	 of	



Chapter	6	
	

	 159	

ionomycin	 or	 m-3M3FBS.	 While	 m-3M3FBS	 triggered	 AIM2	 (Figure	 6.35	 A,	 B)	 and	

NLRP10	 (Figure	 6.35	 C)	 responses	 at	 all	 tested	 extracellular	 Ca2+	 concentrations,	

ionomycin	was	fully	incapable	of	inducing	inflammasome	activation,	consistent	with	my	

earlier	 results	 (Figure	 6.18).	 Importantly,	 both	m-3M3FBS	 and	 ionomycin	 treatments	

abolished	the	nuclear	exclusion	of	NLRP10	(Supplementary	Figure	S20):	m-3M3FBS	at	

all	 tested	 extracellular	 CaCl2	 concentrations	 and	 ionomycin	 at	 extracellular	 CaCl2	

concentrations	above	500	µM.	This	observation	indicates	that	conditions	permissive	for	

nuclear	content	leakage	and	NLRP10	nuclear	influx	are	not	sufficient	for	inflammasome	

activation.	Such	conclusion	provides	an	argument	against	the	involvement	of	the	nuclei	

in	the	AIM2	and	NLRP10	responses	to	m-3M3FBS	and	thapsigargin.	

	

	
Figure	 6.35.	 Ionomycin-mediated	 Ca2+	 delivery	 does	 not	 trigger	 inflammasome	 responses,	
regardless	of	the	extracellular	Ca2+	concentration	
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3A-C:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A),	NLRP3/ASCmCerulean	 reporter	 iMac	cells	(B),	and	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(C)	were	shifted	to	extracellular	media	consisting	of	(in	mM)	123	NaCl,	
5	KCl,	2	MgCl2,	10	glucose,	10	HEPES	pH	7.4	with	the	addition	of	0,	62.5,	125,	250,	500,	600,	750,	or	1000	
µM	CaCl2.	Then	the	cells	were	stimulated	with	ionomycin	(iono;	5	or	10	µM)	or	m-3M3FBS	(85	µM).	The	
LPS	(A)	and	untreated	(B,	C)	controls	were	subjected	 to	media	alone.	 Immediately	after	addition	of	 the	
stimuli,	 the	 plates	 were	 centrifuged	 at	 340	 ´	 g	 for	 5	 min	 (RT).	 After	 60	 min,	 the	 supernatants	 were	
collected	 and	 IL-1b	 concentrations	 were	 measured	 by	 HTRF	 (A)	 or	 the	 cells	 were	 fixed	 with	 4%	
formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	 imaged	 using	 a	 widefield	
fluorescence	microscope	(B,	C).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	triplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	triplicate	values	from	each	of	
the	independent	experiments.	
	

A	recent	study	on	the	neutrophil	extracellular	trap	(NET)	formation	suggested	that	the	

generation	 of	 these	 structures	 relies	 on	 the	molecular	 network	 involved	 in	mitosis	 in	

proliferating	cells	(Amulic	et	al.,	2017).	Of	particular	relevance	to	my	observations	was	

the	reported	disassembly	of	the	nuclear	envelope.	To	test	whether	conditions	promoting	

NET	 formation	 could	 trigger	 the	 AIM2	 or	 NLRP10	 inflammasome	 responses	 in	

NLRP10mCitrine/ASCTagBFP	 HEK	 cells,	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells,	 or	 LPS-

primed	WT	iMac	cells,	I	subjected	these	cells	to	combinations	of	stimuli	known	to	trigger	

NET	formation	in	the	presence	or	absence	of	the	NLRP3	inhibitor	CRID3	and	measured	

IL-1b	(Figure	6.36	A,	B)	or	imaged	ASC	specks	(Figure	6.36	C-F)	to	assess	the	degree	of	

the	 inflammasome	 response.	 None	 of	 the	 tested	 NET-inducing	 treatments	 led	 to	

inflammasome	 activation	 in	 the	 examined	 cell	 lines,	 providing	 a	 further	 argument	

against	the	involvement	of	the	nuclei	in	the	AIM2	and	NLRP10	activations.	
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Figure	6.36.	Neutrophil	 extracellular	 trap	 (NET)	 formation-inducing	 combinations	of	 stimuli	 are	
not	inflammasome	activators	
A-F:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A,	B),	NLRP3/ASCmCerulean	reporter	iMac	cells	(C,	D),	and	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(E,	F)	were	shifted	to	OptiMEM	supplemented	with	1%	FBS	and	5	µM	
CRID3	 (B,	 D,	 F)	 or	 vehicle	 (ethanol;	 A,	 C,	 E).	 Then	 the	 cells	 were	 treated	 for	 4	 h	 with	 stimuli	 or	
combinations	 of	 stimuli	 proposed	 to	 trigger	 NET	 formation	 in	 neutrophils:	 PMA	 (100	 nM	 or	 1	 µM),	
ionomycin	(iono;	5	or	10	µM),	concanavalin	A	type	IV	(ConA(IV);	50	or	100	µg/mL),	concanavalin	A	type	
VI	(ConA(VI);	50	or	100	µg/mL),	or	combinations	of	PMA	(100	nM	or	1	µM)	with	the	indicated	stimuli.	60	
min	before	the	completion	of	the	experiment,	the	nigericin	(N;	10	µM)	and	m-3M3FBS	(m;	85	µM)	control	
cells	were	shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	
glucose,	10	HEPES	pH	7.4	with	(B,	D,	F)	or	without	(vehicle	–	ethanol;	A,	C,	E)	5	µM	CRID3	and	they	were	
stimulated	with	nigericin	or	m-3M3FBS.	The	untreated	(-)	were	subjected	to	OptiMEM	with	1%	FBS.	At	
the	 completion	 of	 the	 experiment,	 the	 supernatants	 were	 collected	 and	 IL-1b	 concentrations	 were	
measured	by	HTRF	(A,	B)	or	the	cells	were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	
dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope	(C-F).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Finally,	 a	 study	 by	 Di	 Micco	 et	 al.	 (2016)	 demonstrated	 that	 several	 human	

immunodeficiency	 virus	 (HIV)	 protease	 inhibitors,	 chiefly	 nelfinavir,	 ritonavir	 and	

lopinavir,	 disrupt	 the	 nuclear	 envelope	 leading	 to	 activation	 of	 the	 AIM2	

inflammasome5.	This	was	suggested	to	rely	on	the	nuclear	DNA	sensing	by	AIM2.	I	tested	

whether	 the	AIM2-triggering	HIV	protease	 inhibitors	 as	well	 as	 doxorubicin,	 a	 nuclei-

disrupting	 antitumor	drug	 (Sardão	 et	 al.,	 2008),	 could	 cause	 inflammasome	activation	

(IL-1b	secretion	and	ASC	speck	formation)	in	ASC	fluorescent	reporter	HEK	cells	with	or	

without	 the	 NLRP10	 overexpression	 cassette,	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells,	

and	LPS-primed	immortalized	macrophages	(Supplementary	Figures	S21	and	S22).	

	

Among	 the	 tested	 treatments,	 only	 doxorubicin	 led	 to	 a	 robust	 IL-1b	 secretion	

(Supplementary	Figure	S21)	and	ASC	speck	formation	(Supplementary	Figure	S22	A)	in	

macrophages.	 Importantly,	 this	 effect	was	 observed	 regardless	 of	 the	 genotype	 of	 the	

tested	 cells,	 suggesting	 that	 there	may	be	 several	 redundant	pathways	 through	which	

inflammasomes	could	sense	the	doxorubicin-induced	damage.	Neither	the	HIV	protease	

inhibitors,	 nor	doxorubicin	 could	 elicit	ASC	 speck	 formation	 in	HEK	 cells	 in	 a	manner	

attributable	to	NLRP10	(Supplementary	Figure	S22	B-D),	further	suggesting	that	nuclear	

damage	 is	 probably	 not	 involved	 in	 the	 AIM2/NLRP10	 responses	 to	m-3M3FBS	 and	

thapsigargin.	Pitstop-2,	another	compound	reported	to	disrupt	the	nuclear	permeability	

barrier	 (Liashkovich	 et	 al.,	 2015),	was	 also	 not	 an	 inflammasome	 activator	 in	murine	

macrophages	 (Supplementary	 Figure	 S11)6.	 Together,	 these	 data	 suggest	 that	 the	m-

3M3FBS-	 and	 thapsigargin-induced	 nuclear	 permeability	 barrier	 disruption	 is	 not	

involved	in	the	AIM2	and	NLRP10	inflammasome	responses.	

	
5	Conversely,	this	effect	was	not	observed	for	the	HIV	protease	inhibitors	amprenavir	and	atazanavir	(Di	
Micco	et	al.,	2016).	
6	Pitstop-2	 autofluorescence	 in	 the	 BFP	 channel	 did	 not	 allow	 for	 obtaining	 interpretable	 results	 in	
NLRP10mCitrine/ASCTagBFP	reporter	HEK	cells	(Supplementary	Figure	S12)	and	I	did	not	proceed	to	test	this	
treatment	in	other	fluorescent	reporter	cells.	
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6.15.	 Cyclosporin	 A	 and	 non-immunosuppressive	 CsA	 analogs	

alisporivir/Debio025	 and	 NIM811	 selectively	 inhibit	 the	 thapsigargin-induced	

AIM2	and	NLRP10	inflammasome	responses	

	

As	 I	 found	 no	 compelling	 evidence	 that	 the	 disruption	 of	 the	 nuclear	 permeability	

barrier	 could	 activate	 the	AIM2	 and	NLRP10	 inflammasomes,	 I	 proceeded	 to	 examine	

whether	the	observed	mitochondrial	damage	could	explain	the	inflammasome	activation	

by	m-3M3FBS	 and	 thapsigargin.	 The	 latter	 of	 these	 two	 compounds	 is	 by	 far	 better	

characterized7.	Thapsigargin	is	suggested	to	trigger	mitochondrial	damage	in	a	manner	

sensitive	to	CsA	(Korge	and	Weiss,	1999).	CsA	is	a	prolyl	isomerase	inhibitor	known	for	

suppression	 of	 two	 pathways,	 the	 activation	 of	 the	 phosphatase	 calcineurin	 and	 the	

transcription	factor	nuclear	factor	of	activated	T	cells	(NFAT)	through	the	inhibition	of	

cyclophilin	 A	 (PPIA)	 (Crabtree	 and	 Olson,	 2002;	 Emmel	 et	 al.,	 1989;	 Flanagan	 et	 al.,	

1991;	 Handschumacher	 et	 al.,	 1984;	 Rao	 et	 al.,	 1997),	 and	 the	 mPT	 through	 the	

inhibition	 of	 mitochondrial	 cyclophilin	 (termed	 cyclophilin	 F/PPIF	 or,	 archaically,	

cyclophilin	D)	(Baines	et	al.,	2005;	Basso	et	al.,	2005;	Nakagawa	et	al.,	2005;	Schinzel	et	

al.,	 2005).	 I	 tested	whether	 the	 inflammasome	 responses	 to	m-3M3FBS,	 thapsigargin,	

nigericin,	and	poly-(dA:dT)	are	inhibited	by	CsA	(Figure	6.37	A-C),	as	well	as	two	specific	

inhibitors	of	the	calcineurin/NFAT	pathway	that	do	not	target	cyclophilin	F	(Marton	et	

al.,	 2015):	 FK506	 (Figure	 6.37	 D-F)	 and	 ascomycin	 (Figure	 6.37	 G-H).	 Briefly,	 I	 pre-

treated	(10	min)	LPS-primed	WT	iMac	cells,	NLRP3/ASCmCerulean	reporter	iMac	cells,	and	

NLRP10mCitrine/ASCTagBFP	 HEK	 cells	 with	 increasing	 doses	 of	 the	 cyclophilin	 inhibitors,	

followed	by	 stimulation	with	 inflammasome	agonists	 and	assessment	of	 the	degree	of	

inflammasome	activation	by	measurement	of	secreted	IL-1b	concentrations	and	imaging	

of	ASC	specks.	

	

	
7	Apart	 from	the	four	possibly	plagiarized	studies	(Chen,	2014;	Fang	et	al.,	2009;	Liu,	2013;	Tsai,	2010),	
there	are	–	until	now	–	no	serious	reports	linking	m-3M3FBS	stimulation	to	mitochondrial	stress.	
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Figure	6.37.	 Influence	of	 the	 cyclophilin	 (prolyl	 isomerase)	 inhibitors	 cyclosporin	A,	FK506,	and	
ascomycin	 on	 the	 inflammasome	 responses	 to	 m-3M3FBS,	 thapsigargin,	 nigericin,	 and	 poly-
(dA:dT)	
A-I:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A,	D,	G),	NLRP3/ASCmCerulean	reporter	iMac	cells	(B,	E,	H),	
and	NLRP10mCitrine/ASCTagBFP	HEK	cells	(C,	F,	I)	were	treated	for	10	min	with	cyclosporin	A	(CsA;	0,	10,	15,	
or	 20	 µM;	 A-C),	 FK506	 (0,	 10,	 25,	 or	 50	 µM;	 D-F),	 or	 ascomycin	 (0,	 10,	 25,	 or	 50	 µM;	 G-I)	 and	 then	
subjected	to	the	inflammasome	activators	m-3M3FBS	(85	µM),	thapsigargin	(20	µM),	nigericin	(10	µM)	or	
poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	medium	consisting	
of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	LPS	(A,	D,	G)	and	unprimed	
(A-I)	controls	were	subjected	 to	medium	alone.	 Immediately	after	addition	of	 inflammasome	activators,	
the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	(C,	F,	I)	or	60	min	(A,	B,	D,	E,	G,	H),	the	
supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF	(A,	D,	G)	or	the	cells	were	
fixed	with	 4%	 formaldehyde,	 counterstained	with	 the	 nuclear	 dye	 DRAQ5	 (5	µM)	 and	 imaged	 using	 a	
widefield	fluorescence	microscope	(B,	C,	E,	F,	H,	I).	
The	results	are	plotted	as	means	from	3	(A,	C,	F-I)	or	4	(B,	D,	E)	independent	experiments	performed	in	
technical	 duplicate.	 Error	 bars	 represent	 SD.	 Individual	 data	 points	 represent	 means	 of	 the	 technical	
duplicate	values	from	each	of	the	independent	experiments.	
	

The	m-3M3FBS-induced	AIM2	and	NLRP10	responses	were	not	sensitive	to	CsA,	FK506,	

and	 ascomycin	 (Figure	 6.37).	 In	 contrast,	 the	 thapsigargin-induced	 AIM2/NLRP10	

activations	were	completely	blocked	by	all	tested	CsA	concentrations	(10-20	µM;	Figure	
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6.37	A-C).	FK506	and	ascomycin	(tested	here	at	10-50	µM;	Figure	6.37	D-I)	were	much	

less	potent	inhibitors	of	the	thapsigargin-mediated	AIM2/NLRP10	activation,	suggesting	

that	 the	CsA	effect	 is	 specific.	The	CsA	sensitivity	of	 the	 thapsigargin-induced	NLRP10	

activation	 was	 confirmed	 in	 NLRP10mCherry/ASCmCerulean	 reporter	 HEK	 cells	

(Supplementary	 Figure	 S23).	 Collectively,	 these	 results	 indicate	 that	 CsA	 selectively	

blocks	the	thapsigargin-,	but	not	m-3M3FBS-induced	AIM2/NLRP10	responses,	and	that	

this	 effect	 is	 likely	 mediated	 by	 the	 mitochondrial	 disruption	 and	 not	 by	 the	

calcineurin/NFAT	pathway.	

	

To	 validate	 the	 finding	 that	 CsA	 inhibits	 the	 thapsigargin-induced	 AIM2/NLRP10	

activation	 through	 targets	 linked	 to	 the	 mitochondria	 and	 not	 the	 calcineurin/NFAT	

pathway,	I	tested	whether	two	non-immunosuppressive	CsA	analogs	that	do	not	inhibit	

the	 calcineurin/NFAT	 pathway	 could	 block	 the	 thapsigargin-induced	 inflammasome	

responses.	These	molecules	are	NIM811	(Billich	et	al.,	1995)	and	alisporivir/Debio025	

(Paeshuyse	et	al.,	2006),	and	they	were	tested	here	at	5,	10,	and	20	µM	(Figure	6.38)	in	

LPS-primed	 WT	 iMac	 cells,	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells,	

NLRP10mCitrine/ASCTagBFP	 HEK	 cells,	 and	 NLRP10mCherry/ASCmCerulean	 HEK	 cells.	

Alisporivir/Debio025	 led	 to	 complete	 inhibition	 of	 the	 thapsigargin-induced	

AIM2/NLRP10	 activation	 at	 concentrations	 above	 10	 µM,	 without	 affecting	 the	

inflammasome	activation	by	other	tested	stimuli	(Figure	6.38	A-D).	NIM811	was	an	even	

more	 potent	 inhibitor	 of	 the	 thapsigargin-elicited	 response,	 as	 it	 fully	 inhibited	 the	

thapsigargin-induced	inflammasome	activation	at	all	tested	concentrations	(Figure	6.38	

E-H).	Similar	to	alisporivir/Debio025,	NIM811	pre-treatment	did	not	have	an	impact	on	

the	other	inflammasome	activation	pathways	tested.	
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Figure	6.38.	Influence	of	the	cyclosporin	A	non-immunosuppressive	analogs	alisporivir/Debio025	
and	 NIM811	 on	 the	 inflammasome	 responses	 to	m-3M3FBS,	 thapsigargin,	 nigericin,	 and	 poly-
(dA:dT)	
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3A-H:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A,	E),	NLRP3/ASCmCerulean	reporter	iMac	cells	(B,	F),	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(C,	G),	and	NLRP10mCherry/ASCmCerulean	HEK	cells	(D,	H)	were	treated	for	
10	min	with	alisporivir/Debio025	(0,	5,	10,	or	20	µM;	A-D)	or	NIM811	(0,	5,	10,	or	20	µM;	E-H)	and	then	
subjected	to	the	inflammasome	activators	m-3M3FBS	(85	µM),	thapsigargin	(20	µM),	nigericin	(10	µM)	or	
poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	medium	consisting	
of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	LPS	(A,	E)	and	unprimed	
(A-H)	controls	were	subjected	to	medium	alone.	Immediately	after	addition	of	inflammasome	activators,	
the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	(C,	D,	G,	H)	or	60	min	(A,	B,	E,	F),	the	
supernatants	were	collected	and	 IL-1b	 concentrations	were	measured	by	HTRF	(A,	E)	or	 the	cells	were	
fixed	with	 4%	 formaldehyde,	 counterstained	with	 the	 nuclear	 dye	 DRAQ5	 (5	µM)	 and	 imaged	 using	 a	
widefield	fluorescence	microscope	(B-D,	F-H).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

These	 observations	 indicate	 that	 targeting	 the	 thapsigargin-induced	 mitochondrial	

disruption	can	effectively	block	the	AIM2	and	NLRP10	inflammasome	responses	to	this	

molecule.	Importantly,	the	m-3M3FBS-driven	AIM2/NLRP10	activation	was	not	affected	

by	CsA,	NIM811,	and	alisporivir/Debio025.	This	suggests	that	the	mechanisms	by	which	

m-3M3FBS	and	thapsigargin	elicit	mitochondrial	damage	may	be	distinct,	at	least	at	the	

pharmacological	level.	

	

I	 next	 examined	 whether	 the	 CsA-mediated	 inhibition	 of	 the	 thapsigargin-induced	

inflammasome	activation	coincides	with	an	observable	mitoprotective	effect	at	the	level	

of	 the	mitochondrial	matrix-targeted	 fluorescent	 protein	 leakage.	 In	 addition,	 I	 tested	

whether	CsA	could	prevent	the	nuclear	contents	leakage	in	thapsigargin-treated	cells.	To	

this	 end,	 I	 performed	 live	 imaging	 of	 inflammasome	 activator-stimulated	

NLRP10mCitrine/ASCTagBFP/mitomCherry	 reporter	 HEK	 cells	 (Figure	 6.39),	

NLRP3/ASCmCerulean/mitomCitrine	 reporter	 iMac	 cells	 (Figure	 6.40),	

NLRP10mCitrine/ASCTagBFP/HMGB1mCherry	 reporter	 HEK	 cells	 (Figure	 6.41),	 and	

NLRP3/ASCmCerulean/HMGB1mCitrine	 reporter	 iMac	 cells	 (Figure	 6.42)	 in	 the	 presence	 or	

absence	of	CsA.	
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Figure	 6.39.	 Impact	 of	 cyclosporin	 A	 on	 the	m-3M3FBS-	 and	 thapsigargin-elicited	mitochondrial	
damage	and	ASC	speck	formation	in	NLRP10mCitrine/ASCTagBFP/mitomCherry	reporter	HEK	cells	
A-B:	 HEK	 cells	 stably	 overexpressing	 human	 NLRP10mCitrine,	 ASCTagBFP,	 and	 the	 mitochondrial	 marker	
mitomCherry	were	shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	
10	glucose,	10	HEPES,	pH	7.4,	with	or	without	cyclosporin	A	(15	µM).	Next,	the	cells	were	stimulated	with	
thapsigargin	 (20	µM;	 A)	 or	m-3M3FBS	 (85	µM;	 B),	 and	 live	 imaging	was	 performed	 using	 a	 widefield	
fluorescence	microscope	to	capture	the	mitochondrial	dynamics.	The	time	interval	between	the	acquired	
images	was	approximately	1	min.	For	the	duration	of	the	experiment,	the	cells	were	kept	at	37°C	in	the	
microscope	 incubation	 chamber,	 but	 they	 were	 not	 perfused	 with	 CO2	 (HEPES-based	 buffers	 do	 not	
require	CO2	perfusion	to	maintain	constant	pH).	The	stimuli	were	added	to	the	cells	either	directly	in	the	
microscope	 incubation	 chamber	 immediately	 after	 the	 onset	 of	 imaging	 (m-3M3FBS	 [B]),	 or	 they	were	
added	to	the	cells	outside	of	the	microscope	incubation	chamber	(thapsigargin	[A]),	 followed	by	a	brief	
centrifugation	(340	´	g	at	RT	for	30	s),	after	which	the	imaging	was	started.	
Images	are	representative	of	3	independent	experiments.	In	each	of	the	panels	(A,	B),	the	same	field	(that	
is,	approximately	the	same	population	of	cells)	is	followed	over	time.	Scale	bars	correspond	to	50	µm.	
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Figure	6.40	(this	and	previous	page).	Impact	of	cyclosporin	A	on	the	m-3M3FBS-	and	thapsigargin-
elicited	mitochondrial	damage	and	ASC	speck	formation	in	NLRP3/ASCmCerulean/mitomCitrine	reporter	
iMac	cells	
A-D:	NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 stably	overexpressing	 the	mitochondrial	marker	mitomCitrine	
were	 shifted	 to	 an	 extracellular	 medium	 consisting	 of	 (in	 mM)	 123	 NaCl,	 5	 KCl,	 2	 MgCl2,	 1	 CaCl2,	 10	
glucose,	10	HEPES,	pH	7.4	with	or	without	cyclosporin	A	 (15	µM).	Next,	 the	cells	were	stimulated	with	
thapsigargin	 (20	 µM;	 A),	 m-3M3FBS	 (85	 µM;	 B),	 nigericin	 (10	 µM;	 C),	 or	 poly-(dA:dT)	 (2	 µg/mL	
complexed	 with	 5	 µL	 Lipofectamine	 2000;	 D),	 and	 live	 imaging	 was	 performed	 using	 a	 widefield	
fluorescence	microscope	to	capture	the	mitochondrial	dynamics.	The	time	interval	between	the	acquired	
images	was	approximately	1	min	(A-C)	or	4	min	(D).	For	the	duration	of	 the	experiment,	 the	cells	were	
kept	at	37°C	in	the	microscope	incubation	chamber,	but	they	were	not	perfused	with	CO2	(HEPES-based	
buffers	do	not	require	CO2	perfusion	to	maintain	constant	pH).	The	stimuli	were	added	to	the	cells	either	
directly	in	the	microscope	incubation	chamber	immediately	after	the	onset	of	imaging	(m-3M3FBS	[B]	and	
nigericin	 [C]),	 or	 they	 were	 added	 to	 the	 cells	 outside	 of	 the	 microscope	 incubation	 chamber	
(thapsigargin	[A]	and	poly-(dA:dT)	[D]),	followed	by	a	brief	centrifugation	(340	´	g	at	RT	for	30	s),	after	
which	the	imaging	was	started.	
Images	are	representative	of	3	independent	experiments.	In	each	of	the	panels	(A-D),	the	same	field	(that	
is,	approximately	the	same	population	of	cells)	is	followed	over	time.	Scale	bars	correspond	to	50	µm.	
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Figure	6.39/40Q.	Quantifications	of	the	granularity	of	the	mitochondrial	signal	in	Figures	6.39	and	
6.40	A,	B	
A,	 B:	 Quantifications	 of	 the	 signals	 presented	 in	 Figure	 40,	 panels	 A	 and	 B.	 Granularity	 of	 the	
mitochondrial	matrix-targeted	fluorescent	protein	signal	was	calculated	as	a	proxy	for	the	mitochondrial	
integrity.	High	granularity	values	correlate	with	the	intact	status	of	the	mitochondria,	while	a	decrease	in	
granularity	correlates	with	the	cytosolic	dissipation	of	 the	mitochondrial	 fluorescence	signal.	The	 initial	
granularity	value	was	taken	as	100%	for	the	purpose	of	signal	normalization.	The	numbers	of	ASC	specks	
per	 imaging	 field	were	 treated	 as	 absolute	 values	 and	 no	 normalization	 has	 been	 performed.	 The	 data	
points	 are	 means	 from	 3-6	 time-lapse	 recordings	 per	 condition,	 collected	 over	 3	 independent	
experiments.	The	error	bars	represent	SD.	
C,	 D:	 Quantifications	 of	 the	 signals	 presented	 in	 Figure	 6.39.	 Granularity	 of	 the	mitochondrial	 matrix-
targeted	 fluorescent	 protein	 signal	 was	 calculated	 as	 a	 proxy	 for	 the	 mitochondrial	 integrity.	 High	
granularity	 values	 correlate	with	 the	 intact	 status	 of	 the	mitochondria,	while	 a	 decrease	 in	 granularity	
correlates	with	the	cytosolic	dissipation	of	 the	mitochondrial	 fluorescence	signal.	The	 initial	granularity	
value	was	taken	as	100%	for	the	purpose	of	signal	normalization.	The	numbers	of	ASC	specks	per	imaging	
field	 were	 treated	 as	 absolute	 values	 and	 no	 normalization	 has	 been	 performed.	 The	 data	 points	 are	
means	from	3-6	time-lapse	recordings	per	condition,	collected	over	3	independent	experiments.	The	error	
bars	represent	SD.	
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Figure	6.41.	Impact	of	cyclosporin	A	on	the	m-3M3FBS-	and	thapsigargin-elicited	nuclear	damage	
and	ASC	speck	formation	in	NLRP10mCitrine/ASCTagBFP/HMGB1mCherry	reporter	HEK	cells	
A-B:	 HEK	 cells	 stably	 overexpressing	 human	 NLRP10mCitrine,	 ASCTagBFP,	 and	 the	 nuclear	 marker	
HMGB1mCherry	were	shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	
CaCl2,	 10	 glucose,	 10	 HEPES,	 pH	 7.4,	 with	 or	 without	 cyclosporin	 A	 (15	 µM).	 Next,	 the	 cells	 were	
stimulated	with	thapsigargin	(20	µM;	A)	or	m-3M3FBS	(85	µM;	B),	and	live	imaging	was	performed	using	
a	 widefield	 fluorescence	 microscope	 to	 capture	 the	 nuclear	 dynamics.	 The	 time	 interval	 between	 the	
acquired	images	was	approximately	1	min.	For	the	duration	of	the	experiment,	the	cells	were	kept	at	37°C	
in	the	microscope	incubation	chamber,	but	they	were	not	perfused	with	CO2	(HEPES-based	buffers	do	not	
require	CO2	perfusion	to	maintain	constant	pH).	The	stimuli	were	added	to	the	cells	either	directly	in	the	
microscope	 incubation	 chamber	 immediately	 after	 the	 onset	 of	 imaging	 (m-3M3FBS	 [B]),	 or	 they	were	
added	to	the	cells	outside	of	the	microscope	incubation	chamber	(thapsigargin	[A]),	 followed	by	a	brief	
centrifugation	(340	´	g	at	RT	for	30	s),	after	which	the	imaging	was	started.	
Images	are	representative	of	3	independent	experiments.	In	each	of	the	panels	(A,	B),	the	same	field	(that	
is,	approximately	the	same	population	of	cells)	is	followed	over	time.	Scale	bars	correspond	to	50	µm.	
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Figure	6.42	(this	and	previous	page).	Impact	of	cyclosporin	A	on	the	m-3M3FBS-	and	thapsigargin-
elicited	 nuclear	 damage	 and	 ASC	 speck	 formation	 in	 NLRP3/ASCmCerulean/HMGB1mCitrine	 reporter	
iMac	cells	
A-D:	NLRP3/ASCmCerulean	reporter	iMac	cells	stably	overexpressing	the	nuclear	marker	HMGB1mCitrine	were	
shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	
HEPES,	pH	7.4	with	or	without	cyclosporin	A	(15	µM).	Next,	the	cells	were	stimulated	with	thapsigargin	
(20	µM;	A),	m-3M3FBS	(85	µM;	B),	nigericin	(10	µM;	C),	or	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	
Lipofectamine	2000;	D),	 and	 live	 imaging	was	performed	using	 a	widefield	 fluorescence	microscope	 to	
capture	the	nuclear	dynamics.	The	time	interval	between	the	acquired	images	was	approximately	1	min	
(A-C)	 or	 4	min	 (D).	 For	 the	 duration	 of	 the	 experiment,	 the	 cells	were	 kept	 at	 37°C	 in	 the	microscope	
incubation	 chamber,	 but	 they	 were	 not	 perfused	 with	 CO2	 (HEPES-based	 buffers	 do	 not	 require	 CO2	
perfusion	to	maintain	constant	pH).	The	stimuli	were	added	to	the	cells	either	directly	in	the	microscope	
incubation	 chamber	 immediately	 after	 the	 onset	 of	 imaging	 (m-3M3FBS	 [B]	 and	 nigericin	 [C]),	 or	 they	
were	added	to	the	cells	outside	of	the	microscope	incubation	chamber	(thapsigargin	[A]	and	poly-(dA:dT)	
[D]),	followed	by	a	brief	centrifugation	(340	´	g	at	RT	for	30	s),	after	which	the	imaging	was	started.	
Images	are	representative	of	3	independent	experiments.	In	each	of	the	panels	(A-D),	the	same	field	(that	
is,	approximately	the	same	population	of	cells)	is	followed	over	time.	Scale	bars	correspond	to	50	µm.	
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In	macrophages,	 consistent	with	my	 earlier	 observations	 (Section	 6.13),	 nigericin	 and	

poly-(dA:dT)	did	not	induce	the	mitochondrial	or	nuclear	contents	leakage	(Figures	6.40	

C,	D,	6.42	C,	D).	This	 situation	was,	predictably,	not	altered	by	 the	pre-treatment	with	

CsA.	 Thapsigargin	 stimulation	 induced	 leakage	 of	 mitomCitrine	 from	 the	 mitochondria	

(Figure	6.40	A)	and	of	HMGB1mCitrine	from	the	nuclei	(Figure	6.42	A).	Both	of	these	events	

were	fully	inhibited	by	CsA.	Notably,	the	inhibition	of	the	mitonuclear	damage	correlated	

with	 the	 inhibition	 of	 ASC	 speck	 formation.	 Consistent	 with	 the	 results	 presented	 in	

Figure	6.38,	the	m-3M3FBS-induced	mitonuclear	damage	and	ASC	speck	formation	were	

not	 affected	by	CsA	pre-treatment	 (Figures	6.40	B	and	6.42	B).	The	granularity	of	 the	

mitochondrial	 signal	 could	 be	 quantified	 (Figure	 6.39/40Q	 A,	 B),	 and	 these	

quantifications	 demonstrate	 that	 CsA	 pre-treatment	 completely	 rescued	 the	

mitochondrial	 integrity	 in	 thapsigargin-stimulated	 cells.	 This	 rescue	 correlated	with	 a	

complete	inhibition	of	ASC	speck	formation	in	thapsigargin-stimulated	cells.	

	

In	HEK	cells,	the	mitoprotective	effect	of	CsA	on	the	thapsigargin-induced	mitochondrial	

damage	mirrored	the	observations	from	macrophages	(Figure	6.39	A).	Furthermore,	the	

m-3M3FBS-induced	mitochondrial	content	leakage	was	not	sensitive	to	CsA	(Figure	6.39	

B).	 Similar	 to	 the	 situation	 recorded	 in	macrophages	 (Figure	6.39/40Q	A,	B),	 the	CsA-

mediated	 rescue	of	mitochondrial	 integrity	 in	 thapsigargin-treated	HEK	 cells	 could	be	

confirmed	by	the	quantification	of	the	mitochondrial	granularity	(Figure	6.39/40Q	C,	D).	

Here,	the	mitoprotective	effect	of	CsA	also	correlated	with	a	complete	inhibition	of	ASC	

speck	formation	in	response	to	thapsigargin.	

	

The	m-3M3FBS-elicited	HMGB1mCherry	leakage	from	the	nuclei	was	also	detected	in	HEK	

cells	and	 it	was	not	 inhibited	by	CsA	(Figure	6.41	B),	consistent	with	 the	observations	

from	macrophages	(Figure	6.42	C,	D).	In	contrast	to	my	previous	result	(Figure	6.25	B),	

in	the	present	experiment,	the	HMGB1mCherry	leakage	from	the	nuclei	upon	thapsigargin	

treatment	was	not	detected	(Figure	6.41	A),	so	the	influence	of	CsA	on	the	thapsigargin-

induced	 HEK	 cell	 nuclear	 damage	 could	 not	 be	 assessed.	 Importantly,	 even	 in	 the	

absence	of	detectable	HMGB1mCherry	 egress,	 the	 thapsigargin	 stimulation	 triggered	ASC	

speck	 formation	 (Figure	 6.41	 A,	 left	 column),	which	was	 completely	 inhibited	 by	 CsA	

(Figure	 6.41	 A,	 right	 column).	 This	 suggests	 that	 the	 nuclear	 damage	 may	 not	 be	

consistently	triggered	by	thapsigargin,	supporting	the	notion	that	it	may	not	be	the	main	

mediator	of	the	thapsigargin-induced	inflammasome	activation.	
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Collectively,	my	 observations	 suggest	 that	 the	mitochondria	 are	more	 likely	 to	 be	 the	

source	of	AIM2	and	NLRP10	agonists	than	are	the	nuclei.	Of	note,	the	mitochondrial	Ca2+	

fluxes	do	not	appear	to	be	involved	in	the	m-3M3FBS-/thapsigargin-induced	AIM2	and	

NLRP10	activations,	as	the	mitochondrial	Ca2+	uniporter	(MCU)	inhibitor	KB-R7943	did	

not	inhibit	the	AIM2/NLRP10	activation	(Supplementary	Figure	S24).	The	MCU	inhibitor	

DS16570511	 (Supplementary	 Figure	 S25	 E-J)	 and	 the	 mitoprotective	 compound	

DS44170716	(Supplementary	Figure	S25	A-D)	acted	as	weak	inflammasome	inhibitors,	

typically	only	at	very	high	concentrations	 (50-100	µM	for	DS16570511	and	25-50	µM	

for	 DS44170716).	 At	 these	 doses,	 DS16570511	 and	 DS44170716	 also	 inhibited	 the	

nigericin-induced	 NLRP3	 activation	 and	 the	 poly-(dA:dT)-driven	 AIM2	 response	

(Supplementary	Figure	S25).	These	results	are	consistent	with	the	observations	that	the	

SERCA-Ca2+	axis	of	thapsigargin	activity	and	the	PLC-IP3-IP3R-Ca2+	pathway	triggered	by	

m-3M3FBS	do	not	appear	to	be	involved	in	the	inflammasome	activation.	

	

6.16.	Mitochondrial	disruption	is	triggered	by	multiple	AIM2/NLRP10	activators	

	

To	 further	 explore	 the	 link	 between	 mitochondrial	 damage	 and	 the	 AIM2/NLRP10	

responses,	 I	 tested	the	 impact	of	two	reported	Bax	agonists,	SMBA1	and	BAM7,	on	the	

inflammasome	 activation	 in	 NLRP10/ASC	 fluorescent	 reporter	 HEK	 cells,	

NLRP3/ASCmCerulean	reporter	iMac	cells,	and	LPS-primed	WT	iMac	cells	(Figure	6.43).	Bax	

is	 a	protein	 that	 forms	pores	 in	 the	OMM	(Bock	and	Tait,	2019),	best	known	 for	 their	

role	in	the	initiation	of	the	intrinsic	apoptosis	pathway.	I	reasoned	that	activation	of	Bax	

could	trigger	cellular	events	similar	to	those	caused	by	m-3M3FBS	and	thapsigargin.	

	



Chapter	6	
	

	 177	

	
Figure	6.43.	Influence	of	the	Bax	activators	SMBA1	and	BAM7	on	the	inflammasome	responses	to	
m-3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	
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3A-G:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A,	E),	NLRP3/ASCmCerulean	reporter	iMac	cells	(B,	F),	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(C,	G),	and	NLRP10mCherry/ASCmCerulean	HEK	cells	(D)	were	treated	for	10	
min	with	SMBA1	(0,	5,	10,	or	50	µM;	A-D)	or	BAM7	(0,	5,	10,	or	50	µM;	E-G)	and	then	subjected	to	 the	
inflammasome	activators	m-3M3FBS	(85	µM),	thapsigargin	(20	µM),	nigericin	(10	µM)	or	poly-(dA:dT)	(2	
µg/mL	complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	medium	consisting	of	(in	mM)	123	
NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	LPS	(A,	E)	and	unprimed	(A-G)	controls	
were	subjected	to	medium	alone.	Immediately	after	addition	of	inflammasome	activators,	the	plates	were	
centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	(C,	D,	G)	or	60	min	(A,	B,	E,	F),	the	supernatants	were	
collected	 and	 IL-1b	 concentrations	 were	 measured	 by	 HTRF	 (A,	 E)	 or	 the	 cells	 were	 fixed	 with	 4%	
formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	 imaged	 using	 a	 widefield	
fluorescence	microscope	(B-D,	F,	G).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

While	BAM7	was	neither	an	inflammasome	activator,	nor	an	inhibitor	of	inflammasome	

formation	 (Figure	 6.43	 E-G),	 SMBA1	 at	 high	 doses	 (around	 50	 µM)	 triggered	 strong	

inflammasome	 responses	 in	 macrophages	 and	 in	 NLRP10-overexpressing	 HEK	 cells	

(Figure	 6.43	 A-D).	 The	 fact	 that	 these	 two	molecules	 with	 similar	 reported	 activities	

produced	 different	 outcomes	was	 puzzling.	 Overall,	my	 observations	 suggest	 that	 the	

type	of	mitochondrial	damage	elicited	by	m-3M3FBS	and	thapsigargin	does	not	exhibit	

the	 typical	 characteristics	 of	 intrinsic	 apoptosis.	 The	 leakage	 of	 the	 mitochondrial	

contents	 in	m-3M3FBS-/thapsigargin-treated	cells	occurs	almost	 immediately	after	 the	

stimulus	administration,	whereas	typical	apoptotic	stimuli	act	over	the	course	of	hours	

(Gelles	 and	 Chipuk,	 2016;	 McArthur	 et	 al.,	 2018;	 Riley	 et	 al.,	 2018).	 In	 addition,	 the	

cytosolic	 translocation	 of	 mitochondrial	 intermembrane	 space	 proteins	 such	 as	

cytochrome	c	 is	a	standard	feature	of	 intrinsic	apoptosis	(Goldstein	et	al.,	2000;	Kluck,	

1997;	 Liu	 et	 al.,	 1996),	 but	 the	 leakage	 of	 the	mitochondrial	matrix	 proteins	 (Section	

6.13)	is	not	commonly	reported.	

	

The	differences	between	 intrinsic	 apoptosis	 and	 the	m-3M3FBS-/thapsigargin-induced	

mitochondrial	damage	will	be	the	topic	of	Chapter	9	of	my	Thesis.	Presently,	I	would	like	

to	 briefly	 comment	 on	 the	 possible	 source	 of	 the	 difference	 between	 the	 observed	

activities	of	BAM7	and	SMBA1.	Both	of	these	molecules	were	characterized	as	direct	Bax	

ligands	on	the	biochemical	level	(Gavathiotis	et	al.,	2012;	Xin	et	al.,	2014).	Therefore,	it	is	

unlikely	that	they	target	different	steps	of	the	apoptotic	cascade,	although	theoretically	

it	 remains	 possible	 that	 SMBA1	 has	 an	 ‘additional’	 mitochondria-damaging	 off-target	

effect	 not	 shared	 with	 BAM7.	 A	 possibly	 important	 difference	 between	 BAM7	 and	

SMBA1	 is	 the	Bax	binding	 interface	(SMBA1	binds	 to	Bax	 in	 the	proximity	of	 the	S184	

residue,	while	the	BAM7	binding	site	is	proposed	to	be	close	to	the	K21	residue).	Based	
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on	 the	 available	 knowledge,	 it	 is	 impossible	 to	 conclude	 whether	 the	 different	 Bax	

binding	interfaces	could	explain	the	difference	in	the	activities	of	SMBA1	and	BAM7.	
	

Because	 high	 doses	 of	 SMBA1	were	 required	 for	 inflammasome	 activation,	 I	 ensured	

that	 this	 compound	 is	 not	 an	 NLRP3	 agonist	 acting	 through	 the	 crystal	

formation/lysosomal	 damage	 pathway	 (Supplementary	 Figure	 S26).	 The	 SMBA1-

induced	 macrophage	 inflammasome	 response	 was	 not	 sensitive	 to	 the	 phagocytosis	

inhibitor	cytochalasin	D	and	to	the	NLRP3	inhibitor	CRID3,	whereas	the	SMBA1-induced	

IL-1b	 release	 was	 completely	 blocked	 by	 the	 caspase-1	 inhibitor	 VX-765	

(Supplementary	Figure	S26	A),	 in	contrast	to	the	SMBA1-induced	ASC	speck	formation	

(Supplementary	 Figure	 S26	 B).	 These	 observations	 indicate	 that	 the	 SMBA1-induced	

inflammasome	recruits	caspase-1,	but	that	this	enzyme	is	not	required	upstream	of	ASC	

speck	 formation.	 The	 SMBA1-triggered	 inflammasome	 activation	 is	 not	 dependent	 on	

phagocytosis	and	on	NLRP3.	
	

To	 test	 whether	 the	 macrophage	 inflammasome	 responses	 to	 SMBA1	 and	 SC-10	

(described	in	Section	6.12)	are	dependent	on	AIM2,	I	stimulated	LPS-primed	WT,	AIM2-

deficient	 (Aim2-/-),	 and	 NLRP3-deficient	 (Nlrp3-/-)	 BMDMs	with	 these	 compounds	 and	

measured	the	concentrations	of	secreted	IL-1b	(Figure	6.44).	

	

	
Figure	6.44.	In	BMDMs,	the	inflammasome	responses	to	SC-10	and	SMBA1	are	dependent	on	AIM2	
but	independent	of	NLRP3	in	BMDMs	
BMDMs	 from	WT	 (white	bars),	NLRP3-deficient	 (Nlrp3-/-;	 purple	bars),	 or	AIM2-deficient	 (Aim2-/-;	 blue	
bars)	mice	were	primed	with	LPS	(200	ng/mL,	2	h)	or	left	unprimed,	and	then	shifted	to	an	extracellular	
medium	 consisting	 of	 (in	 mM)	 123	 NaCl,	 5	 KCl,	 2	 MgCl2,	 1	 CaCl2,	 10	 glucose,	 10	 HEPES	 pH	 7.4	 and	
stimulated	with	nigericin	(10	µM),	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000),	SC-
10	(75	or	100	µM),	or	SMBA1	(50	or	75	µM).	The	unprimed	and	LPS	controls	were	subjected	to	medium	
alone.	Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	
min	 (RT).	 After	 60	min,	 the	 supernatants	 were	 collected	 and	 IL-1b	 concentrations	 were	measured	 by	
HTRF.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	triplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	triplicate	values	from	each	of	
the	independent	experiments.	
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While	NLRP3-deficient	BMDMs	stimulated	with	SC-10	and	SMBA1	secreted	the	amounts	

of	IL-1b	similar	to	their	WT	counterparts,	the	IL-1b	secretion	from	SC-10-	and	SMBA1-

stimulated	 AIM2-deficient	 BMDMs	 was	 completely	 abolished.	 This	 indicates	 that	 in	

murine	 macrophages,	 the	 inflammasome	 responses	 to	 SC-10	 and	 SMBA1	 are	 non-

redundantly	dependent	on	AIM2.	

	

I	next	tested	whether	the	SC-10-/SMBA1-induced	AIM2	responses	in	macrophages	and	

the	SC-9-/SC-10-/SMBA1-induced	NLRP10	responses	in	NLRP10mCherry/ASCmCerulean	HEK	

cells	 are	 sensitive	 to	 the	 mitoprotective	 agent	 CsA	 and	 to	 the	 pan-kinase	 inhibitor	

staurosporine.	 Briefly,	 I	 pre-treated	 NLPR3/ASCmCerulean	 reporter	 iMac	 or	 LPS	 primed	

WT	iMac	cells	(Figure	6.45),	or	NLRP10mCherry/ASCmCerulean	HEK	cells	(Figure	6.46)	with	

CsA	or	staurosporine	(10	min),	followed	by	challenge	with	inflammasome	activators.	

	

	
Figure	 6.45.	 Influence	 of	 the	 mitoprotective	 agent	 cyclosporin	 A	 and	 the	 pan-kinase	 inhibitor	
staurosporine	 on	 the	 AIM2	 inflammasome	 responses	 to	 SC-10,	 SMBA1,	 m-3M3FBS,	 and	
thapsigargin	
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3A-D:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A,	B)	and	NLRP3/ASCmCerulean	reporter	iMac	cells	(C,	
D)	were	treated	for	10	min	with	cyclosporin	A	(CsA;	0,	10,	15,	or	20	µM;	A,	C)	or	staurosporine	(STS;	0,	
1.25,	 2.5,	 or	 5	 µM;	 B,	 D)	 and	 then	 subjected	 to	 the	 inflammasome	 activators	 m-3M3FBS	 (85	 µM),	
thapsigargin	 (20	µM),	SC-10	 (100	µM),	or	SMBA1	 (50	µM)	 in	an	extracellular	medium	consisting	of	 (in	
mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	LPS	(A,	B)	and	unprimed	(A-D)	
controls	were	 subjected	 to	medium	 alone.	 Immediately	 after	 addition	 of	 inflammasome	 activators,	 the	
plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	60	min,	the	supernatants	were	collected	and	IL-1b	
concentrations	 were	 measured	 by	 HTRF	 (A,	 B)	 or	 the	 cells	 were	 fixed	 with	 4%	 formaldehyde,	
counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope	
(C,	D).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

	
Figure	 6.46.	 Influence	 of	 the	 mitoprotective	 agent	 cyclosporin	 A	 and	 the	 pan-kinase	 inhibitor	
staurosporine	 on	 the	 NLRP10	 inflammasome	 responses	 to	 SC-9,	 SC-10,	 SMBA1,	m-3M3FBS,	 and	
thapsigargin	
A-B:	NLRP10mCherry/ASCmCerulean	HEK	cells	were	treated	for	10	min	with	cyclosporin	A	(CsA;	0,	10,	15,	or	20	
µM;	A)	or	staurosporine	(STS;	0,	1.25,	2.5,	or	5	µM;	B)	and	then	subjected	to	the	inflammasome	activators	
m-3M3FBS	 (85	µM),	 thapsigargin	 (20	µM),	 SC-9	 (100	µM),	 SC-10	 (100	µM),	 or	 SMBA1	 (50	 µM)	 in	 an	
extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	
7.4.	The	untreated	(‘no	activator’)	controls	were	subjected	to	medium	alone.	Immediately	after	addition	of	
inflammasome	activators,	 the	plates	were	centrifuged	at	340	´	g	 for	5	min	(RT).	After	30	min,	 the	cells	
were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	
widefield	fluorescence	microscope.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

In	macrophages,	 the	SMBA1-induced	AIM2	activation	was	completely	 inhibited	by	CsA	

(Figure	6.45	A,	C),	but	not	affected	by	the	staurosporine	pre-treatment	(Figure	6.45	B,	

D),	 similar	 to	 the	 inflammasome	 responses	 to	 thapsigargin.	 The	 inflammasome	

responses	to	SC-9	(in	HEK	cells)	and	SC-10	(in	all	tested	cell	types)	were	not	affected	by	

CsA	or	staurosporine	(Figures	6.45	and	6.46),	similar	to	m-3M3FBS.	These	observations	

are	consistent	with,	but	not	a	proof	of,	the	scenario	in	which	m-3M3FBS,	o-3M3FBS,	SC-
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9,	and	SC-10	share	a	common	target	relevant	for	NLRP10	activation,	and	m-3M3FBS	and	

SC-10	 additionally	 share	 the	 AIM2-stimulating	 activity.	 Notably,	 the	 observation	 that	

staurosporine	 does	 not	 block	 the	 inflammasome	 responses	 to	 SC-9/SC-10	 is	 an	

argument	against	the	involvement	of	PKC	in	this	process.	
	

The	 SMBA1-induced	 NLRP10	 activation	 in	 NLRP10mCherry/ASCmCerulean	 HEK	 cells	 was	

blocked	 by	 CsA,	 similar	 to	 thapsigargin,	 but	 unexpectedly	 it	 was	 also	 sensitive	 to	

staurosporine	 (Figure	6.46).	 SMBA1	 likely	 triggers	 the	mitochondrial	 damage	 through	

Bax	(Xin	et	al.,	2014)	so	the	differential	sensitivity	to	staurosporine	between	SMBA1	and	

thapsigargin	is	difficult	to	interpret.	I	did	not	experimentally	pursue	this	issue.	
	

I	 further	examined	whether	the	inflammasome	responses	to	SC-9	(in	HEK	cells;	Figure	

6.48),	 SC-10,	 and	 SMBA1	 (in	 macrophages	 and	 in	 HEK	 cells;	 Figures	 6.47	 and	 6.48,	

respectively)	are	inhibited	by	FK506	and	ascomycin.	

	

	
Figure	 6.47.	 Influence	 of	 the	 prolyl	 isomerase	 inhibitors	 FK506	 and	 ascomycin	 on	 the	
inflammasome	responses	to	SC-10,	SMBA1,	m-3M3FBS,	thapsigargin,	and	nigericin	
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3A-D:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A,	C)	and	NLRP3/ASCmCerulean	reporter	iMac	cells	(B,	
D)	were	treated	for	10	min	with	FK506	(0,	10,	25,	or	50	µM;	A,	B)	or	ascomycin	(0,	10,	25,	or	50	µM;	C,	D)	
and	then	subjected	to	the	inflammasome	activators	m-3M3FBS	(85	µM),	thapsigargin	(20	µM),	SC-10	(100	
µM),	or	SMBA1	(50	µM)	in	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	
10	 glucose,	 10	HEPES,	 pH	7.4.	 The	LPS	 (A,	 C)	 and	unprimed	 (A-D)	 controls	were	 subjected	 to	medium	
alone.	Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	
min	 (RT).	 After	 60	min,	 the	 supernatants	 were	 collected	 and	 IL-1b	 concentrations	 were	measured	 by	
HTRF	(A,	C)	or	the	cells	were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	
µM)	and	imaged	using	a	widefield	fluorescence	microscope	(B,	D).	
The	results	are	plotted	as	means	from	4	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

	
Figure	 6.48.	 Influence	 of	 the	 prolyl	 isomerase	 inhibitors	 FK506	 and	 ascomycin	 on	 the	 NLRP10	
inflammasome	responses	to	SC-9,	SC-10,	SMBA1,	m-3M3FBS,	and	thapsigargin	
A-B:	NLRP10mCherry/ASCmCerulean	HEK	cells	were	treated	for	10	min	with	FK506	(0,	10,	25,	or	50	µM;	A)	or	
ascomycin	 (0,	 10,	 25,	 or	 50	µM;	B)	 and	 then	 subjected	 to	 the	 inflammasome	activators	m-3M3FBS	 (85	
µM),	thapsigargin	(20	µM),	SC-9	(100	µM),	SC-10	(100	µM),	or	SMBA1	(50	µM)	in	an	extracellular	medium	
consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	untreated	(‘no	
activator’)	 controls	 were	 subjected	 to	 medium	 alone.	 Immediately	 after	 addition	 of	 inflammasome	
activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min,	the	cells	were	fixed	with	
4%	 formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	 imaged	 using	 a	 widefield	
fluorescence	microscope.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

In	 NLRP3/ASCmCerulean	 iMac	 cells	 and	 LPS-primed	 WT	 iMac	 cells,	 the	 SMBA1-induced	

inflammasome	 activation	 was	 more	 sensitive	 to	 FK506	 and	 ascomycin	 than	 was	 the	

inflammasome	 activation	with	 thapsigargin,	 but	 full	 inhibition	 still	 required	 very	high	

concentrations	of	the	prolyl	isomerase	inhibitors	(25-50	µM).	The	AIM2	activation	with	

SC-10	 was	 completely	 insensitive	 to	 FK506	 and	 ascomycin	 (Figure	 6.47).	 In	

NLRP10mCherry/ASCmCerulean	 HEK	 cells,	 the	 SMBA1-induced	NLRP10	 activation	was	 fully	

blocked	with	FK506	and	ascomycin,	while	the	thapsigargin-induced	activation	was	only	

partially	inhibited	by	these	treatments	(Figure	6.48).	The	NLRP10	activation	by	SC-9	and	
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SC-10	 was	 not	 blocked	 by	 FK506	 and	 ascomycin,	 similar	 to	 the	m-3M3FBS-induced	

NLRP10	activation.	

	

To	 test	 whether	 the	 stimulations	 with	 SC-9,	 SC-10,	 and	 SMBA1	 lead	 to	 the	 cytosolic	

leakage	 of	 the	 mitochondrial	 contents,	 I	 performed	 end-point	 imaging	 of	 mitomCitrine	

reporter	HEK	cells	(Figure	6.49)	and	NLRP3/ASCmCerulean/mitomCitrine	reporter	iMac	cells	

(Figure	6.50)	challenged	with	a	range	of	inflammasome	activators.	To	gain	better	insight	

into	 the	cellular	 responses	 to	 these	agents,	 I	 also	 tested	 the	 influence	of	CsA,	 the	pan-

caspase	 inhibitor	emricasan,	 and	 the	 caspase-1	 inhibitor	VX-765	on	 the	mitochondrial	

phenotype.	 The	 CsA	 pre-treatment	 was	 employed	 to	 determine	 whether	 the	 CsA-

mediated	 inhibition	of	 the	SMBA1-induced	 inflammasome	activation	coincides	with	an	

observable	level	of	mitoprotection.	VX-765	was	administered	to	ensure	that	none	of	the	

observed	effects	occur	downstream	of	the	inflammasome	activation.	Finally,	emricasan	

was	 included	 to	 account	 for	 the	 possible	 interference	 of	 non-pyroptotic	 cell	 death	

mechanisms	with	the	observed	cellular	events.	
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Figure	 6.49.	Mitochondrial	 integrity	monitored	 by	mitomCitrine	 localization	 in	mitomCitrine	 reporter	
HEK	cells	stimulated	with	m-3M3FBS,	o-3M3FBS,	thapsigargin,	SMBA1,	SC-9,	SC-10,	or	nigericin	in	
the	presence	of	 the	mitoprotective	agent	 cyclosporin	A,	 the	pan-caspase	 inhibitor	 emricasan,	 or	
the	caspase-1	inhibitor	VX-765	
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3HEK	cells	stably	overexpressing	 the	mitochondrial	marker	mitomCitrine	were	shifted	 to	an	extracellular	
medium	consisting	of	 (in	mM)	123	NaCl,	 5	KCl,	 2	MgCl2,	 1	CaCl2,	 10	glucose,	10	HEPES	pH	7.4	 and	 left	
untreated	(‘no	inhibitor’)	or	pre-treated	for	10	min	with	cyclosporin	A	(CsA;	10	µM),	emricasan	(20	µM),	
or	 VX-765	 (20	 µM).	 Then,	 the	 cells	 were	 stimulated	 with	 m-3M3FBS	 (85	 µM),	 o-3M3FBS	 (85	 µM),	
thapsigargin	 (20	 µM),	 SMBA1	 (50	 µM),	 SC-9	 (100	 µM),	 SC-10	 (100	 µM),	 or	 nigericin	 (10	 µM).	 The	
untreated	 (‘no	 activator’)	 controls	 were	 subjected	 to	 medium	 alone.	 Immediately	 after	 addition	 of	
inflammasome	activators,	 the	plates	were	centrifuged	at	340	´	g	 for	5	min	(RT).	After	30	min,	 the	cells	
were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	
widefield	fluorescence	microscope.	
The	images	are	representative	of	3	independent	experiments.	Scale	bars	correspond	to	50	µm.	
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Figure	 6.50.	 Mitochondrial	 integrity	 monitored	 by	 mitomCitrine	 localization	 in	
NLRP3/ASCmCerulean/mitomCitrine	 reporter	 iMac	 cells	 stimulated	 with	 m-3M3FBS,	 o-3M3FBS,	
thapsigargin,	 SMBA1,	 SC-9,	 SC-10,	 or	 nigericin	 in	 the	 presence	 of	 the	 mitoprotective	 agent	
cyclosporin	A,	the	pan-caspase	inhibitor	emricasan,	or	the	caspase-1	inhibitor	VX-765	
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3NLRP3/ASCmCerulean	reporter	iMac	cells	stably	overexpressing	the	mitochondrial	marker	mitomCitrine	were	
shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	
HEPES	pH	7.4	and	 left	untreated	 (‘no	 inhibitor’)	or	pre-treated	 for	10	min	with	 cyclosporin	A	 (CsA;	10	
µM),	emricasan	(20	µM),	or	VX-765	(20	µM).	Then,	the	cells	were	stimulated	with	m-3M3FBS	(85	µM),	o-
3M3FBS	(85	µM),	thapsigargin	(20	µM),	SMBA1	(50	µM),	SC-9	(100	µM),	SC-10	(100	µM),	or	nigericin	(10	
µM).	The	untreated	(‘no	activator’)	controls	were	subjected	to	medium	alone.	Immediately	after	addition	
of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min,	the	cells	
were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	
widefield	fluorescence	microscope.	
The	images	are	representative	of	3	independent	experiments.	Scale	bars	correspond	to	50	µm.	
	

In	 NLRP3/ASCmCerulean/mitomCitrine	 reporter	 iMac	 cells	 (Figure	 6.50),	 the	 observed	

mitochondrial	 contents	 leakage	 perfectly	 correlated	 with	 the	 capacity	 for	 the	 AIM2	

inflammasome	activation.	The	AIM2	activators	m-3M3FBS,	thapsigargin,	SMBA1	and	SC-

10	 induced	 mitomCitrine	 cytosolic	 egress,	 whereas	 o-3M3FBS,	 SC-9,	 and	 the	 NLRP3	

activator	nigericin	did	not	cause	observable	leakage	of	the	mitochondrial	contents.	CsA	

inhibited	 the	mitochondrial	 disruption	 in	 cells	 stimulated	with	 thapsigargin	 and	with	

SMBA1,	but	not	with	m-3M3FBS	and	with	SC-10,	consistent	with	the	IL-1b	secretion	and	

ASC	speck	formation	patterns	(Figure	6.45).	Neither	emricasan	nor	VX-765	blocked	the	

observed	 mitochondrial	 damage,	 indicating	 that	 this	 process	 was	 not	 caspase-

dependent.	

	

In	mitomCitrine	 reporter	HEK	cells	 (Figure	6.49),	 the	situation	was	more	complicated.	 In	

my	Thesis	I	identified	six	NLRP10	activators:	m-3M3FBS,	o-3M3FBS,	thapsigargin,	SC-9,	

SC-10,	 and	 SMBA1.	 Among	 these	 molecules,	 m-3M3FBS,	 thapsigargin,	 and	 SMBA1	

triggered	 the	 cytosolic	 leakage	 of	 the	 mitochondrial	 matrix	 contents	 in	 HEK	 cells,	

whereas	 o-3M3FBS,	 SC-9,	 and	 SC-10	 did	 not	 have	 that	 effect.	 The	 mitochondrial	

disruption	induced	by	SMBA1	and	by	thapsigargin	was	inhibited	by	CsA,	consistent	with	

the	CsA-mediated	inhibition	of	ASC	speck	formation	(Figure	6.46).	In	further	agreement	

with	the	ASC	speck	formation	results	(Figure	6.46),	the	mitochondrial	damage	caused	by	

m-3M3FBS	 was	 not	 blocked	 by	 CsA	 (Figure	 6.49).	 Similar	 to	 what	 was	 observed	 in	

macrophages,	 caspase	 activation	 was	 not	 responsible	 for	 the	 observed	mitochondrial	

phenotypes,	as	no	sensitivity	to	emricasan	or	VX-765	was	detected.	

	

At	present,	 it	 is	impossible	to	provide	an	integrative	interpretation	of	the	observations	

made	in	HEK	cells.	The	direct	mechanisms	of	action	of	the	identified	NLRP10	activators	

are	unknown,	and	so	are	the	NLRP10	cellular	 ligands.	To	gain	more	direct	 insight	 into	

the	cellular	events	involving	NLRP10,	I	performed	confocal	imaging	of	cells	treated	with	
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mitochondrially	 inactive	 NLRP10	 stimuli.	 First,	 I	 tested	 whether	 the	 o-3M3FBS	

stimulation	 could	 trigger	 NLRP10	 clustering	 in	 punctate	 structures,	 similar	 to	 m-

3M3FBS	(Figure	6.51).	In	untreated	cells,	NLRP10	was	a	uniformly	distributed	cytosolic	

protein.	 After	 administration	 of	 o-3M3FBS,	 NLRP10	 formed	 speckles	 with	 kinetics	

similar	 to	 the	m-3M3FBS-induced	 aggregation	 (5	 min	 were	 sufficient	 to	 observe	 the	

effect).	 The	morphological	 characteristics	 of	o-3M3FBS-stimulated	 cells	were	different	

compared	 to	m-3M3FBS-treated	 cells	 (best	 visible	 in	 Figure	 6.51	 is	 the	 fact	 that	m-

3M3FBS	induces	chromatin	condensation	but	o-3M3FBS	does	not).	

	

	
Figure	 6.51.	 Comparison	 of	 the	 m-3M3FBS-	 and	 o-3M3FBS-induced	 NLRP10	 subcellular	
distribution	changes	in	NLRP10mCherry	HEK	cells	
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3NLRP10mCherry	HEK	cells	were	shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	
2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4	and	then	subjected	to	m-3M3FBS	(85	µM)	or	o-3M3FBS	(85	
µM)	and	fixed	after	the	indicated	periods	of	time	(5,	15,	or	30	min)	with	4%	formaldehyde,	followed	by	
counterstaining	with	the	nuclear	dye	DRAQ5	(5	µM).	The	untreated	(‘no	activator’)	control	was	subjected	
to	 30	 min	 of	 medium	 alone.	 Immediately	 after	 addition	 of	 inflammasome	 activators,	 the	 plates	 were	
centrifuged	at	340	´	g	 for	5	min	(RT).	After	the	completion	of	the	experiment,	all	samples	were	 imaged	
using	a	confocal	microscope.	
The	images	are	representative	of	4	independent	experiments.	Scale	bars	correspond	to	5	µm.	
	

In	contrast	to	the	m-3M3FBS-induced	NLRP10	clusters,	the	o-3M3FBS-induced	NLRP10	

puncta	 did	 not	 colocalize	 with	 TOMM20-positive	 mitochondria	 (Figure	 6.52).	 The	 o-

3M3FBS-induced	NLRP10	aggregates	also	did	not	colocalize	with	the	ER	marker	DDOST	

(Figure	6.53).	Of	note,	the	treatment	with	o-3M3FBS	did	not	result	in	the	disruption	of	

the	nuclear	envelope,	in	contrast	to	m-3M3FBS	stimulation	(Figure	6.53).	

	

	
Figure	 6.52.	 NLRP10	 localization	 relative	 to	 TOMM20-positive	 mitochondria	 in	
NLRP10mCherry/TOMM20mCitrine	HEK	cells	stimulated	with	m-3M3FBS	or	o-3M3FBS	
Human	 NLRP10mCherry	 HEK	 cells	 stably	 overexpressing	 the	mitochondrial	marker	 TOMM20	 as	 a	 fusion	
protein	with	mCitrine	were	shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	
MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4	and	were	left	untreated	(‘no	activator’),	or	were	stimulated	
with	m-3M3FBS	(85	µM)	or	o-3M3FBS	(85	µM).	After	30	min,	the	cells	were	fixed	with	4%	formaldehyde,	
counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	confocal	microscope.	
Images	are	representative	of	4	independent	experiments.	Scale	bars	correspond	to	5	µm.	
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Figure	6.53	NLRP10	localization	relative	to	the	ER	(DDOST-positive)	membranes	in	NLRP10mCherry	
HEK	cells	transiently	overexpressing	DDOSTmCitrine	and	stimulated	with	m-3M3FBS	or	o-3M3FBS	
Human	NLRP10mCherry	HEK	cells	were	transiently	transfected	(200	ng	of	DNA	per	well	of	a	96-well	plate	
combined	with	0.5	µL	of	Gene	Juice	[transfection	reagent],	or	2	µg/mL	of	DNA	combined	with	5	µL	of	Gene	
Juice)	with	a	vectors	encoding	the	ER	marker	DDOST	expressed	as	a	fusion	protein	with	mCitrine.	After	24	
h	of	transfection,	the	cells	were	shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	
MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4	and	left	untreated	(‘no	activator’),	or	were	stimulated	with	m-
3M3FBS	 (85	 µM)	 or	 o-3M3FBS	 (85	 µM).	 After	 30	 min,	 the	 cells	 were	 fixed	 with	 4%	 formaldehyde,	
counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	confocal	microscope.	
Images	are	representative	of	4	independent	experiments.	Scale	bars	correspond	to	5	µm.	
	

Finally,	 I	 tested	 whether	 the	 o-3M3FBS	 findings	 can	 be	 extrapolated	 to	 the	 NLRP10	

behavior	in	cells	treated	with	other	NLRP10	activators:	SC-9,	SC-10,	and	SMBA1	(Figure	

6.54).	 All	 of	 these	 stimulations	 caused	 NLRP10	 aggregation	 in	 puncta,	 but	 the	

appearances	of	 these	structures	differed	both	morphologically	and	with	respect	 to	 the	

localization	pattern	inside	of	the	cell.	
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Figure	6.54.	NLRP10	localization	patterns	in	NLRP10mCherry	HEK	cells	stimulated	with	m-3M3FBS,	o-
3M3FBS,	SC-9,	SC-10,	SMBA1,	or	thapsigargin	
NLRP10mCherry	HEK	cells	were	shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	
MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4	and	then	subjected	to	the	 following	NLRP10	activators:	m-
3M3FBS	(85	µM),	o-3M3FBS	(85	µM),	thapsigargin	(20	µM),	SMBA1	(50	µM),	SC-9	(100	µM),	and	SC-10	
(100	 µM).	 The	 untreated	 (‘no	 activator’)	 control	 was	 subjected	 to	 medium	 alone.	 Immediately	 after	
addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min,	
the	 cells	 were	 fixed	 with	 4%	 formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	
imaged	using	a	confocal	microscope.	
The	images	are	representative	of	2	independent	experiments.	Scale	bars	correspond	to	5	µm.	
	

To	 establish	 whether	 any	 of	 the	 NLRP10	 activators	 apart	 from	 m-3M3FBS	 and	

thapsigargin	could	induce	NLRP10	colocalization	with	TOMM20-positive	mitochondria,	I	

treated	TOMM20mCitrine/NLRP10mCherry	 HEK	 cells	with	m-3M3FBS,	o-3M3FBS,	 SC-9,	 SC-

10,	 thapsigargin,	 and	 SMBA1	 and	 examined	 the	 localizations	 of	 NLRP10	 and	 of	 the	
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mitochondria	 by	 confocal	 microscopy	 (Figure	 6.55).	 Among	 the	 identified	 NLRP10	

activators,	 SMBA1,	 m-3M3FBS	 and	 thapsigargin	 induced	 NLRP10/TOMM20	

colocalization,	 consistent	 with	 the	 capacity	 to	 trigger	 the	 mitochondrial	 contents	

leakage.	 In	 contrast,	 the	o-3M3FBS-,	 SC-9-,	 and	 SC-10-elicited	NLRP10	 puncta	 did	 not	

colocalize	 with	 TOMM20	 (Figure	 6.55).	 Of	 note,	 whereas	 the	 thapsigargin-	 and	 m-

3M3FBS-elicited	 NLRP10	 speckles	 were	 usually	 observed	 at	 the	 edge	 of	 the	 cell	 and	

away	 from	 the	 nucleus,	 the	 SMBA1-elicited	 NLRP10	 aggregates	 were	 localized	 in	 the	

perinuclear	area	(Figures	6.54	and	6.55).	
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Figure	 6.55.	 NLRP10	 localization	 relative	 to	 TOMM20-positive	 mitochondria	 in	
NLRP10mCherry/TOMM20mCitrine	 HEK	 cells	 stimulated	 with	 m-3M3FBS,	 o-3M3FBS,	 SC-9,	 SC-10,	
SMBA1,	or	thapsigargin	
Human	 NLRP10mCherry	 HEK	 cells	 stably	 overexpressing	 the	mitochondrial	marker	 TOMM20	 as	 a	 fusion	
protein	with	mCitrine	were	shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	
MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4	and	then	subjected	to	the	 following	NLRP10	activators:	m-
3M3FBS	(85	µM),	o-3M3FBS	(85	µM),	thapsigargin	(20	µM),	SMBA1	(50	µM),	SC-9	(100	µM),	and	SC-10	
(100	 µM).	 The	 untreated	 control	 was	 subjected	 to	 medium	 alone.	 Immediately	 after	 addition	 of	
inflammasome	activators,	 the	plates	were	centrifuged	at	340	´	g	 for	5	min	(RT).	After	30	min,	 the	cells	
were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	
confocal	microscope.	
The	images	are	representative	of	2	independent	experiments.	Scale	bars	correspond	to	5	µm.	
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These	 results	 indicate	 that	 the	non-specific	 leakage	of	 the	mitochondrial	 contents	 and	

the	 permeabilization	 of	 the	 mitochondrial	 membranes	 are	 not	 required	 for	 NLRP10	

activation,	and	that	NLRP10	activation	can	also	occur	at	subcellular	locations	other	than	

the	mitochondria.	Conversely,	the	observations	that	the	CsA-mediated	inhibition	of	the	

mitochondrial	rupture	also	inhibits	the	NLRP10	inflammasome	activation	(Figures	6.46	

and	 6.49)	 and	 that	 NLRP10	 translocates	 to	 the	 mitochondria	 under	 conditions	 of	

mitochondrial	 damage	 (Figure	 6.55)	 provide	 arguments	 that	 disrupted	 mitochondria	

may	serve	as	a	nucleation	platform	for	the	NLRP10	inflammasome.	

	

The	final	perplexing	observation	was	that	SC-10	could	trigger	mitochondrial	rupture	in	

macrophages	but	not	in	HEK	cells	but	was	able	to	activate	both	the	AIM2	(macrophages)	

and	the	NLRP10	(NLRP10-overexpressing	HEK	cells)	inflammasomes.	It	is	possible	that	

SC-9,	o-3M3FBS,	and	(in	HEK	cells)	SC-10	directly	initiate	a	response	that	in	m-3M3FBS-,	

thapsigargin-,	 and	 SMBA1-stimulated	 cells	 is	 only	 activated	 downstream	 of	 the	

mitochondrial	damage	(that	 is,	 indirectly;	Scheme	6.2).	 In	macrophages,	 the	 treatment	

with	 SC-10	 leads	 to	 the	mitochondrial	 contents	 leakage,	 but	 this	does	not	 exclude	 the	

possibility	that	SC-10	could	share	other	targets	with	SC-9	and	o-3M3FBS.	Without	more	

knowledge	 on	 the	 binding	 targets	 of	 the	 AIM2/NLRP10	 activators,	 it	 is	 impossible	 to	

provide	a	more	detailed	overview	of	the	events	occurring	in	cells	stimulated	with	these	

molecules.	
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Scheme	6.2.	Possible	sequences	of	the	molecular	events	relevant	for	the	inflammasome	responses	
to	m-3M3FBS,	o-3M3FBS,	thapsigargin,	SC-9,	SC-10,	and	SMBA1	
A	preliminary	model	of	the	inflammasome	activation	by	m-3M3FBS,	o-3M3FBS,	SC-9,	SC-10,	thapsigargin,	
and	SMBA1	based	on	the	results	presented	in	Chapters	4-6	of	my	Thesis.	
In	macrophages,	which	 express	 AIM2	 but	 not	NLRP10,	m-3M3FBS,	 SC-10,	 thapsigargin,	 and	 SMBA1	 all	
trigger	 mitochondrial	 damage	 which	 coincides	 with	 AIM2-dependent	 inflammasome	 activation.	 These	
events	appear	to	be	connected	and	the	involvement	of	mtDNA	as	the	link	between	mitochondrial	damage	
and	the	AIM2	inflammasome	activation	will	be	discussed	in	Chapter	8.	
In	HEK	cells	overexpressing	NLRP10	and	fluorescently	labeled	ASC	(a	reporter	for	ASC	speck	formation),	
m-3M3FBS,	o-3M3FBS,	SC-9,	SC-10,	thapsigargin,	and	SMBA1	all	activate	the	NLRP10	inflammasome,	but	
only	m-3M3FBS,	 thapsigargin,	 and	SMBA1	are	capable	of	eliciting	mitochondrial	 rupture.	Mitochondrial	
rupture	appears	to	be	linked	to	the	NLRP10	inflammasome	activation	but	is	not	absolutely	required.	It	is	
possible	that	o-3M3FBS,	SC-9,	SC-10	activate	cellular	events	that	would	otherwise	be	activated	as	a	result	
of	mitochondrial	 damage,	 but	more	 information	 about	 the	 targets	 of	 the	 identified	NLRP10	 agonists	 is	
necessary	to	provide	a	comprehensive	model	of	the	NLRP10	inflammasome	activation.	
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7.	NLRP10	activation	by	m-3M3FBS,	thapsigargin,	and	related	molecules	exhibits	

the	principal	features	of	inflammasome	activation	

	

NLRP10	 has	 not	 been	 proposed	 to	 serve	 as	 an	 inflammasome-forming	 sensor	 in	 the	

literature.	Consequently,	I	set	forth	to	characterize	the	essential	cell	biological	aspects	of	

the	 NLRP10-driven	 ASC	 speck	 formation	 to	 determine	 how	 it	 compares	 to	 known	

inflammasomes.	

	

7.1.	m-3M3FBS	and	thapsigargin	induce	NLRP10-ASC	colocalization	in	a	speck-like	

structure	

	

In	 Sections	 6.1,	 6.2,	 and	 6.9	 I	 demonstrated	 that	 overexpression	 of	 human	 or	murine	

NLRP10	 in	 ASCTagBFP	 HEK	 cells	 enables	 ASC	 specking	 responses	 to	 m-3M3FBS	 and	

thapsigargin.	 To	 determine	 whether	 direct	 recruitment	 of	 ASC	 to	 NLRP10	 could	 be	

observed,	 I	 performed	 confocal	 microscopy	 on	 fixed	 samples	 of	

NLRP10mCherry/ASCmCerulean	 HEK	 cells	 challenged	 with	 m-3M3FBS	 and	 thapsigargin	

(Figure	7.1).	
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Figure	7.1.	Colocalization	of	ASCmCerulean	 and	NLRP10mCherry	 in	NLRP10mCherry/ASCmCerulean	HEK	cells	
stimulated	with	m-3M3FBS	and	thapsigargin	
NLRP10mCherry/ASCmCerulean	HEK	cells	were	treated	with	m-3M3FBS	(85	µM)	or	thapsigargin	(20	µM)	in	an	
extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	
7.4.	Directly	after	administration	of	inflammasome	activators,	the	cells	were	centrifuged	at	RT,	340	´	g	for	
5	min.	The	untreated	controls	were	subjected	to	medium	alone.	After	30	min	of	stimulation,	the	cells	were	
fixed	with	 4%	 formaldehyde,	 counterstained	with	 the	 nuclear	 dye	 DRAQ5	 (5	µM)	 and	 imaged	 using	 a	
confocal	microscope.	
Images	are	representative	of	3	independent	experiments.	Scale	bars	correspond	to	5	µm.	
	

Under	 untreated	 conditions,	 ASC	 exhibited	 a	 uniform	 nucleocytosolic	 localization	

pattern,	whereas	NLRP10,	consistent	with	previous	observations	(Figures	6.8,	6.10,	and	

6.15),	was	a	 cytosolic	protein	excluded	 from	 the	nucleus.	m-3M3FBS	and	 thapsigargin	
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stimulations	 led	 to	 the	 formation	 of	 NLRP10	 clusters	 and	 ASC	 specks	 (Figure	 7.1;	

examples	of	the	NLRP10-ASC	colocalization	sites	are	marked	with	white	arrowheads	in	

the	overlay	images).	Importantly,	all	of	the	detected	ASC	specks	were	NLRP10-positive,	

but	not	all	NLRP10	clusters	contained	ASC,	suggesting	that	the	scenario	where	NLRP10	

recruits	ASC	 is	more	 likely	 than	the	opposite	sequence	of	events.	o-3M3FBS	and	other	

identified	 NLRP10	 activators	 (SC-9,	 SC-10,	 SMBA1)	 were	 similarly	 able	 to	 trigger	 the	

NLRP10-ASC	 colocalization	 in	 speck-like	 structures	 (Supplementary	 Figures	 S27	 and	

S28).	These	results	hint	at	the	possibility	that	NLRP10	may	serve	as	a	nucleation	center	

for	 ASC	 speck	 formation,	 similar	 to	 other	 inflammasome-forming	 sensors	 (Cai	 et	 al.,	

2014;	Lu	et	al.,	2014).	
	

7.2.	Full-length	NLRP10	expressed	as	a	continuous	polypeptide	chain	is	required	

for	ASC	speck	formation	
	

I	went	on	to	establish	whether	the	full-length	NLRP10	protein	is	required	for	ASC	speck	

formation	 in	m-3M3FBS-treated	 HEK	 cells,	 or	 if	 the	 NLRP10	 PYD	 or	 NACHT	 domains	

alone	could	mediate	this	effect.	For	this	purpose,	I	transiently	transfected	ASCTagBFP	HEK	

cells	with	 full-length	 human	 or	murine	NLRP10,	 the	NLRP10	 PYD	 domains	 alone,	 the	

NLRP10	NACHT	domains	alone,	or	the	PYD	and	NACHT	domains	combined	as	separate	

polypeptide	 chains.	Next,	 I	 imaged	 the	ASC	 specks	 formed	after	 the	 challenge	with	m-

3M3FBS	(Figure	7.2).	

	

	
Figure	7.2.	Full-length	NLRP10	is	required	to	elicit	the	ASC	specking	response	to	m-3M3FBS	
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3ASCTagBFP	HEK	cells	were	transfected	with	the	following	vectors	or	combinations	of	vectors	in	wells	of	a	
96-well	plate:	empty	vector	(200	ng),	human	(h)	NLRP10	(full	length;	100	ng)	plus	empty	vector	(100	ng),	
murine	(m)	Nlrp10	(full	length,	100	ng)	plus	empty	vector	(100	ng),	hNLRP10-PYD	(100	ng)	plus	empty	
vector	(100	ng),	hNLRP10-NACHT	(100	ng)	plus	empty	vector	(100	ng),	mNlrp10-NACHT	(100	ng)	plus	
empty	vector	(100	ng),	hNLRP10-PYD	(100	ng)	plus	hNLRP10-NACHT	(100	ng),	or	mNlrp10-PYD	(100	ng)	
plus	mNlrp10-NACHT	(100	ng).	The	transfection	reagent	was	Gene	Juice	and	it	was	combined	with	DNA	at	
the	ration	of	2.7	µL	of	GeneJuice	per	1	µg	of	DNA.	After	48	h	of	transfection,	the	cells	were	shifted	to	the	
experimental	 medium	 (in	 mM:	 123	 NaCl,	 5	 KCl,	 2	 MgCl2,	 1	 CaCl2,	 10	 glucose,	 10	 HEPES,	 pH	 7.4)	 and	
stimulated	with	m-3M3FBS	(0,	65,	75,	or	85	µM).	The	untreated	controls	were	subjected	to	medium	alone.	
After	addition	of	m-3M3FBS,	cells	were	centrifuged	at	RT,	340	´	g	for	5	min.	After	30	min	of	stimulation,	
cells	were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	
using	a	widefield	fluorescence	microscope.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

The	 overexpression	 of	 full-length	 NLRP10	 enabled	 ASC	 speck	 formation	 in	 cells	

stimulated	with	m-3M3FBS.	The	PYD	and	NACHT	domains	alone	were	not	sufficient	for	

this	 response	 to	occur,	and	co-expression	of	 the	 two	domains	as	 separate	polypeptide	

chains	also	did	not	allow	for	ASC	speck	formation.	Of	note,	the	background	ASC	specking	

signal	 in	 the	 untreated	 samples	 was	 not	 majorly	 increased	 by	 any	 of	 the	 transfected	

constructs.	

	

7.3.	NLRP10	activation	is	disrupted	by	mutations	in	the	NACHT	domain	Walker	A	

and	B	motifs	

	

The	NACHT	domains	of	the	NLRP	subfamily	members	have	ATPase	activity	that	relies	on	

two	 conserved	 functional	 motifs.	 These	 sequences,	 termed	 Walker	 A	 and	 B	 motifs	

(MacDonald	 et	 al.,	 2013),	 are	 involved	 in	 ATP	 binding	 and	 hydrolysis	 (Miller	 and	

Enemark,	2016).	Clustal	Omega	(Goujon	et	al.,	2010;	McWilliam	et	al.,	2013;	Sievers	et	

al.,	2011)	comparison	of	 the	NLRP10	sequences	 from	several	mammals	 (Figure	7.3	A)	

revealed	complete	conservation	of	the	essential	lysine	residue	in	the	Walker	A	motif	and	

of	the	aspartic	acid	residue	in	the	Walker	B	motif.	

	

Mutations	 in	 the	 NLRP3	Walker	 A	motif	 abolish	 the	 NLRP3	 inflammasome	 activation	

(Duncan	et	al.,	2007),	so	I	proceeded	to	test	whether	the	NLRP10	Walker	A	and	B	motifs	

would	 similarly	 be	 required	 for	 the	 NLRP10	 activation.	 To	 answer	 this	 question,	 I	

transiently	overexpressed	several	NLRP10	variants	in	ASCTagBFP	HEK	cells	and	examined	

the	ASC	specking	responses	to	m-3M3FBS	and	thapsigargin.	The	tested	NLRP10	variants	

were	 WT	 human	 NLRP10,	 human	 NLRP10	 Walker	 A	 mutant	 (K179M),	 two	 human	
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NLRP10	Walker	B	mutants	(D249A	and	D249N)	as	well	as	WT	murine	NLRP10,	murine	

NLRP10	Walker	A	mutant	(K175M),	and	two	murine	NLRP10	Walker	B	mutants	(D245A	

and	D245N)	(Figure	7.3	B-D).	

	

	
Figure	 7.3.	 ASC	 specking	 responses	 to	 m-3M3FBS	 and	 thapsigargin	 in	 ASCTagBFP	 HEK	 cells	
overexpressing	the	Walker	A/B	mutants	of	human	or	murine	NLRP10	
A:	 Comparison	 of	 the	 amino	 acid	Walker	A/B	motif-proximal	 sequences	 of	NLRP10	 from	 the	 following	
species:	mouse,	 rat,	 giant	 panda,	 little	 brown	 bat,	 dog,	 cat,	 horse,	 human,	 chimpanzee.	 The	 amino	 acid	
sequences	were	retrieved	 from	the	UniProt	database	and	 the	sequence	alignment	was	performed	using	
the	Clustal	Omega	software.	Walker	A	motif	 is	highlighted	 in	pink	and	Walker	B	motif	 is	highlighted	 in	
blue.	 The	 catalytically	 important	 lysine	 (K)	 and	 aspartic	 acid	 (D)	 residues	 are	 marked	 by	 more	 vivid	
shades	of	the	respective	colors.	
B-D:	ASCTagBFP	HEK	cells	were	transfected	with	the	following	vectors	in	wells	of	a	6-well	plate:	
B:	empty	vector	(2	µg;	B);	
C:	 human	 (h)	 WT	 NLRP10	 (2	 µg),	 hNLRP10K179M	 (Walker	 A	 mutant;	 2	 µg),	 hNLRP10D249N	 (Walker	 B	
mutant;	2	µg),	or	hNLRP10D249A	(Walker	B	mutant;	2	µg);	
D:	murine	(m)	WT	Nlrp10	(2	µg),	mNlrp10K175M	(Walker	A	mutant;	2	µg),	mNlrp10D245N	(Walker	B	mutant;	
2	µg),	or	mNlrp10D245A	(Walker	B	mutant;	2	µg).	
The	transfection	reagent	was	Gene	Juice	and	it	was	combined	with	DNA	at	the	ration	of	2.7	µL	of	GeneJuice	
per	1	µg	of	DNA.	After	24	h	of	transfection,	the	cells	were	re-plated	into	96-well	plates,	and	after	another	
24	h	they	were	shifted	to	the	experimental	medium	(in	mM:	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	
10	HEPES,	pH	7.4)	and	stimulated	with	m-3M3FBS	(m-3M3;	65,	75,	or	85	µM)	or	thapsigargin	(T;	20	µM).	
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The	untreated	 controls	were	 subjected	 to	medium	alone.	After	 addition	of	 the	NLRP10	activators,	 cells	
were	 centrifuged	 at	 RT,	 340	 ´	 g	 for	 5	 min.	 After	 30	 min	 of	 stimulation,	 cells	 were	 fixed	 with	 4%	
formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	 imaged	 using	 a	 widefield	
fluorescence	microscope.	
The	results	are	plotted	as	means	from	8	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

While	overexpression	of	the	WT	variants	of	human/murine	NLRP10	enabled	ASC	speck	

formation	 upon	 stimulations	 with	 m-3M3FBS	 and	 thapsigargin	 (Figure	 7.3	 C,	 D),	

ASCTagBFP	HEK	 cells	 transfected	with	 the	Walker	A/B	NLRP10	mutants	 behaved	 in	 the	

same	way	as	cells	transfected	with	the	empty	vector	(Figure	7.3	B-D).	This	observation	

indicates	that	 intact	Walker	A/B	motifs	are	required	for	the	NLRP10-driven	ASC	speck	

formation.	

	

7.4.	 Truncated	 variants	 and	 the	Walker	 A/B	mutants	 of	 NLRP10	 do	 not	 have	 a	

dominant	negative	effect	on	the	NLRP10	activation	

	

The	NLRP10	NACHT	domain	alone	and	the	full-length	NLRP10	Walker	A/B	mutants	did	

not	 enable	 ASC	 speck	 formation	 upon	 stimulations	with	m-3M3FBS	 and	 thapsigargin.	

There	is	very	little	known	about	the	biophysical	and	structural	properties	of	NLRP10	(Su	

et	al.,	2013),	so	I	proceeded	to	determine	whether	the	overexpression	of	either	of	those	

inactive	NLRP10	variants	on	top	of	the	full-length	WT	NLRP10	could	have	an	impact	on	

ASC	 speck	 formation.	 I	 transiently	 transfected	NLRP10mCitrine/ASCTagBFP	 HEK	 cells	with	

increasing	amounts	of	vectors	encoding	the	NLRP10	PYD	domain,	 the	NLRP10	NACHT	

domain,	the	NLRP10	Walker	A/B	mutants,	or	full-length	WT	NLRP10.	Then,	I	evaluated	

the	levels	of	ASC	specking	after	the	challenge	with	m-3M3FBS	(Figure	7.4).	

	



Chapter	7	
	

	 203	

	
Figure	7.4.	The	impact	of	truncated	or	Walker	A/B	mutant	NLRP10	overexpression	on	ASC	speck	
formation	in	NLRP10mCitrine/ASCTagBFP	HEK	cells	
NLRP10mCitrine/ASCTagBFP	HEK	cells	were	transfected	with	the	following	vectors	(6.25	ng,	12.5	ng,	25	ng,	50	
ng,	 100	ng,	 or	 200	ng	per	well)	 in	wells	 of	 a	 96-well	 plate:	 empty	 vector,	 human	 (h)	WT	NLRP10	 (full	
length),	 hNLRP10-PYD,	 hNLRP10-NACHT,	 hNLRP10K179M	 (Walker	 A	 mutant),	 hNLRP10D249N	 (Walker	 B	
mutant),	 or	 hNLRP10D249A	 (Walker	 B	 mutant).	 The	 transfection	 reagent	 was	 Gene	 Juice	 and	 it	 was	
combined	with	DNA	at	the	ration	of	2.7	µL	of	GeneJuice	per	1	µg	of	DNA.	After	48	h	of	transfection,	the	
cells	were	shifted	to	the	experimental	medium	(in	mM:	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	
HEPES,	pH	7.4)	and	stimulated	with	m-3M3FBS	(85	µM;	blue	bars).	The	untreated	controls	(white	bars)	
were	subjected	to	medium	alone.	After	addition	of	m-3M3FBS,	cells	were	centrifuged	at	RT,	340	´	g	for	5	
min.	After	30	min	of	stimulation,	cells	were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	
dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

Overexpression	of	 the	Walker	A	 (K179M)	and	B	 (D249A,	D249N)	NLRP10	mutants	 as	

well	as	of	the	NLRP10	PYD	domain	did	not	affect	the	WT	NLRP10	responsiveness	to	m-

3M3FBS.	 Overexpression	 of	 extra	 full-length	 WT	 NLRP10	 further	 increased	 the	 ASC	

specking	levels	upon	the	m-3M3FBS	stimulation,	whereas	overexpression	of	the	NLRP10	

NACHT	domain	had	a	modest	inhibitory	effect,	suggesting	possible	competition	between	

the	full-length	NLRP10	and	the	NLRP10	NACHT	domain	(Figure	7.4).	However,	none	of	

the	tested	variants	exhibited	the	typical	characteristics	of	a	dominant	negative	mutant.	
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I	 next	 attempted	 to	 determine	 the	 reason	why	 the	 NLRP10	Walker	 A/B	mutants	 are	

defective	in	the	process	of	ASC	speck	nucleation.	To	this	end,	I	assessed	the	localization	

patterns	 of	 the	 truncated	 and	 Walker	 A/B	 NLRP10	 mutants	 upon	 the	 m-3M3FBS	

challenge	using	confocal	microscopy	(Figure	7.5).	

	
Figure	 7.5.	 Localization	 of	 the	 NLRP10	 PYD	 and	 NACHT	 domains	 and	 the	 NLRP10	 Walker	 A/B	
mutants	in	untreated	and	m-3M3FBS-stimulated	HEK	cells	
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3HEK	cells	were	 transfected	with	 the	 following	vectors	 in	wells	of	a	96-well	plate	 (200	ng	of	DNA	per	
well,	all	NLRP10	variants	were	expressed	as	fusion	proteins	with	mCitrine):	human	(h)	WT	NLRP10	(full	
length),	 hNLRP10-PYD,	 hNLRP10-NACHT,	 hNLRP10K179M	 (Walker	 A	 mutant),	 hNLRP10D249N	 (Walker	 B	
mutant),	 or	 hNLRP10D249A	 (Walker	 B	 mutant).	 The	 transfection	 reagent	 was	 Gene	 Juice	 and	 it	 was	
combined	with	DNA	at	the	ration	of	2.7	µL	of	GeneJuice	per	1	µg	of	DNA.	After	48	h	of	transfection,	the	
cells	were	shifted	to	the	experimental	medium	(in	mM:	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	
HEPES,	 pH	 7.4)	 and	 stimulated	 with	 m-3M3FBS	 (85	 µM).	 The	 untreated	 controls	 were	 subjected	 to	
medium	alone.	After	addition	of	m-3M3FBS,	cells	were	centrifuged	at	RT,	340	´	g	for	5	min.	After	30	min	
of	 stimulation,	 cells	were	 fixed	with	 4%	 formaldehyde,	 counterstained	with	 the	 nuclear	 dye	DRAQ5	 (5	
µM)	and	imaged	using	a	confocal	microscope.	
Images	are	representative	of	4	independent	experiments.	Scale	bars	correspond	to	5	µm.	
	

Two	 principal	 conclusions	 could	 be	 made	 based	 on	 these	 observations.	 First,	 the	

NLRP10	 NACHT	 domain	 is	 a	 cytosolic	 protein	 in	 unstimulated	 cells	 but	 localizes	 in	

puncta	upon	challenge	with	m-3M3FBS	(white	arrowheads	in	the	overlay	images	Figure	

7.5	point	 to	 the	examples	of	NLRP10	puncta).	Such	behavior	was	not	observed	 for	 the	

NLRP10	PYD	domain,	suggesting	that	the	molecular	apparatus	responsible	for	sensing	of	

the	m-3M3FBS-elicited	changes	and	for	the	NLRP10	translocation	resides	in	the	NACHT	

domain.	 Secondly,	 the	 m-3M3FBS-induced	 puncta	 formation	 was	 not	 completely	

abolished	by	 the	NLRP10	Walker	A/B	mutations,	 even	 though	 the	 localization	 shift	 of	

the	Walker	A/B	mutants	was	 less	conspicuous	 than	 that	of	 the	 full-length	WT	protein.	

This	suggests	that	the	Walker	A/B	motifs	disruption	at	most	confers	a	partial	defect	in	

the	NLRP10	translocation.	There	is	relatively	little	known	about	the	mechanisms	linking	

the	 NACHT	 domains’	 ATPase	 activity	 with	 the	 inflammasome	 formation	 by	 the	 NLRP	

subfamily	members,	 so	 this	observation	 is	difficult	 to	 interpret.	Based	on	 the	research	

on	other	AAA+	ATPases,	it	could	be	suspected	that	the	mutations	in	the	NLRP10	Walker	

A/B	motifs	impede	the	NLRP10	oligomerization	(Proell	et	al.,	2008).	

	

To	ensure	 that	 the	observed	changes	 in	 the	NLRP10	Walker	A/B	mutant	 translocation	

were	 quantitative	 (different	 degree	 of	 translocation)	 rather	 than	 qualitative	

(translocation	to	a	different	subcellular	compartment),	 I	 transiently	overexpressed	the	

truncated	 and	 Walker	 A/B	 NLRP10	 mutants	 fused	 to	 mCitrine	 in	 HEK	 cells	 stably	

overexpressing	 full-length	 WT	 NLRP10mCherry	 (NLRP10mCherry	 HEK	 cells).	 I	 then	

performed	 confocal	microscopy	 on	 untreated	 and	m-3M3FBS-stimulated	 samples	 and	

examined	the	colocalization	between	the	mutant	(mCitrine)	and	WT	(mCherry)	NLRP10	

variants	(Figure	7.6).	
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Figure	7.6.	Colocalization	of	full-length	WT	NLRP10	with	the	NLRP10	PYD	and	NACHT	domains,	and	
the	NLRP10	Walker	A/B	mutants	in	untreated	and	m-3M3FBS-stimulated	HEK	cells	
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3NLRP10mCherry	HEK	cells	were	transfected	with	the	following	vectors	in	wells	of	a	96-well	plate	(200	ng	
of	DNA	per	well,	all	NLRP10	variants	were	expressed	as	 fusion	proteins	with	mCitrine):	human	(h)	WT	
NLRP10	(full	length),	hNLRP10-PYD,	hNLRP10-NACHT,	hNLRP10K179M	(Walker	A	mutant),	hNLRP10D249N	
(Walker	B	mutant),	or	hNLRP10D249A	(Walker	B	mutant).	The	transfection	reagent	was	Gene	Juice	and	it	
was	combined	with	DNA	at	the	ration	of	2.7	µL	of	GeneJuice	per	1	µg	of	DNA.	After	48	h	of	transfection,	the	
cells	were	shifted	to	the	experimental	medium	(in	mM:	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	
HEPES,	 pH	 7.4)	 and	 stimulated	 with	 m-3M3FBS	 (85	 µM).	 The	 untreated	 controls	 were	 subjected	 to	
medium	alone.	After	addition	of	m-3M3FBS,	cells	were	centrifuged	at	RT,	340	´	g	for	5	min.	After	30	min	
of	 stimulation,	 cells	were	 fixed	with	 4%	 formaldehyde,	 counterstained	with	 the	 nuclear	 dye	DRAQ5	 (5	
µM)	and	imaged	using	a	confocal	microscope.	
Images	are	representative	of	4	independent	experiments.	Scale	bars	correspond	to	5	µm.	
	

Upon	 challenge	 with	 m-3M3FBS,	 the	 NLRP10	 NACHT	 domain	 colocalized	 with	 full-

length	 NLRP10	 almost	 perfectly,	 indicating	 that	 these	 proteins	 follow	 the	 same	

translocation	 pathway	 (white	 arrowheads	 in	 Figure	 7.6	 point	 to	 the	 examples	 of	

colocalization	between	 full-length	WT	NLRP10	and	 the	NLRP10	mutants).	 In	 contrast,	

there	was	only	a	low	level	of	recruitment	of	the	NLRP10	PYD	domain	to	the	full-length	

NLRP10	 puncta	 (Figure	 7.6),	with	most	 of	 the	NLRP10	 PYD	 remaining	 in	 the	 cytosol.	

This	observation	 is	generally	 consistent	with	 the	 localization	pattern	observed	 for	 the	

NLRP10	PYD	domain	in	the	absence	of	full-length	NLRP10	(Figure	7.5).	Furthermore,	it	

suggests	 that	 the	NLRP10	PYD	domain	does	not	have	 the	 intrinsic	propensity	 to	 form	

elongated	filaments	that	was	reported	for	the	ASC	PYD	domain	(Lu	et	al.,	2014)	and	the	

NLRP3	PYD	domain	(Stutz	et	al.,	2017).	

	

The	NLRP10	Walker	 A	 and	B	mutants	 also	 colocalized	with	 the	WT	protein	 upon	 the	

challenge	 with	 m-3M3FBS	 (Figure	 7.6).	 Of	 note,	 in	 m-3M3FBS-treated	 cells	 the	

distribution	of	WT	NLRP10	was	overall	more	granular	than	that	of	the	NLRP10	Walker	

A/B	mutants.	The	WT	protein	also	had	a	less	pronounced	residual	cytosolic	signal	upon	

the	m-3M3FBS	 challenge,	 compared	 to	 the	 mutant	 variants.	 This	 result	 is	 consistent	

with,	but	does	not	prove,	 the	possible	defect	 in	 the	NLRP10	oligomerization	when	 the	

Walker	A/B	motifs	are	disrupted.	

	

Taken	together,	the	targeted	mutagenesis	results	demonstrate	that	the	NLRP10	NACHT	

domain	enables	the	NLRP10	translocation	upon	the	challenge	with	m-3M3FBS.	The	PYD	

domain	is	likely	involved	in	the	subsequent	recruitment	of	ASC.	The	NLRP10	mutations	

that	 abolish	 its	 ATPase	 activity	 do	 not	 completely	 block	 the	 NLRP10	 translocation,	

possibly	 acting	 at	 or	 downstream	of	 the	 oligomerization	 step.	 Although	 the	 truncated	
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and	Walker	A/B	NLRP10	mutants	do	not	have	the	capacity	to	seed	ASC	specks,	they	do	

not	exhibit	dominant	negative	characteristics.	

	

7.5.	NLRP10	overexpression	restores	the	inflammasome	responses	to	m-3M3FBS,	

o-3M3FBS,	 SC-9,	 SC-10,	 thapsigargin,	 and	 SMBA1	 in	 AIM2-deficient	 murine	

macrophages	

	

So	far,	I	have	demonstrated	that	NLRP10	can	recruit	ASC	to	speck-like	structures	in	cells	

challenged	with	m-3M3FBS,	 o-3M3FBS,	 thapsigargin,	 SC-9,	 SC-10,	 and	 SMBA1	 (Figure	

7.1,	Supplementary	Figures	S27	and	S28).	I	have	not	shown	that	these	ASC	specks	have	

the	capacity	to	further	engage	pro-caspase-1,	leading	to	the	productive	initiation	of	the	

inflammasome	signaling.	To	address	 this	 issue,	 I	overexpressed	human	or	murine	 full-

length	WT	NLRP10	or	the	NLRP10	truncated	or	Walker	A/B	mutants	in	AIM2-deficient	

immortalized	 murine	 macrophages	 (Aim2CRISPR	 iMac	 cells)1.	 I	 primed	 these	 cells	 with	

LPS	 to	 induce	 pro-IL-1b	 expression	 and	 challenged	 them	 with	 m-3M3FBS	 or	

thapsigargin,	 followed	 by	 measurement	 of	 IL-1b	 concentrations	 in	 the	 supernatants	

(Figure	 7.7	A,	 B,	 F-L).	 As	 controls,	 I	 used	Aim2CRISPR	 iMac	 cells	 reconstituted	with	 two	

different	human	AIM2-encoding	constructs	or	with	murine	AIM2	(Figure	7.7	C-E).	As	all	

tested	 cell	 lines	 were	 NLRP3-proficient,	 nigericin	 served	 as	 a	 control	 to	 evaluate	 the	

general	 ability	 to	 activate	 the	 inflammasome.	 Poly-(dA:dT)	 stimulation	 was	 used	 to	

confirm	the	successful	reconstitution	of	AIM2	in	Aim2CRISPR	iMac	cells.	

	

	
1	The	 inflammasome	 responses	 to	m-3M3FBS,	 thapsigargin,	 SC-10,	 and	 SMBA1	 are	 fully	 dependent	 on	
AIM2	in	murine	macrophages	(Sections	6.8,	6.9,	and	6.16),	and	these	cells	do	not	express	NLRP10	(Lautz	
et	al.,	2012;	Nakajima	et	al.,	2018;	Vacca	et	al.,	2017).	
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Figure	 7.7.	 IL-1b	 secretion	 from	 AIM2-deficient	 immortalized	 murine	 macrophages	 (Aim2CRISPR	
iMac	cells)	overexpressing	human	or	murine	AIM2,	human	or	murine	 full-length	WT	NLRP10,	or	
human	NLRP10	truncation	or	Walker	A/B	mutants	
A-L:	WT	iMac	cells	(A),	or	Aim2CRISPR	iMac	cells	stably	transduced	with	the	control	vector	(B),	human	(h)	
AIM2	(vector	241	in	the	Institute	of	Innate	Immunity	database;	C),	hAIM2	(vector	1044	in	the	Institute	of	
Innate	 Immunity	 database;	 D),	 murine	 (m)	 Aim2	 (E),	 WT	 hNLRP10	 (F),	 hNLRP10-PYD	 domain	 (G),	
hNLRP10-NACHT	domain	 (H),	hNLRP10K179M	 (Walker	A	mutant;	 I),	hNLRP10D249N	 (Walker	B	mutant;	 J),	
hNLRP10D249A	(Walker	B	mutant;	K),	or	WT	mNlrp10	(L)	were	left	unprimed	or	stimulated	with	LPS	(200	
ng/mL,	2	h)	to	induce	pro-IL-1b	synthesis.	The	LPS-primed	cells	were	then	left	untreated	or	were	further	
stimulated	with	m-3M3FBS,	(m-3;	70	or	85	µM),	thapsigargin	(T;	20	or	25	µM),	nigericin	(nig;	10	µM),	or	
poly-(dA:dT)	 (dAdT;	 2	 µg/mL	 complexed	 with	 5	 µL	 Lipofectamine	 2000)	 in	 an	 extracellular	 medium	
consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	unprimed	(-)	
and	 LPS	 controls	 were	 subjected	 to	 medium	 alone.	 Immediately	 after	 addition	 of	 inflammasome	
activators,	 the	plates	were	 centrifuged	 at	 340	´	 g	 for	5	min	 (RT).	After	60	min,	 the	 supernatants	were	
collected	and	IL-1b	concentrations	were	measured	by	HTRF.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

Whereas	 WT	 iMac	 cells	 responded	 to	 all	 tested	 inflammasome	 activators,	 Aim2CRISPR	

iMac	cells	transduced	with	the	empty	vector	only	secreted	IL-1b	in	response	to	nigericin,	

but	not	poly-(dA:dT),	m-3M3FBS,	and	thapsigargin	(Figure	7.7	A,	B).	Reconstitution	with	

human	 or	 murine	 AIM2	 restored	 the	 inflammasome	 responses	 to	 poly-(dA:dT),	 m-

3M3FBS,	 and	 thapsigargin	 at	 a	 level	 similar	 to	 WT	 iMac	 cells	 (Figure	 7.7	 A,	 C-E).	

Reconstitutions	 with	 human	 (Figure	 7.7	 F)	 and	murine	 (Figure	 7.7	 L)	 full-length	WT	

NLRP10	 allowed	 for	 IL-1b	 secretion	 upon	 the	 challenge	 with	 m-3M3FBS	 and	

thapsigargin,	but	not	with	poly-(dA:dT).	As	expected,	these	responses	required	the	full-

length	NLRP10	protein	with	intact	Walker	A	and	B	motifs	(Figure	7.7	G-K).	
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These	observations	 indicate	that	NLRP10	is	 fully	capable	of	eliciting	an	 inflammasome	

response	 resulting	 in	 IL-1b	 secretion.	 Of	 note,	 the	 NLRP10	 overexpression	 in	 AIM2-

deficient	 cells	 did	 not	 enable	 the	 inflammasome	 response	 to	 poly-(dA:dT),	 suggesting	

that	 dsDNA	 is	 not	 a	 ligand	 for	 NLRP10.	 It	 is	 likely	 that,	 even	 though	m-3M3FBS	 and	

thapsigargin	 activate	 AIM2	 and	 NLRP10	 through	 similar	 types	 of	 damage,	 the	 direct	

agonists	of	these	sensors	are	not	the	same.	

	

Importantly,	 overexpression	 of	 full-length	 WT	 NLRP10	 as	 well	 as	 all	 the	 NLRP10	

mutants	 did	 not	 result	 in	 the	 inhibition	 of	 the	 NLRP3	 inflammasome	 activation	 with	

nigericin.	 This	 observation	 indicates	 that	 NLRP10,	 contrary	 to	 previous	 reports	

(Imamura	et	al.,	2010;	Wang	et	al.,	2004),	may	not	have	a	direct	inhibitory	impact	on	the	

inflammasome	 activation.	 It	 also	 suggests	 that	 the	 elevated	 inflammasome	 responses	

that	I	observed	in	NLRP10-deficient	BMDMs	(Figure	6.7)	were	not	causally	linked	to	the	

lack	 of	 NLRP10	 but	 more	 likely	 due	 to	 the	 genetic	 background	 differences	 or	 other	

confounding	 factors.	 Such	 interpretation	 is	 supported	 by	 the	 fact	 that	 NLRP10	 is	 not	

expressed	in	macrophages	(Lautz	et	al.,	2012;	Nakajima	et	al.,	2018;	Vacca	et	al.,	2017)	

and	by	several	studies	reporting	normal	levels	of	inflammasome	activation	in	NLRP10-

deficient	 cells	 (Krishnaswamy	 et	 al.,	 2015;	 Nakajima	 et	 al.,	 2018;	 Vacca	 et	 al.,	 2017).	

Overall,	 the	 results	 presented	 here	 indicate	 that	 NLRP10	 is	 an	 NLRP	 family	 member	

capable	 of	 nucleating	 a	 functional	 inflammasome	 in	 vitro,	 and	 that	 it	 is	 not	 an	

inflammasome	inhibitory	factor.	

	

To	establish	whether	the	NLRP10-driven	IL-1b	release	is	dependent	on	caspase-1,	I	pre-

treated	 LPS-primed	 NLRP10-overexpressing	 Aim2CRISPR	 iMac	 cells	 with	 the	 caspase-1	

inhibitor	 VX-765,	 followed	 by	 stimulation	 with	 the	 inflammasome	 activators	 and	

measurement	of	 IL-1b	 concentrations	 in	 the	 supernatants	 (Figure	7.8).	AIM2-deficient	

cells	reconstituted	with	human	or	murine	AIM2	served	as	a	control.	In	addition,	I	tested	

whether	 the	 principal	 findings	 on	 the	 pharmacology	 of	 the	m-3M3FBS-/thapsigargin-

triggered	 inflammasome	responses	(Figures	6.6,	6.37,	Supplementary	Figure	S7)	could	

be	reproduced	in	this	experimental	system.	To	this	end,	I	tested	the	sensitivities	of	the	

NLRP10	 inflammasome	 responses	 to	 the	 NLRP3	 inhibitor	 CRID3	 and	 to	 the	

mitoprotective	agent	CsA	(Figure	7.8).	
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Figure	 7.8.	 The	 impact	 of	 the	 caspase-1	 inhibitor	 VX-765,	 the	 NLRP3	 inhibitor	 CRID3,	 and	 the	
mitoprotective	agent	cyclosporin	A	on	the	AIM2-	and	NLRP10-driven	IL-1b	responses	
A-F:	WT	iMac	cells	(A),	or	Aim2CRISPR	iMac	cells	stably	transduced	with	the	control	vector	(D),	human	(h)	
AIM2	(vector	1044	in	the	Institute	of	Innate	Immunity	database;	B),	murine	(m)	Aim2	(C),	WT	hNLRP10	
(E),	or	WT	mNlrp10	(F)	were	stimulated	with	LPS	(200	ng/mL,	2	h)	to	induce	pro-IL-1b	synthesis.	Next,	
the	cells	were	shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	
10	glucose,	10	HEPES,	pH	7.4	and	treated	for	10	min	with	the	NLRP3	inhibitor	CRID3	(5	µM),	the	caspase-
1	 inhibitor	VX-765	(10	or	25	µM),	or	the	mitoprotective	agent	cyclosporin	A	(CsA;	5	or	10	µM),	or	they	
were	 left	 untreated.	 Then	 the	 cells	 were	 further	 stimulated	 with	 m-3M3FBS,	 (m-3M3;	 85	 µM),	
thapsigargin	(thaps;	20	µM),	nigericin	(10	µM),	or	poly-(dA:dT)	(p-(dA:dT);	2	µg/mL	complexed	with	5	µL	
Lipofectamine	2000).	 The	LPS	 controls	were	 subjected	 to	medium	alone.	 Immediately	 after	 addition	of	
inflammasome	 activators,	 the	 plates	 were	 centrifuged	 at	 340	 ´	 g	 for	 5	 min	 (RT).	 After	 60	 min,	 the	
supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

The	AIM2	(Figure	7.8	A-C)	and	NLRP10	(Figure	7.8	E,	F)	IL-1b	responses	to	m-3M3FBS	

and	 thapsigargin	were	 abolished	 by	 VX-765,	 indicating	 the	 dependence	 on	 caspase-1.	

Consistent	 with	 my	 earlier	 results	 (Figure	 6.6	 and	 Supplementary	 Figure	 S7),	 these	

responses	were	not	sensitive	 to	CRID3,	whereas	 the	NLRP3	 inhibitor	 fully	blocked	the	

nigericin-induced	 IL-1b	 secretion	 (Figure	 7.8).	 In	 further	 agreement	 with	 my	 earlier	

observations	 (Figure	 6.37),	 CsA	 blocked	 the	 AIM2	 and	 NLRP10	 responses	 to	

thapsigargin	but	had	no	impact	on	the	m-3M3FBS-elicited	IL-1b	secretion	(Figure	7.8	A-

C,	E,	F).	These	results	indicate	that	the	NLRP10	overexpression	in	macrophages	enables	

AIM2-	 and	 NLRP3-independent	 IL-1b	 responses	 to	m-3M3FBS	 and	 thapsigargin,	 and	

that	these	responses	are	mediated	by	caspase-1.	
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In	my	 previous	 experiments,	 I	 identified	 SC-10	 and	 SMBA1	 as	 ‘double’	 AIM2/NLRP10	

activators	(Figures	6.24,	6.43,	and	6.44).	Furthermore,	two	molecules,	o-3M3FBS	and	SC-

9,	 elicited	 the	 NLRP10-driven	 ASC	 speck	 formation	 but	 did	 not	 activate	 the	 AIM2	

inflammasome	 (Figures	 6.4	 and	 6.24).	 In	 the	 final	 set	 of	 experiments	 on	 the	

inflammasome-forming	properties	of	NLRP10,	I	tested	whether	o-3M3FBS	and	SC-9,	SC-

10,	 and	 SMBA1	 could	 induce	 IL-1b	 secretion	 from	 AIM2-deficient	 macrophages	

overexpressing	 NLRP10	 (Figure	 7.9	 E,	 F).	 AIM2-deficient	 macrophages	 reconstituted	

with	human	or	murine	AIM2	served	as	controls	(Figure	7.9	B,	C).	

	

	
Figure	 7.9.	 The	 IL-1b	 responses	 to	 o-3M3FBS,	 SC-9,	 SC-10,	 and	 SMBA1	 in	 AIM2-deficient	
immortalized	murine	macrophages	 (Aim2CRISPR	 iMac	 cells)	 reconstituted	with	 human	 or	murine	
NLRP10	or	AIM2	
A-F:	WT	iMac	cells	(A),	or	Aim2CRISPR	iMac	cells	stably	transduced	with	the	control	vector	(D),	human	(h)	
AIM2	(vector	1044	in	the	Institute	of	Innate	Immunity	database;	B),	murine	(m)	Aim2	(C),	WT	hNLRP10	
(E),	or	WT	mNlrp10	(F)	were	left	unprimed	or	stimulated	with	LPS	(200	ng/mL,	2	h)	to	induce	pro-IL-1b	
synthesis.	The	LPS-primed	cells	were	then	left	untreated	or	were	further	stimulated	with	m-3M3FBS,	(85	
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µM),	o-3M3FBS	(85	µM),	thapsigargin	(20	µM),	SC-9	(75	or	100	µM),	SC-10	(75	or	100	µM),	SMBA1	(50	
µM),	 nigericin	 (10	 µM),	 or	 poly-(dA:dT)	 (2	 µg/mL	 complexed	 with	 5	 µL	 Lipofectamine	 2000)	 in	 an	
extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	
7.4.	 The	 unprimed	 and	 LPS	 controls	 were	 subjected	 to	 medium	 alone.	 Immediately	 after	 addition	 of	
inflammasome	 activators,	 the	 plates	 were	 centrifuged	 at	 340	 ´	 g	 for	 5	 min	 (RT).	 After	 60	 min,	 the	
supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

All	NLRP10	agonists	 identified	 in	 the	ASC	specking	assays	 in	NLRP10/ASC	 fluorescent	

reporter	 HEK	 cells	 also	 elicited	 IL-1b	 secretion	 from	 AIM2-deficient	 macrophages	

overexpressing	NLRP10	(Figure	7.9	E,	F).	Notably,	m-3M3FBS,	thapsigargin,	SC-10,	and	

SMBA1	were	 overall	more	 potent	 inflammasome	 activators	 than	 o-3M3FBS	 and	 SC-9,	

and	reconstitution	with	human	NLRP10	was	associated	with	stronger	 IL-1b	 responses	

than	murine	NLRP10.	The	results	of	the	AIM2	reconstitution	(Figure	7.9	B,	C)	in	AIM2-

deficient	cells	(Figure	7.9	D)	confirmed	that	 the	macrophage	 inflammasome	responses	

to	 SC-10	 and	 SMBA1	 are	 mediated	 by	 AIM2.	 Intriguingly,	 SC-9	 did	 not	 trigger	 IL-1b	

secretion	 from	 LPS-primed	 WT	 iMac	 cells	 (Figure	 7.9	 A),	 but	 it	 elicited	 a	

weak/intermediate	IL-1b	release	from	AIM2-overexpressing	macrophages	(Figure	7.9	B,	

C).	This	suggests	that	SC-9	might	induce	a	low	level	of	mitochondrial	damage	that	is	not	

detectable	 in	 imaging	experiments	(Figure	6.50)	and	cannot	trigger	the	 inflammasome	

response	 when	 endogenous	 amounts	 of	 AIM2	 are	 present	 in	 the	 cell,	 but	 could	

potentially	 be	 sensed	 by	 AIM2	 when	 its	 expression	 is	 driven	 by	 a	 strong	 exogenous	

promoter.	

	

The	 results	 presented	 in	 this	 Chapter	 indicate	 that,	 contrary	 to	 previous	 reports,	

NLRP10	 is	 an	 inflammasome-forming	 sensor.	While	 the	 AIM2	 and	 NLRP10	 activation	

pathways	 described	 in	 my	 thesis	 show	 many	 similarities,	 several	 discrepant	

observations	suggest	that	there	are	also	points	of	divergence	between	these	processes.	

In	 the	 next	 Chapter,	 I	 will	 focus	 on	 the	 exact	 mechanism	 by	 which	 AIM2	 senses	 the	

mitochondrial	damage	induced	by	m-3M3FBS,	SC-10,	thapsigargin,	and	SMBA1.	
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8.	 mtDNA	 is	 the	 agonist	 of	 AIM2	 in	 macrophages	 challenged	 with	 m-3M3FBS,	

thapsigargin,	SC-10,	and	SMBA1	

	

Earlier	 in	my	 thesis,	 I	have	demonstrated	 that	 the	murine	macrophage	 inflammasome	

responses	 to	 m-3M3FBS,	 thapsigargin,	 SC-10,	 and	 SMBA1	 are	 non-redundantly	

dependent	 on	 AIM2	 (Sections	 6.8,	 6.9,	 and	 6.16).	 The	 cellular	 event	 shared	 between	

these	treatments	is	a	severe	disruption	of	the	mitochondrial	integrity,	manifesting	in	the	

cytosolic	leakage	of	fluorescent	proteins	targeted	to	the	mitochondrial	matrix	(Sections	

6.13,	 6.15,	 and	 6.16).	 For	 two	 of	 these	 stimuli,	 thapsigargin	 and	 SMBA1,	 the	

mitochondrial	damage	can	be	blocked	by	pre-treatment	with	CsA	(Sections	6.15,	6.16),	

which	correlates	with	the	inhibition	of	the	inflammasome	responses.	Given	that	AIM2	is	

known	to	be	activated	by	binding	to	dsDNA	(Fernandes-Alnemri	et	al.,	2009;	Hornung	et	

al.,	 2009;	 Jin	 et	 al.,	 2012),	 these	 observations	 suggest	 an	 obvious	 candidate	 for	 the	

endogenous	AIM2	agonist:	the	mitochondrial	nucleoids.	However,	mtDNA	has	also	been	

implicated	 in	 the	 activation	 of	 other	 innate	 immune	 sensors,	 in	 particular	 the	NLRP3	

inflammasome	(Zhong	et	al.,	2019).	In	this	Chapter,	I	will	 first	comment	on	the	studies	

proposing	the	NLRP3	activation	model	whereby	(ox-)mtDNA	acts	as	an	NLRP3	agonist.	

Then,	 I	 will	 present	 evidence	 in	 favor	 of	 an	 opposite	 model,	 suggesting	 that	 mtDNA	

exposed	by	the	stimulations	with	m-3M3FBS	and	related	compounds	triggers	the	AIM2	

inflammasome	assembly.	

	

Several	early	studies	proposed	a	role	for	the	mitochondria	in	the	NLRP3	inflammasome	

activation	 (Menu	 et	 al.,	 2012;	 Zhou	 et	 al.,	 2010)	 but	 the	 report	 that	 directly	 linked	

mtDNA	exposure	to	the	NLRP3	activation	was	published	by	Nakahira	et	al.	(2010).	The	

authors	of	this	study	proposed	that	mtDNA	is	required	for	this	response	based	on	two	

lines	of	evidence.	First,	depletion	of	mtDNA	in	J774A.1	macrophages	(through	prolonged	

culturing	in	the	presence	of	ethidium	bromide	[EtBr]	or	through	protein	transfection	of	

DNaseI)	abolished	the	NLRP3	response	to	extracellular	ATP.	Secondly,	stimulation	with	

ATP	 led	 to	 an	 increase	 in	 the	 cytosolic	mtDNA	 content	 (up	 to	 four-	 to	 fivefold	 in	WT	

cells).	 Notably,	 this	 release	 of	mtDNA	 appeared	 to	 be	 dependent	 on	 NLRP3	 and	 ASC,	

putting	 into	 question	 the	 cause/effect	 direction	 of	 the	 observed	 phenomenon1.	

	
1	An	 elegant	 hypothetical	 explanation	was	 provided	 by	 Holley	 and	 Schroder	 (2020):	 It	 is	 possible	 that	
NLRP3	agonists	cause	a	release	of	a	very	small	amount	of	mtDNA,	which	then	leads	to	NLRP3	activation	
and	a	secondary	amplification	of	mitochondrial	damage	downstream	of	the	inflammasome	assembly.	
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Importantly,	 this	 pioneering	 study	 into	 the	 role	 of	 mtDNA	 in	 the	 NLRP3	 activation	

employed	 ‘priming’	controls,	demonstrating	 that	EtBr	does	not	block	synthesis	of	pro-

IL-1b,	but	did	not	test	the	impact	of	the	prolonged	EtBr	treatments	on	the	activation	of	

other	 inflammasomes.	 This	 is	 understandable	 as	 the	 paper	 under	 consideration	 was	

published	less	than	two	years	after	the	discovery	of	AIM2	as	the	inflammasome-forming	

dsDNA	 receptor	 (Fernandes-Alnemri	 et	 al.,	 2009;	 Hornung	 et	 al.,	 2009)	 and	 almost	 a	

year	before	the	activation	of	NLRC4	by	flagellin	and	bacterial	type	III	secretion	system	

components	was	reported	(Zhao	et	al.,	2011).	Consequently,	the	study	by	Nakahira	et	al.	

(2010)	also	did	not	address	 the	question	whether	non-NLRP3	 inflammasome	agonists	

could	trigger	mtDNA	release	to	the	cytosol.	

	

A	further	indication	that	NLRP3	might	be	activated	by	(ox-)mtDNA	was	provided	by	the	

observation	 that	NLRP3	overexpressed	 in	HEK	293T	cells	 colocalized	with	 transfected	

mtDNA,	 regardless	 of	 the	 oxidation	 status	 of	 the	 latter	 (Shimada	 et	 al.,	 2012).	

Correspondingly,	 NLRP3	 co-immunoprecipitated	 with	 mtDNA	 upon	 stimulation	 with	

ATP,	and	to	a	lesser	extent	with	nigericin2.	LPS-primed	AIM2-deficient	BMDMs	subjected	

to	oxDNA	transfection	secreted	IL-1b,	albeit	at	a	very	low	level	(~100	pg/mL,	compared	

to	 ~500	 pg/mL	 upon	 stimulation	with	 ATP),	whereas	 NLRP3-deficient	 BMDMs	 had	 a	

slightly	reduced	response	 to	oxDNA	transfection	compared	 to	unoxidized	DNA	(in	WT	

BMDMs	 this	 trend	 was	 reversed).	 In	 further	 support	 of	 the	 notion	 that	 NLRP3	 is	

activated	 by	 ox-mtDNA,	 Shimada	 et	 al.	 (2012)	 demonstrated	 that	 the	NLRP3	 agonists	

cause	 oxidative	 damage	 of	 mtDNA,	 manifesting	 as	 an	 increase	 in	 the	 8-hydroxy-2’-

deoxyguanosine	(8-OH-dG)	content.	Exposing	cells	to	high	concentrations	of	monomeric	

8-OH-dG	nucleosides	blocked	the	NLRP3	inflammasome	responses.	

	

A	later	study	proposed	that	synthesis	of	mtDNA	is	an	integral	part	of	the	priming	step	in	

the	NLRP3	activation	cascade	(Zhong	et	al.,	2018).	This	was	demonstrated	to	rely	on	the	

IRF1-driven	upregulation	of	the	mitochondrial	CMP-UMP	kinase	2,	an	enzyme	catalyzing	

the	 rate-limiting	 step	 providing	 nucleotides	 for	 mtDNA	 replication.	 The	 mtDNA	

molecules	are	then	believed	to	activate	the	NLRP3	inflammasome	upon	treatment	with	

the	 NLRP3	 triggering	 stimuli	 (signal	 2).	 Zhong	 et	 al.	 (2018)	 reported	 a	 dramatic	

	
2	Of	 note,	 all	 results	 of	 NLRP3-mtDNA	 co-immunoprecipitation	 experiments	 published	 to	 date	 were	
obtained	in	ASC-	and	caspase-1-proficient	cells,	so	there	remains	a	possibility	that	the	reported	NLRP3-
mtDNA	interaction	could	be	a	downstream	effect	of	ASC	speck	formation.	
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decrease	 in	 the	 inflammasome	 response	 to	 oxDNA	 fragments	 upon	 NLRP3	 depletion	

with	shRNA,	without	the	need	for	concomitant	AIM2	silencing.	This	observation	was	in	

contrast	to	the	previous	report,	where	NLRP3-deficient	BMDMs	still	secreted	relatively	

high	 amounts	 IL-1b	 when	 exposed	 to	 oxDNA	 (Shimada	 et	 al.,	 2012).	 Importantly,	

although	 Zhong	 et	 al.	 (2018)	 reported	 that	 IRF1-deficient	 BMDMs	 have	 defective	

canonical	 NLRP3	 responses,	 another	 group	 did	 not	 observe	 such	 a	 dependence	 and	

instead	 detected	 normal	 levels	 of	 canonical	 NLRP3	 activation	 in	 IRF1-deficient	 cells	

(Kuriakose	et	al.,	2018;	Man	et	al.,	2015).	

	

To	add	to	the	confusion,	NLRP3	is	not	the	only	inflammasome	suggested	to	be	activated	

by	(ox-)mtDNA.	One	study	demonstrated	that	overloading	of	murine	macrophages	with	

cholesterol	 by	 treatment	with	methylcyclodextrin	 (MCD)-cholesterol	 complexes	 could	

trigger	mtDNA	release	to	the	cytosol	and	activation	of	the	AIM2	inflammasome	(Dang	et	

al.,	 2017).	 Importantly,	 two	models	of	mtDNA	depletion	were	employed	 in	 this	paper,	

the	 EtBr	 treatment	 as	 well	 as	 treatment	 with	 2’,3’-dideoxycytidine	 (ddC),	 another	

inhibitor	 of	 mtDNA	 replication.	 In	 contrast	 to	 the	 previous	 reports	 (Nakahira	 et	 al.,	

2010;	 Shimada	 et	 al.,	 2012),	 neither	 of	 these	 treatments	 inhibited	 the	 NLRP3	

inflammasome	 response	 to	 extracellular	 ATP,	 whereas	 they	 abolished	 the	 AIM2	

activation	by	mtDNA	upon	 cholesterol	 delivery.	 The	 authors	did	not	 comment	 on	 this	

discrepancy.	One	 further	 study	 suggested	 that,	 in	CD4+	 T	 cells,	 both	NLRP3	and	AIM2	

could	 be	 involved	 in	 inflammasome	 formation	 upon	 mtDNA	 release	 caused	 by	

dysfunction	of	the	double-strand	break	repair	protein	MRE11A	(Li	et	al.,	2019).	

	

Finally,	 NLRC4	 has	 also	 been	 reported	 to	 be	 activated	 by	 (ox-)mtDNA	 in	 an	 in	 vitro	

Pseudomonas	 (P.)	 aeruginosa	 infection	 model	 (Jabir	 et	 al.,	 2014).	 The	 authors	 of	 this	

study	 proposed	 that	 P.	 aeruginosa	 infection	 results	 in	 mtROS-dependent	 release	 of	

mtDNA	to	the	cytosol,	and	that	this	mtDNA	acts	as	an	NLRC4	agonist.	Surprisingly,	but	in	

support	 of	 this	 scenario,	 NLRC4-deficient	 BMDMs	 had	 attenuated	 responses	 to	

transfected	unoxidized	or	oxidized	ox-mtDNA.	Furthermore,	mtDNA	depletion	(either	by	

EtBr	 treatment	 or	 protein	 transfection	 of	 DNase	 I)	 resulted	 in	 a	 decreased	 NLRC4	

inflammasome	response	to	P.	aeruginosa	infection.	

	

Three	 review	 articles	 alerted	 the	 scientific	 community	 about	 the	 discrepancies	 in	 the	

findings	 linking	 mtDNA	 release	 to	 the	 NLRP3	 inflammasome	 activation	 (Holley	 and	
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Schroder,	 2020;	 Lawlor	 and	 Vince,	 2014;	 Yabal	 et	 al.,	 2018).	 Based	 on	 these	

commentaries	as	well	as	on	my	own	reflection,	the	major	points	of	criticism	towards	the	

concept	that	(ox-)mtDNA	activates	the	NLRP3	inflammasome	are	the	following:	

	

1.	Zhong	et	al.	(2018)	propose	that	replication	of	mtDNA	occurs	during	the	(LPS)	

priming	 step,	 generating	 the	 ligand	 necessary	 for	 the	 NLRP3	 activation.	 This	

model	is	not	compatible	with	the	observation	that	the	priming	step	in	the	NLRP3	

activation	 can	 be	 circumvented	 by	 NLRP3	 overexpression	 driven	 by	 a	

constitutive	 promoter	 (Bauernfeind	 et	 al.,	 2009).	 It	 also	 does	 not	 explain	 why	

ectopic	NLRP3	overexpression	in	non-immune	cell	lines	such	as	HEK	293	enables	

inflammasome	activation	 (for	 example	Compan	et	 al.	 (2012);	 Shi	 et	 al.	 (2016)).	

Furthermore,	 the	 activation	 of	 NLRP3	 in	 certain	 cell	 types,	 such	 as	 human	

monocytes,	has	been	reported	to	occur	without	the	requirement	for	the	priming	

stimulus	 (Gritsenko	 et	 al.).	 The	 question	 of	 whether	 monocytes	 have	 high	

baseline	levels	of	ox-mtDNA	has,	to	my	knowledge,	not	been	addressed.	

2.	 If	 NLRP3	 activators	 triggered	 the	 cytosolic	 release	 of	 ox-mtDNA,	 they	would	

also	be	expected	to	activate	AIM2,	unless	a	mechanism	exists	to	‘switch	off’	AIM2	

during	 the	 NLRP3	 activation,	 or	 when	 oxDNA	 is	 present	 in	 the	 cytosol.	 Such	

mechanism	has	not	been	identified	so	far,	and	the	possibility	of	its	existence	has	

not	 been	 explored	 in	 the	 studies	 proposing	 that	 ox-mtDNA	 is	 an	 activator	 of	

NLRP3.	

	

In	addition,	whereas	the	AIM2/NLRP10	activators	m-3M3FBS,	thapsigargin,	SC-10,	and	

SMBA1	 all	 caused	 leakage	 of	 the	 mitochondrial	 matrix	 contents	 into	 the	 cytosol	 in	

murine	macrophages	(Sections	6.13	and	6.16),	 I	did	not	observe	such	an	event	 in	cells	

treated	with	the	NLRP3	agonist	nigericin.	If	nigericin	is	not	able	to	permeabilize	the	IMM	

to	 fluorescent	proteins	(MW	of	approximately	25	kDa),	 it	 is	difficult	 to	conceive	of	 the	

idea	 that	 it	 could	 permeabilize	 the	mitochondrial	 membranes	 to	 DNA	molecules	 (the	

MW	of	a	single	mitochondrial	nucleoid	is	approx.	10	MDa,	and	dsDNA	fragments	as	small	

as	40	bp	already	reach	the	MW	of	a	typical	fluorescent	protein).	Theoretically,	nigericin	

could	 activate	 a	 specific	 mechanism	 of	 mtDNA	 export	 into	 the	 cytosol,	 but	 to	 my	

knowledge	such	a	mechanism	does	not	exist3.	

	
3	In	 contrast,	 nucleic	 acid	 import	 into	 the	mitochondria	 is	 a	 phenomenon	observed	 for	 some	 tRNA	 and	
rRNA	molecules,	as	reviewed	by	Schneider	(2011).	
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8.1.	Culturing	of	 stable	cell	 lines	 in	 the	presence	of	ddC	or	EtBr	depletes	mtDNA	

within	days	

	

In	 order	 to	 determine	whether	 the	 AIM2,	 NLRP3	 and	 NLRP10	 activations	 depend	 on	

mtDNA,	 I	 first	 established	 a	 model	 of	 mtDNA	 depletion	 in	 vitro.	 To	 that	 end,	 most	

inflammasome	studies	to	date	have	relied	on	inhibitors	of	mtDNA	replication,	EtBr	and	

ddC.	These	molecules	can	be	used	as	a	long-time	(weeks-months)	treatment	to	generate	

the	so-called	r0	cells	(Hashiguchi	and	Zhang-Akiyama,	2009;	Schubert	et	al.,	2015).	Such	

cells	do	not	contain	any	mtDNA	but	are	difficult	to	maintain	and	may	significantly	differ	

from	 their	 parental	 cell	 lines	 because	 of	 (oligo)clonal	 selection	 and	 accumulation	 of	

mutations	over	time.	

	

Here,	 after	 a	 failed	 attempt	 to	 acutely	 deplete	 cytosolic	 DNA	 by	 DNase	 I	 protein	

transfection	(Supplementary	Figure	S29;	Jabir	et	al.,	2014;	Nakahira	et	al.,	2010),	I	opted	

for	a	short	(72-96	h)	EtBr/ddC	treatment,	based	on	the	protocol	developed	by	Dang	et	

al.	 (2017).	 Briefly,	 I	 seeded	 proliferating	 cells	 (WT	 iMac	 cells,	 NLRP3/ASCmCerulean	

reporter	 iMac	 cells,	 and	NLRP10mCitrine/ASCTagBFP	 HEK	 cells)	 at	 a	 very	 low	density	 and	

allowed	them	to	reach	confluence	in	the	presence	of	EtBr	or	ddC.	The	rationale	behind	

this	procedure	was	that	when	a	small	population	of	cells	undergoes	several	divisions	in	

the	 presence	 of	 an	 mtDNA	 replication	 inhibitor,	 the	 mtDNA	 content	 of	 the	 resulting	

expanded	population	should	be	strongly	reduced	(Figure	8.1	A).	

	

I	indeed	observed	a	reduction	in	the	mtDNA	content	in	all	tested	cell	lines	cultured	for	

72-96	 h	 with	 EtBr	 or	 ddC	 (Figure	 8.1	 B,	 C).	 In	 immortalized	macrophages,	 all	 tested	

doses	 of	 EtBr	 and	 ddC	 resulted	 in	 a	 final	 mtDNA	 content	 that	 was	 below	 1%	 of	 the	

mtDNA	amount	in	the	population	expanded	in	the	absence	of	EtBr/ddC	(Figure	8.1	B).	In	

HEK	 cells,	 the	 decrease	 in	 the	 mtDNA	 content	 was	 less	 pronounced	 (Figure	 8.1	 C).	

Nevertheless,	the	higher	doses	of	EtBr	and	ddC	generally	resulted	in	an	mtDNA	loss	of	

more	than	90%	compared	to	the	untreated	controls,	which	I	considered	to	be	sufficient	

for	further	experimentation.	
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Figure	8.1.	The	efficiency	of	mtDNA	depletion	protocols	using	ethidium	bromide	(EtBr)	and	2’,3’-
dideoxycytidine	 (ddC)	 in	 WT	 iMac	 cells,	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells,	 and	
NLRP10mCitrine/ASCTagBFP	HEK	cells	
A:	Schematic	of	the	rationale	behind	the	applied	protocol	of	mtDNA	depletion.	
B-C:	 Initial	 populations	 of	NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (2.5	´	 103	 cells	 per	well	 in	 a	 96-well	
plate,	or	~7.8	´	103	cells/cm2;	B,	left),	WT	iMac	cells	(2.5	´	103	cells	per	well	in	a	96-well	plate,	or	~7.8	´	
103	cells/cm2;	B,	right),	or	NLRP10mCitrine/ASCTagBFP	HEK	cells	(C,	left	panel:	2.5	´	103	cells	per	well	in	a	96-
well	plate,	or	~7.8	´	103	cells/cm2;	right	panel:	5	´	103	cells	per	well	 in	a	96-well	plate,	or	~1.56	´	104	
cells/cm2)	were	grown	for	72-96	h	in	DMEM	supplemented	with	10%	FBS,	penicillin,	streptomycin,	1	mM	
sodium	pyruvate	and,	where	indicated,	EtBr	(50	or	75	ng/mL)	or	ddC	(40	or	80	µg/mL).	After	this	time,	
the	cells	were	 lysed,	 total	DNA	was	 isolated,	and	 the	amounts	of	mtDNA	were	assessed	by	quantitative	
PCR	relative	to	controls	grown	in	the	absence	of	EtBr	and	ddC,	and	using	sequences	from	nuclear	DNA	as	
reference	analytes.	
B:	In	macrophages,	the	treatments	with	EtBr	and	ddC	led	to	a	mtDNA	loss	of	more	than	99%	compared	to	
untreated	controls,	so	the	values	indicating	the	fractional	mtDNA	amounts	relative	to	untreated	controls	
were	additionally	graphed	above	the	bars.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	monoplicate.	Error	bars	
represent	 SD.	 Individual	 datapoints	 represent	 the	 values	 obtained	 in	 each	 of	 the	 independent	
experiments.	
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There	are	two	important	advantages	to	this	fast	mtDNA	depletion	approach.	The	first	is	

the	 speed	of	 the	procedure	 and	 the	potential	 to	 easily	 adopt	 it	 in	 a	 range	of	 cell	 lines	

similar	to	the	ones	in	which	the	method	had	been	established.	Secondly,	in	contrast	to	r0	

cells,	 the	 short-term	 mtDNA-depleted	 cells	 are	 generated	 anew	 for	 each	 experiment.	

This	 decreases	 the	 risk	 of	 clonal	 or	 oligoclonal	 selection	 artifacts,	 which	 could	 occur	

during	prolonged	periods	of	culture	in	EtBr-	or	ddC-containing	media.	The	drawback	of	

this	technique	is	that	the	mtDNA	depletion	is	not	complete.	

	

8.2.	mtDNA	is	required	for	the	AIM2	inflammasome	activation	with	m-3M3FBS	and	

thapsigargin	

	

To	test	whether	mtDNA	depletion	affects	the	inflammasome	activation	in	immortalized	

murine	 macrophages,	 I	 generated	 mtDNA-deficient	 WT	 iMac	 and	 NLRP3/ASCmCerulean	

reporter	 iMac	cells	by	culturing	them	with	EtBr	or	ddC	for	72-96	h.	Control	cells	were	

grown	in	media	without	the	mtDNA	replication	inhibitors.	On	the	day	of	the	experiment,	

the	 cells	were	 either	 directly	 activated	 (NLRP3/ASCmCerulean	 reporter	 iMac),	 or	 primed	

with	LPS	and	then	activated	(WT	iMac)	with	m-3M3FBS,	thapsigargin,	poly-(dA:dT),	or	

nigericin,	 followed	by	 IL-1b	 concentration	measurement	 (Figure	8.2	A)	and	ASC	speck	

imaging	(Figure	8.2	B)	to	assess	the	degree	of	inflammasome	activation.		
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Figure	8.2.	The	inflammasome	responses	to	m-3M3FBS,	thapsigargin,	poly-(dA:dT),	and	nigericin	
in	WT	 iMac	 cells	 and	NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 after	EtBr-	or	ddC-mediated	mtDNA	
depletion	
A-B:	WT	iMac	cells	(A)	or	NLRP3/ASCmCerulean	reporter	iMac	cells	(B)	were	plated	in	96-well	plates	at	2.5	´	
103	cells	per	well,	or	~7.8	´	103	cells/cm2	and	grown	for	72-96	h	in	DMEM	supplemented	with	10%	FBS,	
penicillin,	 streptomycin,	 1	mM	sodium	pyruvate	 and,	where	 indicated,	EtBr	 (50	or	75	ng/mL;	A,	B,	 left	
panels)	or	ddC	(40	or	80	µg/mL;	A,	B,	right	panels).	After	reaching	confluence,	the	cells	were	LPS-primed	
(200	 ng/mL,	 2	 h)	 and	 stimulated	 with	 inflammasome	 activators	 (A),	 or	 directly	 stimulated	 with	
inflammasome	activators	(B)	in	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	
CaCl2,	 10	 glucose,	 10	 HEPES,	 pH	 7.4.	 The	 tested	 inflammasome	 activators	 were	m-3M3FBS	 (85	 µM),	
thapsigargin	(20	µM),	nigericin	(10	µM),	and	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	
2000).	 The	 LPS	 (A)	 and	 unprimed	 (A,	 B)	 controls	were	 subjected	 to	medium	 alone.	 Immediately	 after	
addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	60	min,	
the	supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF	(A)	or	the	cells	were	
fixed	with	 4%	 formaldehyde,	 counterstained	with	 the	 nuclear	 dye	 DRAQ5	 (5	µM)	 and	 imaged	 using	 a	
widefield	fluorescence	microscope	(B).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	triplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	triplicate	values	from	each	of	
the	independent	experiments.	
	

The	 AIM2	 activation	 with	m-3M3FBS	 and	 thapsigargin	 was	 completely	 abolished	 in	

mtDNA-depleted	 macrophages,	 both	 at	 the	 level	 of	 IL-1b	 secretion	 and	 ASC	 speck	

formation.	 In	 contrast,	 mtDNA-depleted	 macrophages	 remained	 responsive	 to	 the	

NLRP3	agonist	nigericin	and	to	the	AIM2	ligand	poly-(dA:dT)	(Figure	8.2).	Whereas	the	

EtBr	treatment	did	not	affect	ASC	speck	formation	in	cells	stimulated	with	poly-(dA:dT)	
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and	with	nigericin	(Figure	8.2	B,	left	panel),	it	led	to	decreased	levels	of	secreted	IL-1b	

upon	 these	 stimulations	 (Figure	 8.2	 A,	 left	 panel).	 This	 decrease	was	 not	 observed	 in	

cells	 cultured	 with	 ddC	 (Figure	 8.2,	 right	 column),	 suggesting	 that	 EtBr	 may	 partly	

interfere	with	pro-IL-1b	production,	but	not	in	a	manner	related	to	mtDNA	depletion.	

	

Two	conclusions	can	be	made	based	on	these	results.	First,	mtDNA	likely	serves	as	the	

ligand	 for	 AIM2	 in	 m-3M3FBS-	 and	 thapsigargin-stimulated	 cells.	 Secondly,	 NLRP3	

activation	with	nigericin	is	not	affected	by	loss	of	mtDNA,	and	in	some	instances	is	even	

slightly	increased	(Figure	8.2	A,	B,	right	panels).	This	observation	suggests	that	mtDNA	

might	not	be	the	ligand	of	NLRP3	and	might	not	even	be	required	for	activation	of	this	

inflammasome.	 This	 is	 in	 contrast	 to	 several	 previously	 reported	 NLRP3	 activation	

models	 (Nakahira	 et	 al.,	 2010;	 Shimada	 et	 al.,	 2012;	 Zhong	 et	 al.,	 2018),	 which	 I	 will	

explore	in	more	detail	in	Sections	8.6-8.10.	
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8.3.	 mtDNA	 is	 not	 required	 for	 the	 NLRP10	 activation	 with	 m-3M3FBS	 and	

thapsigargin	

	

To	 test	 whether	 mtDNA	 depletion	 affects	 the	 NLRP10	 inflammasome	 activation,	 I	

generated	mtDNA-deficient	 NLRP10mCitrine/ASCTagBFP	 HEK	 cells	 by	 culturing	 them	with	

EtBr	 or	 ddC	 for	 72-96	 h.	 Control	 cells	 were	 grown	 in	 media	 without	 the	 mtDNA	

replication	 inhibitors.	On	the	day	of	the	experiment,	 the	cells	were	challenged	with	m-

3M3FBS	or	 thapsigargin,	 and	 the	degree	 of	 inflammasome	 activation	was	 assessed	by	

imaging	of	ASC	specks	(Figure	8.3).	

	

	
Figure	 8.3.	 NLRP10	 activation	 with	 m-3M3FBS	 and	 thapsigargin	 in	 mtDNA-depleted	
NLRP10mCitrine/ASCTagBFP	HEK	cells	
A-B:	NLRP10mCitrine/ASCTagBFP	HEK	cells	were	plated	in	96-well	plates	at	2.5	´	103	cells	per	well,	or	~7.8	´	
103	cells/cm2	(A,	B,	left	panels)	or	at	5	´	103	cells	per	well	in	a	96-well	plate,	or	~1.56	´	104	cells/cm2	(A,	
B,	right	panels)	and	grown	for	72-96	h	in	DMEM	supplemented	with	10%	FBS,	penicillin,	streptomycin,	1	
mM	sodium	pyruvate	and,	where	indicated,	EtBr	(50	or	75	ng/mL;	A)	or	ddC	(40	or	80	µg/mL;	B).	After	
reaching	confluence,	the	cells	were	directly	stimulated	with	inflammasome	activators	in	an	extracellular	
medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	tested	
inflammasome	 activators	 were	m-3M3FBS	 (85	µM)	 and	 thapsigargin	 (20	 µM).	 The	 untreated	 controls	
were	subjected	to	medium	alone.	Immediately	after	addition	of	inflammasome	activators,	the	plates	were	
centrifuged	 at	 340	 ´	 g	 for	 5	 min	 (RT).	 After	 30	 min,	 the	 cells	 were	 fixed	 with	 4%	 formaldehyde,	
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counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	 imaged	 using	 a	 widefield	 fluorescence	
microscope.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	triplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	triplicate	values	from	each	of	
the	independent	experiments.	
	

Regardless	 of	 the	 agent	 used	 for	 mtDNA	 depletion	 or	 the	 size	 of	 the	 initial	 cell	

population,	 the	 loss	 of	 mtDNA	 did	 not	 result	 in	 considerable	 changes	 in	 the	 NLRP10	

activation	 level	 (Figure	 8.3).	 On	 average,	 the	 level	 of	 the	 m-3M3FBS-elicited	 ASC	

specking	 appeared	 slightly	 lower	 in	 mtDNA-deficient	 cells	 compared	 to	 mtDNA-

proficient	 controls,	 whereas	 for	 the	 thapsigargin-driven	 NLRP10	 activation	 this	 trend	

was	 reversed.	 This	 demonstrates	 that	 HEK	 cells	 overexpressing	 NLRP10	 remain	

responsive	to	m-3M3FBS	and	thapsigargin	after	mtDNA	depletion.	

	

This	 result	 indicates	 that	 mtDNA	 is	 not	 required	 for	 the	 NLRP10	 inflammasome	

formation.	 A	 direct	 interpretation	 is	 that	mtDNA	 is	 probably	 not	 a	 ligand	 of	 NLRP10.	

Furthermore,	it	can	also	be	anticipated	that	the	molecules	whose	synthesis	depends	on	

mtDNA	 are	 dispensable	 for	 the	 NLRP10	 activation.	 These	 molecules	 include	

mitochondrial	rRNAs,	mitochondrially	encoded	tRNAs,	as	well	as	several	mitochondrial	

electron	 transport	 chain	 subunits.	 The	 knowledge	 that	 the	 NLRP10	 activation	 is	 not	

affected	 by	 mtDNA	 deficiency	 may	 narrow	 down	 the	 future	 attempts	 to	 identify	 the	

cellular	agonists	of	NLRP10.	

	

8.4.	 Overexpression	 of	 NLRP10	 restores	 the	 inflammasome	 responses	 to	 m-

3M3FBS	and	related	activators	in	macrophages	depleted	of	mtDNA	

	

NLRP10	is	capable	of	nucleating	a	functional	inflammasome	(Chapter	7).	This	process	is	

not	 affected	 by	mtDNA	 depletion	with	 EtBr/ddC	 (Figure	 8.3).	 Consequently,	 it	 can	 be	

expected	that	the	NLRP10	overexpression	would	rescue	the	inflammasome	responses	to	

m-3M3FBS	 and	 thapsigargin	 in	 mtDNA-deficient	 macrophages,	 in	 which	 the	 AIM2	

activation	by	endogenous	mtDNA	is	no	longer	possible.	

	

To	 test	 this	 hypothesis,	 I	 depleted	 mtDNA	 in	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	

stably	overexpressing	WT	human	or	murine	NLRP10,	Walker	A	(K179M)	or	B	(D249N,	

D249A)	motif	mutants	of	human	NLRP10,	or	the	empty	vector.	After	mtDNA	depletion,	

the	cells	were	primed	with	LPS	and	challenged	with	m-3M3FBS,	thapsigargin,	nigericin,	
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or	 poly-(dA:dT),	 and	 the	 level	 of	 inflammasome	 activation	 was	 assessed	 by	

measurement	of	 the	 IL-1b	 concentrations	and	 imaging	of	ASC	specks	 (Figures	8.4	and	

8.5).	

	

In	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 with	 mtDNA	 depleted	 using	 ddC,	 the	

overexpression	of	human	or	murine	WT	NLRP10	provided	 full	or	partial	rescue	of	 the	

inflammasome	responses	to	m-3M3FBS	and	thapsigargin,	compared	to	the	empty	vector	

control	 (Figure	 8.4	 A-C).	 The	 NLRP3	 response	 to	 nigericin	 and	 the	 AIM2	 response	 to	

poly-(dA:dT)	 were	 both	 unaffected	 by	 mtDNA	 depletion,	 consistent	 with	 previous	

results	 (Figure	8.2).	Of	note,	overexpression	of	NLRP10	did	not	 inhibit	 the	NLRP3	and	

AIM2	activations,	which	 is	 in	 agreement	with	 the	 results	presented	 in	Figures	7.7-7.9.	

This	confirms	that	NLRP10	is	not	an	inflammasome-inhibitory	molecule.	Overexpression	

of	Walker	A/B	mutants	of	human	NLRP10	did	not	rescue	the	inflammasome	responses	

to	 m-3M3FBS	 and	 thapsigargin	 in	 mtDNA-depleted	 cells	 (Figure	 8.4	 D-F).	 This	

observation	 is	 in	 agreement	 with	 the	 results	 described	 in	 Sections	 7.3	 and	 7.5.	 It	

confirms	that	the	NLRP10-driven	inflammasome	formation	relies	on	intact	Walker	A/B	

sequences.	
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Figure	 8.4.	 NLRP10	 overexpression	 restores	 the	 inflammasome	 responses	 to	 m-3M3FBS	 and	
thapsigargin	in	macrophages	after	mtDNA	depletion	with	ddC	
A-F:	NLRP3/ASCmCerulean	reporter	 iMac	cells	stably	transduced	with	the	control	vector	(A)	or	WT	human	
(h)	NLRP10	(B),	WT	murine	(m)	NLRP10	(C),	hNLRP10K179M	(Walker	A	mutant;	D),	hNLRP10D249N	(Walker	
B	mutant;	E),	or	hNLRP10D249A	(Walker	B	mutant;	F)	were	plated	in	96-well	plates	at	2.5	´	103	cells	per	
well,	 or	~7.8	´	 103	 cells/cm2	 and	grown	 for	72-96	h	 in	DMEM	supplemented	with	10%	FBS,	penicillin,	
streptomycin,	1	mM	sodium	pyruvate	and,	where	indicated,	ddC	(80	µg/mL).	After	reaching	confluence,	
the	 cells	 were	 LPS-primed	 (200	 ng/mL,	 2	 h)	 and	 stimulated	 with	 inflammasome	 activators	 in	 an	
extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	
7.4.	 The	 tested	 inflammasome	 activators	 were	m-3M3FBS	 (m-3M3;	 85	 µM),	 thapsigargin	 (T;	 20	 µM),	
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nigericin	(nig;	10	µM),	and	poly-(dA:dT)	(dAdT;	2	µg/mL	complexed	with	5	µL	Lipofectamine	2000).	The	
LPS	controls	were	subjected	to	medium	alone.	Immediately	after	addition	of	inflammasome	activators,	the	
plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	60	min,	the	supernatants	were	collected	and	IL-1b	
concentrations	were	measured	by	HTRF	(A-F,	top	panels)	or	the	cells	were	fixed	with	4%	formaldehyde,	
counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope	
(A-F,	bottom	panels).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

When	mtDNA	was	depleted	using	EtBr,	overexpression	of	WT	human	or	murine	NLRP10	

provided	full	or	partial	rescue	 in	the	responses	to	m-3M3FBS	and	thapsigargin	only	at	

the	 level	of	ASC	speck	 formation	(Figure	8.5	A-C).	Under	 those	conditions,	none	of	 the	

inflammasome	 stimuli	 tested	 were	 able	 to	 trigger	 the	 release	 of	 IL-1b	 from	 mtDNA-

depleted	 cells,	 suggesting	 that	 the	 EtBr	 treatment	 may	 have	 resulted	 in	 pro-IL-1b	

synthesis	 defect,	 or,	 less	 likely,	 a	 global	 defect	 at	 the	 level	 of	 pro-IL-1b	

processing/secretion.	Overexpression	of	Walker	A/B	mutants	of	human	NLRP10	did	not	

rescue	 the	 inflammasome	 responses	 to	 m-3M3FBS/thapsigargin	 (Figure	 8.5	 D-F).	

Collectively,	these	results	are	consistent	with	my	previous	observation	that	the	NLRP10	

activation	 is	 not	 inhibited	 by	 the	 loss	 of	mtDNA	 (Section	 8.3).	 They	 demonstrate	 that	

NLRP10	overexpression	 can	 rescue	 the	 inflammasome	activation	with	m-3M3FBS	 and	

thapsigargin	in	mtDNA-deficient	macrophages.	
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Figure	8.5.	NLRP10	overexpression	partially	restores	the	inflammasome	responses	to	m-3M3FBS	
and	thapsigargin	in	macrophages	after	mtDNA	depletion	with	EtBr	
A-F:	NLRP3/ASCmCerulean	reporter	 iMac	cells	stably	transduced	with	the	control	vector	(A)	or	WT	human	
(h)	NLRP10	(B),	WT	murine	(m)	NLRP10	(C),	hNLRP10K179M	(Walker	A	mutant;	D),	hNLRP10D249N	(Walker	
B	mutant;	E),	or	hNLRP10D249A	(Walker	B	mutant;	F)	were	plated	in	96-well	plates	at	2.5	´	103	cells	per	
well,	 or	~7.8	´	 103	 cells/cm2	 and	grown	 for	72-96	h	 in	DMEM	supplemented	with	10%	FBS,	penicillin,	
streptomycin,	1	mM	sodium	pyruvate	and,	where	indicated,	EtBr	(75	ng/mL).	After	reaching	confluence,	
the	 cells	 were	 LPS-primed	 (200	 ng/mL,	 2	 h)	 and	 stimulated	 with	 inflammasome	 activators	 in	 an	
extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	
7.4.	 The	 tested	 inflammasome	 activators	 were	m-3M3FBS	 (m-3M3;	 85	 µM),	 thapsigargin	 (T;	 20	 µM),	
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nigericin	(nig;	10	µM),	and	poly-(dA:dT)	(dAdT;	2	µg/mL	complexed	with	5	µL	Lipofectamine	2000).	The	
LPS	controls	were	subjected	to	medium	alone.	Immediately	after	addition	of	inflammasome	activators,	the	
plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	60	min,	the	supernatants	were	collected	and	IL-1b	
concentrations	were	measured	by	HTRF	(A-F,	top	panels)	or	the	cells	were	fixed	with	4%	formaldehyde,	
counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope	
(A-F,	bottom	panels).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

To	 validate	 the	 data	 from	 the	 NLRP10	 overexpression	 experiments	 performed	 in	

NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (which	 are	 AIM2-proficient),	 I	 also	 tested	

whether	 NLRP10	 overexpression	 enables	 IL-1b	 secretion	 in	 response	 to	 NLRP10	

agonists	 from	 mtDNA-depleted	 AIM2-deficient	 macrophages.	 I	 depleted	 mtDNA	

(EtBr/ddC)	 in	WT	 iMac	 cells	 and	 in	Aim2CRISPR	 iMac	 cells	 transduced	 with	 the	 empty	

vector,	 human	 or	 murine	 NLRP10,	 or	 human	 or	 murine	 AIM2.	 Then,	 the	 cells	 were	

primed	with	LPS	and	challenged	with	nigericin,	poly-(dA:dT),	m-3M3FBS,	o-3M3FBS,	SC-

9,	SC-10,	thapsigargin,	and	SMBA1.	The	degree	of	inflammasome	activation	was	assessed	

by	measurement	of	the	IL-1b	concentrations	in	the	supernatants	(Figure	8.6).	

	

	
Figure	8.6.	IL-1b	responses	in	mtDNA-proficient	or	-depleted	AIM2-deficient	immortalized	murine	
macrophages	transduced	with	vectors	encoding	AIM2	or	NLRP10	
A-F:	WT	iMac	cells	(A)	or	Aim2CRISPR	iMac	cells	stably	transduced	with	the	control	vector	(D)	or	WT	human	
(h)	NLRP10	(B),	WT	murine	(m)	NLRP10	(C),	WT	hAIM2	(E),	or	WT	mAim2	(F)	were	plated	 in	96-well	
plates	at	2.5	´	103	cells	per	well,	or	~7.8	´	103	cells/cm2	and	grown	for	72-96	h	in	DMEM	supplemented	
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with	10%	FBS,	penicillin,	streptomycin,	1	mM	sodium	pyruvate	and,	where	indicated,	EtBr	(75	ng/mL)	or	
ddC	(80	µg/mL).	After	reaching	confluence,	the	cells	were	LPS-primed	(200	ng/mL,	2	h)	and	stimulated	
with	inflammasome	activators	in	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	
1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	tested	inflammasome	activators	were	m-3M3FBS	(85	µM),	o-
3M3FBS	(85	µM),	SC-9	(100	µM),	SC-10	(100	µM),	 thapsigargin	(20	µM),	SMBA1	(50	µM),	nigericin	(10	
µM),	 and	 poly-(dA:dT)	 (2	 µg/mL	 complexed	 with	 5	 µL	 Lipofectamine	 2000).	 The	 unprimed	 and	 LPS	
controls	were	 subjected	 to	medium	 alone.	 Immediately	 after	 addition	 of	 inflammasome	 activators,	 the	
plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	60	min,	the	supernatants	were	collected	and	IL-1b	
concentrations	were	measured	by	HTRF.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

In	 all	 tested	 cell	 lines,	 the	 inflammasome	 responses	 to	 nigericin	 (NLRP3)	 and	 poly-

(dA:dT)	 (AIM2)	 were	 partially	 sensitive	 to	 EtBr	 but	 fully	 insensitive	 to	 the	 mtDNA	

depletion	with	ddC4.	In	WT	iMac	cells,	the	responses	to	m-3M3FBS,	thapsigargin,	SC-10,	

and	SMBA1	were	fully	abolished	by	mtDNA	depletion.	These	cells	did	not	secrete	IL-1b	

after	 stimulations	 with	 o-3M3FBS	 and	 SC-9	 (Figure	 8.6	 A).	 Consistent	 with	 previous	

observations	(Sections	6.8,	6.9,	and	6.16),	the	responses	to	m-3M3FBS,	thapsigargin,	SC-

10,	 and	SMBA1	were	completely	abolished	 in	Aim2CRISPR	 iMac	 cells	overexpressing	 the	

empty	vector,	regardless	of	the	mtDNA	status	(Figure	8.6	D).	Human	or	murine	NLRP10	

overexpression	 in	 Aim2CRISPR	 iMac	 cells	 enabled	 the	 responses	 to	 m-3M3FBS,	

thapsigargin,	 SC-10,	 and	 SMBA1	 that	 were	 either	 unaffected	 (ddC)	 or	 only	 partially	

affected	(EtBr)	by	mtDNA	depletion.	The	 inflammasome	response	to	poly-(dA:dT)	was	

not	 rescued	 by	 NLRP10	 overexpression	 in	 Aim2CRISPR	 iMac	 cells,	 but	 instead	 these	

macrophages	secreted	low	levels	of	IL-1b	upon	stimulation	with	the	NLRP10	activators	

o-3M3FBS	 and	 SC-9	 (Figure	 8.6	 B,	 C).	When	Aim2CRISPR	 iMac	 cells	 were	 reconstituted	

with	 human	 or	 murine	 AIM2,	 the	 responses	 to	m-3M3FBS,	 thapsigargin,	 SC-10,	 and	

SMBA1	 remained	 sensitive	 to	 mtDNA	 depletion.	 These	 cells	 were	 unresponsive	 to	 o-

3M3FBS	but,	somewhat	surprisingly,	they	exhibited	a	weak	mtDNA-dependent	response	

to	 SC-9	 (Figure	 8.6	 E,	 F).	 This	 suggests	 that	 SC-9	 might	 lead	 to	 minimal	 levels	 of	

mitochondrial	damage	that	could	be	sensed	by	AIM2	overexpressed	under	the	control	of	

a	 strong	 constitutive	 promoter,	 but	 not	 by	 AIM2	 at	 the	 endogenous	 expression	 levels	

(Figure	 8.6	 A).	 Collectively,	 the	 results	 presented	 in	 this	 Section	 indicate	 that	 the	

NLRP10	overexpression	enables	the	inflammasome	responses	to	m-3M3FBS,	o-3M3FBS,	

SC-9,	SC-10,	thapsigargin,	and	SMBA1	in	a	manner	independent	of	mtDNA	and	of	AIM2.	

	

	
4	Of	note,	AIM2-deficient	cells	overexpressing	NLRP10	did	not	secrete	IL-1b	upon	stimulation	with	poly-
(dA:dT),	consistent	with	the	results	presented	in	Figures	7.7-7.9.	
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8.5.	EtBr	and	ddC	are	not	direct	inhibitors	of	inflammasome	activation	

	

To	exclude	the	possibility	 that	the	accumulation	of	EtBr	or	ddC	 in	cells	 inhibits	 the	m-

3M3FBS-	and	thapsigargin-triggered	AIM2	responses	through	a	mechanism	unrelated	to	

mtDNA	 depletion,	 I	 performed	 a	 series	 of	 experiments	 to	 test	 whether	 short-time	 (5	

min-2	h)	incubations	with	the	mtDNA	replication	inhibitors	could	affect	inflammasome	

activation.	 Increasing	 doses	 of	 EtBr	 or	 ddC	 were	 administered	 to	 NLRP3/ASCmCerulean	

reporter	 iMac	 cells,	 LPS-primed	WT	 iMac	 cells,	 and	NLRP10mCitrine/ASCTagBFP	HEK	 cells	

either	2	h	before	(for	WT	iMac:	at	the	onset	of	the	LPS	priming	step),	or	5	min	before	the	

challenge	 with	 the	 inflammasome	 activators.	 The	 inflammasome	 responses	 were	

assessed	by	measurement	of	the	secreted	IL-1b	concentrations	in	WT	iMac	cells	(Figure	

8.7),	and	by	imaging	of	ASC	specks	in	NLRP3/ASCmCerulean	reporter	iMac	cells	(Figure	8.8)	

and	in	NLRP10mCitrine/ASCTagBFP	HEK	cells	(Figure	8.9).	

	

	
Figure	8.7.	Short-term	incubations	with	EtBr	and	ddC	do	not	have	an	impact	on	IL-1b	secretion	by	
WT	iMac	cells	treated	with	inflammasome	activators	
A-D:	mtDNA-proficient	WT	iMac	cells	were	primed	with	LPS	(200	ng/mL,	2	h)	in	the	presence	of	EtBr	(0,	
50,	75,	or	100	ng/mL;	A)	or	ddC	(0,	40,	80,	or	160	µg/mL;	C)	or	pre-treated	with	EtBr	(0,	50,	75,	or	100	
ng/mL;	B)	or	ddC	(0,	40,	80,	or	160	µg/mL;	D)	for	5	min	after	the	LPS	priming	was	completed.	Then,	the	
cells	were	stimulated	with	m-3M3FBS	(85	µM,	blue	bars),	thapsigargin	(20	µM,	magenta	bars),	nigericin	
(10	µM,	yellow	bars),	or	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000,	purple	bars)	in	
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an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	
7.4.	 The	 unprimed	 (grey	 bars)	 and	 LPS	 (black	 bars)	 controls	 were	 subjected	 to	 medium	 alone.	
Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	
(RT).	After	60	min,	the	supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

	
Figure	 8.8.	 Short-term	 incubations	 with	 EtBr	 and	 ddC	 do	 not	 have	 an	 impact	 on	 ASC	 speck	
formation	in	NLRP3/ASCmCerulean	reporter	iMac	cells	treated	with	inflammasome	activators	
A-D:	mtDNA-proficient	NLRP3/ASCmCerulean	reporter	iMac	cells	were	incubated	for	2	h	with	EtBr	(0,	50,	75,	
or	100	ng/mL;	A)	or	ddC	(0,	40,	80,	or	160	µg/mL;	C)	or	pre-treated	with	EtBr	(0,	50,	75,	or	100	ng/mL;	B)	
or	ddC	(0,	40,	80,	or	160	µg/mL;	D)	for	5	min	directly	before	addition	of	inflammasome	activators.	Then,	
the	 cells	 were	 stimulated	 with	 m-3M3FBS	 (85	 µM,	 blue	 bars),	 thapsigargin	 (20	 µM,	 magenta	 bars),	
nigericin	 (10	 µM,	 yellow	 bars),	 or	 poly-(dA:dT)	 (2	 µg/mL	 complexed	 with	 5	 µL	 Lipofectamine	 2000,	
purple	 bars)	 in	 an	 extracellular	 medium	 consisting	 of	 (in	 mM)	 123	 NaCl,	 5	 KCl,	 2	 MgCl2,	 1	 CaCl2,	 10	
glucose,	 10	 HEPES,	 pH	 7.4.	 The	 untreated	 controls	 (grey	 bars)	 were	 subjected	 to	 medium	 alone.	
Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	
(RT).	 After	 60	 min,	 the	 cells	 were	 fixed	 with	 4%	 formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	
DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Figure	 8.9.	 Short-term	 incubations	 with	 EtBr	 and	 ddC	 do	 not	 have	 an	 impact	 on	 ASC	 speck	
formation	in	NLRP10mCitrine/ASCTagBFP	reporter	HEK	cells	treated	with	inflammasome	activators	
A-D:	mtDNA-proficient	NLRP10mCitrine/ASCTagBFP	HEK	cells	were	incubated	for	2	h	with	EtBr	(0,	50,	75,	or	
100	ng/mL;	A)	or	ddC	(0,	40,	80,	or	160	µg/mL;	C)	or	pre-treated	with	EtBr	(0,	50,	75,	or	100	ng/mL;	B)	or	
ddC	(0,	40,	80,	or	160	µg/mL;	D)	for	5	min	directly	before	addition	of	inflammasome	activators.	Then,	the	
cells	were	 stimulated	with	m-3M3FBS	 (85	µM,	blue	bars)	 or	 thapsigargin	 (20	µM,	magenta	bars)	 in	 an	
extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	
7.4.	The	untreated	 controls	 (grey	bars)	were	 subjected	 to	medium	alone.	 Immediately	 after	 addition	of	
inflammasome	activators,	 the	plates	were	centrifuged	at	340	´	g	 for	5	min	(RT).	After	30	min,	 the	cells	
were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	
widefield	fluorescence	microscope.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

None	 of	 the	 tested	 inflammasome	 stimulations	 were	 affected	 by	 the	 2-h	 or	 5-min	

treatments	with	 EtBr/ddC	 (Figures	 8.7-8.9),	 indicating	 that	 these	 compounds	 are	 not	

direct	AIM2/NLRP3/NLRP10	inhibitors.	Instead,	these	results	support	the	model	where	

EtBr	 and	 ddC	 inhibit	 the	 m-3M3FBS-	 and	 thapsigargin-driven	 AIM2	 activation	 by	

depleting	mtDNA	over	the	period	of	several	days.	
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8.6.	 mtDNA	 is	 not	 required	 for	 the	 NLRP3	 activation	 with	 the	 mitochondria-

targeting	compound	R837	(imiquimod)	

	

The	 observation	 that	 mtDNA	 depletion	 with	 EtBr/ddC	 had	 essentially	 no	 inhibitory	

effect	 on	 the	NLRP3	 activation	with	 nigericin	was	 surprising	 because	multiple	 earlier	

studies	argued	that	mtDNA	 is	 indispensable	 for	 the	K+	efflux-driven	NLRP3	responses.	

Still,	 several	 other	 reports	 proposed	models	 of	 NLRP3	 activation	 that	 do	 not	 involve	

mitochondrial	 damage,	 even	 if	 they	 do	 not	 directly	 contradict	 the	 mitochondrial	

scenario	(Chen	and	Chen,	2018;	He	et	al.,	2016;	Samir	et	al.,	2019).	With	that	in	mind,	I	

went	on	to	examine	how	mtDNA	depletion	would	affect	the	NLRP3	activation	with	R837,	

an	NLRP3	activator	with	a	proven	mitochondrial	mechanism	of	action	(Groß	et	al.,	2016)	

(Figure	8.10).	

	

	
Figure	 8.10.	 The	 NLRP3	 responses	 to	 R837	 (imiquimod)	 in	 mtDNA-depleted	 WT	 iMac	 and	
NLRP3/ASCmCerulean	reporter	iMac	cells	
A-B:	WT	iMac	cells	(A)	or	NLRP3/ASCmCerulean	reporter	iMac	cells	(B)	were	plated	in	96-well	plates	at	2.5	´	
103	cells	per	well,	or	~7.8	´	103	cells/cm2	and	grown	for	72-96	h	in	DMEM	supplemented	with	10%	FBS,	
penicillin,	 streptomycin,	 1	mM	sodium	pyruvate	 and,	where	 indicated,	EtBr	 (50	or	75	ng/mL;	A,	B,	 left	
panels)	or	ddC	(40	or	80	µg/mL;	A,	B,	right	panels).	After	reaching	confluence,	the	cells	were	LPS-primed	
(200	 ng/mL,	 2	 h)	 and	 stimulated	 with	 inflammasome	 activators	 (A),	 or	 directly	 stimulated	 with	
inflammasome	activators	(B)	in	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	
CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	tested	inflammasome	activators	were	m-3M3FBS	(85	µM),	R837	
(20	µg/mL),	nigericin	 (10	µM),	 and	poly-(dA:dT)	 (2	µg/mL	complexed	with	5	µL	Lipofectamine	2000).	
The	LPS	(A)	and	unprimed	(A,	B)	controls	were	subjected	to	medium	alone.	Immediately	after	addition	of	
inflammasome	 activators,	 the	 plates	 were	 centrifuged	 at	 340	 ´	 g	 for	 5	 min	 (RT).	 After	 60	 min,	 the	
supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF	(A)	or	the	cells	were	fixed	
with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	
fluorescence	microscope	(B).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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mtDNA	 depletion	 did	 not	 consistently	 inhibit	 the	 NLRP3	 activation	 with	 R837.	 EtBr	

treatment	resulted	in	inhibition	of	IL-1b	secretion	from	R837-treated	WT	iMac	cells,	but	

this	decrease	was	not	observed	in	cells	treated	with	ddC	(Figure	8.10	A).	Furthermore,	

ASC	 speck	 formation	 in	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 stimulated	 with	 R837	

was	not	inhibited	by	either	of	the	mtDNA	depleting	agents	(Figure	8.10	B).	Importantly,	

the	m-3M3FBS-driven	activation	of	 the	AIM2	 inflammasome	was	completely	abolished	

in	both	 the	EtBr-	 and	 the	ddC-treated	 cells,	 confirming	 that	 the	mtDNA	depletion	was	

efficient.	Neither	EtBr	nor	ddC	affected	the	NLRP3	activation	with	nigericin	or	the	AIM2	

activation	 with	 poly-(dA:dT),	 which	 was	 consistent	 with	 my	 previous	 observations	

(Section	 8.2).	 Based	 on	 these	 results,	 it	 appears	 that	 mtDNA	 is	 not	 required	 for	 the	

NLRP3	activation	with	R837.	

	

The	evidence	presented	so	far	 implies	that	mtDNA	may	not	be	directly	 involved	in	the	

NLRP3	inflammasome	activation	but	does	not	disprove	the	possibility	that	mitochondria	

as	organelles	play	a	role	 in	 this	process.	mtDNA	depletion	does	not	result	 in	complete	

loss	 of	 the	 organelles,	 as	mtDNA	 is	 not	 directly	 involved	 in	mitochondrial	 biogenesis	

(Luo	 et	 al.,	 2013;	 Nacarelli	 et	 al.,	 2014).	 Taking	 this	 into	 account,	 a	 sensible	

interpretation	of	my	data	allows	for	the	following	conclusions:	

1.	mtDNA	can	act	as	an	AIM2	inflammasome	agonist	when	exposed	to	the	cytosol.	

2.	Depletion	of	mtDNA	to	an	extent	that	completely	abolishes	mtDNA	sensing	by	

AIM2	is	not	sufficient	to	inhibit	the	activation	of	the	NLRP3	inflammasome.	

In	this	light,	it	is	unlikely	that	mtDNA	serves	as	a	ligand	of	NLRP3.	

	

In	the	remaining	part	of	this	Chapter	I	will	elaborate	on	two	topics.	First,	I	will	attempt	

to	 reconcile	 the	 observation	 that	m-3M3FBS	 and	 thapsigargin	 are	 both	mitochondria-

damaging	 agents	 but	 not	 NLRP3	 activators	 with	 the	 notion	 that	 mitochondrial	

disruption	could	be	involved	in	the	NLRP3	activation.	Then,	I	will	present	the	evidence	

suggesting	that	in	murine	macrophages,	the	only	inflammasome	directly	responding	to	

cytosolic	DNA	is	AIM2.	
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8.7.	 Interference	 between	 the	 signaling	 cascades	 elicited	 by	 the	 inflammasome	

activators	m-3M3FBS,	thapsigargin,	and	nigericin	

	

My	previous	data	demonstrated	that	the	AIM2	activators	poly-(dA:dT),	m-3M3FBS,	and	

thapsigargin	 lead	 to	 ASC	 speck	 formation	 at	 an	 earlier	 time	 point	 than	 the	 NLRP3	

activator	 nigericin	 does	 (Section	 6.13).	 In	 contrast	 to	 m-3M3FBS	 and	 thapsigargin,	

nigericin	did	not	cause	a	leakage	of	fluorescent	proteins	from	the	mitochondrial	matrix	

to	the	cytosol,	indicating	that	the	events	in	cells	treated	with	nigericin	are	distinct	from	

those	 observed	 upon	 treatment	 with	 thapsigargin/m-3M3FBS.	 This	 opens	 up	 the	

possibility	that	the	damage	inflicted	by	m-3M3FBS	or	thapsigargin	could	inhibit	NLRP3	

activation.	To	test	this	hypothesis,	I	pre-treated	LPS-primed	Aim2CRISPR	iMac	cells	stably	

transduced	with	the	control	vector	with	m-3M3FBS	or	thapsigargin	and	then	stimulated	

them	with	nigericin	(Figure	8.11	A).	 I	assessed	the	degree	of	 inflammasome	activation	

by	measuring	the	concentrations	of	secreted	IL-1b	(Figure	8.11	B).		

	

	
Figure	8.11.	 Influence	of	 the	AIM2/NLRP10	activators	m-3M3FBS	and	thapsigargin	on	the	NLRP3	
inflammasome	response	to	nigericin	
A:	Schematic	overview	of	the	experimental	protocol.	
B-E:	LPS-primed	(200	ng/mL,	2	h)	Aim2CRISPR	iMac	cells	stably	transduced	with	the	empty	vector	(B),	WT	
human	(h)	AIM2	(C),	or	WT	hNLRP10	(D),	or	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(E)	were	shifted	
to	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	
pH	7.4	and	treated	for	10	min	with	m-3M3FBS	(m-3;	65	or	85	µM),	thapsigargin	(T;	10	or	20	µM),	or	they	
were	 left	 untreated	 (the	 first	 treatment,	 indicated	 as	 1st	 in	 the	 figure	 panels).	 Immediately	 after	
administration	of	m-3M3FBS	and	thapsigargin,	the	cells	were	centrifuged	at	340	´	g	for	5	min	(RT).	Then	
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the	cells	were	stimulated	with	nigericin	(N;	10	µM),	or	with	m-3M3FBS	(85	µM)	or	thapsigargin	(20	µM;	
control	 treatments).	 Unstimulated	 controls	 were	 subjected	 to	 medium	 alone	 (the	 second	 treatment,	
indicated	as	2nd	 in	 the	 figure	panels).	 Immediately	after	administration	of	 the	 second	set	of	 stimuli,	 the	
cells	were	centrifuged	at	340	´	g	for	2	min	(RT).	After	60	min,	the	supernatants	were	collected	and	IL-1b	
concentrations	were	measured	by	HTRF.	
The	results	are	plotted	as	means	from	4	independent	experiments	performed	in	technical	triplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	triplicate	values	from	each	of	
the	independent	experiments.	
	

AIM2-deficient	 macrophages	 cannot	 activate	 the	 inflammasome	 in	 response	 to	 m-

3M3FBS	or	thapsigargin,	but	all	events	upstream	of	AIM2	activation	are	expected	to	be	

uninterrupted.	Consequently,	 the	 impact	of	m-3M3FBS	and	thapsigargin	on	the	NLRP3	

activation	by	nigericin	can	be	examined	in	the	absence	of	parallel	AIM2	activation.	WT	

iMac	and	Aim2CRISPR	iMac	cells	overexpressing	human	AIM2	or	human	NLRP10	served	as	

control	conditions	in	this	experiment	(Figure	8.11	C-E).	

	

In	Aim2CRISPR	 iMac	cells	 transduced	with	 the	control	vector,	 the	pre-treatment	with	m-

3M3FBS	almost	completely	abolished	the	NLRP3	activation	by	nigericin.	In	contrast,	20	

µM	thapsigargin	(the	concentration	used	for	AIM2	activation)	was	only	a	partial	NLRP3	

inhibitor	(Figure	8.11	B).	In	WT	iMac	and	in	Aim2CRISPR	iMac	cells	overexpressing	human	

AIM2	 or	 human	 NLRP10,	 the	m-3M3FBS-mediated	 inhibition	 of	 NLRP3	 could	 not	 be	

detected,	 presumably	 because	 the	 effect	 was	 concealed	 by	 the	 concurrent	

AIM2/NLRP10	 activation	 (Figure	 8.11	 C-E).	 Partial	 inhibition	 of	 inflammasome	

activation	 was	 observed	 upon	 thapsigargin	 pre-treatment	 of	 Aim2CRISPR	 cells	

overexpressing	 human	 NLRP10	 and	 stimulated	 with	 nigericin	 (Figure	 8.11	 D),	

suggesting	that	there	may	be	negative	interference	between	these	two	triggers.	

	

The	results	presented	in	Figure	8.11	indicate	that	some	of	the	cellular	events	elicited	by	

m-3M3FBS	and	thapsigargin	negatively	affect	the	NLRP3	activation	by	nigericin.	Could	a	

reverse	 scenario	 also	 be	 true?	 To	 determine	 whether	 nigericin	 could	 inhibit	 the	

AIM2/NLRP10	responses	to	m-3M3FBS	and	thapsigargin,	I	pre-treated	LPS-primed	WT	

iMac,	 NLRP3/ASCmCerulean	 reporter	 iMac,	 and	 LPS-primed	 Aim2CRISPR	 iMac	 cells	

transduced	 with	 the	 control	 vector	 or	 human	 AIM2	 or	 NLRP10	 with	 nigericin	 in	 the	

presence	of	the	NLRP3	inhibitor	CRID3	(to	prevent	the	NLRP3-downstream	effects),	and	

then	stimulated	them	with	the	AIM2/NLRP10	activators	(Figure	8.12	A).	I	assessed	the	

level	of	inflammasome	activation	by	measuring	the	concentrations	of	secreted	IL-1b	and	

by	imaging	of	ASC	specks	(Figure	8.12	B-F).	
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Figure	8.12.	Impact	of	nigericin	on	the	AIM2	and	NLRP10	inflammasome	responses	to	m-3M3FBS	
and	thapsigargin	
A:	Schematic	overview	of	the	experimental	protocol.	
B-F:	LPS-primed	(200	ng/mL,	2	h)	Aim2CRISPR	iMac	cells	stably	transduced	with	the	empty	vector	(B),	WT	
human	 (h)	 AIM2	 (C),	 or	 WT	 hNLRP10	 (D),	 LPS-primed	 (200	 ng/mL,	 2	 h)	 WT	 iMac	 cells	 (E),	 or	
NLRP3/ASCmCerulean	reporter	iMac	cells	(F)	were	shifted	to	an	extracellular	medium	consisting	of	(in	mM)	
123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4	containing	the	NLRP3	inhibitor	CRID3	(5	
µM;	blue	bars)	or	vehicle	(ethanol;	grey	bars)	and	treated	 for	10	min	with	nigericin	(N;	5	or	10	µM)	or	
they	 were	 left	 untreated	 (the	 first	 treatment,	 indicated	 as	 1st	 in	 the	 figure	 panels).	 Immediately	 after	
administration	 of	 nigericin,	 the	 cells	 were	 centrifuged	 at	 340	´	 g	 for	 5	min	 (RT).	 Then	 the	 cells	 were	
stimulated	with	m-3M3FBS	(m-3;	85	µM)	or	 thapsigargin	 (T;	20	µM),	or	with	nigericin	 (10	µM;	control	
treatment).	Unstimulated	controls	were	subjected	 to	medium	alone	 (the	second	 treatment,	 indicated	as	
2nd	 in	 the	 figure	 panels).	 Immediately	 after	 administration	 of	 the	 second	 set	 of	 stimuli,	 the	 cells	 were	
centrifuged	 at	 340	 ´	 g	 for	 2	 min	 (RT).	 After	 60	 min,	 the	 supernatants	 were	 collected	 and	 IL-1b	
concentrations	 were	 measured	 by	 HTRF	 (B-E)	 or	 the	 cells	 were	 fixed	 with	 4%	 formaldehyde,	
counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope	
(F).	
The	results	are	plotted	as	means	from	4	independent	experiments	performed	in	technical	triplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	triplicate	values	from	each	of	
the	independent	experiments.	
	

The	 nigericin	 pre-treatment	 (in	 the	 presence	 of	 CRID3)	 fully	 inhibited	 the	 NLRP10	

response	 to	 thapsigargin	 and	 partially	 –	 to	 m-3M3FBS	 (Figure	 8.12	 D).	 The	 AIM2	

response	to	m-3M3FBS	was	not	inhibited	by	nigericin,	whereas	the	thapsigargin-driven	

AIM2	activation	was	inhibited	only	partially	(Figure	8.12	C,	E,	F).	These	results	indicate	

that	the	thapsigargin-triggered	pathway	of	AIM2/NLRP10	activation	may	be	sensitive	to	

the	loss	of	intracellular	K+	ions.	
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An	unexpected	observation	 in	Aim2CRISPR	 iMac	cells	 transduced	with	the	control	vector	

was	that	m-3M3FBS	was	able	to	fully	inhibit	the	NLRP3	response	to	nigericin	even	when	

it	 was	 administered	 after	 nigericin	 (Figure	 8.12	 B).	 Partial	 interference	 between	

nigericin	and	thapsigargin	was	also	observed	when	thapsigargin	was	administered	after	

nigericin	(Figure	8.12	B).	

	

To	 explore	 in	 more	 detail	 how	 various	 NLRP3	 agonists	 could	 impact	 on	 the	

AIM2/NLRP10	responses	 to	m-3M3FBS/thapsigargin,	 I	pre-treated	NLRP3/ASCmCerulean	

reporter	 iMac	 cells,	 LPS-primed	 WT	 iMac	 cells,	 or	 NLRP10mCitrine/ASCTagBFP	 HEK	 cells	

with	nigericin	in	the	presence	of	CRID3	(Figure	8.13),	valinomycin	(Figure	8.14),	R837	

(Figure	8.15),	or	Leu-Leu-O-Me	in	the	presence	or	absence	of	CRID3	(Figure	8.16),	and	

then	stimulated	them	with	the	AIM2/NLRP10	activators.	The	stimuli	used	here	as	pre-

treatments	 cover	 a	 broad	 range	 of	 NLRP3	 activation	 mechanisms.	 Nigericin	 and	

valinomycin	 are	 both	 K+	 ionophores	 (Prochnicki	 et	 al.,	 2016).	 Nigericin	mediates	 fast	

electroneutral	K+	efflux	and	is	a	strong	NLRP3	agonist,	whereas	valinomycin-driven	K+	

efflux	 is	 electrogenic,	 leading	 to	 only	 negligible	 levels	 of	NLRP3	 activation	 (Perregaux	

and	 Gabel,	 1994)	 (Figure	 8.14).	 R837	 is	 an	 inhibitor	 of	 the	 mitochondrial	 electron	

transport	chain	complex	I	and	is	reported	to	trigger	NLRP3	activation	independently	of	

K+	efflux	(Groß	et	al.,	2016).	Finally,	Leu-Leu-O-Me	is	a	dipeptide	that	gets	processed	by	

lysosomal	cathepsins	yielding	toxic	intermediates	that	cause	a	leakage	of	the	lysosomal	

contents	(Hornung	et	al.,	2008;	Thiele	and	Lipsky,	1985;	1990).	Of	note,	this	process	has	

been	shown	to	activate	the	NLRP3	inflammasome	through	K+	efflux	(Muñoz-Planillo	et	

al.,	2013).	
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Figure	8.13.	Impact	of	nigericin	in	the	presence	of	CRID3	on	the	AIM2	and	NLRP10	inflammasome	
responses	to	m-3M3FBS	and	thapsigargin	
A-D:	 LPS-primed	 (200	 ng/mL,	 2	 h)	 WT	 iMac	 cells	 (A),	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (B),	
NLRP10mCitrine/ASCTagBFP	 HEK	 cells	 (C),	 and	 NLRP10mCherry/ASCmCerulean	 HEK	 cells	 (D)	 were	 shifted	 to	 an	
extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4	
and	supplemented	with	5	µM	CRID3	and	then	treated	for	10	min	with	nigericin	(Nig;	0,	5,	10,	or	20	µM).	
Then	the	cells	were	subjected	to	the	inflammasome	activators	m-3M3FBS	(85	µM),	thapsigargin	(20	µM),	
nigericin	(10	µM)	or	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000).	The	LPS	(A)	and	
unprimed	(A-D)	controls	were	subjected	to	medium	alone.	 Immediately	after	addition	of	 inflammasome	
activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	(C,	D)	or	60	min	(A,	B),	the	
supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF	(A)	or	the	cells	were	fixed	
with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	
fluorescence	microscope	(B-D).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Figure	 8.14.	 Impact	 of	 valinomycin	 on	 the	 AIM2	 and	 NLRP10	 inflammasome	 responses	 to	m-
3M3FBS	and	thapsigargin	
A-D:	 LPS-primed	 (200	 ng/mL,	 2	 h)	 WT	 iMac	 cells	 (A),	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (B),	
NLRP10mCitrine/ASCTagBFP	 HEK	 cells	 (C),	 and	 NLRP10mCherry/ASCmCerulean	 HEK	 cells	 (D)	 were	 shifted	 to	 an	
extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4	
and	then	treated	for	10	min	with	valinomycin	(Val;	0,	5,	10,	or	15	µM).	Then	the	cells	were	subjected	to	
the	 inflammasome	 activators	 m-3M3FBS	 (85	 µM),	 thapsigargin	 (20	 µM),	 nigericin	 (10	 µM)	 or	 poly-
(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000).	The	LPS	(A)	and	unprimed	(A-D)	controls	
were	subjected	to	medium	alone.	Immediately	after	addition	of	inflammasome	activators,	the	plates	were	
centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	(C,	D)	or	60	min	(A,	B),	the	supernatants	were	collected	
and	 IL-1b	 concentrations	were	measured	 by	 HTRF	 (A)	 or	 the	 cells	were	 fixed	with	 4%	 formaldehyde,	
counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope	
(B-D).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Figure	8.15.	Impact	of	R837	(imiquimod)	on	the	AIM2	and	NLRP10	inflammasome	responses	to	m-
3M3FBS	and	thapsigargin	
A-D:	LPS-primed	 (200	 ng/mL,	 2	 h)	WT	 iMac	 cells	 (A),	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (B),	 and	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(C)	were	shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	
NaCl,	 5	 KCl,	 2	 MgCl2,	 1	 CaCl2,	 10	 glucose,	 10	 HEPES,	 pH	 7.4	 and	 then	 treated	 for	 10	 min	 with	 R837	
(imiquimod;	 0,	 5,	 10,	 or	 25	µg/mL).	 Then	 the	 cells	were	 subjected	 to	 the	 inflammasome	 activators	m-
3M3FBS	(85	µM),	thapsigargin	(20	µM),	nigericin	(10	µM)	or	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	
Lipofectamine	 2000).	 The	 LPS	 (A)	 and	 unprimed	 (A-C)	 controls	 were	 subjected	 to	 medium	 alone.	
Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	
(RT).	After	30	min	(C)	or	60	min	(A,	B),	the	supernatants	were	collected	and	IL-1b	concentrations	were	
measured	by	HTRF	(A)	or	the	cells	were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	
DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope	(B,	C).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Figure	 8.16.	 Impact	 of	 the	 Leu-Leu-O-Me	 in	 the	 presence	 or	 absence	 of	 CRID3	 on	 the	 AIM2	 and	
NLRP10	inflammasome	responses	to	m-3M3FBS	and	thapsigargin	
A-D:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A,	B),	NLRP3/ASCmCerulean	reporter	iMac	cells	(C,	D),	and	
NLRP10mCitrine/ASCTagBFP	HEK	cells	 (E,	F)	were	 shifted	 to	an	extracellular	medium	consisting	of	 (in	mM)	
123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4	and	supplemented	with	5	µM	CRID3	(B,	D,	
F)	or	vehicle	(ethanol;	A,	C,	E)	and	then	treated	for	10	min	with	Leu-Leu-O-Me	(LLOMe;	0,	0.5,	1,	or	2.5	
mM).	Then	the	cells	were	subjected	to	the	inflammasome	activators	m-3M3FBS	(85	µM),	thapsigargin	(20	
µM),	nigericin	(10	µM)	or	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000).	The	LPS	(A,	
B)	 and	 unprimed	 (A-F)	 controls	 were	 subjected	 to	 medium	 alone.	 Immediately	 after	 addition	 of	
inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	(E,	F)	or	60	
min	(A-D),	 the	supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF	(A,	B)	or	
the	 cells	 were	 fixed	 with	 4%	 formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	
imaged	using	a	widefield	fluorescence	microscope	(C-F).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Among	the	tested	NLRP3	agonists,	R837	did	not	inhibit	the	AIM2	and	NLRP10	responses	

(Figure	 8.15).	 High	 concentrations	 (1	mM	 and	 2.5	mM)	 of	 Leu-Leu-O-Me	 caused	 non-

specific	 inhibition	 of	 all	 tested	 inflammasome	 responses	 on	 the	 level	 of	 IL-1b	 release,	

including	 the	 NLRP3	 activation	 by	 nigericin.	 This	 inhibitory	 effect	 was	 observed	

regardless	of	 the	presence	of	CRID3	 in	 the	stimulation	medium	(Figure	8.16	A,	B)	and	

was	 consistent	 with	 the	 report	 that	 high	 doses	 of	 Leu-Leu-O-Me	 are	 toxic	 and	 block	

NLRP3	activation	(Katsnelson	et	al.,	2016).	The	pan-inflammasome-blocking	activity	of	

Leu-Leu-O-Me	was	less	pronounced	in	macrophages	on	the	level	of	ASC	speck	formation	

(Figure	8.16	C,	D)	and	completely	absent	 in	NLRP10mCitrine/ASCTagBFP	HEK	cells	 (Figure	

8.16	E,	F),	despite	the	fact	that	Leu-Leu-O-Me	elicited	robust	 lysosomal	damage	in	this	

cell	type	(Supplementary	Figure	S30).	Importantly,	Leu-Leu-O-Me	alone	did	not	activate	

the	 NLRP10	 inflammasome	 (Figure	 8.16	 E,	 F),	 and	 neither	 did	 other	 treatments	 that	

disrupt	 the	 ER/endolysosomal	 compartment	 (Supplementary	 Figure	 S31).	 An	

interpretation	 of	 these	 observations	 could	 be	 that	 NLRP10	 activation	 can	 proceed	

undisturbed	in	cells	undergoing	lysosomal	damage.	Another	possible	explanation	is	that	

in	my	experimental	setup	the	m-3M3FBS-	and	thapsigargin-induced	events	were	simply	

faster	than	the	damage	triggered	by	Leu-Leu-O-Me.	

	

In	 agreement	 with	 my	 earlier	 observations	 (Figure	 8.12	 D),	 both	 nigericin	 and	

valinomycin	 were	 strong	 inhibitors	 of	 the	 NLRP10	 response	 to	 thapsigargin	 in	

NLRP10mCitrine/ASCTagBFP	 HEK	 cells	 (Figures	 8.13	 C,	 D	 and	 8.14	 C,	 D),	 whereas	 the	

response	 to	m-3M3FBS	was	 only	minorly	 affected.	 In	macrophages,	 a	 slight	 K+	 efflux-

mediated	 inhibition	of	 the	AIM2	response	 to	 thapsigargin	was	also	observed,	whereas	

the	 AIM2	 activation	 by	 m-3M3FBS	 was	 not	 sensitive	 to	 nigericin	 and	 valinomycin	

(Figures	8.13	A,	B	and	8.14	A,	B).	Notably,	none	of	the	NLRP3	agonists	tested	here	were	

able	to	activate	NLRP10	in	NLRP10mCitrine/ASCTagBFP	HEK	cells.	This	observation	further	

confirms	 that	 the	 NLRP3	 and	 NLRP10	 activation	 pathways	 are	 distinct	 sequences	 of	

events.	

	

How	 do	 the	 results	 above	 fit	 into	 the	 models	 proposing	 that	 NLRP3	 is	 activated	 by	

mitochondrial	damage?	First,	m-3M3FBS	and,	to	a	lesser	extent,	thapsigargin	appear	to	

mediate	 fast	 inhibition	 of	 NLRP3	 activation.	 It	 is	 difficult	 to	 propose	 what	 the	
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mechanism	 behind	 it	 could	 be5,	 but	 the	 possible	 consequence	 is	 that	 any	 NLRP3-

activating	 events	 occurring	 in	 m-3M3FBS-/thapsigargin-treated	 cells	 may	 be	

counteracted	by	the	overall	inhibitory	effect.	As	the	signaling	events	triggered	by	NLRP3	

agonists	 do	 not	 activate	 AIM2	 and	 NLRP10,	 it	 remains	 possible	 that	 the	 NLRP3	

activators	 affect	 a	 different	 mitochondrial	 subcompartment	 than	 do	 m-3M3FBS	 and	

thapsigargin	do,	or	that	they	target	the	same	subcompartment	in	a	different	way.	

	

8.8.	 Oxidized	 dsDNA	 activates	 the	 inflammasome	 in	 an	 AIM2-dependent	 but	

NLRP3-independent	manner	

	

I	 have	 demonstrated	 that	 the	 cytosolic	 exposure	 of	 the	 macrophage	 mitochondrial	

matrix	 contents	 leads	 to	 mtDNA-dependent	 AIM2	 inflammasome	 activation,	 that	

depletion	 of	 mtDNA	 does	 not	 inhibit	 activation	 of	 the	 NLRP3	 and	 NLRP10	

inflammasomes,	and	that	m-3M3FBS	and	thapsigargin	negatively	interfere	with	NLRP3	

activation6.	 Where	 do	 these	 observations	 leave	 the	model	 of	 direct	 NLRP3	 activation	

with	oxidized	mtDNA	(Nakahira	et	al.,	2010;	Shimada	et	al.,	2012;	Zhong	et	al.,	2018)?	

	

To	address	this	question,	I	generated	(ox-)dsDNA	fragments	in	a	series	of	PCR	reactions	

in	the	presence	of	increasing	concentrations	of	8-oxo-dGTP.	(8-oxo-guanine	is	the	most	

common	 oxidative	 modification	 of	 DNA	 (Kanvah	 et	 al.,	 2010).)	 I	 confirmed	 the	

incorporation	 of	 oxidized	 nucleotide	 residues	 into	 the	 PCR	 products	 by	 fluorescence	

microscopy,	 using	 an	 anti-8-oxo-dG	antibody	 (Figure	8.17).	The	 images	 in	Figure	8.17	

show	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 transfected	 with	 complexes	 of	 PCR-

generated	 (ox-)dsDNA	with	 Lipofectamine	 2000.	 Unexpectedly,	 the	 8-oxo-dG	 staining	

had	 a	 very	 high	 intracellular	 background	 signal.	 Nevertheless,	 examination	 of	 the	

extracellular	DNA-Lipofectamine	2000	complexes	allows	for	the	conclusion	that	8-oxo-

dG	is	incorporated	into	the	PCR	products	when	8-oxo-dGTP	is	present	in	the	PCR	mixes.	

By	far	the	highest	level	of	8-oxo-dG	was	detected	in	the	PCR	products	generated	in	the	

presence	of	0.5	mM	8-oxo-dGTP	(Figure	8.17).	

	
5	One	 culprit	 would	 be	 an	 increase	 in	 the	 cytosolic	 Ca2+	 concentration.	 Even	 though	 I	 did	 not	 directly	
address	 this	 issue	 in	my	 thesis,	 both	 thapsigargin	 and	m-3M3FBS	 are	 expected	 to	 produce	 Ca2+	 fluxes,	
respectively	through	the	inhibition	of	the	SERCA	Ca2+	pump	or	the	activation	of	IP3Rs	in	the	ER	membrane.	
Katsnelson	et	al.	(2016)	demonstrated	that	elevated	cytosolic	Ca2+	concentrations	may	interfere	with	the	
NLRP3	inflammasome	activation,	which	I	also	observed	here	(Figure	6.18).	
6	Of	note,	the	observation	that	m-3M3FBS	and	thapsigargin	impede	NLRP3	activation	does	not	necessarily	
mean	that	this	effect	relies	on	the	IMM	disruption.	
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Figure	 8.17.	 Confirmation	 of	 the	 incorporation	 of	 8-oxo-dG	 into	 the	 PCR	 reaction	 products	
generated	in	the	presence	of	8-oxo-dGTP	
NLRP3/ASCmCerulean	reporter	iMac	cells	plated	in	a	96-well	plate	were	shifted	to	an	extracellular	medium	
consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4	supplemented	with	
VX-765	(caspase-1	inhibitor;	40	µM)	and	transfected	with	the	following	DNA	species:	dsDNA	products	of	
PCR	performed	 in	 the	presence	of	0,	0.1,	0.2,	or	0.5	mM	8-oxo-dGTP,	poly-(dA:dT),	or	plasmid	DNA.	All	
tested	 DNA	 species	 were	 administered	 at	 100	 ng/well,	 complexed	 with	 0.25	 µL	 Lipofectamine	 2000	
transfection	reagent	(corresponding	to	1	µg/mL	DNA	complexed	with	2.5	µL	Lipofectamine	2000).	DNA-
free	and	secondary	(2°)	antibody	controls	were	subjected	to	medium	alone.	Immediately	after	addition	of	
DNA	transfection	complexes,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	60	min,	the	cells	
were	 fixed	 with	 4%	 formaldehyde,	 stained	 for	 oxidized	 DNA	 with	 an	 anti-8-oxo-dG	 antibody,	
counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM;	 DRAQ5	 also	 stains	 DNA	 within	 transfection	
complexes)	and	imaged	using	a	widefield	fluorescence	microscope.	
The	images	are	representative	of	3	independent	experiments.	Scale	bars	correspond	to	50	µm.	
	

I	 transfected	the	unoxidized	and	oxidized	PCR	products,	 in	 the	presence	or	absence	of	

the	 NLRP3	 inhibitor	 CRID3,	 into	 LPS-primed	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells,	

NLRP3-deficient	 (Nlrp3-/-)	 iMac	 cells,	 and	 Aim2CRISPR	 iMac	 cells	 transduced	 with	 the	

control	 vector	 or	 human	 or	 murine	 AIM2.	 Lipofectamine	 2000	 was	 the	 transfection	

reagent.	 I	 evaluated	 the	 degree	 of	 inflammasome	 activation	 by	 measuring	 the	

concentrations	 of	 secreted	 IL-1b	 (Figure	 8.18	 A,	 C-F)	 and	 by	 imaging	 of	 ASC	 specks	

(Figure	8.18	B).		
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Figure	8.18.	 Immortalized	murine	macrophage	inflammasome	responses	to	dsDNA	PCR	products	
containing	oxidative	modifications	
A-F:	 LPS-primed	 (200	 ng/mL,	 2	 h)	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (A,	 B),	 NLRP3-deficient					
(Nlrp3-/-)	iMac	cells	(C),	or	Aim2CRISPR	iMac	cells	stably	transduced	with	the	empty	vector	(D)	or	WT	human	
(h)	AIM2	(E)	or	WT	murine	(m)	Aim2	(F)	were	shifted	to	an	extracellular	medium	consisting	of	(in	mM)	
123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4,	supplemented	with	the	NLRP3	inhibitor	
CRID3	 (5	 µM;	 white	 bars)	 or	 vehicle	 (ethanol;	 grey	 bars).	 Next,	 the	 cells	 were	 stimulated	 with	 the	
following	agents:	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000),	dsDNA	PCR	products	
generated	 in	 the	 presence	 of	 0,	 0.1,	 0.2,	 or	 0.5	mM	8-oxo-dGTP	 (model	 oxidized	 dsDNA	molecules;	 1.5	
µg/mL	complexed	with	3.8	µL	Lipofectamine	2000),	nigericin	(10	µM),	or	m-3M3FBS	(85	µM).	The	LPS	
controls	were	 subjected	 to	medium	 alone.	 Immediately	 after	 addition	 of	 inflammasome	 activators,	 the	
plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	60	min,	the	supernatants	were	collected	and	IL-1b	
concentrations	 were	 measured	 by	 HTRF	 (A,	 C-F)	 or	 the	 cells	 were	 fixed	 with	 4%	 formaldehyde,	
counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope	
(B).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

For	an	(ox-)dsDNA	molecule	 to	be	designated	as	an	NLRP3	activator,	 it	would	have	 to	

fulfill	 two	 criteria.	 First,	 it	 would	 have	 to	 cause	 an	 inflammasome	 response	 of	 a	

substantial	 level	 in	 AIM2-deficient	 macrophages.	 Secondly,	 this	 response	 should	 be	

sensitive	to	CRID3.	As	demonstrated	in	Figure	8.18,	the	PCR	products	triggered	robust,	

CRID3-insensitive	inflammasome	responses	in	all	tested	cell	lines	(Figure	8.18	A-C,	E,	F)	

except	for	the	Aim2CRISPR	 iMac	cells	transduced	with	the	control	vector	(Figure	8.18	D).	

Neither	 the	 strength	nor	 the	CRID3	 sensitivity	 of	 these	 responses	were	dependent	 on	
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the	concentration	of	8-oxo-dGTP	used	for	dsDNA	generation.	This	observation	indicates	

that	 dsDNA	 molecules	 selectively	 activate	 the	 AIM2	 inflammasome	 regardless	 of	

whether	or	not	they	contain	oxidative	modifications7.	
	

Of	note,	very	 low	levels	of	 IL-1b	were	observed	 in	 the	supernatants	of	Aim2CRISPR	 iMac	

cells	 transduced	with	 the	 control	 vector	 and	 transfected	with	 the	 PCR	 products	 (250	

pg/mL,	more	than	a	90%	decrease	compared	to	Aim2CRISPR	iMac	cells	reconstituted	with	

human	 or	murine	 AIM2;	 Figure	 8.18	 D-F).	 Both	 the	 unoxidized	 and	 the	 oxidized	 PCR	

products	 led	 to	 the	 secretion	 of	 similar	 amounts	 of	 IL-1b.	 This	 IL-1b	 release	 was	

inhibited	 by	 CRID3,	 but	 the	 sensitivity	 to	 CRID3	was	 not	 dependent	 on	 the	 8-oxo-dG	

incorporation	 (Figure	8.18	D).	 Collectively,	 these	 results	 do	not	 provide	 evidence	 that	

the	NLRP3	 inflammasome	 could	 sense	ox-dsDNA.	Conversely,	 they	 support	 the	notion	

that,	 in	murine	macrophages,	the	inflammasome	responses	to	unoxidized	and	oxidized	

dsDNA	are	non-redundantly	dependent	on	AIM2.	

	

8.9.	Oxidized	ssDNA	is	not	an	activator	of	NLRP3	

	

In	ox-dsDNA,	the	oxidative	modifications	of	guanylate	residues	are	largely	hidden	inside	

of	 the	 double	 helix.	 To	 determine	 whether	 8-oxo-dG	 residues	 exposed	 in	 a	 single-

stranded	(ss)	DNA	molecule	could	activate	NLRP3,	I	generated	unmodified	and	oxidized	

ssDNA	 fragments8	by	 asymmetric	 PCR.	 In	 this	 reaction,	 one	 of	 the	 primers	 was	 5’-

phosphorylated.	The	products	were	subjected	to	digest	with	 lambda	exonuclease.	This	

enzyme	 hydrolyzes	 5’-phosphorylated,	 but	 not	 5’-unphosphorylated	 DNA	 strands	 in	

dsDNA	 molecules.	 The	 resulting	 ssDNA	 reaction	 products	 were	 electrophoretically	

separated	 from	 the	 residual	 dsDNA	 substrate	 and	 isolated	 from	 the	 agarose	 gel.	 I	

transfected	oxidized	and	unoxidized	dsDNA	and	ssDNA	PCR	products,	in	the	presence	or	

absence	 of	 CRID3,	 into	 LPS-primed	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells,	 NLRP3-

deficient	 (Nlrp3-/-)	 iMac	 cells,	 and	 Aim2CRISPR	 iMac	 cells	 transduced	 with	 the	 control	

vector	 or	 human	or	murine	AIM2.	 I	 assessed	 the	 level	 of	 inflammasome	 activation	by	

measuring	the	concentrations	of	secreted	IL-1b	 (Figure	8.19	A,	C-F)	and	by	 imaging	of	

ASC	specks	(Figure	8.19	B).	To	ensure	efficient	delivery	of	the	ssDNA	fragments	into	the	
	

7	This	is	consistent	with	the	report	by	Shimada	et	al.	(2012),	but	not	with	the	study	by	Zhong	et	al.	(2018),	
who	 recorded	 a	 more	 pronounced	 shift	 from	 the	 AIM2-mediated	 to	 the	 NLRP3-mediated	 sensing	 of	
oxDNA.	
8	Here,	 I	only	tested	the	PCR	products	generated	in	the	absence	of	8-oxo-dGTP	or	 in	the	presence	of	0.5	
mM	8-oxo-dGTP,	without	including	the	intermediate	concentrations	of	the	modified	nucleotide.	
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cells,	I	used	Lipofectamine	3000	with	the	P3000	reagent	as	a	transfection	agent	for	the	

PCR	 products.	 Poly-(dA:dT),	 the	 AIM2-specific	 control,	 was	 transfected	 using	

Lipofectamine	2000,	as	 in	all	other	experiments	discussed	 in	my	 thesis.	As	before,	 the	

criterium	 for	 designating	 a	 DNA	 molecule	 as	 an	 NLRP3	 activator	 was	 the	 ability	 to	

trigger	CRID3-sensitive	IL-1b	secretion	from	AIM2-deficient	cells.	

	

	
Figure	8.19.	 Immortalized	murine	macrophage	 inflammasome	responses	 to	ssDNA	PCR	products	
containing	oxidative	modifications	
A-F:	 LPS-primed	 (200	 ng/mL,	 2	 h)	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (A,	 B),	 NLRP3-deficient					
(Nlrp3-/-)	iMac	cells	(C),	or	Aim2CRISPR	iMac	cells	stably	transduced	with	the	empty	vector	(D)	or	WT	human	
(h)	AIM2	(E)	or	WT	murine	(m)	Aim2	(F)	were	shifted	to	an	extracellular	medium	consisting	of	(in	mM)	
123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4,	supplemented	with	the	NLRP3	inhibitor	
CRID3	 (5	 µM;	 white	 bars)	 or	 vehicle	 (ethanol;	 grey	 bars).	 Next,	 the	 cells	 were	 stimulated	 with	 the	
following	agents:	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000),	dsDNA	PCR	products	
generated	in	the	presence	of	0	or	0.5	mM	8-oxo-dGTP	(model	oxidized	[ox-]	dsDNA	molecules;	1	µg/mL	
complexed	 with	 2.5	 µL	 Lipofectamine	 3000	 and	 2	 µL	 of	 the	 P3000	 reagent),	 ssDNA	 PCR	 products	
generated	 in	 the	presence	of	0	or	0.5	mM	8-oxo-dGTP	and	subjected	to	 lambda	exonuclease	(model	ox-
ssDNA	molecules;	1	µg/mL	complexed	with	2.5	µL	Lipofectamine	3000	and	2	µL	of	the	P3000	reagent),	
nigericin	(10	µM),	or	m-3M3FBS	(85	µM).	The	LPS	controls	were	subjected	to	medium	alone.	Immediately	
after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	60	
min,	 the	supernatants	were	collected	and	 IL-1b	 concentrations	were	measured	by	HTRF	(A,	C-F)	or	 the	
cells	were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	
using	a	widefield	fluorescence	microscope	(B).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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This	 experiment	 yielded	 two	 striking	 observations.	 First,	 ssDNA	 fragments	 elicited	 an	

AIM2-dependent	 inflammasome	 response	 regardless	 of	 the	 presence	 of	 oxidative	

modifications	 (Figure	8.19).	The	strength	of	 the	response	 to	ssDNA	was	about	50%	of	

the	 response	 to	 dsDNA	 (Figure	 8.19	 A-C,	 E,	 F).	 A	 possible	 explanation	 of	 this	

phenomenon	 is	 the	 formation	 of	 secondary	 structures	 in	 the	 transfected	 ssDNA	

molecules,	 as	 the	 ssDNA	 PCR	 products	 were	 relatively	 large	 (approximately	 1000	

nucleotide	residues).	Secondly,	while	 the	 inflammasome	response	 to	poly-(dA:dT)	was	

completely	 abolished	 in	 AIM2-deficient	 iMac	 cells,	 transfection	 with	 dsDNA	 PCR	

products	 led	 to	 a	 weak	 CRID3-sensitive	 inflammasome	 response	 in	 Aim2CRISPR	 cells	

transduced	with	the	control	vector.	This	response	was	observed	both	for	the	unoxidized	

and	the	oxidized	dsDNA	molecules	(Figure	8.19	D).	This	observation	was	not	consistent	

with	the	result	presented	in	Figure	8.18,	and	it	is	difficult	to	explain	in	the	context	of	the	

current	knowledge.	The	only	difference	between	the	experimental	setups	in	Figures	8.18	

and	8.19	was	the	transfection	reagent	used	for	DNA	delivery.	Lipofectamine	2000	was	

used	 for	 the	dsDNA	PCR	product	delivery	 in	Figure	8.18,	whereas	Lipofectamine	3000	

with	 the	P3000	 reagent	 served	as	 a	 transfection	agent	 for	 the	dsDNA	and	 ssDNA	PCR	

products	 in	 Figure	 8.19.	 To	 test	whether	 the	 use	 of	 transfection	 reagent	 could	 be	 the	

source	of	discrepancy	between	my	results,	I	compared	the	relative	levels	of	the	NLRP3	

and	 AIM2	 inflammasome	 responses	 to	 dsDNA	 delivered	 with	 Lipofectamine	 2000	 or	

with	Lipofectamine	3000	combined	with	the	P3000	reagent.	
	

8.10.	DNA	complexed	with	Lipofectamine	3000	and	the	P3000	reagent	 is	a	weak	

NLRP3	activator	
	

Could	the	transfection	reagent	be	the	determining	factor	deciding	whether	only	AIM2	or	

both	 AIM2	 and	 NLRP3	 get	 activated	 upon	 the	 delivery	 of	 dsDNA	 into	 murine	

macrophages?	 To	 answer	 this	 question,	 I	 prepared	 transfection	 complexes	 of	

unmodified	 dsDNA,	 ox-dsDNA	 (PCR	 reaction	 products),	 and	 plasmid	 DNA	with	 either	

Lipofectamine	 2000	 or	 Lipofectamine	 3000	 and	 the	 P3000	 reagent.	 These	 complexes	

were	 then	administered	 to	Aim2CRISPR	 iMac	cells	 transduced	with	 the	control	vector	or	

human	AIM2,	or	to	NLRP3/ASCmCerulean	reporter	iMac	cells.	The	NLRP3	inhibitor	CRID3	

was	 used	 to	 establish	 whether	 the	 inflammasome	 activation	with	 a	 given	 stimulus	 is	

NLRP3-dependent.	I	assessed	the	degree	of	inflammasome	activation	by	measuring	the	

concentrations	of	secreted	IL-1b	(Figure	8.20	A-C)	and	by	imaging	of	ASC	specks	(Figure	

8.20	D).	



Chapter	8	
	

	 251	

	

	
Figure	 8.20.	 Comparison	 of	 the	 inflammasome	 responses	 to	 unoxidized	 and	 oxidized	 dsDNA	
molecules	 delivered	 into	 immortalized	 murine	 macrophages	 using	 Lipofectamine	 2000	 or	
Lipofectamine	3000	with	the	P3000	reagent	
A-D:	LPS-primed	(200	ng/mL,	2	h)	Aim2CRISPR	 iMac	cells	stably	transduced	with	the	empty	vector	(A)	or	
WT	human	(h)	AIM2	(B),	or	LPS-primed	(200	ng/mL,	2	h)	NLRP3/ASCmCerulean	reporter	 iMac	cells	(C,	D)	
were	 shifted	 to	 an	 extracellular	 medium	 consisting	 of	 (in	 mM)	 123	 NaCl,	 5	 KCl,	 2	 MgCl2,	 1	 CaCl2,	 10	
glucose,	10	HEPES	pH	7.4,	supplemented	with	the	NLRP3	inhibitor	CRID3	(5	µM;	white	bars)	or	vehicle	
(ethanol;	grey	bars).	Next,	the	cells	were	stimulated	with	the	following	agents:	plasmid	(p)	DNA	(2	µg/mL	
complexed	 either	 with	 5	 µL	 Lipofectamine	 2000	 or	 5	 µL	 Lipofectamine	 3000	 and	 4	 µL	 of	 the	 P3000	
reagent),	dsDNA	PCR	products	generated	in	the	presence	of	0	or	0.5	mM	8-oxo-dGTP	(1	µg/mL	complexed	
either	with	2.5	µL	Lipofectamine	2000	or	2.5	µL	Lipofectamine	3000	and	2	µL	of	the	P3000	reagent),	or	
nigericin	 (10	 µM).	 The	 LPS	 controls	 were	 subjected	 to	 medium	 alone.	 Immediately	 after	 addition	 of	
inflammasome	 activators,	 the	 plates	 were	 centrifuged	 at	 340	 ´	 g	 for	 5	 min	 (RT).	 After	 60	 min,	 the	
supernatants	were	 collected	and	 IL-1b	 concentrations	were	measured	by	HTRF	 (A-C)	or	 the	 cells	were	
fixed	with	 4%	 formaldehyde,	 counterstained	with	 the	 nuclear	 dye	 DRAQ5	 (5	µM)	 and	 imaged	 using	 a	
widefield	fluorescence	microscope	(D).	
The	results	are	plotted	as	means	from	2	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Strikingly,	but	in	agreement	with	the	results	presented	in	Figures	8.18	and	8.19,	dsDNA	

complexes	with	Lipofectamine	3000	and	the	P3000	reagent	were	capable	of	eliciting	a	

weak	NLRP3	 inflammasome	 response	 in	AIM2-deficient	macrophages	 (Figure	8.20	A).	

This	response	was	not	dependent	on	the	oxidative	modifications	as	both	the	unoxidized	

and	 the	 oxidized	 PCR	 products	 triggered	 the	 release	 of	 similar	 amounts	 of	 IL-1b.	

Accordingly,	 plasmid	 DNA,	 which	 does	 not	 appear	 to	 be	 oxidized	 (Figure	 8.17),	 also	

elicited	this	NLRP3	inflammasome	response	when	delivered	using	Lipofectamine	3000	

and	 the	 P3000	 reagent.	 In	 contrast,	 complexes	 of	 dsDNA	 (PCR	 products	 and	 plasmid	

DNA)	 with	 Lipofectamine	 2000	 could	 not	 activate	 the	 NLRP3	 inflammasome	 (Figure	

8.20	 A).	 All	 of	 the	 tested	 DNA	 transfection	 complexes	 activated	 the	 inflammasome	 in	

AIM2-proficient	cells	(Figure	8.20	B-D)	in	a	manner	not	sensitive	to	CRID3,	confirming	

efficient	DNA	delivery	under	the	conditions	of	the	experiment.	Based	on	these	results,	a	

cautious	conclusion	could	be	drawn	that	DNA	complexes	with	Lipofectamine	2000	are	

exclusively	 activating	 the	 AIM2	 inflammasome,	 whereas	 DNA	 complexes	 with	

Lipofectamine	3000	and	the	P3000	reagent	have	a	strong	AIM2-triggering	activity	and	a	

low	 NLRP3-triggering	 activity.	 Importantly,	 the	 oxidative	 modifications	 in	 the	 tested	

DNA	molecules	had	no	impact	on	which	inflammasome	was	activated.	

	

None	 of	 my	 observations	 support	 the	 notion	 that	 the	 introduction	 of	 oxidative	

modifications	into	DNA	molecules	could	transform	them	from	AIM2	ligands	into	NLRP3	

agonists.	Combined	with	the	remaining	evidence	presented	in	this	Chapter,	these	results	

indicate	that	DNA	is	not	an	NLRP3	activator	in	murine	macrophages.	

	

8.11.	 8-OH-dG	 is	 not	 an	 NLRP3	 inhibitor	 and	mitochondria-targeting	 antibiotics	

are	not	inflammasome	activators	

	

Before	 I	 close	 this	 chapter,	 I	 would	 like	 to	 address	 two	 more	 pieces	 of	 evidence	

suggesting	 that	 NLRP3	 activation	 in	 vitro	 could	 occur	 downstream	 of	 mitochondrial	

damage.	 First,	 Shimada	 et	 al.	 (2012)	 reported	 that	 monomeric	 8-hydroxy-2’-

deoxyguanosine	(8-OH-dG)	nucleosides	added	to	cell	culture	medium	inhibit	the	NLRP3	

inflammasome	 responses	 to	 ATP	 and	 nigericin.	 The	 interpretation	 of	 this	 observation	

was	 that	 oxidative	 guanine	 modifications	 in	 a	 long	 DNA	molecule	 can	 trigger	 NLRP3	

clustering	 and	 inflammasome	 nucleation.	 Monomeric	 nucleosides	 were	 suggested	 to	

block	 this	 process	 by	 ‘plugging’	 the	 NLRP3	 ox-DNA	 binding	 site.	 I	 attempted	 to	
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reproduce	this	experiment	in	WT	iMac	cells	and	NLRP3/ASCmCerulean	reporter	iMac	cells.	

I	tested	impact	of	8-OH-dG	on	inflammasome	activation	when	added	at	the	onset	of	LPS	

priming9	or	directly	before	the	administration	of	inflammasome	activators	(Figure	8.21).	

	

	
Figure	8.21.	Impact	of	8-hydroxy-2’-deoxyguanosine	(8-OH-2’-dG)	on	the	inflammasome	responses	
to	nigericin,	poly-(dA:dT),	m-3M3FBS,	and	thapsigargin	

	
9	This	was	the	original	experimental	setup	reported	by	Shimada	et	al.	(2012).	
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3A-J:	WT	iMac	cells	(A-E)	and	NLRP3/ASCmCerulean	reporter	iMac	cells	(F-J)	were	subjected	to	8-OH-2’-dG	
(0,	50,	200,	or	500	µM)	during	LPS	priming	(200	ng/mL	for	2	h;	 ‘treatments	added	at	LPS	priming’)	or	
were	treated	with	8-OH-2’-dG	(0,	200,	or	500	µM)	or	the	NLRP3	inhibitor	CRID	3	(C3;	5	µM)	after	the	LPS	
priming	step	(200	ng/mL	for	2	h),	5	min	before	administration	of	inflammasome	activators	(‘treatments	
added	at	activation’).	Then,	the	cells	were	stimulated	with	nigericin	(10	µM;	A,	F),	poly-(dA:dT)	(2	µg/mL	
complexed	with	5	µL	Lipofectamine	2000;	B,	G),	m-3M3FBS	(85	µM;	C,	H),	or	thapsigargin	(20	µM;	D,	I).	
The	LPS	controls	(E,	J)	were	subjected	to	medium	alone.	The	stimulations	designated	as	‘treatments	added	
at	 LPS	 priming’	 were	 performed	 in	 OptiMEM	 supplemented	 with	 1%	 FBS,	 whereas	 the	 stimulations	
designated	as	 ‘treatments	added	at	activation’	were	performed	in	an	extracellular	medium	consisting	of	
(in	mM)	123	NaCl,	 5	KCl,	 2	MgCl2,	 1	CaCl2,	 10	glucose,	10	HEPES	pH	7.4.	 Immediately	 after	 addition	of	
inflammasome	 activators,	 the	 plates	 were	 centrifuged	 at	 340	 ´	 g	 for	 5	 min	 (RT).	 After	 60	 min,	 the	
supernatants	were	 collected	and	 IL-1b	 concentrations	were	measured	by	HTRF	 (A-E)	or	 the	 cells	were	
fixed	with	 4%	 formaldehyde,	 counterstained	with	 the	 nuclear	 dye	 DRAQ5	 (5	µM)	 and	 imaged	 using	 a	
widefield	fluorescence	microscope	(F-J).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

In	the	original	report	(Shimada	et	al.,	2012),	200	µM	8-OH-dG	was	shown	to	inhibit	the	

NLRP3	response	 to	nigericin	by	about	50%.	 In	my	experiment,	 I	 also	observed	partial	

inhibition	of	 the	nigericin-induced	NLRP3	activation,	but	only	at	500	µM	8-OH-dG	and	

only	 when	 the	 oxidized	 nucleoside	 was	 added	 together	 with	 LPS	 (that	 is,	 2	 h	 before	

administration	of	 inflammasome	activators;	Figure	8.21	A).	When	8-OH-dG	was	added	

directly	 before	 the	 administration	 of	 nigericin,	 the	 inhibitory	 effect	was	 not	 detected.	

Importantly,	 the	 inflammasome	 responses	 to	 the	 AIM2	 activators	 poly-(dA:dT),	 m-

3M3FBS,	and	thapsigargin	were	also	partially	inhibited	by	500	µM	8-OH-dG	(Figure	8.21	

B-D).	 This	 suggests	 that	 8-OH-dG	 may	 interfere	 with	 the	 LPS-mediated	 pro-IL-1b	

synthesis	rather	than	with	inflammasome	activation.	On	the	ASC	specking	level	(Figure	

8-21	F-I),	 I	did	not	observe	any	 inhibitory	activity	of	8-OH-dG.	Of	note,	8-OH-dG	alone	

did	not	act	as	an	inflammasome	agonist	(Figure	8.21	E,	J).	

	

Importantly,	the	experiment	discussed	here	(Figure	8.21)	is	not	the	only	instance	where	

the	 effects	of	8-OH-dG	are	put	 into	question.	 In	 a	 recent	 study	on	 the	 influenza	virus-

mediated	NLRP3	activation	(Moriyama	et	al.,	2020),	8-OH-dG	co-administration	actually	

enhanced	NLRP3	activation10.	Even	though	Moriyama	et	al.	(2020)	cited	the	early	study	

by	Shimada	et	al.	(2012),	they	did	not	comment	on	this	discrepancy.	

	

The	 final	 experiment	 that	 I	 would	 like	 to	 discuss	 in	 this	 chapter	 concerns	 the	

mitochondrial	 damage	 caused	by	mitochondria-targeting	 antibiotics.	 Iyer	 et	 al.	 (2013)	

reported	that	linezolid,	an	antibiotic	that	also	targets	mitochondrial	ribosomes,	activates	
	

10	The	relevant	data	can	be	inspected	in	Figure	4	C,	D	in	the	cited	paper.	
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the	NLRP3	 inflammasome.	To	 test	whether	 I	 could	reproduce	 this	 result,	and	whether	

other	antibiotics	with	mitochondrial	off-target	effects	could	activate	the	inflammasome,	

I	 stimulated	 LPS-primed	 WT	 iMac	 cells,	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells,	

NLRP10mCitrine/ASCTagBFP	 HEK	 cells,	 and	 NLRP10mCherry/ASCmCerulean	 HEK	 cells	 with	

linezolid,	eperezolid	(McKee	et	al.,	2006),	chloramphenicol	(Li	et	al.,	2010),	tetracycline	

(Moullan	 et	 al.,	 2015),	 and	 minocycline	 (Kupsch	 et	 al.,	 2009)	 for	 24	 h.	 I	 used	 IL-1b	

concentration	 measurements	 and	 ASC	 speck	 imaging	 as	 readouts	 of	 inflammasome	

activation	(Figure	8.22).	

	

	
Figure	8.22.	Mitochondria-targeting	antibiotics	do	not	activate	the	inflammasome	
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3A:	Schematic	overview	of	the	experimental	procedure.	
B-E:	LPS-primed	(100	ng/mL,	1	h;	LPS	was	left	in	the	medium	for	entire	duration	of	the	experiment)	WT	
iMac	 cells	 (B),	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (C),	 NLRP10mCitrine/ASCTagBFP	 HEK	 cells	 (D),	 and	
NLRP10mCherry/ASCmCerulean	 HEK	 cells	 (E)	 were	 stimulated	 for	 24	 h	 with	 the	 following	 antibiotics:	
tetracycline	(25,	50,	75,	or	100	µM),	minocycline	(25,	50,	75,	or	100	µM),	chloramphenicol	(25,	50,	75,	or	
100	µM),	linezolid	(25,	50,	75,	or	100	µM),	or	eperezolid	(25,	50,	75,	or	100	µM)	in	DMEM	supplemented	
with	10%	FBS.	During	the	final	60	min	of	the	experiment,	positive	control	(m-3M3FBS)	cells	were	shifted	
to	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	
pH	7.4	and	stimulated	with	85	µM	m-3M3FBS.	The	LPS	(B)	or	untreated	(C-E)	controls	were	subjected	to	
medium	alone.	Immediately	after	addition	of	the	tested	stimuli,	the	plates	were	centrifuged	at	340	´	g	for	
5	min	(RT).	After	24	h	(mitochondria-targeting	antibiotics)	or	60	min	(m-3M3FBS),	the	supernatants	were	
collected	 and	 IL-1b	 concentrations	 were	 measured	 by	 HTRF	 (B)	 or	 the	 cells	 were	 fixed	 with	 4%	
formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	 imaged	 using	 a	 widefield	
fluorescence	microscope	(C-E).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

The	 results	 of	 this	 experiment	 indicated	 that	 the	 tested	 antibiotics	 are	 not	

inflammasome	activators.	Of	note,	high	doses	(75	µM	and	100	µM)	of	tetracycline	led	to	

the	secretion	of	low	amounts	of	IL-1b	into	the	tissue	culture	supernatant	(Figure	8.22	B),	

but	 no	ASC	 speck	 formation	was	 observed	 (Figure	8.22	C).	 Furthermore,	minocycline,	

another	tetracycline	antibiotic,	caused	neither	IL-1b	secretion	nor	ASC	speck	formation	

(Figure	8.22	B,C).	

	

In	 NLRP10mCitrine/ASCTagBFP	 HEK	 cells,	 high	 doses	 (75	 µM	 and	 100	 µM)	 of	 eperezolid	

seemingly	 produced	 an	 ASC	 specking	 signal	 (Figure	 8.22	 D)	 but	 upon	 closer	 visual	

inspection	it	came	to	light	that	eperezolid	is	autofluorescent	in	the	BFP	channel,	leading	

to	a	false-positive	result.	When	I	repeated	this	experiment	in	NLRP10mCherry/ASCmCerulean	

HEK	 cells,	 I	 did	 not	 detect	ASC	 speck	 formation	 in	 eperezolid-stimulated	 cells	 (Figure	

8.22	 E).	 In	 conclusion,	 in	 the	 experimental	 models	 used	 in	 my	 Thesis,	 the	 tested	

mitochondria-targeting	antibiotics	are	not	inflammasome	agonists.	

	

Collectively,	 the	 data	 presented	 in	 this	 Chapter	 indicate	 that	 m-3M3FBS,	 SC-10,	

thapsigargin,	and	SMBA1	activate	the	AIM2	inflammasome	through	exposure	of	mtDNA.	

mtDNA	is	not	required	and	not	 involved	in	the	activation	of	the	NLRP3	inflammasome	

by	 K+	 efflux	 agonists	 such	 as	 nigericin	 as	 well	 as	 by	 R837	 (imiquimod).	 These	

observations	 are	 in	 conflict	 with	 the	 studies	 supporting	 the	 role	 of	 mtDNA	 as	 the	

endogenous	 NLRP3	 agonist	 (Nakahira	 et	 al.,	 2010;	 Shimada	 et	 al.,	 2012;	 Zhong	 et	 al.,	

2018),	but	partially	in	agreement	with	the	reports	indicating	that	AIM2	may	be	activated	

by	mtDNA	(Dang	et	al.,	2017;	Li	et	al.,	2019).	
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Of	 note,	 I	 tested	 whether	 I	 could	 also	 observe	 AIM2	 inflammasome	 activation	 in	

cholesterol-overloaded	 macrophages	 (Dang	 et	 al.,	 2017),	 but	 I	 did	 not	 detect	 an	

inflammasome	 response	 under	 these	 experimental	 conditions	 (Supplementary	 Figure	

S11).	Correspondingly,	cholesterol	delivery	to	NLRP10mCitrine/ASCTagBFP	HEK	cells	did	not	

result	 in	NLRP10	activation	either	(Supplementary	Figure	S12).	The	MRE11A	inhibitor	

mirin,	which	was	suggested	to	activate	the	AIM2	and/or	NLRP3	inflammasomes	through	

mitochondrial	destabilization	in	CD4+	T	cells	(Li	et	al.,	2019),	was	not	an	inflammasome	

activator	in	murine	macrophages	(Supplementary	Figures	S32	C,	S33	C,	S35,	S36	A)	and	

in	NLRP10mCitrine/ASCTagBFP	HEK	cells	(Supplementary	Figure	S34	C,	S36	B-D).	Similarly,	

other	 treatments	 expected	 to	 trigger	 or	 negatively	 interfere	 with	 mitochondrial	

permeabilization	 were	 neither	 AIM2/NLRP10	 activators	 (Figure	 6.43	 E-G,	

Supplementary	 Figures	 S32	 A,	 D,	 S33	 A,	 D,	 S34	 A,	 D,	 S35,	 S36)	 nor	 inhibitors	

(Supplementary	 Figures	 S32	 B,	 S33	 B,	 S34	 B).	 This	 suggests	 that	 m-3M3FBS	 and	

thapsigargin	 might	 not	 engage	 the	 well-known	 mitochondrial	 permeabilization	

mechanisms,	such	as	those	involved	in	the	induction	of	the	intrinsic	apoptosis	pathway	

(Bock	 and	 Tait,	 2019).	 In	 Chapter	 9,	 I	 will	 compare	 the	 m-3M3FBS-/thapsigargin-

induced	 mitochondrial	 rupture	 with	 other	 models	 of	 mitochondrial	 damage	 that	 had	

been	characterized	in	more	detail.	
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9.	 The	m-3M3FBS-	 and	 thapsigargin-induced	 cellular	 events	 do	 not	 follow	 the	

known	pathways	of	mitochondrial	damage	

	

Mitochondria	 are	 constantly	 exchanging	 information	with	 their	 external	 environment,	

chiefly	the	cytosol	and	the	nucleus	but	also	other	organelles	such	as	the	ER	(Diogo	et	al.,	

2018;	Mottis	 et	 al.,	 2019;	 Raimundo	 and	 Krisko,	 2019;	 Xia	 et	 al.,	 2019).	 In	molecular	

terms,	this	translates	 into	an	exchange	of	molecules	and	ions	across	the	mitochondrial	

membranes	through	import	and	export	pathways.	Of	particular	interest	to	my	research	

are	 processes	 that	 enable	 transport	 of	 large	 biomolecules:	 peptides,	 proteins,	 and	

nucleic	 acids.	 Several	mechanisms	 involving	 such	 translocations	 have	 been	 described,	

including	 the	 normal	 physiological	 mitochondrial	 protein	 import	 (Wiedemann	 and	

Pfanner,	 2017),	 the	 initiation	 of	 intrinsic	 apoptosis	 by	 Bak/Bax	 pores	 in	 the	 outer	

mitochondrial	 membrane	 (Bock	 and	 Tait,	 2019),	 the	 GsdmD-/E-mediated	

permeabilization	 of	 the	 outer	 mitochondrial	 membrane	 during	 pyroptosis	 and/or	

apoptosis	(Rogers	et	al.,	2019),	the	mitochondrial	unfolded	protein	response	(Fessler	et	

al.,	 2020;	 Guo	 et	 al.,	 2020),	 and	 the	 mitochondrial	 permeability	 transition,	 a	 poorly	

defined	process	during	which	the	inner	mitochondrial	membrane	becomes	permeable	to	

solutes	 below	 1.5	 kDa,	 resulting	 in	 mitochondrial	 matrix	 swelling	 and	 the	 outer	

mitochondrial	 membrane	 rupture	 (Halestrap,	 2004;	 Izzo	 et	 al.,	 2016).	 The	 cytosolic	

leakage	of	the	IMS	contents	during	these	processes	 is	well	documented	but	 it	has	only	

recently	been	convincingly	demonstrated	that	the	contents	of	the	mitochondrial	matrix	

may	also	become	exposed	(McArthur	et	al.,	2018;	Riley	et	al.,	2018).	

	

In	the	final	set	of	experiments	discussed	in	my	thesis,	 I	will	explore	whether	there	are	

any	 points	 of	 convergence	 between	 the	 m-3M3FBS-/thapsigargin-induced	

mitochondrial	 damage,	 the	 known	 processes	 involving	 the	 mitochondrial	 membrane	

permeabilization,	 and	 the	 AIM2	 and	 NLRP10	 activations.	 Two	 questions	 are	 central	

here:	(1)	how	m-3M3FBS	and	thapsigargin	permeabilize	the	mitochondrial	membranes;	

and	 (2)	 whether	 previously	 described	 processes	 involving	 mitochondrial	 disruption	

could	also	trigger	the	AIM2	and	NLRP10	inflammasomes.	

	

I	have	already	touched	on	these	topics	in	Section	6.9,	in	which	I	have	demonstrated	that	

the	mPT	agonist	thapsigargin	triggers	the	AIM2/NLRP10	activation,	and	in	Section	6.16,	

where	 I	 showed	 that	 targeting	 Bax	 with	 SMBA1,	 but	 not	 with	 BAM7,	 leads	 to	 the	
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AIM2/NLRP10	activation.	However,	there	is	no	consensus	about	the	mechanistic	target	

of	 thapsigargin	 responsible	 for	 the	mitochondrial	disruption,	 and	 the	observation	 that	

one	Bax	agonist	activated	AIM2/NLRP10,	but	another	one	did	not	was	puzzling	rather	

than	explanatory.	Here,	I	will	address	the	issue	of	how	the	AIM2	and	NLRP10	activations	

with	 m-3M3FBS/thapsigargin	 fit	 into	 the	 previously	 described	 mechanisms	 of	

mitochondrial	damage.	

	

9.1.	 No	 evidence	 of	 AIM2/NLRP10	 activation	 by	 stimuli	 triggering	 the	 intrinsic	

apoptosis	pathway	

	

Intrinsic	apoptosis	 involves	MOMP,	 the	 release	of	 cytochrome	c	 from	the	 IMS,	and	 the	

APAF1-mediated	 activation	 of	 the	 apoptotic	 caspases.	 Recently,	 independent	 reports	

demonstrated	 that	 (1)	 stimuli	 triggering	 MOMP	 also	 enable	 release	 of	 mtDNA	 to	 the	

cytosol	(McArthur	et	al.,	2018;	Riley	et	al.,	2018),	and	(2)	intrinsic	apoptosis	can	lead	to	

IL-1b	maturation	and	secretion	in	a	manner	partially	dependent	on	NLRP3	(Chauhan	et	

al.,	 2018;	 Chen	 et	 al.,	 2020;	 2019;	 Vince	 et	 al.,	 2018).	 Specifically,	 the	 combined	

treatment	with	the	MCL-1	 inhibitor	S63845	(Kotschy	et	al.,	2016)	and	the	BCL-2/BCL-

XL/BCL-W	 inhibitor	ABT737	 (Oltersdorf	 et	 al.,	 2005)	elicits	 secretion	of	 cleaved	 IL-1b	

from	macrophages	(Chen	et	al.,	2019;	2020;	Vince	et	al.,	2018).	In	a	different	model,	the	

combination	 of	 S63845	 and	 ABT737,	 in	 addition	 to	 MOMP,	 resulted	 in	 the	 IMM	

permeabilization	 and	 mtDNA-mediated	 activation	 of	 the	 cytosolic	 DNA	 sensor	 cGAS	

(Riley	et	al.,	2018).	

	

In	 cells	 stimulated	with	 S63845	 and	ABT737,	MOMP	 is	mediated	 by	 the	 formation	 of	

Bak/Bax	pores	in	the	OMM,	but	the	mechanistic	details	of	the	IMM	damage	are	not	well	

understood.	Given	the	similarity	between	the	observations	reported	by	McArthur	et	al.	

(2018)	 and	Riley	 et	 al.	 (2018)	 and	my	 observations	 of	mitochondrial	matrix	 contents	

leakage	 upon	 stimulation	 with	 m-3M3FBS/thapsigargin,	 I	 examined	 whether	 the	

combined	 inhibition	 of	 BCL-2,	 BCL-XL,	 BCL-W,	 and	 MCL-1	 could	 activate	 the	 AIM2	

and/or	NLRP10	inflammasomes.	

	

To	 probe	 a	 maximally	 broad	 range	 of	 pro-apoptotic	 treatments,	 I	 tested	 the	

inflammasome	 responses	 to	 24-h	 stimulations	 with	 two	 BCL-2/BCL-XL/BCL-W	

inhibitors,	 ABT263	 (Navitoclax;	 Figure	 9.1	 A-C)	 and	 ABT737	 (Figure	 9.1	 D-F)	 in	
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combination	with	S63845	or	actinomycin	D	(a	transcription	inhibitor,	which	facilitates	

depletion	of	 the	 rapidly	degraded	MCL-1),	 and	 in	 the	presence	or	 absence	of	 the	pan-

caspase	 inhibitor	Q-Vd-OPh.	Q-Vd-OPh	was	added	to	prevent	rapid	cell	death	(Riley	et	

al.,	2018);	the	caspase-1-mediated	IL-1b	secretion	is	not	significantly	inhibited	by	Q-Vd-

OPh	 (Supplementary	 Figure	 S42	 A-C).	 The	 experiment	 was	 performed	 in	 LPS-primed	

WT	 iMac	 cells	 to	 assess	 the	 capacity	 for	 IL-1b	 secretion	 (Figure	 9.1	 A,	 D),	 and	 in	

NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (Figure	 9.1	 B,	 E)	 and	 NLRP10mCitrine/ASCTagBFP	

HEK	cells	(Figure	9.1	C,	F)	to	determine	the	levels	of	ASC	speck	formation.	

	

	
Figure	 9.1.	 IL-1b	 and	 ASC	 specking	 responses	 to	 the	 mitochondrial	 outer	 membrane	
permeabilization	triggered	by	inhibition	of	BCL-2	family	proteins	
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3A-F:	LPS-primed	(100	ng/mL,	1	h;	LPS	was	present	in	the	stimulation	medium	for	the	duration	of	the	
entire	 experiment)	 WT	 iMac	 cells	 (A,	 D),	 unprimed	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (B,	 E),	
unprimed	NLRP10mCherry/ASCmCerulean	HEK	cells	 (C),	 and	unprimed	NLRP10mCitrine/ASCTagBFP	HEK	cells	 (F)	
were	subjected	to	the	transcription	inhibitor	actinomycin	D	(ActD;	2	µM)	or	the	MCL-1	inhibitor	S63845	
(5	µM),	or	 left	untreated	(-)	 in	the	presence	or	absence	of	the	pan-caspase	inhibitor	Q-Vd-OPh	(20	µM).	
Immediately	 after	 administration	 of	 these	 treatments,	 the	 cells	were	 stimulated	with	 the	 BCL-2	 family	
inhibitors	ABT263	(0,	10,	25,	or	50	µM;	A-C)	or	ABT737	(0,	10,	25,	or	50	µM;	D-F).	All	stimulations	were	
performed	in	DMEM	supplemented	with	5%	FBS.	Immediately	after	addition	of	inflammasome	activators,	
the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	24	h,	the	supernatants	were	collected	and	IL-
1b	 concentrations	 were	 measured	 by	 HTRF	 (A,	 D)	 or	 the	 cells	 were	 fixed	 with	 4%	 formaldehyde,	
counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope	
(B,	C,	E,	F).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

Alone,	 neither	 ABT263	 nor	 ABT737	were	 capable	 of	 eliciting	 IL-1b	 release	 from	 LPS-

primed	WT	iMac	cells	(Figure	9.1	A,	D).	IL-1b	secretion	was	also	not	observed	when	the	

BCL-2/BCL-XL/BCL-W	inhibitors	were	co-administered	with	actinomycin	D.	In	contrast,	

the	 MCL-1	 inhibitor	 S63845	 alone	 elicited	 robust	 IL-1b	 secretion,	 which	 was	

synergistically	and	dose-dependently	enhanced	by	ABT263	and	ABT737.	Addition	of	Q-

Vd-OPh	 did	 not	 have	 an	 impact	 on	 the	 IL-1b	 responses	 under	 the	 tested	 conditions	

(Figure	9.1	A,	B).	

	

In	NLRP3/ASCmCerulean	 reporter	 iMac	cells,	ABT263	alone	 induced	ASC	speck	 formation	

at	all	tested	concentrations	(10-50	µM),	whereas	the	ASC	specking	response	to	ABT737	

was	negligible	(Figure	9.1	B,	E).	S63845	alone	was	capable	of	eliciting	an	ASC	specking	

response	as	well,	but	in	contrast	to	the	trend	observed	in	IL-1b	secretion,	this	was	not	

enhanced	 by	 co-treatment	 with	 ABT263/ABT737.	 In	 further	 opposition	 to	 the	 IL-1b	

results	(Figure	9.1	A,	B),	actinomycin	D	alone	elicited	an	ASC	specking	response	(Figure	

9.1	B,	E).	

	

In	 NLRP10mCitrine/ASCTagBFP	 HEK	 cells,	 ABT263	 alone	 (but	 not	 ABT737)	 triggered	 ASC	

speck	 formation,	 which	 was	 potentiated	 by	 co-treatment	 with	 actinomycin	 D	 and	

S63845	 in	 a	 caspase-dependent	manner	 (Figure	 9.1	 C,	 F).	 Actinomycin	D	 and	 S63845	

administered	alone	led	to	slightly	elevated	ASC	specking	levels.	

	

These	 results	 confirm	 that	 the	 inhibition	 of	 BCL-2	 family	 members	 may	 activate	 an	

inflammasome	 response	and	 IL-1b	maturation	and	 secretion	 (Chen	et	 al.,	 2019;	2020;	

Vince	et	al.,	2018).	One	important	difference	with	the	previously	published	observations	
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was	that	I	recorded	remarkably	high	ASC	specking	and	IL-1b	responses	to	S63845	alone	

(Figure	9.1	A,	B,	D,	E),	whereas	Vince	et	al.	(2018)	reported	that	the	IL-1b	response	to	

S63845	requires	concomitant	inactivation	of	other	BCL-2	family	members	(inhibition	of	

BCL-2/BCL-XL/BCL-W	with	ABT737	or	genetic	deficiency	of	BCL-XL).	This	discrepancy	

is	difficult	to	interpret.	One	possibility	is	the	difference	in	the	employed	cellular	models	

(immortalized	macrophages	in	my	Thesis	versus	primary	BMDMs	in	the	study	by	Vince	

et	al.	(2018)).	

	

The	 observation	 that	 the	 treatment	 with	 ABT263	 led	 to	 ASC	 speck	 formation	 in	

NLRP10mCitrine/ASCTagBFP	HEK	cells	suggested	that	intrinsic	apoptosis	might	promote	the	

NLRP10	 activation.	 To	 test	 whether	 the	 detected	 ASC	 specking	 response	 could	 be	

attributed	to	the	NLRP10	overexpression,	and	in	an	attempt	to	identify	a	non-redundant	

inflammasome-forming	 sensor	 activated	 by	 S63845	 in	macrophages,	 I	 stimulated	 LPS	

primed	WT	iMac	cells	(in	the	presence	or	absence	of	CRID3),	NLRP3-deficient	(Nlrp3-/-)	

iMac	cells,	and	AIM2-deficient	(Aim2CRISPR)	iMac	cells	transduced	with	the	empty	vector,	

human	 AIM2,	 or	 human	 NLRP10	 with	 S63845	 in	 combination	 with	 ABT263/ABT737	

(Figure	 9.2).	 To	 further	 establish	 whether	 the	 observed	 responses	 are	 caspase-

dependent,	additional	stimulations	were	performed	in	the	presence	of	the	pan-caspase	

inhibitor	emricasan	or	the	caspase-1	inhibitor	VX-765.	
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Figure	 9.2.	 IL-1b	 secretion	 from	 NLRP3-/AIM2-proficient,	 NLRP3-deficient,	 and	 AIM2-deficient	
immortalized	murine	macrophages	 transduced	 with	 the	 empty	 vector,	 human	 AIM2,	 or	 human	
NLRP10,	 and	 stimulated	 with	 BCL-2	 family	 inhibitors	 in	 the	 presence	 or	 absence	 of	 the	 pan-
caspase	inhibitor	emricasan	or	the	caspase-1	inhibitor	VX-765	
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3A-F:	LPS-primed	(100	ng/mL,	1	h;	LPS	was	present	in	the	stimulation	medium	for	the	duration	of	the	
entire	experiment)	WT	iMac	cells	in	the	absence	(A)	or	presence	(B)	of	the	NLRP3	inhibitor	CRID3	(5	µM),	
NLRP3-deficient	 (Nlrp3-/-)	 iMac	 cells	 (C),	 and	 Aim2CRISPR	 iMac	 cells	 stably	 transduced	 with	 the	 empty	
vector	(D),	WT	human	(h)	AIM2	(E),	or	WT	hNLRP10	(F)	were	subjected	to	the	MCL-1	inhibitor	S63845	(5	
µM)	or	 left	untreated	(-)	 in	the	presence	of	 the	pan-caspase	 inhibitor	emricasan	(20	µM),	the	caspase-1	
inhibitor	VX-765	(20	µM),	or	vehicle	(DMSO).	 Immediately	after	administration	of	 these	treatments,	 the	
cells	were	stimulated	with	the	BCL-2	family	inhibitors	ABT263	(0,	10,	25,	or	50	µM)	or	ABT737	(0,	10,	25,	
or	 50	 µM).	 All	 stimulations	 were	 performed	 in	 DMEM	 supplemented	 with	 5%	 FBS.	 Immediately	 after	
addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	24	h,	the	
supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF.	
The	results	are	plotted	as	means	from	2	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

In	parallel,	I	examined	the	S63845-/ABT263-/ABT737-stimulated	ASC	speck	formation	

in	NLRP3/ASCmCerulean	reporter	iMac	cells	(Figure	9.3	A),	NLRP10mCherry/ASCmCerulean	HEK	

cells	 (Figure	 9.3	 B),	 NLRP10mCitrine/ASCTagBFP	 HEK	 cells	 (Figure	 9.3	 C),	 and	 ASCmCerulean	

HEK	 cells	 (Figure	 9.3	 D).	 These	 assays	were	 also	 performed	 under	 caspase-proficient	

conditions	 (vehicle),	 or	 in	 the	 presence	 of	 the	 pan-caspase	 inhibitor	 emricasan	 or	 the	

caspase-1	inhibitor	VX-765.	
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Figure	 9.3.	 ASC	 speck	 formation	 in	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells,	 and	 HEK	 cells	
overexpressing	fluorescently	labelled	ASC	with	or	without	NLRP10,	stimulated	with	BCL-2	family	
inhibitors	under	caspase-proficient	or	caspase-inhibited	conditions	
A-D:	 LPS-primed	 (100	ng/mL,	 1	h;	 LPS	was	present	 in	 the	 stimulation	medium	 for	 the	duration	of	 the	
entire	 experiment)	NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (A),	NLRP10mCherry/ASCmCerulean	 HEK	 cells	 (B),	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(C),	and	ASCmCerulean	HEK	cells	(D)	were	subjected	to	the	MCL-1	inhibitor	
S63845	(5	µM)	or	left	untreated	(-)	in	the	presence	of	the	pan-caspase	inhibitor	emricasan	(20	µM),	the	
caspase-1	 inhibitor	 VX-765	 (20	 µM),	 or	 vehicle	 (DMSO).	 Immediately	 after	 administration	 of	 these	
treatments,	 the	cells	were	stimulated	with	 the	BCL-2	 family	 inhibitors	ABT263	(0,	10,	25,	or	50	µM)	or	
ABT737	 (0,	 10,	 25,	 or	 50	µM).	All	 stimulations	were	 performed	 in	DMEM	 supplemented	with	 5%	FBS.	
Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	
(RT).	After	24	h,	the	cells	were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	
(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope.	
The	results	are	plotted	as	means	from	2	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Strikingly,	 I	detected	similar	activation	patterns	under	all	 tested	conditions,	regardless	

of	 the	 genotype	 of	 the	 tested	 cells	 and	 of	 the	 presence	 of	 caspase	 inhibitors:	 S63845	

alone	 was	 a	 potent	 inducer	 of	 IL-1b	 release,	 and	 the	 co-administration	 of	

ABT263/ABT737	 enhanced	 this	 effect	 (Figure	 9.2).	 With	 the	 exception	 of	 Aim2CRISPR	

iMac	 cells	 reconstituted	with	 human	AIM2	 (Figure	 9.2	 E),	 ABT263	 and	ABT737	 alone	

were	not	able	to	trigger	IL-1b	release.	Overall,	 the	IL-1b	secretion	data	do	not	provide	

any	evidence	 that	AIM2,	NLRP3,	or	NLRP10	could	be	non-redundantly	 involved	 in	 the	

S63845-/ABT263-/ABT737-induced	IL-1b	response.	This	proves	also	appeared	to	occur	

in	a	caspase-independent	manner.	

	

On	the	 level	of	ASC	speck	formation,	 the	behavior	of	NLRP3/ASCmCerulean	 reporter	 iMac	

cells	(Figure	9.3	A)	differed	from	that	of	HEK	cells	(Figure	9.3	B-D),	consistent	with	the	

observations	 summarized	 in	 Figure	 9.1.	 In	 macrophages,	 both	 ABT263	 and	 S63845	

administered	alone	produced	ASC	specking	responses	(Figure	9.3	A).	Co-treatment	with	

these	 agents	 did	 not	 lead	 to	 a	 synergistic	 effect.	 Unexpectedly,	 the	 background	 ASC	

specking	 levels	 of	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 cultured	 in	 the	 presence	 of	

emricasan	were	much	higher	than	in	the	presence	of	VX-765	or	DMSO	(vehicle).	

	

In	 HEK	 cells	 overexpressing	 fluorescently	 labeled	 ASC,	 ABT263	 treatment	 resulted	 in	

ASC	 speck	 formation	 regardless	 of	 the	 NLRP10	 overexpression	 status	 and	 of	 the	

addition	of	caspase	inhibitors	(Figure	9.3	B-D).	This	observation	indicates	that	the	ASC	

speck	formation	observed	in	HEK	cells	stimulated	with	ABT263	cannot	be	attributed	to	

NLRP10.	Future	research	could	determine	whether	 the	ABT263-induced	ASC	specking	

response	in	HEK	cells	is	an	in	vitro	artifact	linked	to	the	prolonged	stimulation	time,	an	

intrinsic	property	of	ASC,	or	a	result	of	ASC	speck	nucleation	by	a	sensor	expressed	in	

HEK	cells	either	constitutively	or	in	a	manner	induced	by	ABT263.	

	

Collectively,	my	results	are	only	in	partial	agreement	with	the	observations	published	by	

Vince	 et	 al.	 (2018).	 Vince	 et	 al.	 (2018)	 reported	 that	 the	 IL-1b	 response	 to	

S63845/ABT737	 is	 independent	 of	 AIM2	 and	 partially	 dependent	 on	 NLRP3	 and	 on	

caspase-1.	My	 results	 indicated	 that	 this	 response	 is	 independent	of	 all	 three	of	 these	

factors.	Furthermore,	Vince	et	al.	(2018)	observed	that	the	S63845/ABT737-elicited	IL-

1b	 secretion	 is	 abolished	 in	 caspase-3/-7	double-deficient	 cells	 in	 the	presence	 of	 the	
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NLRP3	 inhibitor	 CRID3.	 In	 my	 experimental	 model,	 treatment	 with	 the	 pan-caspase	

inhibitor	emricasan	combined	with	the	genetic	or	pharmacological	NLRP3	 inactivation	

still	allowed	for	substantial	IL-1b	secretion	when	the	cells	were	stimulated	with	S63845.	

	

To	exclude	the	possibility	that	S63845	led	to	IL-1b	detection	as	an	artifact	resulting	from	

the	 compound	 interference	 with	 the	 fluorescence-based	 IL-1b	 HTRF	 assay,	 I	 tested	

whether	 the	 addition	 of	 S63845	 to	DPBS	 could	 produce	 artifactual	 cytokine	 detection	

signal	in	the	absence	of	cells	(Supplementary	Figure	S37).	Indeed,	addition	of	S63845	to	

DPBS	 was	 associated	 with	 a	 weak	 HTRF	 signal	 compared	 to	 buffer	 control	

(Supplementary	 Figure	 S37	 A)	 but	 the	 strength	 of	 this	 signal	 for	 5	 µM	 S63845	

corresponded	with	 the	 IL-1b	 concentration	 of	 300	pg/mL	 (Supplementary	 Figure	 S37	

B).	 The	 levels	 of	 the	 cytokine	 detected	 in	 the	 supernatants	 of	 cells	 treated	with	 5	µM	

S63845	were	typically	4000-6000	pg/mL,	so	the	S63845-induced	IL-1b	secretion	cannot	

be	explained	by	an	autofluorescence	artifact.	

	

The	 possible	 sources	 of	 discrepancies	 between	 my	 results	 and	 the	 observations	

reported	by	Vince	et	al.	(2018)	are	the	cellular	models	employed	in	the	studies,	the	time	

courses	of	 the	experiments,	and	the	different	approaches	to	caspase	 inactivation	(pan-

caspase	inhibition	with	emricasan	in	my	thesis	versus	caspase-3/-7	genetic	deficiency	in	

the	article	by	Vince	et	al.	(2018)).	As	there	was	no	indication	that	S63845,	ABT263,	or	

ABT737	could	activate	AIM2	or	NLRP10,	alone	or	 in	combination,	 I	did	not	proceed	to	

investigate	 this	 matter	 in	 more	 depth.	 However,	 to	 gain	 more	 insight	 into	 the	

mechanism	of	 the	 inflammasome	responses	 to	S63845/ABT263/ABT737,	 I	went	on	 to	

establish	 whether	 these	 processes	 could	 be	 inhibited	 by	 a	 range	 of	 cell	 death	 and	

mitochondrial	 damage	 blockers.	 The	 molecules	 tested	 in	 this	 context	 included	 the	

NLRP3	inhibitor	CRID3,	the	tBid	inhibitor	BI-6C9	(Becattini	et	al.,	2006),	the	caspase-1	

inhibitor	VX-765,	the	cell	lysis	inhibitor	glycine	(Brennan	and	Cookson,	2000;	DiPeso	et	

al.,	 2017;	 Heilig	 et	 al.,	 2018;	 Rashidi	 et	 al.,	 2019),	 and	 the	 mitoprotective	 agent	 CsA.	

Briefly,	 I	 pre-treated	 LPS-primed	 WT	 iMac	 cells	 (Figure	 9.4)	 and	 NLRP3/ASCmCerulean	

reporter	 iMac	 cells	 (Figure	9.5)	with	 these	 compounds	 for	10	min,	 in	 the	presence	or	

absence	of	the	pan-caspase	inhibitor	Q-Vd-OPh,	and	then	administered	S63845	and/or	

ABT263/ABT737.	 The	 IL-1b	 concentrations	 and	 ASC	 specking	 levels	 were	 measured	

after	24	h	of	stimulation.	
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Figure	 9.4.	 Sensitivity	 of	 the	 S63845-	 and	ABT263-/ABT737-induced	 IL-1b	 release	 to	 CRID3,	 BI-
6C9,	VX-765,	glycine,	and	cyclosporin	A	
A-D:	 LPS-primed	 (100	ng/mL,	2	h;	 LPS	was	present	 in	 the	 stimulation	medium	 for	 the	duration	of	 the	
entire	 experiment)	 WT	 iMac	 cells	 were	 subjected	 to	 the	 MCL-1	 inhibitor	 S63845	 (+S;	 5	 µM),	 or	 left	
untreated	(-S)	in	the	presence	or	absence	of	the	NLRP3	inhibitor	CRID3	(5	µM),	the	tBid	inhibitor	BI-6C9	
(25	µM),	 the	 caspase-1	 inhibitor	 VX-765	 (20	µM),	 the	 lytic	 cell	 death	 inhibitor	 glycine	 (5	mM),	 or	 the	
mitoprotective	 agent	 cyclosporin	 A	 (CsA;	 10	 µM).	 The	 stimulation	 media	 contained	 the	 pan-caspase	
inhibitor	 Q-Vd-OPh	 (20	 µM;	 B,	 D)	 or	 vehicle	 (DMSO;	 A,	 C).	 Directly	 after	 administration	 of	 these	
treatments,	the	cells	were	stimulated	with	the	BCL-2	family	inhibitors	ABT263	(0,	10,	25,	or	50	µM;	A,	B)	
or	ABT737	(0,	10,	25,	or	50	µM;	C,	D).	All	stimulations	were	performed	in	DMEM	supplemented	with	5%	
FBS.	Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	
min	(RT).	After	24	h,	the	supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Figure	9.5	Sensitivity	of	the	S63845-	and	ABT263-/ABT737-induced	ASC	speck	formation	to	CRID3,	
BI-6C9,	VX-765,	glycine,	and	cyclosporin	A	
A-D:	 LPS-primed	 (100	ng/mL,	 2	h;	 LPS	was	present	 in	 the	 stimulation	medium	 for	 the	duration	of	 the	
entire	experiment)	NLRP3/ASCmCerulean	reporter	iMac	cells	were	subjected	to	the	MCL-1	inhibitor	S63845	
(+S;	5	µM),	or	left	untreated	(-S)	in	the	presence	or	absence	of	the	NLRP3	inhibitor	CRID3	(5	µM),	the	tBid	
inhibitor	BI-6C9	(25	µM),	the	caspase-1	inhibitor	VX-765	(20	µM),	the	lytic	cell	death	inhibitor	glycine	(5	
mM),	or	the	mitoprotective	agent	cyclosporin	A	(CsA;	10	µM).	The	stimulation	media	contained	the	pan-
caspase	inhibitor	Q-Vd-OPh	(20	µM;	B,	D)	or	vehicle	(DMSO;	A,	C).	Directly	after	administration	of	these	
treatments,	the	cells	were	stimulated	with	the	BCL-2	family	inhibitors	ABT263	(0,	10,	25,	or	50	µM;	A,	B)	
or	ABT737	(0,	10,	25,	or	50	µM;	C,	D).	All	stimulations	were	performed	in	DMEM	supplemented	with	5%	
FBS.	Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	
min	 (RT).	 After	 24	 h,	 the	 cells	were	 fixed	with	 4%	 formaldehyde,	 counterstained	with	 the	 nuclear	 dye	
DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

On	 the	 level	 of	 IL-1b	 secretion,	 none	 of	 the	 tested	 cytoprotective	 treatments	 could	

inhibit	 the	 S63845-induced	 cytokine	 release	 or	 the	 ABT263-/ABT737-mediated	

enhancement	 (Figure	 9.4).	 This	 observation,	 combined	 with	 the	 results	 presented	 in	

Figure	9.2,	suggests	that	multiple	highly	redundant	pathways	might	be	 involved	 in	the	

MOMP-elicited	IL-1b	response.	

	

On	 the	 level	 of	 ASC	 speck	 formation,	 CRID3	 and	 BI-6C9	 were	 moderately	 potent	

inhibitors	 of	 the	 S63845-	 and	 ABT263-induced	 responses	 under	 caspase-proficient	
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conditions	 (Figure	 9.5	 A,	 C).	 The	 CRID3-mediated	 inhibition	 is	 in	 agreement	with	 the	

report	by	Vince	et	al.	(2018).	None	of	the	other	tested	treatments	had	an	impact	on	the	

S63845-/ABT263-elicited	ASC	speck	formation.	Of	note,	the	prolonged	(24	h)	treatment	

with	 CsA	 led	 to	 a	 high	 background	 ASC	 specking	 signal	 (Figure	 9.5),	 which	 was	 not	

reflected	by	IL-1b	secretion	(Figure	9.4).	

	

According	to	the	model	of	inflammasome	activation	with	S63845/ABT737	proposed	by	

Vince	et	al.	(2018),	K+	efflux	is	involved	in	the	MOMP-induced	NLRP3	response.	To	test	

whether	 I	 could	 reproduce	 this	 observation	 in	 my	 experimental	 system,	 I	 stimulated	

LPS-primed	WT	iMac	cells	and	NLRP3/ASCmCerulean	reporter	iMac	cells	with	S63845,	with	

or	 without	 ABT263/ABT737,	 in	 the	 presence	 of	 increased	 (60-100	 mM)	 KCl	

concentrations	(Figure	9.6	A,	B).	Media	with	increased	NaCl	concentrations	served	as	an	

osmolarity	control	(Figure	9.6	C,	D).	The	level	of	inflammasome	activation	was	assessed	

by	measurement	of	secreted	IL-1b	concentrations	and	imaging	of	ASC	specks.	

	

	
Figure	9.6	Sensitivity	of	 the	S63845-	and	ABT263-/ABT737-induced	IL-1b	 release	and	ASC	speck	
formation	to	high	extracellular	KCl	concentrations	
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3A-D:	LPS-primed	(100	ng/mL,	1	h;	LPS	was	present	in	the	stimulation	medium	for	the	duration	of	the	
entire	experiment)	WT	iMac	cells	(A,	C)	and	unprimed	NLRP3/ASCmCerulean	reporter	iMac	cells	(B,	D)	were	
shifted	to	DMEM	supplemented	with	10%	FBS	and	containing	increased	concentrations	of	KCl	(5,	65,	75,	
85,	95,	or	105	mM;	A,	B)	or	NaCl	(5,	65,	75,	85,	95,	or	105	mM;	C,	D).	Next,	the	cells	were	subjected	to	the	
MCL-1	inhibitor	S63845	(5	µM)	with	or	without	the	BCL-2	family	inhibitors	ABT263	(25	or	50	µM;	A,	B)	or	
ABT737	(25	or	50	µM;	C,	D).	The	untreated	control	was	subjected	to	medium	alone,	and	the	nigericin	(10	
µM)	control	was	performed	in	the	absence	of	MCL-1	and	BCL-2	inhibitors.	Immediately	after	addition	of	
inflammasome	 activators,	 the	 plates	 were	 centrifuged	 at	 340	 ´	 g	 for	 5	 min	 (RT).	 After	 24	 h,	 the	
supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF	(A,	C),	or	the	cells	were	
fixed	with	 4%	 formaldehyde,	 counterstained	with	 the	 nuclear	 dye	 DRAQ5	 (5	µM)	 and	 imaged	 using	 a	
widefield	fluorescence	microscope	(B,	D).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

Whereas	the	nigericin-induced	NLRP3	activation	was	completely	abolished	by	increased	

KCl	concentrations	(Figure	9.6	A,	B),	the	IL-1b	secretion	induced	by	S63845	(alone	or	in	

combination	 with	 ABT263/ABT737)	 was	 not	 sensitive	 to	 the	 increased	 KCl	 levels	

(Figure	 9.6	 A).	 In	 contrast,	 the	 MOMP-elicited	 ASC	 speck	 formation	 was	 partially	

sensitive	 to	 high	 KCl	 concentrations	 (Figure	 9.6	 B),	 suggesting	 that	 K+	 efflux	 may	 be	

required	 for	 ASC	 speck	 formation	 as	 increased	 NaCl	 concentrations	 did	 not	 have	 the	

inhibitory	effect.	

	

In	conclusion,	the	partial	sensitivity	of	the	MOMP-driven	ASC	speck	formation	to	CRID3	

(Figure	 9.5	 A,	 C)	 and	 high	 KCl	 concentrations	 (Figure	 9.6	 B)	 are	 consistent	 with	 the	

previously	reported	results	(Vince	et	al.,	2018),	but	my	observations	regarding	the	IL-1b	

release	from	cells	undergoing	MOMP	are	not	in	agreement	with	the	proposed	model	of	

the	 inflammasome	 activation	 by	 intrinsic	 apoptosis	 agonists.	 My	 results	 provide	 no	

evidence	that	MOMP	could	activate	the	AIM2	and	NLRP10	inflammasomes.	

	

The	interpretation	of	my	observations	is	difficult.	Earlier	in	my	thesis	I	have	shown	that	

the	Bax	agonist	SMBA1	rapidly	activates	AIM2	and	NLRP10,	whereas	BAM7,	a	different	

Bax	 activator,	 does	 not	 cause	 inflammasome	 formation	 (Section	 6.16).	 Presently,	 I	

observed	no	 signs	of	AIM2/NLRP10	activation	 in	 cells	undergoing	Bak-/Bax-mediated	

MOMP	(Figures	9.2,	9.3).	The	easiest	explanation	of	the	observed	discrepancy	would	be	

that	SMBA1	induces	mitochondrial	damage	through	a	Bak-/Bax-independent	off-target	

effect.	However,	this	scenario	may	be	too	simplistic	in	the	light	of	the	recent	reports	on	

the	MOMP-induced	leakage	of	mtDNA	to	the	cytosol	(McArthur	et	al.,	2018;	Riley	et	al.,	

2018).	 One	 possibility	 is	 that	 the	 biophysical	 and	 cellular	 characteristics	 of	 Bak/Bax	

pores	may	differ	depending	on	the	type	of	MOMP	agonist.	In	principle	this	is	possible,	as	



Chapter	9	

	 272	

the	 sizes	 of	 Bak/Bax	 pores	 are	 variable	 and	may	 be	 regulated	 (Bleicken	 et	 al.,	 2013).	

Another	plausible	scenario	is	that	relatively	slow	processes,	such	as	MOMP	induced	by	

S63845/ABT263/ABT737,	 could	engage	 repair	or	 clearance	mechanisms	 that	mask	or	

degrade	 the	 AIM2/NLRP10	 ligands,	 whereas	 the	 speed	 with	 which	 m-3M3FBS	 and	

thapsigargin	 permeabilize	 the	 IMM	 could	 prevent	 activation	 of	 such	 mechanisms.	

Finally,	if	the	ligands	of	AIM2	and	NLRP10	are	released	at	a	slower	rate	than	cytochrome	

c	 (the	APAF1	 ligand)	during	 the	apoptotic	MOMP,	 it	 is	possible	 that	 the	 apoptotic	 cell	

death	 prevents	 AIM2/NLRP10	 activation.	 The	 proposed	 scenarios	 are	 not	 mutually	

exclusive	 and	 given	 the	 current	 state	 of	 knowledge,	 it	 would	 be	 difficult	 to	

experimentally	distinguish	between	them.	

	

Because	 of	 the	 difficulties	 in	 interpreting	 the	 results	 obtained	 with	 BCL-2	 family	

inhibitors,	 I	 went	 on	 to	 test	 a	 more	 direct	 way	 of	 triggering	 MOMP	 as	 a	 prospective	

NLRP10	activator.	A	recent	report	demonstrated	that	overexpression	of	the	N-terminal	

domains	of	GsdmD	and	GsdmE	may	lead	to	the	cytosolic	leakage	of	the	IMS	contents	and	

to	pyroptotic	cell	death	(Rogers	et	al.,	2019).	To	examine	whether	overexpression	of	the	

GsdmD/E	 N-terminal	 domains	 could	 trigger	 NLRP10	 activation,	 I	 transfected	

NLRP10mCitrine/ASCTagBFP	 HEK	 cells	 and	ASCTagBFP	 HEK	 cells	 (background	 control),	with	

constructs	encoding	GsdmD/E	(full-length	or	the	N-terminal	domains)	as	fusion	proteins	

with	mCherry	or	with	mCherry	co-expression	driven	by	an	IRES	sequence.	After	48	h	of	

transfection,	 I	 inspected	 the	 ASC	 specking	 levels	 by	 fluorescence	 microscopy.	 The	

positive	 control	 samples	were	 treated	with	m-3M3FBS	 during	 the	 final	 30	min	 of	 the	

experiment	(Figure	9.7).	
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Figure	 9.7.	 ASC	 specking	 levels	 in	 NLRP10mCitrine/ASCTagBFP	 HEK	 cells	 and	 ASCTagBFP	 HEK	 cells	
transiently	transfected	with	vectors	encoding	full-length	gasdermin	D/E	or	the	gasdermin	D/E	N-
terminal	domains	
A-D:	NLRP10mCitrine/ASCTagBFP	HEK	cells	(A,	C)	and	ASCTagBFP	HEK	cells	(B,	D)	were	plated	in	96-well	plates	
at	1.1	´	104	cells/well,	or	~3.4	´	104	cells/cm2	(A,	B)	or	at	2.2	´	104	cells/well,	or	~6.8	´	104	cells/cm2	(C,	
D)	and,	after	an	overnight	incubation,	transfected	with	the	following	constructs	(50,	75,	100,	150,	or	200	
ng	of	DNA	per	well)	encoding	human	gasdermin	(GSDM)	D	and	E	proteins	or	their	N-terminal	domains:	
full-length	 (FL)	 GSDMD-IRES-mCherry,	 GSDMD(FL)-linker-mCherry,	 N-terminal	 domain	 (N)	 of	 GSDMD-
IRES-mCherry,	 GSDMD(N)-linker-mCherry,	 GSDME(FL)-IRES-mCherry,	 GSDME(FL)-linker-mCherry,	
GSDME(N)-IRES-mCherry,	and	GSDME(N)-linker-mCherry.	The	transfection	reagent	was	Gene	Juice	and	it	
was	used	at	2.7	µL	of	transfection	reagent	per	1	µg	of	DNA.	After	24	h	of	stimulation,	the	cells	were	fixed	
with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	
fluorescence	microscope.	The	untreated	(no	activator)	control	was	not	transfected	with	DNA.	The	positive	
(m-3M3FBS)	control	cells	were	shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	
MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4	during	the	final	30	min	of	the	experiment	and	stimulated	with	
85	µM	m-3M3FBS.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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In	ASCTagBFP	HEK	cells	(without	the	NLRP10	overexpression),	neither	m-3M3FBS	nor	the	

overexpression	 of	 the	 GsdmD/E	 N-terminal	 domains	 caused	 ASC	 speck	 formation	

(Figure	9.7	B,	D).	 In	NLRP10mCitrine/ASCTagBFP	HEK	cells,	 transfection	with	GsdmD/E	N-

terminal	domains,	but	not	the	full-length	variants,	led	a	slight	increase	in	ASC	specking	

compared	 to	 the	background	signal	 (Figure	9.7	A,	C).	This	ASC	specking	response	was	

much	lower	than	the	response	to	m-3M3FBS,	suggesting	that	the	mitochondrial	damage	

inflicted	by	the	GsdmD/E	N-terminal	domains	is	not	sufficient	to	activate	NLRP10.	

	

To	 ensure	 that	 cell	 death	 associated	 with	 the	 GsdmD/E	 N-terminal	 domain	

overexpression	 did	 not	 interfere	 with	 NLRP10	 activation,	 I	 examined	 whether	 these	

proteins	 fragments	 could	 activate	NLRP10	when	 the	 lytic	 cell	 death	 is	 blocked	by	 the	

pan-caspase	 inhibitor	 Q-Vd-OPh,	 the	 osmoprotectant	 glycine,	 or	 the	 combination	 of	

these	two	agents	(Figures	9.8.1	and	9.8.2).	
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Figure	 9.8.1	 ASC	 specking	 levels	 in	 NLRP10mCitrine/ASCTagBFP	 HEK	 cells	 and	 ASCTagBFP	 HEK	 cells	
transiently	transfected	with	vectors	encoding	full-length	gasdermin	D/E	or	the	gasdermin	D/E	N-
terminal	domains	in	the	absence	of	cell	death	inhibitors	or	in	the	presence	of	glycine	
A-D:	NLRP10mCitrine/ASCTagBFP	HEK	cells	(A,	C)	and	ASCTagBFP	HEK	cells	(B,	D)	were	plated	in	96-well	plates	
at	1.5	´	 104	 cells/well,	 or	~4.7	´	 104	 cells/cm2	 and,	 after	an	overnight	 incubation,	 transfected	with	 the	
following	 constructs	 (150	 or	 200	 ng	 of	 DNA	 per	 well)	 encoding	 human	 gasdermin	 (GSDM)	 D	 and	 E	
proteins	 or	 their	 N-terminal	 domains:	 full-length	 (FL)	 GSDMD-IRES-mCherry,	 GSDMD(FL)-linker-
mCherry,	N-terminal	domain	(N)	of	GSDMD-IRES-mCherry,	GSDMD(N)-linker-mCherry,	GSDME(FL)-IRES-
mCherry,	 GSDME(FL)-linker-mCherry,	 GSDME(N)-IRES-mCherry,	 and	 GSDME(N)-linker-mCherry	 in	 the	
absence	of	cytoprotective	agents	(‘no	cell	death	inhibitors’;	A,	B)	or	in	the	presence	of	the	lytic	cell	death	
inhibitor	 glycine	 (5	 mM;	 C,	 D).	 The	 transfection	 reagent	 was	 Gene	 Juice	 and	 it	 was	 used	 at	 2.7	 µL	 of	
transfection	 reagent	 per	 1	 µg	 of	 DNA.	 After	 24	 h	 of	 stimulation,	 the	 cells	 were	 fixed	 with	 4%	
formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	 imaged	 using	 a	 widefield	
fluorescence	microscope.	The	untreated	(no	activator)	control	was	not	transfected	with	DNA.	The	positive	
(m-3M3FBS)	control	cells	were	shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	
MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4	during	the	final	30	min	of	the	experiment	and	stimulated	with	
85	µM	m-3M3FBS.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Figure	 9.8.2	 ASC	 specking	 levels	 in	 NLRP10mCitrine/ASCTagBFP	 HEK	 cells	 and	 ASCTagBFP	 HEK	 cells	
transiently	transfected	with	vectors	encoding	full-length	gasdermin	D/E	or	the	gasdermin	D/E	N-
terminal	domains	in	the	presence	of	Q-Vd-OPh	or	of	the	combination	of	glycine	and	Q-Vd-OPh	
A-D:	NLRP10mCitrine/ASCTagBFP	HEK	cells	(A,	C)	and	ASCTagBFP	HEK	cells	(B,	D)	were	plated	in	96-well	plates	
at	1.5	´	 104	 cells/well,	 or	~4.7	´	 104	 cells/cm2	 and,	 after	an	overnight	 incubation,	 transfected	with	 the	
following	 constructs	 (150	 or	 200	 ng	 of	 DNA	 per	 well)	 encoding	 human	 gasdermin	 (GSDM)	 D	 and	 E	
proteins	 or	 their	 N-terminal	 domains:	 full-length	 (FL)	 GSDMD-IRES-mCherry,	 GSDMD(FL)-linker-
mCherry,	N-terminal	domain	(N)	of	GSDMD-IRES-mCherry,	GSDMD(N)-linker-mCherry,	GSDME(FL)-IRES-
mCherry,	 GSDME(FL)-linker-mCherry,	 GSDME(N)-IRES-mCherry,	 and	 GSDME(N)-linker-mCherry	 in	 the	
presence	of	the	pan-caspase	inhibitor	Q-Vd-OPh	(20	µM;	A,	B)	or	of	the	combination	of	Q-Vd-OPh	(20	µM)	
and	the	lytic	cell	death	inhibitor	glycine	(5	mM;	C,	D).	The	transfection	reagent	was	Gene	Juice	and	it	was	
used	at	2.7	µL	of	transfection	reagent	per	1	µg	of	DNA.	After	24	h	of	stimulation,	the	cells	were	fixed	with	
4%	 formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	 imaged	 using	 a	 widefield	
fluorescence	microscope.	The	untreated	(no	activator)	control	was	not	transfected	with	DNA.	The	positive	
(m-3M3FBS)	control	cells	were	shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	
MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4	during	the	final	30	min	of	the	experiment	and	stimulated	with	
85	µM	m-3M3FBS.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Under	 all	 tested	 conditions,	 the	 overexpression	 of	 the	 GsdmD/E	 N-terminal	 domains,	

but	 not	 the	 full-length	 proteins,	 led	 to	 a	 slight	 increase	 in	 ASC	 speck	 formation	 in	

NLRP10mCitrine/ASCTagBFP	 HEK	 cells	 (Figures	 9.8.1	 A,	 C	 and	 9.8.2	 A,	 C).	 This	 was	 not	

observed	in	ASCTagBFP	HEK	cells	without	the	NLRP10	overexpression.	None	of	the	tested	

cytoprotective	treatments	enhanced	the	ASC	specking	signal,	consistent	with	the	notion	

that	permeabilization	of	the	outer	mitochondrial	membrane	by	the	GsdmD/E	N-terminal	

domains	 is	 likely	 not	 sufficient	 to	 activate	 NLRP10.	 Collectively,	 my	 observations	

indicate	that	the	apoptotic	MOMP	is	not	sufficient	for	the	AIM2/NLRP10	activation.	

	

9.2.	Pharmacological	targeting	of	BCL-2	family	members	provides	no	evidence	of	

their	involvement	in	AIM2/NLRP10	activation	

	

The	 results	 presented	 in	 Section	 9.1	 suggest	 that	 induction	 of	MOMP	 and/or	 intrinsic	

apoptosis	 does	 not	 act	 as	 a	 trigger	 for	 AIM2/NLRP10	 activation,	 despite	 the	 reports	

suggesting	 that	Bak/Bax	pores	 could	 expose	 the	mitochondrial	matrix	 contents	 to	 the	

cytosol	(McArthur	et	al.,	2018;	Riley	et	al.,	2018).	

	

Earlier	 in	 my	 thesis,	 I	 showed	 that	 the	 BCL-2	 inhibitor	 HA14-1	 and	 the	 BCL-2/BCL-

XL/MCL-1	 inhibitor	 TW37	 were	 not	 capable	 of	 eliciting	 an	 inflammasome	 response	

during	a	short	stimulation	(Supplementary	Figures	S32	A,	D,	S33	A,	D,	and	S34	A,D);	in	

fact	 HA14-1	 acted	 as	 a	 potent,	 non-selective	 inhibitor	 of	 multiple	 inflammasome	

responses.	During	an	overnight	incubation,	HA14-1	and	TW37	also	did	not	consistently	

elicit	 the	 inflammasome	 activation	 (Supplementary	 Figures	 S35	 and	 S36).	

Correspondingly,	 the	Bax	 inhibitor	 iMAC2	did	not	 inhibit	 the	 inflammasome	responses	

to	any	of	the	tested	stimuli	(Supplementary	Figures	S32	B,	S33	B,	and	S34	B).	

	

To	complete	 this	picture,	 I	 tested	whether	 the	Bax	agonist	BTSA1	(Reyna	et	al.,	2017)	

could	 activate	 the	 inflammasome	 in	 LPS-primed	 WT	 iMac	 cells,	 NLRP3/ASCmCerulean	

reporter	 iMac	 cells,	 NLRP10mCitrine/ASCTagBFP	 HEK	 cells,	 or	 NLRP10mCherry/ASCmCerulean	

HEK	 cells	 (Figure	 9.9).	 No	 inflammasome	 activation	 was	 detected	 when	 cells	 were	

treated	with	BTSA1	alone,	whereas	combined	with	the	known	inflammasome	activators	

this	 compound	 behaved	 as	 a	 weak,	 non-selective	 inhibitor	 of	multiple	 inflammasome	

responses	 (Figure	 9.9).	 Interestingly,	 BTSA1	 binds	 to	 the	 N-terminal	 portion	 of	 Bax	

(Reyna	et	al.,	2017),	similar	to	BAM7	(Gavathiotis	et	al.,	2012).	Neither	of	these	two	Bax	
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agonists	 activates	 the	 inflammasome.	 In	 contrast,	 SMBA1,	 the	 Bax	 activator	 that	 also	

activates	AIM2	and	NLRP10,	binds	to	the	C-terminal	part	of	Bax	(Xin	et	al.,	2014).	

	

	
Figure	 9.9.	 Influence	 of	 the	 Bax	 agonist	 BTSA1	 on	 the	 inflammasome	 responses	 to	m-3M3FBS,	
thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-D:	 LPS-primed	 (200	 ng/mL,	 2	 h)	 WT	 iMac	 cells	 (A),	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (B),	
NLRP10mCitrine/ASCTagBFP	 HEK	 cells	 (C),	 and	 NLRP10mCherry/ASCmCerulean	 HEK	 cells	 (D)	 were	 shifted	 to	 an	
extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4	
and	 pre-treated	 for	 10	min	with	 BTSA1	 (0,	 5,	 10,	 or	 50	µM).	 Then,	 the	 cells	were	 stimulated	with	 the	
following	inflammasome	activators:	m-3M3FBS	(85	µM),	thapsigargin	(20	µM),	nigericin	(10	µM)	or	poly-
(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000).	The	LPS	(A)	and	unprimed	(A-D)	controls	
were	subjected	to	medium	alone.	Immediately	after	addition	of	inflammasome	activators,	the	plates	were	
centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	(C,	D)	or	60	min	(A,	B),	the	supernatants	were	collected	
and	 IL-1b	 concentrations	were	measured	 by	 HTRF	 (A)	 or	 the	 cells	were	 fixed	with	 4%	 formaldehyde,	
counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope	
(B-D).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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I	 further	 tested	 the	 influence	of	AT406,	LCL161,	 and	birinapant	on	 the	 inflammasome	

responses	 to	 multiple	 stimuli.	 These	 molecules,	 known	 as	 SMAC	 mimetics,	 promote	

apoptotic	caspase	activity	by	antagonizing	proteins	called	inhibitors	of	apoptosis	(cIAP	

and	 XIAP)	 (Fulda,	 2015).	 I	 examined	whether	 SMAC	mimetics	 could	 trigger	 or	 inhibit	

inflammasome	 activation	 in	 LPS-primed	 WT	 iMac	 cells,	 NLRP3/ASCmCerulean	 reporter	

iMac	 cells,	 and	 NLRP10mCitrine/ASCTagBFP	 HEK	 cells	 (Figures	 9.10	 and	 9.11	 A-C).	 In	 the	

same	setup,	I	also	examined	whether	the	pan-BCL-2	family	inhibitor	gambogic	acid	has	

an	influence	on	the	inflammasome	activation	(Figure	9.11	D-F).	Of	note	birinapant	was	

strongly	autofluorescent	in	the	BFP	channel	so	the	results	on	the	impact	of	this	molecule	

on	NLRP10	activation	in	NLRP10mCitrine/ASCTagBFP	HEK	cells	are	uninterpretable	(Figure	

9.11	C).	
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Figure	9.10.	Influence	of	the	SMAC	mimetics	AT406	and	LCL161	on	the	inflammasome	responses	to	
m-3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-F:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A,	D),	NLRP3/ASCmCerulean	reporter	iMac	cells	(B,	E),	and	
NLRP10mCitrine/ASCTagBFP	HEK	cells	 (C,	F)	were	 shifted	 to	an	extracellular	medium	consisting	of	 (in	mM)	
123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4	and	pre-treated	for	10	min	with	AT406	(0,	
5,	 10,	 or	 50	 µM;	 A-C)	 or	 LCL161	 (0,	 5,	 10,	 or	 50	 µM;	 D-F).	 Then,	 the	 cells	 were	 stimulated	 with	 the	
following	inflammasome	activators:	m-3M3FBS	(85	µM),	thapsigargin	(20	µM),	nigericin	(10	µM)	or	poly-
(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000).	The	LPS	(A,	D)	and	unprimed	(A-F)	controls	
were	subjected	to	medium	alone.	Immediately	after	addition	of	inflammasome	activators,	the	plates	were	
centrifuged	at	340	´	g	 for	5	min	(RT).	After	30	min	(C,	F)	or	60	min	(A,	B,	D,	E),	 the	supernatants	were	
collected	 and	 IL-1b	 concentrations	 were	 measured	 by	 HTRF	 (A,	 D)	 or	 the	 cells	 were	 fixed	 with	 4%	
formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	 imaged	 using	 a	 widefield	
fluorescence	microscope	(B,	C,	E,	F).	
The	results	are	plotted	as	means	from	4	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Figure	9.11.	Impact	of	the	SMAC	mimetic	birinapant	and	the	BCL-2	family	inhibitor	gambogic	acid	
on	the	inflammasome	responses	to	m-3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-F:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A,	D),	NLRP3/ASCmCerulean	reporter	iMac	cells	(B,	E),	and	
NLRP10mCitrine/ASCTagBFP	HEK	cells	 (C,	 F)	were	 shifted	 to	an	extracellular	medium	consisting	of	 (in	mM)	
123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4	and	pre-treated	for	10	min	with	birinapant	
(Bnpt;	 0,	 1,	 5,	 or	 50	 µM;	 A-C)	 or	 gambogic	 acid	 (GA;	 0,	 5,	 10,	 or	 50	 µM;	 D-F).	 Then,	 the	 cells	 were	
stimulated	 with	 the	 following	 inflammasome	 activators:	 m-3M3FBS	 (85	 µM),	 thapsigargin	 (20	 µM),	
nigericin	(10	µM)	or	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000).	The	LPS	(A,	D)	
and	 unprimed	 (A-F)	 controls	 were	 subjected	 to	 medium	 alone.	 Immediately	 after	 addition	 of	
inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	(C,	F)	or	60	
min	(A,	B,	D,	E),	the	supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF	(A,	D)	
or	 the	cells	were	 fixed	with	4%	formaldehyde,	counterstained	with	 the	nuclear	dye	DRAQ5	(5	µM)	and	
imaged	using	a	widefield	fluorescence	microscope	(B,	C,	E,	F).	
The	results	are	plotted	as	means	from	4	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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None	of	the	tested	SMAC	mimetics	had	the	ability	to	activate	the	inflammasome	(Figures	

9.10	and	9.11	A,	B).	Short	 treatments	with	these	agents	also	did	not	act	as	blockers	of	

inflammasome	 activation.	 In	 contrast,	 the	 pan-BCL-2	 family	 inhibitor	 gambogic	 acid	

strongly	inhibited	all	tested	inflammasome	responses	(Figure	9.11	D-F),	in	particular	the	

NLRP3	 response	 to	 nigericin	 (Figure	 9.11	 D,	 E).	 This	 is	 likely	 linked	 to	 the	 chemical	

reactivity	of	gambogic	acid,	which	contains	 the	Michael	acceptor	moiety	 (Sections	5.1-

5.3).	

	

Collectively,	my	results	indicate	that	the	induction	of	MOMP	by	BCL-2	family	inhibition	

or	 by	 GsdmD/E	 N-terminal	 domains	 does	 not	 activate	 the	 AIM2/NLRP10	

inflammasomes.	 Correspondingly,	 MOMP	 inhibitors	 do	 not	 inhibit	 the	 inflammasome	

activation	by	m-3M3FBS/thapsigargin.	Among	the	three	direct	agonists	of	Bax	tested	in	

my	thesis,	one	was	a	potent	AIM2/NLRP10	activator	(SMBA1),	but	two	did	not	trigger	

inflammasome	 responses	 (BAM7	 and	 BTSA1).	 The	 results	 presented	 in	 Sections	 6.16,	

9.1,	 and	9.2	 do	not	 exclude	 the	 possibility	 that	 the	AIM2/NLRP10	 activators	 and	pro-

apoptotic	 stimuli	 could	 share	 their	 targets.	 However,	 they	 clearly	 do	 not	 share	 the	

mechanisms	of	action.	

	

The	observed	discrepancies	suggest	that	many	questions	remain	to	be	answered	about	

the	 interactions	 between	 mitochondrial	 damage,	 cell	 death,	 and	 inflammasome	

activation.	Some	of	 the	 immediate	 topics	 for	 future	 research	are:	 (1)	how	certain	pro-

apoptotic	stimuli	trigger	IL-1b	release,	(2)	how	the	IL-1b-inducing	pro-apoptotic	stimuli	

differ	 from	 those	 that	 do	 not	 induce	 IL-1b	 secretion,	 and	 (3)	 how	 the	 m-3M3FBS-

/thapsigargin-induced	 mitochondrial	 disruption	 differs	 from	 the	 damage	 caused	 by	

S63845	and	ABT263/ABT737.	

	

9.3	Triggering	the	mitochondrial	unfolded	protein	response	does	not	activate	the	

AIM2/NLRP10	inflammasomes	

	

I	found	no	evidence	to	link	the	intrinsic	apoptosis	pathway	to	AIM2/NLRP10	activation.	

Another	axis	of	mitochondria-cytosol-nucleus	communication,	gaining	more	attention	in	

the	past	 ten	years,	 is	 the	mitochondrial	unfolded	protein	 response	 (UPRmt)	 (Fessler	et	

al.,	 2020;	 Guo	 et	 al.,	 2020;	Melber	 and	Haynes,	 2018;	Münch	 and	Harper,	 2016).	 The	

UPRmt	 relays	 the	 information	 about	 the	 accumulation	 of	 unfolded	 proteins	 in	 the	
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mitochondrial	 matrix	 and	 along	 the	 mitochondrial	 protein	 import	 routes	 in	 a	

mechanism	involving	regulated	proteolysis	and	translocation	of	signaling	proteins	from	

the	IMS	to	the	cytosol	(Fessler	et	al.,	2020;	Guo	et	al.,	2020).	Pharmacologically,	UPRmt	

can	 be	 triggered	 by	 the	 inhibition	 of	 the	mitochondrial	 protease	 Lon	 (using	 its	 LMW	

inhibitors	 CDDO	 or	 CDDO-Me;	 Bernstein	 et	 al.,	 2012),	 or	 by	mitochondrially-targeted	

heat	shock	protein	90	(HSP90)	inhibitors	(such	as	GTPP;	Kang	et	al.,	2010;	2011;	2009;	

Karpel-Massler	 et	 al.,	 2017;	 Siegelin	 et	 al.,	 2011).	 I	 set	 out	 to	 examine	 whether	 cells	

undergoing	UPRmt	could	activate	the	AIM2	and	NLRP10	inflammasomes.	

	

First,	 I	 tested	 whether	 the	 UPRmt-triggering	 stimuli	 could	 activate	 inflammasome	

responses	 in	a	24-h	setup,	 in	 the	presence	or	absence	of	 the	NLRP3	 inhibitor	CRID3.	 I	

evaluated	 the	 ASC	 specking	 responses	 to	 CDDO,	 CDDO-Me,	 and	 GTPP	 in	 HEK	 cells	

overexpressing	 NLRP10mCitrine/ASCTagBFP,	 NLRP10mCherry/ASCmCerulean,	 or	

mCitrine/ASCTagBFP	 (Figure	 9.12),	 and	 in	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	

overexpressing	 human/murine	 NLRP10	 or	 transduced	with	 the	 empty	 vector	 (Figure	

9.13).	

	

In	HEK	cells,	 regardless	of	 the	NLRP10	overexpression	status,	CDDO	did	not	elicit	ASC	

speck	formation,	whereas	CDDO-Me	and	GTPP	produced	non-monotonic	dose-response	

ASC	 specking	 curves.	 The	maximal	ASC	 specking	 levels	were	detected	 at	 intermediate	

concentrations	of	the	UPRmt	agonists	(Figure	9.12).	Importantly,	the	observed	ASC	speck	

formation	 could	 not	 be	 attributed	 to	 the	 NLRP10	 overexpression	 because	

NLRP10mCitrine/ASCTagBFP	HEK	cells	(Figure	9.12	A),	NLRP10mCherry/ASCmCerulean	HEK	cells	

(Figure	 9.12	 B),	 and	 mCitrine/ASCTagBFP	 HEK	 cells	 (Figure	 9.12	 C)	 all	 responded	 to	

CDDO-Me	and	GTPP	with	similar	strength.	
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Figure	 9.12.	 ASC	 specking	 levels	 in	 NLRP10mCitrine/ASCTagBFP	 HEK	 cells,	 NLRP10mCherry/ASCmCerulean	
HEK	 cells,	 and	 mCitrine/ASCTagBFP	 HEK	 cells	 treated	 with	 the	 mitochondrial	 unfolded	 protein	
response	agonists	CDDO,	CDDO-Me,	and	GTPP	for	24	h	
A-C:	Human	(h)	NLRP10mCitrine/ASCTagBFP	HEK	cells	(A),	murine	(m)	Nlrp10mCitrine/ASCTagBFP	HEK	cells	(B),	
and	mCitrine/ASCTagBFP	HEK	cells	(C)	were	stimulated	with	CDDO	(0.1,	0.5,	1,	2.5,	5,	10,	or	20	µM),	CDDO-
Me	(0.1,	0.5,	1,	2.5,	5,	10,	or	20	µM),	or	GTPP	(0.1,	0.5,	1,	2.5,	5,	10,	or	20	µM)	for	24	h	 in	the	presence	
(yellow	bars)	or	absence	(vehicle	–	ethanol;	pink	bars)	of	the	NLRP3	inhibitor	CRID3	(5	µM).	During	the	
last	60	min	of	experiment,	the	control	cells	were	stimulated	with	nigericin	(10	µM)	or	m-3M3FBS	(85	µM).	
The	untreated	(no	activator)	controls	were	subjected	to	medium	alone.	Immediately	after	administration	
of	the	stimuli,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	With	the	exception	of	the	nigericin	
and	m-3M3FBS	 controls	 (which	were	performed	 in	 an	 extracellular	medium	consisting	 of	 [in	mM]	123	
NaCl,	5	KCl,	2	MgCl2,	 1	CaCl2,	 10	glucose,	10	HEPES	pH	7.4),	 all	 stimulations	were	performed	 in	DMEM	
supplemented	 with	 10%	 FBS.	 After	 completion	 of	 the	 experiment,	 the	 cells	 were	 fixed	 with	 4%	
formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	 imaged	 using	 a	 widefield	
fluorescence	microscope.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Figure	 9.13	 ASC	 specking	 levels	 in	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 overexpressing	
human/murine	NLRP10	or	transduced	with	the	empty	vector,	and	treated	with	the	mitochondrial	
unfolded	protein	response	agonists	CDDO,	CDDO-Me,	and	GTPP	for	24	h	
A-C:	NLRP3/ASCmCerulean	reporter	iMac	cells	overexpressing	WT	human	(h)	NLRP10	(A),	WT	murine	(m)	
NLRP10	(B),	or	the	empty	vector	(C)	were	stimulated	with	CDDO	(0.1,	0.5,	1,	2.5,	5,	10,	or	20	µM),	CDDO-
Me	(0.1,	0.5,	1,	2.5,	5,	10,	or	20	µM),	or	GTPP	(0.1,	0.5,	1,	2.5,	5,	10,	or	20	µM)	for	24	h	 in	the	presence	
(yellow	bars)	or	absence	(vehicle	–	ethanol;	pink	bars)	of	the	NLRP3	inhibitor	CRID3	(5	µM).	During	the	
last	60	min	of	experiment,	the	control	cells	were	stimulated	with	nigericin	(10	µM)	or	m-3M3FBS	(85	µM).	
The	untreated	(no	activator)	controls	were	subjected	to	medium	alone.	Immediately	after	administration	
of	the	stimuli,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	With	the	exception	of	the	nigericin	
and	m-3M3FBS	 controls	 (which	were	performed	 in	 an	 extracellular	medium	consisting	 of	 [in	mM]	123	
NaCl,	5	KCl,	2	MgCl2,	 1	CaCl2,	 10	glucose,	10	HEPES	pH	7.4),	 all	 stimulations	were	performed	 in	DMEM	
supplemented	 with	 10%	 FBS.	 After	 completion	 of	 the	 experiment,	 the	 cells	 were	 fixed	 with	 4%	
formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	 imaged	 using	 a	 widefield	
fluorescence	microscope.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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In	NLRP3/ASCmCerulean	reporter	iMac	cells,	intermediate	concentrations	of	CDDO	and	low	

concentrations	 of	 CDDO-Me	 produced	 weak	 ASC	 specking	 responses	 that	 were	 not	

inhibited	by	CRID3	 and	not	 linked	 to	 the	NLRP10	overexpression	 status.	 Stimulations	

with	GTPP	only	led	to	negligible	levels	of	ASC	specking	(Figure	9.13).	

	

I	went	on	to	determine	whether	the	ASC	speck	formation	observed	in	the	UPRmt	agonist-

stimulated	 cells	 (Figure	 9.14	 B-D)	 would	 be	 reflected	 by	 IL-1b	 secretion	 from	 LPS-

primed	WT	iMac	cells	treated	with	CDDO,	CDDO-Me,	or	GTPP	(Figure	9.14	A).	However,	

while	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (Figure	 9.14	 B),	 NLRP10mCitrine/ASCTagBFP	

HEK	cells	 (Figure	9.14	C),	 and	NLRP10mCherry/ASCmCerulean	HEK	cells	 (Figure	9.14	D)	all	

exhibited	 substantial	 levels	 of	 ASC	 specking	 after	 UPRmt	 induction,	 the	 IL-1b	

concentrations	detected	in	the	supernatants	of	CDDO-,	CDDO-Me-,	and	GTPP-stimulated	

LPS-primed	WT	 iMac	 cells	were	only	 slightly	higher	 than	 the	background	 IL-1b	 levels	

secreted	by	cells	treated	with	LPS	alone	(Figure	9.14	A).	This	observation	suggests	that	

the	 ASC	 specks	 detected	 in	 cells	 undergoing	 UPRmt	 might	 not	 represent	 active	

inflammasomes.	 (Another	 example	 of	 ASC	 speck	 formation	 without	 inflammasome	

activation	was	 reported	 by	 Green	 et	 al.	 (2018).)	 Collectively,	 there	was	 no	 indication	

that	 CDDO,	 CDDO-Me,	 or	 GTPP	 could	 activate	 AIM2/NLRP10,	 and	 overall	 these	

treatments	did	not	exhibit	typical	characteristics	of	inflammasome	agonists.	
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Figure	9.14.	IL-1b	and	ASC	specking	responses	to	the	UPRmt	agonists	CDDO,	CDDO-Me,	and	GTPP	in	
LPS-primed	WT	 iMac	 cells,	 NLRP3/ASCmCerulean	 iMac	 cells,	 NLRP10mCitrine/ASCTagBFP	 HEK	 cells,	 and	
NLRP10mCherry/ASCmCerulean	HEK	cells	
A-D:	LPS-primed	(100	ng/mL,	1	h;	LPS	was	kept	in	the	medium	for	the	duration	of	the	entire	experiment)	
WT	iMac	cells	(A),	NLRP3/ASCmCerulean	reporter	iMac	cells	(B),	NLRP10mCitrine/ASCTagBFP	HEK	cells	(C),	and	
NLRP10mCherry/ASCmCerulean	HEK	cells	(D)	were	stimulated	with	CDDO	(5,	10,	25,	or	50	µM),	CDDO-Me	(5,	
10,	25,	or	50	µM),	or	GTPP	(5,	10,	25,	or	50	µM)	for	24	h	in	DMEM	supplemented	with	10%	FBS.	During	
the	final	60	min	of	the	experiment,	the	m-3M3FBS	control	cells	were	shifted	to	an	extracellular	medium	
consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4	and	stimulated	with	
m-3M3FBS	 (85	 µM).	 The	 LPS	 (A)	 and	 untreated	 (UT;	 B-D)	 controls	 were	 subjected	 to	 medium	 alone.	
Immediately	 after	 administration	of	 the	 stimuli,	 the	plates	were	 centrifuged	at	340	´	 g	 for	5	min	 (RT).	
After	 completion	 of	 the	 experiment,	 the	 supernatants	 were	 collected	 and	 IL-1b	 concentrations	 were	
measured	by	HTRF	(A),	or	 the	cells	were	 fixed	with	4%	formaldehyde,	counterstained	with	 the	nuclear	
dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope	(B-D).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	triplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	triplicate	values	from	each	of	
the	independent	experiments.	
	

As	the	induction	of	UPRmt	did	not	lead	to	AIM2/NLRP10	activation,	I	proceeded	to	test	

whether	 the	 UPRmt	 agonists	 could	 instead	 negatively	 interfere	 with	 inflammasome	

formation.	 To	 address	 this	 question,	 I	 pre-treated	 LPS-primed	 WT	 iMac	 cells,	
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NLRP3/ASCmCerulean	reporter	iMac	cells,	NLRP10mCitrine/ASCTagBFP	HEK	cells	(Figure	9.15),	

and	 NLRP10mCherry/ASCmCerulean	 HEK	 cells	 (Supplementary	 Figure	 S38)	 with	 CDDO,	

CDDO-Me,	 or	 GTPP,	 and	 then	 challenged	 them	 with	 the	 inflammasome	 agonists	 m-

3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT).	To	assess	the	level	of	inflammasome	

activation,	I	measured	the	IL-1b	concentrations	in	cell	culture	supernatants	and	imaged	

ASC	specks	by	fluorescence	microscopy.	

	

	
Figure	 9.15.	 Influence	 of	 the	 UPRmt	 agonists	 CDDO,	 CDDO-Me,	 and	 GTPP	 on	 the	 inflammasome	
responses	to	m-3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-I:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A,	D,	G),	NLRP3/ASCmCerulean	reporter	iMac	cells	(B,	E,	H),	
and	NLRP10mCitrine/ASCTagBFP	HEK	cells	(C,	F,	I)	were	treated	for	10	min	with	CDDO	(0,	10,	25,	or	50	µM;	A-
C),	 CDDO-Me	 (0,	 10,	 25,	 or	 50	µM;	 D-F),	 or	 GTPP	 (0,	 5,	 10,	 or	 50	µM;	 G-I)	 and	 then	 subjected	 to	 the	
inflammasome	activators	m-3M3FBS	(85	µM),	thapsigargin	(20	µM),	nigericin	(10	µM)	or	poly-(dA:dT)	(2	
µg/mL	complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	medium	consisting	of	(in	mM)	123	
NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	LPS	(A,	D,	G)	and	unprimed	(A-I)	controls	
were	subjected	to	medium	alone.	Immediately	after	addition	of	inflammasome	activators,	the	plates	were	
centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	(C,	F,	I)	or	60	min	(A,	B,	D,	E,	G,	H),	the	supernatants	
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were	collected	and	IL-1b	concentrations	were	measured	by	HTRF	(A,	D,	G)	or	the	cells	were	fixed	with	4%	
formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	 imaged	 using	 a	 widefield	
fluorescence	microscope	(B,	C,	E,	F,	H,	I).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

None	of	the	tested	UPRmt	agonists	elicited	substantial	 levels	of	ASC	speck	formation	or	

IL-1b	release	in	the	short	incubation	setup.	In	contrast,	CDDO	was	a	strong	inhibitor	of	

the	 NLRP3	 response	 to	 nigericin,	 and	 an	 intermediately	 potent	 blocker	 of	 the	 AIM2	

responses	 to	 thapsigargin	and	poly-(dA:dT)	 in	macrophages	 (Figure	9.15	A,	B).	 In	 this	

cell	type,	CDDO	inhibited	the	AIM2	response	to	m-3M3FBS	very	weakly.	Interestingly,	in	

NLRP10-overexpressing	HEK	 cells,	 CDDO	potently	 inhibited	 the	NLRP10	 responses	 to	

both	m-3M3FBS	and	thapsigargin	(Figure	9.15	C).	

	

CDDO-Me	strongly	inhibited	the	inflammasome	responses	to	thapsigargin,	nigericin,	and	

poly-(dA:dT),	 but	 had	 no	 influence	 on	 the	 inflammasome	 activation	 with	m-3M3FBS	

(Figure	 9.15	 D-F).	 Finally,	 GTPP	 was	 not	 a	 potent	 inflammasome	 inhibitor	 in	

macrophages	 (the	 highest	 tested	GTPP	 concentrations	 only	 led	 to	 partial	 reduction	 in	

the	 inflammasome	 responses;	 Figure	 9.15	 G,	 H).	 Conversely,	 GTPP	 was	 a	 moderately	

potent	 inhibitor	 of	 the	 NLRP10	 response	 to	 thapsigargin	 and	 weak	 inhibitor	 of	 the	

response	 to	m-3M3FBS	 in	 NLRP10mCitrine/ASCTagBFP	 HEK	 cells	 (Figure	 9.15	 I).	 All	 the	

observations	made	in	NLRP10mCitrine/ASCTagBFP	HEK	cells	(Figure	9.15	C,	F,	I)	were	fully	

reproducible	in	NLRP10mCherry/ASCmCerulean	HEK	cells	(Supplementary	Figure	S38).	

	

The	 UPRmt	 agonists	 in	 the	 short-term	 experimental	 setup	 had	 the	 ability	 to	 inhibit	

inflammasome	 activation.	 This	 effect	 was	 not	 selectively	 targeted	 at	 a	 specific	

inflammasome	sensor	molecule	and	not	universally	inflicted	by	all	tested	UPRmt	triggers:	

CDDO	and	CDDO-Me	were	more	potent	at	inhibiting	the	inflammasome	responses	than	

GTPP,	and	NLRP3	activation	was	affected	stronger	than	AIM2	and	NLRP10	activations.	It	

is	likely	that	the	CDDO-/CDDO-Me-mediated	NLRP3	inhibition	was	linked	to	the	Michael	

acceptor	moieties	in	the	CDDO	and	CDDO-Me	molecules	(Maucher	et	al.,	2017;	Sections	

5.1-5.3).	While	the	interplay	between	the	UPRmt	and	innate	immune	sensing	may	be	an	

important	topic	for	future	research,	I	found	no	evidence	that	the	UPRmt	activation	could	

selectively	activate	or	inhibit	the	AIM2/NLRP10	inflammasome	responses.	
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9.4.	 Inorganic	 ion	 fluxes	 across	 the	 mitochondrial	 membranes	 are	 likely	 not	

involved	in	the	inflammasome	responses	to	m-3M3FBS	and	thapsigargin	

	

So	 far,	my	 results	 suggested	 that	 the	well-known	mitochondrial	 protein	 egress	 routes	

are	 not	 mediators	 of	 the	 AIM2/NLRP10	 activation.	 What	 other	 mechanisms	 could	

explain	the	rapid	cytosolic	 leakage	of	 the	mitochondrial	matrix	contents?	One	possible	

scenario	is	the	rupture	of	the	IMM	due	to	osmotic	stress.	Such	mechanism	would	explain	

the	fast	rate	and	the	apparent	lack	of	specificity	of	the	m-3M3FBS-/thapsigargin-induced	

mitochondrial	permeabilization,	but	it	is	questionable	whether	any	cellular	solute	could	

contribute	to	an	osmotic	damage	of	this	caliber.	

	

In	 theory,	 the	 solutes	 that	 could	 be	 transported	 into	 the	 mitochondria	 during	 m-

3M3FBS/thapsigargin	 stimulation	 are	 small	 inorganic	 ions.	 Consequently,	 it	 could	 be	

expected	that	the	removal	of	an	ionic	species	important	for	the	AIM2/NLRP10	activation	

from	 the	 extracellular	 medium	 would	 partially	 or	 fully	 inhibit	 the	 inflammasome	

assembly.	 I	 already	 determined	 that	 the	 AIM2/NLRP10	 responses	 proceed	

uninterrupted	in	the	absence	of	K+,	Na+,	and	Ca2+	ions	(Sections	4.4,	6.3,	and	6.11).	Two	

relatively	 easily	 manipulatable	 species	 that	 remained	 to	 be	 tested	 were	 Mg2+	 and	 Cl-	

ions.	

	

To	examine	whether	 the	 inflammasome	activation	with	m-3M3FBS/thapsigargin	could	

occur	 in	 Mg2+-	 and	 Cl--free	 media,	 I	 shifted	 LPS-primed	 WT	 iMac	 cells,	

NLRP3/ASCmCerulean	reporter	iMac	cells,	and	NLRP10mCitrine/ASCTagBFP	HEK	cells	to	a	Ca2+-

/Mg2+-free	buffer	(131	mM	NaCl,	5	mM	KCl,	10	mM	glucose,	10	mM	HEPES,	pH	7.4)	or	to	

Ca2+-/Mg2+-/Cl--free	 buffers	 (gluconate-based:	 131	 mM	 sodium	 gluconate,	 5	 mM	

potassium	gluconate,	10	mM	glucose,	10	mM	HEPES,	pH	7.4,	or	acetate-based:	131	mM	

sodium	acetate,	5	mM	potassium	acetate,	10	mM	glucose,	10	mM	HEPES,	pH	7.4).	Next,	I	

stimulated	 the	 cells	 with	 m-3M3FBS,	 thapsigargin,	 nigericin,	 and	 poly-(dA:dT),	 and	

measured	the	concentrations	of	secreted	IL-1b	(Figure	9.16	A)	or	performed	imaging	of	

ASC	specks	to	determine	the	degree	of	inflammasome	activation	(Figure	9.16	B,	C).	
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Figure	9.16.	 Inflammasome	responses	 to	m-3M3FBS,	 thapsigargin,	nigericin,	and	poly-(dA:dT)	 in	
extracellular	media	depleted	of	Ca2+,	Mg2+,	and/or	Cl-	ions	
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3A-C:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A),	NLRP3/ASCmCerulean	 reporter	 iMac	cells	(B),	and	
NLRP10mCitrine/ASCTagBFP	 HEK	 cells	 (C)	 were	 shifted	 to	 extracellular	 media	 containing	 (in	 mM;	
corresponding	to	the	identifiers	in	the	figure	panels):	

• MSS	+Ca2+,	+Mg2+:	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4,	
• MSS	-Ca2+,	-Mg2+:	131	NaCl,	5	KCl,	10	glucose,	10	HEPES,	pH	7.4,	
• gluconate	-Cl-:	131	sodium	gluconate,	5	potassium	gluconate,	10	glucose,	10	HEPES	pH	7.4,	
• acetate	-Cl-:	131	sodium	acetate,	5	potassium	acetate,	10	glucose,	10	HEPES,	pH	7.4.	

Then,	the	cells	were	subjected	to	the	inflammasome	activators	m-3M3FBS	(85	µM),	thapsigargin	(thaps;	
20	µM),	nigericin	(10	µM)	or	poly-(dA:dT)	(p-(dA:dT);	2	µg/mL	complexed	with	5	µL	Lipofectamine	2000)	
in	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	
pH	 7.4.	 The	 LPS	 (A)	 and	 unprimed	 (A-C)	 controls	were	 subjected	 to	medium	 alone.	 Immediately	 after	
addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	
(C)	or	60	min	(A,	B),	the	supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF	
(A)	or	the	cells	were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	
imaged	using	a	widefield	fluorescence	microscope	(B,	C).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

I	observed	no	 impact	of	 the	extracellular	Mg2+	 and	Cl-	depletion	on	 the	 inflammasome	

activations	 with	 the	 tested	 stimuli.	 On	 the	 level	 of	 IL-1b	 secretion,	 the	 acetate-based	

medium	reduced	 the	response	 to	nigericin	 (Figure	9.16	A),	but	 this	 reduction	was	not	

observed	on	the	level	of	ASC	speck	formation	(Figure	9.16	B)	and	in	the	gluconate-based	

medium	 (Figure	 9.16	 A,	 B).	 This	 suggests	 that	 the	 high	 acetate	 concentration,	 rather	

than	the	Cl-	deficiency,	was	responsible	the	inhibitory	effect.	In	NLRP10mCitrine/ASCTagBFP	

HEK	cells,	the	acetate-based	medium	led	to	a	slightly	increased	ASC	specking	response	

to	 m-3M3FBS,	 whereas	 the	 gluconate-based	 buffer	 enhanced	 the	 response	 to	

thapsigargin	 (Figure	 9.16	 C).	 These	 effects	 therefore	 appeared	 to	 be	 linked	 to	 the	 Cl--

exchanging	 anion	 (acetate/gluconate),	 and	 not	 directly	 to	 Cl-	 depletion.	 While	 these	

observations	do	not	completely	exclude	the	possibility	that	inorganic	ion	fluxes	could	be	

involved	 in	 the	m-3M3FBS-/thapsigargin-induced	mitochondrial	 damage,	 the	 fact	 that	

acute	removal	of	Ca2+	and	Mg2+	and	replacement	of	Cl-	with	acetate/gluconate	still	allow	

for	 robust	 inflammasome	responses	suggests	 that	 these	 ions	are	not	 important	 in	 this	

process.	

	

Notably,	Cl-	transport	across	the	inner	mitochondrial	membrane	has	been	implicated	in	

the	mPT	 in	 the	past	 (De	Marchi	 et	 al.,	 2008;	Ponnalagu	et	 al.,	 2019).	 Specifically,	 a	Cl-	

channel	sensitive	to	DIDS	but	not	to	IAA-94	was	linked	to	mPTP	opening	by	(De	Marchi	

et	 al.,	 2008),	 while	 (Ponnalagu	 et	 al.,	 2019)	 reported	 that	 the	 mPTP-dependent	

mitochondrial	 Ca2+	 retention	 capacity	 could	 be	 reduced	 by	 IAA-94.	 Taking	 these	

observations	 into	 consideration,	 I	 tested	 whether	 the	 m-3M3FBS-	 or	 thapsigargin-
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elicited	 inflammasome	 activations	 in	 LPS-primed	 WT	 iMac	 cells,	 NLRP3/ASCmCerulean	

reporter	 iMac	 cells,	 and	 NLRP10mCherry/ASCmCerulean	 HEK	 cells	 are	 sensitive	 to	 DIDS	

(Figure	9.17	A-C)	or	IAA-94	(Figure	9.17	D-F).	

	

	
Figure	9.17.	Influence	of	the	Cl-	channel	blockers	DIDS	and	IAA-94	on	the	inflammasome	responses	
to	m-3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	
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3A-F:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A,	D),	NLRP3/ASCmCerulean	reporter	iMac	cells	(B,	E),	
and	NLRP10mCherry/ASCmCerulean	HEK	cells	(C,	F)	were	treated	for	10	min	with	DIDS	(0,	10,	25,	50,	100,		250,	
500,	 or	1000	µM;	A-C)	or	 IAA-94	 (0,	 25,	 50,	 or	100	µM;	D-F)	 and	 then	 subjected	 to	 the	 inflammasome	
activators	 m-3M3FBS	 (85	 µM),	 thapsigargin	 (20	 µM),	 nigericin	 (10	 µM)	 or	 poly-(dA:dT)	 (2	 µg/mL	
complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	
KCl,	 2	MgCl2,	 1	CaCl2,	 10	 glucose,	 10	HEPES,	pH	7.4.	The	LPS	 (A,	D)	 and	unprimed	 (A-F)	 controls	were	
subjected	 to	 medium	 alone.	 Immediately	 after	 addition	 of	 inflammasome	 activators,	 the	 plates	 were	
centrifuged	at	340	´	g	 for	5	min	(RT).	After	30	min	(C,	F)	or	60	min	(A,	B,	D,	E),	 the	supernatants	were	
collected	 and	 IL-1b	 concentrations	 were	 measured	 by	 HTRF	 (A,	 D)	 or	 the	 cells	 were	 fixed	 with	 4%	
formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	 imaged	 using	 a	 widefield	
fluorescence	microscope	(B,	C,	E,	F).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

IAA-94	had	no	impact	on	the	inflammasome	responses	to	the	tested	stimuli	(Figure	9.17	

D-F),	whereas	DIDS	non-selectively	inhibited	all	tested	inflammasome	responses	on	the	

level	of	IL-1b	secretion	(Figure	9.17	A).	Unexpectedly,	very	high	concentrations	of	DIDS	

(250-1000	µM)	 appeared	 to	 elicit	 an	 IL-1b	 response;	 however,	 it	 is	 possible	 that	 this	

signal	was	a	result	of	a	positive	interference	of	the	compound	with	the	HTRF	readout,	as	

equal	levels	of	IL-1b	were	detected	in	the	supernatants	from	unprimed	and	LPS-primed	

cells.	In	macrophages,	on	the	level	of	ASC	speck	formation,	DIDS	was	a	weak	inhibitor	of	

the	nigericin-induced	NLRP3	activation	(Figure	9.17	B)	but	had	no	influence	on	the	ASC	

specking	responses	to	m-3M3FBS	and	thapsigargin,	whereas	the	impact	on	the	response	

to	poly-(dA:dT)	was	biphasic.	In	NLRP10mCherry/ASCmCerulean	HEK	cells,	DIDS	was	a	weak,	

partial	inhibitor	of	the	NLRP10	response	to	m-3M3FBS,	but	not	to	thapsigargin	(Figure	

9.17	C).	The	IAA-94	results	were	fully	reproducible	in	NLRP10mCitrine/ASCTagBFP	HEK	cells	

(Supplementary	Figure	S39	B),	whereas	the	observations	on	the	impact	of	DIDS	on	the	

inflammasome	formation	in	these	cells	were	uninterpretable	because	of	the	inhibitor’s	

autofluorescence	 (Supplementary	 Figure	 S39	 A).	 Collectively,	 my	 results	 provide	 no	

evidence	 that	 transmembrane	 fluxes	 of	 the	 most	 physiologically	 abundant	 inorganic	

ions	could	be	involved	in	the	activation	of	the	AIM2/NLRP10	inflammasomes.	

	

Another	 anion	 channel	 proposed	 to	 be	 involved	 in	 the	 mitochondrial	 membrane	

permeabilization	 is	 VDAC	 (Madesh	 and	 Hajnóczky,	 2001;	 Tomasello	 et	 al.,	 2009).	

Importantly,	 this	 channel	 has	 already	 been	 implicated	 in	 one	 of	 the	 K+	 efflux-

independent	 NLRP3	 activation	 mechanisms	 (Wolf	 et	 al.,	 2016).	 Recently,	 VBIT-4,	 a	

specific	 inhibitor	 of	 VDAC,	 has	 been	 demonstrated	 to	 inhibit	 a	 pathological	 process	

whereby	mtDNA	 fragment	 are	 released	 into	 the	 cytosol	 to	 induce	 interferon	 signaling	

(Kim	et	al.,	2019).	I	proceeded	to	test	whether	VBIT-4	could	prevent	the	inflammasome	
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responses	 to	 m-3M3FBS	 and	 thapsigargin	 in	 LPS-primed	 WT	 iMac	 cells,	

NLRP3/ASCmCerulean	 reporter	 iMac	 cells,	 and	NLRP10mCitrine/ASCTagBFP	HEK	 cells	 (Figure	

9.18).	

	

	
Figure	9.18.	Influence	of	the	VDAC	blocker	VBIT-4	on	the	inflammasome	responses	to	m-3M3FBS,	
thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-C:	LPS-primed	 (200	 ng/mL,	 2	 h)	WT	 iMac	 cells	 (A),	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (B),	 and	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(C)	were	treated	for	10	min	with	VBIT-4	(0,	10,	25,	or	50	µM)	and	then	
subjected	to	the	inflammasome	activators	m-3M3FBS	(85	µM),	thapsigargin	(20	µM),	nigericin	(10	µM)	or	
poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	medium	consisting	
of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	LPS	(A)	and	unprimed	(A-
C)	controls	were	subjected	to	medium	alone.	Immediately	after	addition	of	inflammasome	activators,	the	
plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	(C)	or	60	min	(A,	B),	the	supernatants	were	
collected	 and	 IL-1b	 concentrations	 were	 measured	 by	 HTRF	 (A),	 or	 the	 cells	 were	 fixed	 with	 4%	
formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	 imaged	 using	 a	 widefield	
fluorescence	microscope	(B,	C).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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On	the	level	of	ASC	speck	formation,	only	the	highest	concentration	(50	µM)	of	VBIT-4	

appeared	 to	 inhibit	 the	 inflammasome	 responses,	 and	 it	 appeared	 to	 non-selectively	

target	all	tested	inflammasome	activations	(Figure	9.18	B,	C).	This	inhibitory	effect	was	

not	observed	on	 the	 level	of	 IL-1b	 secretion	 (Figure	9.18	A).	 Instead,	 surprisingly,	 the	

intermediate	and	high	concentrations	(25-50	µM)	of	VBIT-4	alone	were	able	to	elicit	IL-

1b	release	from	LPS-primed	WT	iMac	cells	(Figure	9.18	A).	The	observed	IL-1b	secretion	

was	reflected	by	ASC	speck	formation	in	NLRP3/ASCmCerulean	reporter	iMac	cells	(Figure	

9.18	 B),	 but	 not	 in	 NLRP10mCitrine/ASCTagBFP	 HEK	 cells	 (Figure	 9.18	 C).	 These	

observations	indicate	that	VDAC	is	likely	not	involved	in	the	NLRP10/AIM2	activations,	

but	the	VDAC	inhibitor	VBIT-4	may	itself	be	an	inflammasome	trigger.	

	

Finally,	 I	 examined	 whether	 the	 VBIT-4-induced	 inflammasome	 activation	 in	

macrophages	was	dependent	on	NLRP3	and	on	caspase-1	(Figure	9.19).	In	LPS-primed	

WT	iMac	cells,	VBIT-4	induced	IL-1b	secretion	in	a	manner	inhibitable	by	the	caspase-1	

inhibitor	VX-765,	but	not	by	the	NLRP3	inhibitor	CRID3	(Figure	9.19	A),	indicating	that	

the	VDAC	blocker	 triggers	an	NLRP3-independent	 inflammasome	response.	Consistent	

with	 the	 results	 presented	 in	 Figure	 9.18	 B,	 VBIT-4	 elicited	 ASC	 speck	 formation	 in	

NLRP3/ASCmCerulean	reporter	iMac	cells,	but	this	response	was	markedly	lower	than	

the	response	to	nigericin	(Figure	9.19	B).	The	VBIT-4-induced	ASC	speck	formation	was	

not	inhibited	by	CRID3,	consistent	with	the	IL-1b	result	(Figure	9.19	A).	As	expected,	VX-

765	 did	 not	 inhibit	 the	 ASC	 specking	 responses	 to	 either	 of	 the	 tested	 stimuli.	

Collectively,	 these	 observations	 suggest	 that	 VBIT-4	 may	 be	 a	 novel	 inflammasome	

activator.	However,	I	did	not	pursue	this	topic,	as	there	were	no	indications	that	VBIT-4	

could	 activate	 NLRP10	 (Figure	 9.18	 C)	 or	 that	 the	 VDAC	 opening	 could	 link	 the	m-

3M3FBS/thapsigargin	stimulations	to	mitochondrial	damage.	
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Figure	 9.19.	 Sensitivity	 of	 the	 VBIT-4-induced	 IL-1b	 secretion	 and	 ASC	 speck	 formation	 to	 the	
NLRP3	inhibitor	CRID3	and	the	caspase-1	inhibitor	VX-765	
A-B:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A)	and	NLRP3/ASCmCerulean	reporter	iMac	cells	(B)	were	
shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	
HEPES	pH	7.4	and,	where	indicated,	pre-treated	(10	min)	with	the	NLRP3	inhibitor	CRID3	(5	µM)	or	the	
caspase-1	 inhibitor	VX-765	 (40	µM).	Then,	 the	cells	were	stimulated	with	 the	 inflammasome	activators	
VBIT-4	(20,	30,	40,	or	50	µM)	or	nigericin	(10	µM).	The	LPS	(A)	and	untreated	(no	activator;	B)	controls	
were	subjected	to	medium	alone.	Immediately	after	addition	of	inflammasome	activators,	the	plates	were	
centrifuged	 at	 340	 ´	 g	 for	 5	 min	 (RT).	 After	 60	 min,	 the	 supernatants	 were	 collected	 and	 IL-1b	
concentrations	 were	 measured	 by	 HTRF	 (A),	 or	 the	 cells	 were	 fixed	 with	 4%	 formaldehyde,	
counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope	
(B).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

9.5.	 No	 evidence	 that	 the	 inhibition	 of	 the	 mitochondrial	 protein	 import	 could	

selectively	activate	the	AIM2/NLRP10	inflammasomes	

	

The	mitochondrial	 protein	 import	 pathways	 can	 be	 seen	 as	 a	 way	 of	 communication	

between	 the	 cell	 and	 the	 mitochondria.	 The	 protein	 import	 route	 consists	 of	

translocases	resident	in	the	OMM	and	the	IMM,	and	a	number	of	accessory	proteins.	The	

polypeptide	chains	cross	the	mitochondrial	membranes	in	an	unfolded	state,	assisted	by	

chaperones.	Though	relatively	well	described,	this	system	is	not	easily	targetable.	

	

Here,	 I	 hypothesized	 that	 blocking	 the	 mitochondrial	 protein	 import	 might	 lead	 to	

accumulation	 of	mitochondrial	 proteins	 in	 the	 cytosol	 and	 possibly	 result	 in	 NLRP10	

activation.	(The	AIM2	inflammasome	assembly	in	this	scenario	is	less	likely	because	the	

mitochondrial	nucleoids	undergo	replication	inside	of	the	organelles	and	do	not	have	to	

be	 imported.)	 To	 test	 this	 hypothesis,	 I	 used	 two	 of	 the	 few	 commercially	 available	
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inhibitors	 of	 the	 mitochondrial	 protein	 import:	 MitoBloCK-6	 (Dabir	 et	 al.,	 2013)	 and	

MitoBloCK-12	(Miyata	et	al.,	2014).	
	

First,	 I	 tested	whether	MitoBloCK-6	or	MitoBloCK-12	could	activate	the	 inflammasome	

in	 LPS-primed	 WT	 iMac	 cells	 (Figure	 9.20),	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	

(Figure	9.21),	and	NLRP10mCitrine/ASCTagBFP	HEK	cells	(Figure	9.22)	over	the	course	of	1-

h	and	6-h	stimulations.	As	it	is	conceivable	that	the	mitochondrial	proteins	accumulating	

in	the	cytosol	could	be	targeted	for	proteasomal	degradation	(Taylor	and	Rutter,	2011),	

I	 performed	 the	 MitoBloCK-6/12	 challenges	 in	 the	 presence	 or	 absence	 of	 the	

proteasome	 inhibitor	bortezomib.	The	 treatment	with	m-3M3FBS	 served	 as	 a	positive	

control	(Figures	9.20-9.22).	
	

	
Figure	 9.20.	 IL-1b	 secretion	 from	 LPS-primed	WT	 iMac	 cells	 stimulated	 with	 the	mitochondrial	
protein	 import	 inhibitors	 MitoBloCK-6	 and	 MitoBloCK-12	 in	 the	 presence	 or	 absence	 of	 the	
proteasome	inhibitor	bortezomib	
A-F:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	were	stimulated	with	MitoBloCK-6	(10,	50,	or	100	µM),	
MitoBloCK-12	(10,	50,	or	100	µM),	or	m-3M3FBS	(85	µM)	for	60	min	(A-C)	or	6	h	(D-F)	in	the	absence	(A,	
D)	or	presence	of	100	nM	(B,	E)	or	1	µM	(C,	F)	bortezomib.	The	60-min	stimulations	were	performed	in	an	
extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4	
(A-C).	 The	 6-h	 stimulations	were	 performed	 in	DMEM	 supplemented	with	 2.5%	FBS	 (D-F;	 under	 these	
conditions	LPS	was	kept	in	the	medium	for	the	duration	of	the	entire	experiment).	The	LPS	controls	were	
subjected	to	media	alone.	Immediately	after	administration	of	the	stimuli,	the	plates	were	centrifuged	at	
340	 ´	 g	 for	 5	 min	 (RT).	 After	 60	 min	 (A-C)	 or	 6	 h	 (D-F),	 the	 supernatants	 were	 collected	 and	 IL-1b	
concentrations	were	measured	by	HTRF.	
The	results	are	plotted	as	means	from	4	independent	experiments	performed	in	technical	quadruplicate.	
Error	 bars	 represent	 SD.	 Individual	 data	 points	 represent	means	 of	 the	 technical	 quadruplicate	 values	
from	each	of	the	independent	experiments.	
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Figure	 9.21.	 ASC	 specking	 levels	 in	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 stimulated	 with	 the	
mitochondrial	 protein	 import	 inhibitors	 MitoBloCK-6	 and	 MitoBloCK-12	 in	 the	 presence	 or	
absence	of	the	proteasome	inhibitor	bortezomib	
A-F:	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 were	 stimulated	 with	 MitoBloCK-6	 (10,	 50,	 or	 100	 µM),	
MitoBloCK-12	(10,	50,	or	100	µM),	or	m-3M3FBS	(85	µM)	for	60	min	(A-C)	or	6	h	(D-F)	in	the	absence	(A,	
D)	or	presence	of	100	nM	(B,	E)	or	1	µM	(C,	F)	bortezomib.	The	60-min	stimulations	were	performed	in	an	
extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4	
(A-C).	The	6-h	stimulations	were	performed	in	DMEM	supplemented	with	2.5%	FBS	(D-F).	The	untreated	
(-)	 controls	were	 subjected	 to	media	 alone.	 Immediately	 after	 administration	 of	 the	 stimuli,	 the	 plates	
were	centrifuged	at	340	´	g	for	5	min	(RT).	After	60	min	(A-C)	or	6	h	(D-F),	the	cells	were	fixed	with	4%	
formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	 imaged	 using	 a	 widefield	
fluorescence	microscope.	
The	results	are	plotted	as	means	from	4	independent	experiments	performed	in	technical	quadruplicate.	
Error	 bars	 represent	 SD.	 Individual	 data	 points	 represent	means	 of	 the	 technical	 quadruplicate	 values	
from	each	of	the	independent	experiments.	
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Figure	 9.22.	 ASC	 specking	 levels	 in	 NLRP10mCitrine/ASCTagBFP	 HEK	 cells	 stimulated	 with	 the	
mitochondrial	 protein	 import	 inhibitors	 MitoBloCK-6	 and	 MitoBloCK-12	 in	 the	 presence	 or	
absence	of	the	proteasome	inhibitor	bortezomib	
A-F:	 NLRP10mCitrine/ASCTagBFP	 HEK	 cells	 were	 stimulated	 with	 MitoBloCK-6	 (10,	 50,	 or	 100	 µM),	
MitoBloCK-12	(10,	50,	or	100	µM),	or	m-3M3FBS	(85	µM)	for	60	min	(A-C)	or	6	h	(D-F)	in	the	absence	(A,	
D)	or	presence	of	100	nM	(B,	E)	or	1	µM	(C,	F)	bortezomib.	The	60-min	stimulations	were	performed	in	an	
extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4	
(A-C).	The	6-h	stimulations	were	performed	in	DMEM	supplemented	with	2.5%	FBS	(D-F).	The	untreated	
(-)	 controls	were	 subjected	 to	media	 alone.	 Immediately	 after	 administration	 of	 the	 stimuli,	 the	 plates	
were	centrifuged	at	340	´	g	for	5	min	(RT).	After	60	min	(A-C)	or	6	h	(D-F),	the	cells	were	fixed	with	4%	
formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	 imaged	 using	 a	 widefield	
fluorescence	microscope.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	quadruplicate.	
Error	 bars	 represent	 SD.	 Individual	 data	 points	 represent	means	 of	 the	 technical	 quadruplicate	 values	
from	each	of	the	independent	experiments.	
	

In	 LPS-primed	 WT	 iMac	 cells,	 high	 concentrations	 (50-100	 µM)	 of	 MitoBloCK-6/12	

produced	a	 substantial	 release	of	 IL-1b	 after	6	h	 (Figure	9.20	D-F),	 but	not	 at	 the	1-h	

time	point	(Figure	9.20	A-C),	regardless	of	the	presence	of	bortezomib.	Treatments	with	

both	MitoBloCK-6	and	-12	resulted	in	modest	but	detectable	ASC	specking	responses	in	

NLRP3/ASCmCerulean	reporter	iMac	cells	at	the	6-h	time	point	(Figure	9.21	D),	but	not	at	

the	1-h	time	point	(Figure	9.21	A-C).	Unexpectedly,	the	6-h	treatment	with	bortezomib	

resulted	 in	 a	 very	high	background	ASC	 specking	 level	 in	NLPR3/ASCmCerulean	 reporter	

iMac	cells	(Figure	9.21	E,	F).	Consequently,	the	interpretation	of	the	ASC	specking	assay	

results	obtained	at	this	time	point	in	the	presence	of	bortezomib	is	impossible.	Of	note,	
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the	bortezomib-elicited	ASC	speck	formation	(Figure	9.21	E,	F)	was	not	reflected	by	IL-

1b	 secretion	 (Figure	 9.20	 E,	 F),	 suggesting	 that	 the	 observed	 ASC	 specks	 may	 not	

represent	active	inflammasomes.	

	

In	NLRP10mCitrine/ASCTagBFP	HEK	cells	the	effects	of	MitoBloCK-6/-12	were	less	clear.	At	

the	1-h	time	point,	MitoBloCK-6,	but	not	-12,	produced	a	strong	ASC	specking	response	

that	was	independent	of	the	bortezomib	co-administration	(Figure	9.22	A-C).	However,	

at	the	6-h	time	point,	this	ASC	specking	response	was	no	longer	observed	(Figure	9.22	

D-F)1.	

	

I	proceeded	 to	determine	whether	 the	ASC	speck	 formation	observed	 in	MitoBloCK-6-

stimulated	 NLRP10mCitrine/ASCTagBFP	 HEK	 cells	 could	 be	 attributed	 to	 the	 NLRP10	

overexpression,	 and	whether	a	non-redundant	 sensor	activated	by	MitoBloCK-6/12	 in	

macrophages	 could	 be	 identified.	 To	 this	 end,	 I	 performed	 24-h	 stimulations	 with	

MitoBloCK-6/-12	in	the	presence	or	absence	of	bortezomib	in	LPS-primed	WT	iMac	cells	

(with	or	without	the	NLRP3	inhibitor	CRID3),	NLRP3-deficient	(Nlrp3-/-)	iMac	cells,	and	

AIM2-deficient	(Aim2CRISPR)	 iMac	cells	transduced	with	the	empty	vector,	human	AIM2,	

or	human	NLRP10.	I	evaluated	the	levels	of	inflammasome	responses	by	measuring	the	

concentrations	of	secreted	IL-1b	(Figure	9.23).	

	
1	Importantly,	at	the	6-h	time	point,	the	m-3M3FBS-induced	ASC	speck	formation	was	also	not	observed.	
This	can	be	explained	by	the	use	of	DMEM	supplemented	with	10%	FBS	for	the	6-h	stimulation.	The	m-
3M3FBS-driven	NLRP10	activation	is	suppressed	under	these	conditions	(Supplementary	Methods	Figure	
SM1	A,	B).	
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Figure	 9.23.	 IL-1b	 secretion	 from	 NLRP3-/AIM2-proficient,	 NLRP3-deficient,	 and	 AIM2-deficient	
macrophages	transduced	with	human	AIM2,	human	NLRP10,	or	the	empty	vector,	and	stimulated	
with	the	mitochondrial	protein	import	inhibitors	MitoBloCK-6	and	-12	in	the	presence	or	absence	
of	the	proteasome	inhibitor	bortezomib	
A-F:	LPS-primed	(100	ng/mL,	1	h;	LPS	was	kept	in	the	media	for	the	duration	of	the	entire	experiment)	
WT	 iMac	cells	 in	 the	absence	(A)	or	presence	of	 the	NLRP3	 inhibitor	CRID3	(5	µM;	B),	NLRP3-deficient	
(Nlrp3-/-)	iMac	cells	(C),	and	Aim2CRISPR	iMac	cells	stably	transduced	with	the	empty	vector	(D),	WT	human	
(h)	 AIM2	 (E),	 or	 WT	 hNLRP10	 (F)	 were	 stimulated	 with	 MitoBloCK-6	 (MB-6;	 10,	 50,	 or	 100	 µM)	 or	
MitoBloCK-12	(MB-12;	10,	50,	or	100	µM)	in	presence	or	absence	(-)	of	500	nM	bortezomib	(bort).	The	
following	control	treatments	were	included:	LPS	alone,	bortezomib	(500	nM)	alone,	m-3M3FBS	(85	µM),	
and	nigericin	(10	µM).	With	the	exception	of	the	m-3M3FBS	control	(which	was	performed	after	shifting	
the	cells	to	an	extracellular	medium	consisting	of	[in	mM]	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	
HEPES	pH	7.4),	all	stimulations	were	performed	in	DMEM	supplemented	with	5%	FBS.	Immediately	after	
administration	 of	 the	 stimuli,	 the	 plates	 were	 centrifuged	 at	 340	 ´	 g	 for	 5	 min	 (RT).	 After	 24	 h,	 the	
supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF.	
The	results	are	plotted	as	means	from	2	independent	experiments	performed	in	technical	triplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	triplicate	values	from	each	of	
the	independent	experiments.	
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I	observed	high	levels	of	IL-1b	secretion	after	MitoBloCK-6	treatment	and	intermediate	

IL-1b	levels	after	MitoBloCK-12	treatment	regardless	of	the	cells’	genotype,	the	presence	

or	absence	of	bortezomib,	and	 the	presence	or	absence	of	CRID3.	Therefore,	 the	 IL-1b	

secretion	 from	MitoBloCK-6-/12-stimulated	 cells	 could	not	be	attributed	 to	any	of	 the	

inflammasome	sensor	proteins	investigated	in	this	thesis	(AIM2,	NLRP3,	and	NLRP10).	

Instead,	there	might	exist	redundant	mechanisms	for	sensing	of	the	changes	inflicted	by	

MitoBloCK-6	and	MitoBloCK-12.	
	

Finally,	to	establish	whether	the	MitoBloCK-6-/-12-induced	ASC	speck	formation	could	

be	 attributed	 to	 NLRP10,	 I	 performed	 24-h	 stimulations	with	MitoBloCK-6/12,	 in	 the	

presence	 or	 absence	 of	 bortezomib,	 in	 NLRP10mCherry/ASCmCerulean	 HEK	 cells,	

NLRP10mCitrine/ASCTagBFP	 HEK	 cells,	 ASCmCerulean	 HEK	 cells,	 and	 NLRP3/ASCmCerulean	

reporter	iMac	cells	(Figure	9.24).	

	

	
Figure	 9.24.	 ASC	 specking	 levels	 in	 NLRP10mCherry/ASCmCerulean	 HEK	 cells,	 NLRP10mCitrine/ASCTagBFP	
HEK	 cells,	 ASCmCerulean	 HEK	 cells,	 and	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 treated	 with	 the	
mitochondrial	 protein	 import	 inhibitors	 MitoBloCK-6	 and	 MitoBloCK-12	 in	 the	 presence	 or	
absence	of	the	proteasome	inhibitor	bortezomib	
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3A-D:	NLRP10mCherry/ASCmCerulean	HEK	 cells	 (A),	NLRP10mCitrine/ASCTagBFP	HEK	 cells	 (B),	 ASCmCerulean	HEK	
cells	(C),	and	NLRP3/ASCmCerulean	reporter	iMac	cells	(D)	were	stimulated	with	MitoBloCK-6	(MB-6;	10,	50,	
or	100	µM)	or	MitoBloCK-12	(MB-12;	10,	50,	or	100	µM)	in	presence	or	absence	(-)	of	500	nM	bortezomib	
(bort).	 The	 following	 control	 treatments	 were	 included:	 LPS	 alone,	 bortezomib	 (500	 nM)	 alone,	 m-
3M3FBS	 (85	 µM),	 and	 nigericin	 (10	 µM).	 With	 the	 exception	 of	 the	 m-3M3FBS	 control	 (which	 was	
performed	 after	 shifting	 the	 cells	 to	 an	 extracellular	medium	 consisting	 of	 [in	mM]	 123	NaCl,	 5	 KCl,	 2	
MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4),	 all	 stimulations	were	performed	 in	DMEM	supplemented	
with	5%	FBS.	Immediately	after	administration	of	the	stimuli,	the	plates	were	centrifuged	at	340	´	g	for	5	
min	 (RT).	 After	 24	 h,	 the	 cells	were	 fixed	with	 4%	 formaldehyde,	 counterstained	with	 the	 nuclear	 dye	
DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope.	
The	results	are	plotted	as	means	from	2	independent	experiments	performed	in	technical	triplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	triplicate	values	from	each	of	
the	independent	experiments.	
	

In	 ASCmCerulean	 HEK	 cells	 (Figure	 9.24	 C),	 treatments	 with	 MitoBloCK-6/-12	 with	 or	

without	bortezomib	led	to	ASC	specking	responses	similarly	strong	to	those	observed	in	

NLRP10mCherry/ASCmCerulean	HEK	cells	(Figure	9.24	A),	indicating	that	the	MitoBloCK-6-/-

12-induced	ASC	 speck	 formation	 cannot	 be	 attributed	 to	 the	NLRP10	 overexpression.	

The	results	obtained	at	the	24-h	time	point	in	NLRP10mCitrine/ASCTagBFP	HEK	cells	(Figure	

9.24	B)	were	consistent	with	the	observations	from	NLRP10mCherry/ASCmCerulean	HEK	cells	

(Figure	 9.24	 A)	 and	 in	 ASCmCerulean	 HEK	 cells	 (Figure	 9.24	 C).	 In	 NLRP3/ASCmCerulean	

reporter	iMac	cells,	bortezomib	alone	as	well	as	the	highest	(100	µM)	concentrations	of	

the	MitoBloCK	inhibitors	produced	high	levels	of	ASC	speck	formation	(Figure	9.24	D).	

	

Collectively,	 the	mitochondrial	 protein	 import	 inhibitors	 appear	 to	 have	 the	 ability	 to	

trigger	ASC	speck	formation	and	IL-1b	 secretion,	but	 I	 found	no	evidence	to	 link	these	

responses	to	activation	of	the	AIM2,	NLRP3,	or	NLRP10	inflammasomes.	

	

9.6.	No	evidence	of	the	involvement	of	the	mitochondrial	permeability	transition	

pore	in	the	AIM2	and	NLRP10	responses	to	m-3M3FBS	and	thapsigargin	

	

The	final	process	whose	potential	involvement	in	the	m-3M3FBS-/thapsigargin-induced	

inflammasome	activation	I	will	address	in	my	thesis	is	the	opening	of	mPTP.	The	mPTP	

opening,	 or	 the	 mPT,	 is	 an	 incompletely	 defined	 pathway	 that	 begins	 with	 the	 inner	

mitochondrial	membrane	permeabilization	to	molecules	and	ions	smaller	than	1.5	kDa	

and	may	result	in	mitochondrial	swelling	and	rupture	(Kwong	and	Molkentin,	2015).	In	

inflammasome	studies,	the	mPT	has	been	proposed	to	be	involved	in	NLRP3	activation	

(Iyer	et	al.,	2013;	Nakahira	et	al.,	2010),	but	this	attribution	has	been	questioned	(Allam	

et	al.,	2014).	
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Investigating	 mPT	 is	 not	 easy.	 mPTP	 is	 likely	 a	 protein-lined	 channel	 in	 the	 IMM,	

possibly	also	bridging	to	the	OMM,	but	there	is	no	consensus	as	to	which	genes	encode	

mPTP	components.	Several	proteins	have	been	proposed	to	‘moonlight’	as	mPTP;	most	

prominently	VDAC	(Crompton	et	al.,	1998;	Szabo	and	Zoratti,	1993;	Szabo	et	al.,	1993;	

Zheng	et	al.,	2003),	 the	mitochondrial	phosphate	carrier	(Kwong	et	al.,	2014;	Leung	et	

al.,	2008),	ATP	synthase	(Alavian	et	al.,	2014a;	Bonora	et	al.,	2014;	Carraro	et	al.,	2014;	

Giorgio	 et	 al.,	 2013;	 Mnatsakanyan	 et	 al.,	 2019),	 Slc25a4	 (adenine	 nucleotide	

translocase)	 (Bauer	 et	 al.,	 1999;	 Beutner	 et	 al.,	 1999;	 Halestrap	 and	 Brenner,	 2003a;	

Karch	et	al.,	2019;	Marzo	et	al.,	1998),	and	TSPO	(peripheral	benzodiazepine	receptor)	

(Azarashvili	 et	 al.,	 2007;	Berson	et	 al.,	 2001;	Li	 et	 al.,	 2007;	Pastorino	et	 al.,	 1994).	 In	

addition,	mitochondrial	cyclophilin	(cyclophilin	F	encoded	by	the	gene	named	PPIF)2	is	

proposed	to	act	as	an	essential	soluble	proteinaceous	component	of	mPTP	(Azzolin	et	al.,	

2010;	Baines	et	al.,	2005;	Basso	et	al.,	2005;	Matas	et	al.,	2009;	Nakagawa	et	al.,	2005;	

Schinzel	 et	 al.,	 2005).	Multiple	 stimuli	 for	 the	mPTP	 opening	 are	 proposed,	 including	

Ca2+	fluxes,	mtROS,	and	inorganic	phosphate	ions	(Kwong	and	Molkentin,	2015).	

	

My	 results	 provide	 arguments	 both	 for	 and	 against	 the	 involvement	 of	 mPTP	 in	 the	

AIM2/NLRP10	 activation.	 The	 observation	 that	 the	m-3M3FBS-/thapsigargin-induced	

inflammasome	 responses	 are	 not	 sensitive	 to	 perturbations	 of	 Ca2+	 signaling	 (Section	

6.11)	 hints	 at	 the	 lack	 of	mPTP	 involvement.	However,	 the	 fact	 that	 the	 thapsigargin-

induced	 AIM2/NLRP10	 activation	 is	 completely	 abolished	 by	 CsA	 (Section	 6.15),	 an	

mPTP	inhibitor	(Baines	et	al.,	2005;	Basso	et	al.,	2005;	Nakagawa	et	al.,	2005;	Schinzel	et	

al.,	2005),	suggests	that	the	possible	role	of	mPTP	should	not	be	excluded.	To	probe	this	

issue	 in	greater	detail,	 I	 examined	 to	which	extent	 the	AIM2/NLRP10	responses	 to	m-

3M3FBS	 and	 thapsigargin	 conform	 to	 the	 pharmacological	 characteristics	 of	 mPTP	

reported	 in	 the	 literature.	To	 this	end,	 I	 tested	whether	 the	AIM2/NLRP10	activations	

could	 be	 affected	 by	 BaCl2	 (Figure	 9.25	 A-C),	 GdCl3	 (Figure	 9.25	 D-F),	 oligomycin	 A	

(Figure	9.26	A-C	;	all	three	treatments	proposed	to	inhibit	mPTP	by	Mnatsakanyan	et	al.	

(2019)),	rotenone	(Figure	9.26	D-G;	proposed	to	inhibit	mPTP	by	Chauvin	et	al.	(2001)	

and	 Rekuviene	 et	 al.	 (2017)),	 two	 mitochondrial	 uncouplers	 (Figure	 9.27;	 CCCP	 was	

	
2	To	add	 to	 the	confusion,	mitochondrial	cyclophilin,	 correctly	 termed	cyclophilin	F	and	encoded	by	 the	
gene	named	PPIF	(for	peptidyl-prolyl	 isomerase	F),	was	initially	named	cyclophilin	D.	However,	the	real	
cyclophilin	D	 (encoded	by	 the	gene	named	PPID,	 for	peptidyl-prolyl	 isomerase	D)	 is	 a	 cytosolic	protein	
and	it	is	not	involved	in	mPT	(Gutiérrez-Aguilar	and	Baines,	2015).	Studies	on	the	role	of	cyclophilin	D	in	
mitochondrial	damage	frequently	do	not	specify	whether	PPIF	or	PPID	was	experimentally	targeted.	



Chapter	9	

	 306	

proposed	to	activate	mPTP	by	Lim	et	al.	(2001),	Yang	et	al.	(2001),	and	Minamikawa	et	

al.	(1999),	while	FCCP	was	implicated	in	the	same	process	in	the	studies	by	Kowaltowski	

et	al.	(1996)	and	Gordan	et	al.	(2016),	although	dissenting	opinions	were	also	published,	

for	example	by	Petronilli	et	al.	(2001)),	the	adenine	nucleotide	translocator	1	(ANT,	or	

Slc25a4)	 inhibitors	 bongkrekic	 acid	 (Figure	 9.28	 A-C;	 reported	 to	 inhibit	 the	 mPTP	

opening)	and	carboxyatractyloside	(Figure	9.28	D-F;	reported	to	trigger	the	mPT,	both	

reviewed	 in	 Halestrap	 and	 Brenner	 (2003b)),	 and	 the	 mitoprotective	 compounds	

dexpramipexole	dihydrochloride	(Figure	9.29	A-D;	suggested	to	inhibit	mPTP	by	Alavian	

et	 al.	 (2012;	 2014b)),	 ER000444793	 (Figure	 9.29	 E-H;	 reported	 to	 inhibit	 mPTP	 by	

Briston	et	al.	(2016)),	and	TRO	19622	(Figure	9.30;	reported	to	inhibit	mPTP	by	Bordet	

et	 al.	 (2010)).	 For	 all	 experiments,	 LPS-primed	 WT	 iMac	 cells,	 NLRP3/ASCmCerulean	

reporter	 iMac	 cells,	 and	NLRP10/ASC	 fluorescent	 reporter	HEK	cells	were	pre-treated	

(10	min)	with	 the	mPT-active	agents,	 followed	by	 stimulation	with	 the	 inflammasome	

activators	 m-3M3FBS,	 thapsigargin,	 nigericin,	 and	 poly-(dA:dT).	 The	 degree	 of	 the	

inflammasome	 responses	 was	 assessed	 by	 measurement	 of	 secreted	 IL-1b	

concentrations	or	by	imaging	of	ASC	specks.	
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Figure	 9.25.	 Influence	 of	 the	 reported	 mPTP	 blockers	 BaCl2	 and	 GdCl3	 on	 the	 inflammasome	
responses	to	m-3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-F:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A,	D),	NLRP3/ASCmCerulean	reporter	iMac	cells	(B,	E),	and	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(C,	F)	were	treated	for	10	min	with	BaCl2	 (0,	1,	2.5,	or	5	mM;	A-C)	or	
GdCl3	 (0,	1,	2.5,	or	5	mM;	D-F)	and	 then	subjected	 to	 the	 inflammasome	activators	m-3M3FBS	(85	µM),	
thapsigargin	 (20	µM),	nigericin	 (10	µM)	or	poly-(dA:dT)	 (2	µg/mL	complexed	with	5	µL	Lipofectamine	
2000)	in	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	
HEPES,	pH	7.4.	The	LPS	(A,	D)	and	unprimed	(A-F)	controls	were	subjected	to	medium	alone.	Immediately	
after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	
min	(C,	F)	or	60	min	(A,	B,	D,	E),	the	supernatants	were	collected	and	IL-1b	concentrations	were	measured	
by	HTRF	(A,	D)	or	the	cells	were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	
(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope	(B,	C,	E,	F).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Figure	 9.26.	 Influence	 of	 the	 reported	 mPTP	 inhibitors	 oligomycin	 A	 and	 rotenone	 on	 the	
inflammasome	responses	to	m-3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	
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3A-G:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A,	D),	NLRP3/ASCmCerulean	reporter	iMac	cells	(B,	E),	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(C,	F),	and	NLRP10mCherry/ASCmCerulean	HEK	cells	(G)	were	treated	for	10	
min	with	oligomycin	A	(OligoA;	0,	5,	10,	or	20	µM;	A-C)	or	rotenone	(Rot;	0,	1,	5,	or	10	µM;	D-G)	and	then	
subjected	to	the	inflammasome	activators	m-3M3FBS	(85	µM),	thapsigargin	(20	µM),	nigericin	(10	µM)	or	
poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	medium	consisting	
of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	LPS	(A,	D)	and	unprimed	
(A-G)	controls	were	subjected	to	medium	alone.	Immediately	after	addition	of	inflammasome	activators,	
the	plates	were	centrifuged	at	340	´	g	 for	5	min	(RT).	After	30	min	(C,	F,	G)	or	60	min	(A,	B,	D,	E),	 the	
supernatants	were	collected	and	IL-1b	 concentrations	were	measured	by	HTRF	(A,	D)	or	 the	cells	were	
fixed	with	 4%	 formaldehyde,	 counterstained	with	 the	 nuclear	 dye	 DRAQ5	 (5	µM)	 and	 imaged	 using	 a	
widefield	fluorescence	microscope	(B,	C,	E,	F,	G).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

	
Figure	 9.27.	 Influence	 of	 the	 mitochondrial	 uncouplers	 and	 reported	 mPTP	 agonists	 CCCP	 and	
FCCP	on	the	inflammasome	responses	to	m-3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	
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3A-F:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A,	D),	NLRP3/ASCmCerulean	reporter	iMac	cells	(B,	E),	
and	NLRP10mCitrine/ASCTagBFP	HEK	cells	(C,	F)	were	treated	for	10	min	with	CCCP	(0,	10,	25,	or	50	µM;	A-C)	
or	FCCP	(0,	10,	25,	or	50	µM;	D-F)	and	then	subjected	to	the	inflammasome	activators	m-3M3FBS	(85	µM),	
thapsigargin	 (20	µM),	nigericin	 (10	µM)	or	poly-(dA:dT)	 (2	µg/mL	complexed	with	5	µL	Lipofectamine	
2000)	in	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	
HEPES,	pH	7.4.	The	LPS	(A,	D)	and	unprimed	(A-F)	controls	were	subjected	to	medium	alone.	Immediately	
after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	
min	(C,	F)	or	60	min	(A,	B,	D,	E),	the	supernatants	were	collected	and	IL-1b	concentrations	were	measured	
by	HTRF	(A,	D)	or	the	cells	were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	
(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope	(B,	C,	E,	F).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

	
Figure	9.28.	Influence	of	the	adenine	nucleotide	translocase	(Slc25a4)	inhibitors	bongkrekic	acid	
and	carboxyatractyloside	on	 the	 inflammasome	responses	 to	m-3M3FBS,	 thapsigargin,	nigericin,	
and	poly-(dA:dT)	
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3A-F:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A,	D),	NLRP3/ASCmCerulean	reporter	iMac	cells	(B,	E),	
and	NLRP10mCitrine/ASCTagBFP	HEK	cells	(C,	F)	were	treated	for	10	min	with	bongkrekic	acid	(BKA;	0,	1,	2.5,	
5,	10,	15,	20,	or	25	µM;	A-C)	or	carboxyatractyloside	(CAT;	0,	0.1,	0.5,	1,	2.5,	10,	25,	or	50	µM;	D-F)	and	
then	subjected	to	the	 inflammasome	activators	m-3M3FBS	(85	µM),	 thapsigargin	(20	µM),	nigericin	(10	
µM)	 or	 poly-(dA:dT)	 (2	 µg/mL	 complexed	with	 5	 µL	 Lipofectamine	 2000)	 in	 an	 extracellular	medium	
consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	LPS	(A,	D)	and	
unprimed	(A-F)	controls	were	subjected	 to	medium	alone.	 Immediately	after	addition	of	 inflammasome	
activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	(C,	F)	or	60	min	(A,	B,	D,	E),	
the	 supernatants	were	 collected	 and	 IL-1b	 concentrations	were	measured	 by	HTRF	 (A,	 D)	 or	 the	 cells	
were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	
widefield	fluorescence	microscope	(B,	C,	E,	F).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Figure	 9.29.	 Influence	 of	 the	 mitoprotective	 agents	 dexpramipexole	 dihydrochloride	 and	
ER000444793	 on	 the	 inflammasome	 responses	 to	m-3M3FBS,	 thapsigargin,	 nigericin,	 and	 poly-
(dA:dT)	
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3A-H:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A,	E),	NLRP3/ASCmCerulean	reporter	iMac	cells	(B,	F),	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(C,	G),	and	NLRP10mCherry/ASCmCerulean	HEK	cells	(D,	H)	were	treated	for	
10	min	with	dexpramipexole	dihydrochloride	(DXD;	0,	5,	10,	or	50	µM;	A-D)	or	ER000444793	(ER;	0,	5,	
10,	or	50	µM;	E-H)	and	then	subjected	to	the	inflammasome	activators	m-3M3FBS	(85	µM),	thapsigargin	
(20	µM),	nigericin	 (10	µM)	or	poly-(dA:dT)	 (2	µg/mL	complexed	with	5	µL	Lipofectamine	2000)	 in	 an	
extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	
7.4.	 The	 LPS	 (A,	 E)	 and	 unprimed	 (A-H)	 controls	 were	 subjected	 to	 medium	 alone.	 Immediately	 after	
addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	
(C,	 D,	 G,	 H)	 or	 60	 min	 (A,	 B,	 E,	 F),	 the	 supernatants	 were	 collected	 and	 IL-1b	 concentrations	 were	
measured	by	HTRF	(A,	E)	or	the	cells	were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	
dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope	(B-D,	F-H).	
The	results	are	plotted	as	means	from	3	(A-G)	or	4	(H)	independent	experiments	performed	in	technical	
duplicate.	 Error	 bars	 represent	 SD.	 Individual	 data	 points	 represent	 means	 of	 the	 technical	 duplicate	
values	from	each	of	the	independent	experiments.	
	

	
Figure	9.30.	Influence	of	the	mitoprotective	agent	TRO	19622	on	the	inflammasome	responses	to	
m-3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-C:	LPS-primed	 (200	 ng/mL,	 2	 h)	WT	 iMac	 cells	 (A),	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (B),	 and	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(C)	were	treated	for	10	min	with	TRO	19622	(TRO;	0,	10,	25,	or	50	µM)	
and	then	subjected	to	the	inflammasome	activators	m-3M3FBS	(85	µM),	thapsigargin	(20	µM),	nigericin	
(10	µM)	or	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	medium	
consisting	of	 (in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	LPS	(A)	and	
unprimed	(A-C)	controls	were	subjected	to	medium	alone.	 Immediately	after	addition	of	 inflammasome	
activators,	the	plates	were	centrifuged	at	340	´	g	 for	5	min	(RT).	After	30	min	(C)	or	60	min	(A,	B),	 the	
supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF	(A)	or	the	cells	were	fixed	
with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	
fluorescence	microscope	(B,	C).	
The	results	are	plotted	as	means	from	3	(A,	C)	or	4	(B)	independent	experiments	performed	in	technical	
duplicate.	 Error	 bars	 represent	 SD.	 Individual	 data	 points	 represent	 means	 of	 the	 technical	 duplicate	
values	from	each	of	the	independent	experiments.	
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Testing	of	 the	 influence	of	mPTP-targeting	agents	on	 the	AIM2/NLRP10	activation	did	

not	provide	a	definitive	answer	about	 the	 involvement	of	mPT	in	these	 inflammasome	

responses.	 BaCl2	 did	 not	 inhibit	 the	 inflammasome	 activation	 with	 any	 of	 the	 tested	

stimuli	 (Figure	 9.25	 A-C).	 In	 contrast,	 GdCl3	 was	 a	 potent	 inhibitor	 of	 IL-1b	 secretion	

from	LPS-primed	WT	iMac	cells	(Figure	9.25	D)	but	did	not	inhibit	ASC	speck	formation	

with	any	of	the	tested	stimuli	in	NLRP3/ASCmCerulean	reporter	iMac	cells	(Figure	9.25	E)	

and	 was	 a	 selective	 inhibitor	 of	 the	 thapsigargin-induced	 ASC	 speck	 formation	 in	

NLRP10mCitrine/ASCTagBFP	 HEK	 cells	 (Figure	 9.25	 F).	 Neither	 BaCl2	 nor	 GdCl3	 exhibited	

inflammasome-activating	properties.	

	

Rotenone	 neither	 activated	 the	 inflammasome	 nor	 inhibited	 the	 inflammasome	

responses	 to	 any	 of	 the	 tested	 stimuli	 (Figure	 9.26	 D-G),	 whereas	 oligomycin	 A	

somewhat	 selectively	 inhibited	 the	 thapsigargin-induced	 NLRP10	 activation	 in	

NLRP10mCitrine/ASCTagBFP	 HEK	 cells	 (Figure	 9.26	 C)	 but	 had	 no	 influence	 on	 the	

thapsigargin-mediated	 AIM2	 activation	 in	 macrophages	 (Figure	 9.26	 A,	 B).	 The	

mitochondrial	 uncouplers	CCCP	 (Figure	9.27	A-C)	 and	FCCP	 (Figure	9.27	D-F)	did	not	

cause	 inflammasome	 activation	 in	 any	 of	 the	 tested	 models	 but	 were	 instead	 potent	

inhibitors	of	 the	nigericin-induced	NLRP3-mediated	 IL-1b	 secretion	 (Figure	9.27	A,	D)	

and	moderately	strong	 inhibitors	of	 the	nigericin-elicited	ASC	speck	 formation	(Figure	

9.27	B,	E).	The	highest	concentrations	(50	µM)	of	CCCP	and	FCCP	acted	as	non-selective	

inhibitors	of	multiple	inflammasome	responses	(Figure	9.27).	

	

The	reported	mPTP	 inhibitor	bongkrekic	acid	(Figure	9.28	A-C)	and	the	mPTP	agonist	

carboxyatractyloside	 (Figure	 9.28	 D-F)	 neither	 activated	 the	 inflammasome	 nor	

inhibited	 the	 inflammasome	 responses	 to	 any	 of	 the	 tested	 stimuli.	 Finally,	 the	

mitoprotective	 agents	 dexpramipexole	 dihydrochloride	 (Figure	 9.29	 A-D),	

ER000444793	 (Figure	 9.29	 E,	 F,	 H),	 and	 TRO	 19622	 (Figure	 9.30)	 were	 also	 neither	

inflammasome	 activators	 nor	 inhibitors.	 Of	 note,	 ER000444793	 exhibited	 strong	

autofluorescence	 in	 the	BFP	channel	 (Figure	9.29	G),	 so	 the	 results	obtained	with	 this	

compound	in	NLRP10mCitrine/ASCTagBFP	HEK	cells	are	uninterpretable.	

	

Collectively,	my	results	suggest	 that	 the	m-3M3FBS-driven	AIM2/NLRP10	activation	 is	

not	mediated	by	mPTP	opening.	The	 thapsigargin-induced	AIM2/NLRP10	activation	 is	

sensitive	to	CsA,	indicating	that	mPT	might	be	involved	in	this	process	(Halestrap	et	al.,	
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1997).	Furthermore,	the	thapsigargin-driven	NLRP10	activation	is	sensitive	to	GdCl3	and	

oligomycin	A,	which	were	both	proposed	to	act	as	mPTP	inhibitors	(Mnatsakanyan	et	al.,	

2019).	 Conversely,	 multiple	 other	 mPTP	 inhibitors	 did	 not	 have	 an	 impact	 on	 the	

thapsigargin-induced	 inflammasome	 responses,	 providing	 an	 argument	 against	 the	

involvement	of	mPTP.	Importantly,	the	permeability	cutoff	of	the	canonical	mPTP	is	1.5	

kDa,	 which	 cannot	 explain	 the	 thapsigargin-induced	 cytosolic	 leakage	 of	 the	

mitochondrial	matrix	proteins	and	the	cytosolic	exposure	of	mtDNA.	

	

Based	on	the	comparisons	with	previously	described	mitochondrial	stress	mechanisms,	

I	 was	 unable	 to	 determine	 how	 m-3M3FBS	 and	 thapsigargin	 induce	 mitochondrial	

membrane	 permeabilization	 and	 AIM2/NLRP10	 activation.	 Interference	with	 intrinsic	

apoptosis,	mPTP	opening,	or	inorganic	ion	fluxes	across	the	mitochondrial	membranes	

did	 not	 selectively	 block	 the	 AIM2/NLRP10	 inflammasome	 responses.	 None	 of	 the	

attempts	 to	 trigger	 mitochondrial	 membrane	 permeabilization	 led	 to	 inflammasome	

activation	that	could	be	unequivocally	attributed	to	AIM2	or	NLRP10.	The	induction	of	

UPRmt	 did	 not	 elicit	 AIM2/NLRP10	 activation,	 and	 neither	 did	 blocking	 of	 the	

mitochondrial	protein	import.	Of	note,	different	ways	of	targeting	the	same	pathway	of	

mitochondrial	 damage	 frequently	 led	 to	 different	 conclusions.	 Together,	 these	

observations	 suggest	 the	 AIM2	 and	 NLRP10	 inflammasome	 responses	 may	 only	 be	

triggered	by	specific	mitochondria-linked	events,	and	not	by	any	type	of	mitochondrial	

perturbation.	

	

The	 results	 presented	 in	 this	 Chapter	 suggest	 that	 the	 mitochondria	 still	 hold	 many	

secrets.	 In	 the	 context	 of	 the	 current	 knowledge,	 it	 is	 impossible	 to	 make	 reliable	

predictions	 about	 the	 role	 of	 mitochondrial	 membrane	 permeabilization	 in	 the	

inflammasome	activation,	or	to	explain	the	phenotypes	observed	in	cells	treated	with	m-

3M3FBS,	 thapsigargin,	 SC-10,	 and	 SMBA1.	 A	 detailed	 investigation	 of	 the	mechanisms	

through	which	m-3M3FBS	and	thapsigargin	permeabilize	the	mitochondria	may	lead	to	

the	 discovery	 of	 new	 mitochondrial	 damage	 pathways	 and	 help	 improve	 the	

understanding	of	those	that	are	already	known.	I	will	discuss	how	these	topics	could	be	

followed	up	in	Section	10.6.	
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10.	Discussion	

	

10.1.	Assumptions	underlying	data	interpretation	

	

The	results	presented	in	my	thesis	have	broad	implications	for	the	understanding	of	the	

activation	mechanisms	 of	 three	 inflammasomes:	 AIM2,	 NLRP3,	 and	 NLRP10.	 Before	 I	

discuss	how	these	data	fit	 into,	amend,	or	challenge	the	existing	models,	and	how	they	

could	 be	 followed	 up,	 I	 would	 like	 to	 briefly	 list	 the	 assumptions	 behind	 the	

interpretation	of	my	observations.	

	

First,	I	consider	the	signaling	pathways	leading	to	the	activation	of	the	AIM2	and	NLRP3	

inflammasomes	as	unconnected	sequences	of	events	 that	do	not	share	common	nodes	

upstream	of	ASC	speck	formation.	I	also	assume	that	within	the	typical	time	frame	of	my	

experiments	 (up	 to	 60	min	 of	 stimulation	with	 inflammasome	 activators),	 the	 NLRP3	

activation	does	not	lead	to	‘secondary’	AIM2	activation,	and,	correspondingly,	the	AIM2	

activation	does	not	promote	the	NLRP3	activation.	Based	on	the	literature	(Fernandes-

Alnemri	 et	 al.,	 2009;	 Hornung	 et	 al.,	 2009;	 Jin	 et	 al.,	 2012),	 such	 model	 is	 generally	

accepted	 for	murine	macrophages.	 It	 is	also	consistent	with	my	data.	Given	 the	recent	

report	 that	 in	 human	myeloid	 cells,	 dsDNA	 sensing	may	 be	 dependent	 on	NLRP3	 and	

independent	of	AIM2	 (Gaidt	et	 al.,	 2017;	discussed	 in	Section	10.3),	 caution	should	be	

taken	in	extrapolating	some	of	my	results	to	the	human	system.	

	

Secondly,	 I	 assume	 that	 the	 AIM2	 activation	 is	 a	 simple	 process	 initiated	 by	

oligomerization	of	the	receptor	on	dsDNA	molecules	in	the	cytosol	and	followed	by	the	

recruitment	 of	 ASC	 and	 caspase-1.	 According	 to	 such	 model,	 as	 soon	 as	 dsDNA	 is	

delivered	 to	 the	 cytosol,	 no	 additional	 ‘licensing’	 steps	 are	 required	 for	 the	 AIM2	

inflammasome	assembly.	

	

Finally,	I	assume	that	both	the	IL-1b	concentration	in	the	supernatant	and	the	number	of	

ASC	 specks	 in	 a	 population	 of	 cells	 monotonically	 increase	 with	 time	 after	 the	

administration	of	an	inflammasome	activator.	Because	of	the	generally	short	stimulation	

times	 employed	 in	 my	 thesis,	 this	 assumption	 does	 not	 have	 consequences	 for	 the	

majority	 of	 the	 results	 presented	 here.	 However,	 it	 remains	 important	 for	 the	

interpretation	of	the	data	obtained	after	longer	stimulation	times	(Sections	9.1,	9.3,	and	
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9.5)	as	well	as	for	comparisons	with	previous	studies	in	which	longer	stimulation	times	

had	been	applied.	

	

10.2.	Involvement	of	PLC	and	Ca2+	signaling	in	the	inflammasome	activation	

	

Multiple	 molecular	 events	 have	 been	 proposed	 to	 trigger	 the	 NLRP3	 inflammasome	

activation	 but	 there	 is	 no	 universally	 accepted	model	 linking	 all	 of	 them.	 It	 is	widely	

accepted	 that	 the	 canonical	 NLRP3	 activation	 is	 regulated	 by	 fluxes	 of	 inorganic	 ions	

across	the	plasma	membrane.	The	central	ionic	species	involved	in	the	NLRP3	activation	

with	 nigericin,	 ATP,	 and	 lysosome-damaging	 agents	 is	 K+.	 The	 intracellular	 K+	

concentration	decreases	during	the	NLRP3	activation	(Mariathasan	et	al.,	2006;	Muñoz-

Planillo	 et	 al.,	 2013;	 Perregaux	 and	 Gabel,	 1994;	 Perregaux	 et	 al.,	 1992;	Walev	 et	 al.,	

1995).	 Next	 to	 K+,	 other	 inorganic	 ions	 have	 also	 been	 implicated	 in	 the	 NLRP3	

responses,	 most	 importantly	 Cl-	 (Domingo-Fernández	 et	 al.,	 2017;	 Green	 et	 al.,	 2018;	

Tang	et	al.,	2017),	and	Ca2+	(Lee	et	al.,	2012;	Murakami	et	al.,	2012;	Rossol	et	al.,	2012).	

The	reports	on	the	impact	of	Cl-	ions	on	the	NLRP3	activation	are	mostly	consistent	with	

the	K+	efflux	model	and	they	have	not	been	challenged	by	the	literature.	In	contrast,	the	

studies	suggesting	 the	 involvement	of	Ca2+	 ions	have	been	 in	significant	part	based	on	

false	premises	(Baldwin	et	al.,	2017;	Katsnelson	et	al.,	2016;	2015;	Muñoz-Planillo	et	al.,	

2013).	

	

I	 commented	 on	 the	 conflict	 around	 the	 role	 of	 Ca2+	 in	 the	 NLRP3	 inflammasome	

activation	in	Chapter	5	to	explain	the	rationale	behind	my	experimental	design.	Briefly,	

in	 a	 set	 of	 independent	 articles	 (Lee	 et	 al.,	 2012;	Murakami	 et	 al.,	 2012;	Rossol	 et	 al.,	

2012),	 it	 was	 proposed	 that	 PLC	 activation	 and	 Ca2+	 fluxes	 could	 be	 the	 proximal	

mediators	of	 the	NLRP3	activation.	These	conclusions	were	based	on	the	observations	

that	the	NLRP3	responses	were	blocked	by	the	PLC	inhibitor	U	73122,	the	intracellular	

Ca2+	chelator	BAPTA-AM,	and	the	IP3R	antagonist	2-APB.	Additionally,	Lee	et	al.	(2012)	

and	 Rossol	 et	 al.	 (2012)	 suggested	 that	 an	 increase	 in	 the	 extracellular	 Ca2+	

concentration	could	drive	the	NLRP3	activation,	whereas	Murakami	et	al.	(2012)	posited	

that	the	NLRP3	activation	is	impeded	by	depletion	of	extracellular	Ca2+.	

	

Alternative	 explanations	 for	 many	 of	 these	 observations	 have	 been	 provided	 in	

subsequent	 studies.	 Muñoz-Planillo	 et	 al.	 (2013)	 demonstrated	 that	 solvated	
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extracellular	Ca2+	 ions	do	not	serve	as	an	NLRP3	activator.	 Instead,	 the	authors	 linked	

the	reported	extracellular	Ca2+-induced	NLRP3	activation	(Lee	et	al.,	2012;	Rossol	et	al.,	

2012)	to	the	precipitation	of	calcium	phosphate	crystals,	followed	by	their	phagocytosis	

and	 lysosomal	 damage-induced	 NLRP3	 activation.	 Katsnelson	 et	 al.	 (2015)	

demonstrated	 that	 the	 NLRP3	 activation	 is	 not	 affected	 by	 the	 extracellular	 Ca2+	

depletion	 and	 that	 the	 Ca2+	 chelator	 BAPTA-AM	 as	well	 as	 the	 IP3R	 antagonist	 2-APB	

inhibit	the	NLRP3	responses	through	off-target	effects.	Baldwin	et	al.	(2017)	described	a	

series	 of	 2-APB-related	 NLRP3	 inhibitors	 that	 did	 not	 interfere	 with	 Ca2+	 signaling.	

Finally,	Katsnelson	et	al.	(2016)	hinted	at	the	possibility	that	overloading	the	cells	with	

Ca2+	ions	may	inhibit	the	NLRP3	activation.	

	

Despite	 these	 revisions,	 a	 number	 of	 studies	 employed	 BAPTA-AM	 and/or	 2-APB	 to	

suggest	that	stimulation	with	an	agent	of	interest	activates	the	NLRP3	inflammasome	by	

engaging	 PLC	 and	 Ca2+	 signaling.	 Non-comprehensive	 lists	 of	 such	 studies	 include	 for	

BAPTA-AM:	 Chae	 et	 al.,	 2015;	 Chen	 et	 al.,	 2017;	Deng	 et	 al.,	 2019;	 Elliott	 et	 al.,	 2018;	

Freeman	et	al.,	2017;	Hao	et	al.,	2017;	Martín-Nalda	et	al.,	2020;	Mishra	et	al.,	2019;	Yao	

et	al.,	2017;	Zewinger	et	al.,	2019;	Zhang	et	al.,	2017;	and	for	2-APB:	Baron	et	al.,	2015;	

Chae	et	al.,	2015;	Deng	et	al.,	2019;	Freeman	et	al.,	2017;	Swanson	et	al.,	2017;	Yao	et	al.,	

2017;	 Yeon	 et	 al.,	 2016;	 Zhang	 et	 al.,	 2018;	 2017.	 It	 is	 likely	 that	 some	 of	 the	NLRP3	

activation	mechanisms	proposed	in	these	studies	are	not	valid.	

	

The	data	presented	in	Chapters	4	and	5	of	my	Thesis	as	well	as	in	Sections	6.1,	6.2,	6.8,	

6.9,	6.11,	and	6.13	can	be	regarded	as	a	continuation	of	 the	four	studies	amending	the	

Ca2+-based	model	of	the	NLRP3	activation	(Baldwin	et	al.,	2017;	Katsnelson	et	al.,	2015;	

2016;	 Muñoz-Planillo	 et	 al.,	 2013).	 In	 this	 respect,	 I	 have	 demonstrated	 that	 the	

canonical	NLRP3	activator	nigericin	does	not	trigger	PLC	activation	(Figures	5.5-5.7).	 I	

also	 provided	 an	 explanation	 for	 how	 the	 PLC	 inhibitor	 U	 73122	 blocks	 the	 NLRP3	

inflammasome.	 This	 occurs	 through	 an	 off-target	 alkylation	 of	 one	 or	 more	 protein	

cysteinyl	residues	(Figures	5.1	and	5.2).	Edelfosine,	another	commercially	available	PLC	

inhibitor,	non-selectively	blocks	both	the	NLRP3	and	the	AIM2	inflammasome	responses	

with	similar	potencies	(Figure	4.3).	Finally,	 the	phosphatidylcholine	(PC)-PLC	inhibitor	

D609	does	not	 inhibit	 the	 inflammasome	activation	 (Supplementary	Figure	 S40).	 This	

observation	is	consistent	with	the	fact	that	the	mammalian	genomes	do	not	have	genes	

encoding	PC-PLC	enzymes	(Kadamur	and	Ross,	2013;	Nakamura	and	Fukami,	2017).	
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Some	 of	 my	 data	 provided	 validation	 for	 previously	 reported	 results.	 For	 instance,	 I	

detected	 no	 extracellular	 Ca2+-induced	 inflammasome	 activation	 (Figure	 4.4	 D,	 E;	

Muñoz-Planillo	et	al.,	2013),	and	I	found	no	evidence	that	the	depletion	of	extracellular	

Ca2+	could	interfere	with	the	NLRP3	responses	(Figure	4.4	D,	E;	Katsnelson	et	al.,	2015).	

I	 also	 confirmed	 that	 overloading	 the	 cells	 with	 Ca2+	 ions	 could	 block	 the	 NLRP3	

activation	(Figures	6.18	A,	C	and	8.16	A,	C;	Katsnelson	et	al.,	2016).	

	

In	 a	 further	 attempt	 to	 systematize	 the	 knowledge	 on	 the	 PLC	 involvement	 in	 the	

inflammasome	activation,	I	discovered	that	the	reported	PLC	agonist	m-3M3FBS	triggers	

the	 inflammasome	 in	 an	NLRP3-independent	manner	 (Figure	 4.5).	 Instead,	 in	murine	

macrophages,	m-3M3FBS	 activates	 AIM2	 (Figure	 6.11).	 Importantly,	 this	 observation	

was	not	 in	 agreement	with	 the	 report	 by	Muñoz-Planillo	 et	 al.	 (2013),	who	 suggested	

that	m-3M3FBS	could	activate	the	inflammasome	in	an	NLRP3-dependent	manner1.	It	is	

difficult	 to	comment	on	this	discrepancy.	 In	my	opinion,	 the	most	 likely	explanation	 is	

the	fact	that	m-3M3FBS	does	not	have	the	ability	to	activate	the	inflammasome	in	media	

containing	high	concentrations	of	FBS	(Supplementary	Methods	Figures	SM1	and	SM2).	

If	 Muñoz-Planillo	 et	 al.	 (2013)	 performed	 the	 experiments	 under	 suboptimal	

conditions2,	it	is	possible	that	the	variation	in	the	range	of	the	observed	responses	was	

interpreted	as	dependence	on	NLRP3.	

	

The	 m-3M3FBS-driven	 AIM2	 activation	 does	 not	 rely	 on	 PLC.	 Instead,	 it	 involves	

mitochondrial	 damage,	 which	 is	 an	 off-target	 effect	 of	m-3M3FBS	 (Figures	 6.27	 and	

6.28).	 The	 endogenous	 AIM2	 ligand	 exposed	 by	 m-3M3FBS	 is	 mtDNA	 (Figure	 8.2;	

discussed	 in	 detail	 in	 Section	 10.3).	 Collectively,	 my	 results	 highlight	 the	 need	 for	 a	

significant	 revision	 of	 the	 existing	 inflammasome	 literature.	 Numerous	 studies	

employed	U	73122	to	suggest	a	mechanistic	link	between	a	stimulus	of	interest	and	the	

inflammasome	activation.	A	non-comprehensive	list	of	such	papers	includes	Baron	et	al.,	

2015;	Chae	et	al.,	2015;	Deng	et	al.,	2019;	Freeman	et	al.,	2017;	Gutiérrez-López	et	al.,	

2018;	Irmscher	et	al.,	2019;	Lee	et	al.,	2012;	Martín-Nalda	et	al.,	2020;	Murakami	et	al.,	

2012;	 Negash	 et	 al.,	 2019;	 Rossol	 et	 al.,	 2012;	 Yeon	 et	 al.,	 2016;	 Zhou	 et	 al.,	 2015.	

Furthermore,	 studies	 in	which	m-3M3FBS	was	 used	 to	 demonstrate	 the	 link	 between	

	
1	The	 study	 by	 Muñoz-Planillo	 et	 al.	 (2013)	 is	 the	 only	 published	 article	 in	 which	 the	 inflammasome	
activation	by	m-3M3FBS	has	been	assessed	in	an	NLRP3-deficient	model.	
2	The	Methods	section	and	the	Figure	Legend	do	not	include	information	on	the	type	of	medium	and	the	
concentration	of	FBS	in	the	experiment	under	consideration.	
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PLC	activation	and	the	NLRP3	inflammasome	(Chae	et	al.,	2015;	Deng	et	al.,	2019;	Lee	et	

al.,	2012;	Muñoz-Planillo	et	al.,	2013)	may	also	need	to	be	re-evaluated.	

	

An	 important	 conclusion	 from	my	work	 was	 that	 PLC	was	 not	 the	mediator	 through	

which	m-3M3FBS	induced	the	AIM2	activation.	This	statement	is	backed	by	three	lines	

of	 argumentation.	 First,	 my	 results	 indicated	 that	 the	 m-3M3FBS-induced	 AIM2	

activation	 is	not	very	 sensitive	 to	PLC	 inhibitors	 (Figure	4.3)	 and	 to	 interference	with	

Ca2+	signaling	(Figures	6.16	A-D	and	6.17	A-D).	Secondly,	I	detected	strong	induction	of	

PLC	activity	in	murine	macrophages	transfected	with	poly-(dA:dT)	(Figures	5.5-5.7).	In	

this	cell	type,	it	is	well-established	that	poly-(dA:dT)	activates	the	AIM2	inflammasome	

through	direct	binding.	Because	of	that,	 it	 is	 likely	that	the	IP1	surge	observed	in	poly-

(dA:dT)-transfected	cells	is	a	byproduct	of	DNA	delivery	and	that	it	does	not	represent	a	

step	in	the	AIM2	inflammasome	activation3.	Thirdly,	transfection	with	poly-(dA:dT)	did	

not	 lead	 to	mitochondrial	 damage	 (Figures	6.27	 and	6.28),	 indicating	 that	 at	 least	 the	

global	 PLC	 activation	 induced	 with	 poly-(dA:dT)	 is	 not	 sufficient	 disrupt	 the	

mitochondria.	 Correspondingly,	 the	 other	 AIM2	 activators	 identified	 in	 my	 study	

(thapsigargin,	SC-10,	and	SMBA1)	 trigger	 the	mitochondrial	contents	 leakage	but	have	

not	been	reported	to	activate	PLC.	Finally,	I	would	like	to	comment	on	the	scenario	that	

PLC	could	 ‘digest	 its	way’	 through	 the	mitochondrial	membranes	after	activation	with	

m-3M3FBS.	 This	 is	 highly	 unlikely	 for	 the	 following	 reason:	 the	 mitochondrial	

membranes	are	not	enriched	in	inositol	lipids	(van	Meer	and	de	Kroon,	2010;	van	Meer	

et	al.,	2008);	the	estimated	content	of	all	such	lipids	in	the	mitochondria	is	6%	(Casares	

et	al.,	2019).	Lipid	membranes	have	self-sealing	properties,	and	PIP2	hydrolysis	by	PLC	

is,	 in	 fact,	 not	 expected	 to	 physically	 damage	 the	membrane,	 as	 DAG,	 one	 of	 the	 PLC	

reaction	products,	 remains	 in	 the	 lipid	 layer.	Notably,	 the	possibility	 of	PLC-unrelated	

effects	of	m-3M3FBS	administration	has	been	suggested	in	previous	studies	performed	

by	Krjukova	et	al.	(2004)	and	Dwyer	et	al.	(2010).	

	

A	piece	of	evidence	on	the	PLC	 involvement	 in	 the	 inflammasome	activation	 that	 I	did	

not	 address	 experimentally	 in	 my	 Thesis	 is	 the	 observation	 that	 APLAID	 patients	

harboring	hypermorphic	mutations	 in	 the	gene	encoding	PLCg2	suffer	 from	symptoms	

	
3	Such	interpretation	is	supported	by	the	low	sensitivity	of	the	AIM2	inflammasome	activation	to	the	PLC	
inhibitors	U	73122	and	edelfosine	(Figure	4.3).	In	contrast,	U	73122	and	edelfosine	strongly	inhibit	PLC	
activation	caused	by	poly-(dA:dT)	transfection	(Figure	5.5).	
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of	autoinflammation.	Monocytes	isolated	from	these	patients	spontaneously	release	IL-

1b	 in	 response	 to	 LPS.	 This	 phenotype	 has	 been	 linked	 to	 aberrant	 activation	 of	 the	

NLRP3	inflammasome	(Chae	et	al.,	2015;	Martín-Nalda	et	al.,	2020).	Importantly,	neither	

of	the	cited	studies	proved	the	NLRP3	involvement	in	the	observed	IL-1b	secretion4,	and	

the	supporting	mechanistic	data	were	all	obtained	with	the	use	of	BAPTA-AM,	2-APB,	U	

73122,	and	m-3M3FBS.	All	of	 these	molecules	have	been	demonstrated	 to	act	 through	

off-target	 effects	 in	 previous	 studies	 or	 in	 my	 Thesis.	 In	 the	 future,	 it	 would	 be	

interesting	 to	 establish	 whether	 the	 inflammatory	 response	 in	 APLAID	 is	 NLRP3-

dependent,	 and	 to	mechanistically	 explore	 the	 link	 between	 the	 PLCg2	mutations	 and	

the	onset	of	inflammation.	Genetic	systems	could	be	employed	to	investigate	this,	such	

as	 inducible	 overexpression	 of	 the	 hypermorphic	 PLCg2	 variants	 in	 immortalized	

murine	macrophages	 or	 in	THP-1	 cells.	 Interestingly,	 one	of	 the	models	 of	 the	NLRP3	

activation	proposes	that	NLRP3	interacts	with	the	Golgi	inositol	lipid	PI4P	(Bittner	et	al.,	

2020;	Chen	and	Chen,	2018).	Could	hypermorphic	PLC	mutants	upregulate	the	levels	of	

PI4P?	A	direct	effect	is	unlikely	because	PI4P	is	neither	a	substrate,	nor	a	product	of	the	

PLC-catalyzed	 reaction.	 Even	 so,	 the	 amounts	 of	 inositol	 phospholipids	 could	

theoretically	be	linked	to	PLC	activity	through	feedback	mechanisms	not	directly	related	

to	the	PLC-catalyzed	reaction.	

	

Martín-Nalda	 et	 al.	 (2020)	 further	 proposed	 that	 the	 inflammasome	 responses	 in	

APLAID	patients	might	be	mediated	by	the	alternative	pathway	of	the	NLRP3	activation,	

which	was	initially	described	by	Gaidt	et	al.	(2016).	This	attribution	may	be	incorrect	for	

several	reasons.	The	alternative	NLRP3	activation	is	an	LPS-induced	response	observed	

in	human	monocytes	and	dependent	on	TLR4,	NLRP3,	ASC,	and	caspase-1.	In	contrast	to	

the	canonical	pathway,	the	alternative	NLRP3	activation	does	not	involve	K+	efflux	and	is	

not	associated	with	ASC	speck	 formation.	The	rate	of	 this	process	 is	slow,	 for	example	

Gaidt	 et	 al.	 (2016)	 report	 a	 14-h	 stimulation.	 Mechanistically,	 the	 alternative	 NLRP3	

activation	requires	TRIF,	RIPK1,	FADD,	and	caspase-8	(Gaidt	et	al.,	2016).	In	contrast	to	

this	original	report,	the	response	observed	by	Martín-Nalda	et	al.	(2020)	in	monocytes	

from	 APLAID	 patients	 is	 fast	 (2-h	 stimulations)	 and	 is	 associated	 with	 ASC	 speck	

formation.	The	involvement	of	factors	such	as	NLRP3,	K+	efflux,	TRIF,	RIPK1,	FADD,	and	

	
4	For	example	by	employing	the	NLRP3	inhibitor	CRID3	(Coll	et	al.,	2019;	2015;	Tapia-Abellán	et	al.,	2019;	
Vande	Walle	et	al.,	2019).	Notably,	the	K+	efflux	involvement	in	the	inflammasome	activation	in	monocytes	
from	APLAID	patients	has	also	not	been	experimentally	addressed.	
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caspase-8	 has	 not	 been	 tested.	 More	 data	 is	 required	 to	 support	 the	 notion	 that	

enhanced	alternative	NLRP3	activation	is	a	feature	of	monocytes	isolated	from	APLAID	

patients.	

	

***	

	

A	separate	topic	related	to	Ca2+	signaling	and	inflammasome	responses	is	the	influence	

of	 thapsigargin	 on	 the	 NLRP3	 activation.	 My	 experiments,	 which	 were	 all	 performed	

using	high	thapsigargin	concentrations	(~20	µM)	and	short	stimulation	times,	indicated	

that	in	murine	macrophages	thapsigargin	selectively	activates	the	AIM2	inflammasome	

(Figure	 6.13)5.	 I	 found	 no	 evidence	 that	 NLRP3	 could	 be	 involved	 in	 this	 response.	

Instead,	 in	 AIM2-deficient	 cells,	 thapsigargin	 acted	 as	 a	 weak,	 partial	 inhibitor	 of	 the	

NLRP3	activation	with	nigericin	(Figure	8.11).	These	results	are	not	fully	consistent	with	

what	has	previously	been	reported	on	the	impact	of	thapsigargin	on	the	inflammasome	

activation.	 However,	 the	 published	 reports	 on	 this	 topic	 also	 reach	 divergent	

conclusions.	 One	 explanation	 for	 these	 discrepancies	 could	 be	 the	 variation	 in	

thapsigargin	concentrations	and	stimulation	times	between	studies.	Below,	I	provide	an	

outline	 of	 the	 literature	 addressing	 the	 impact	 of	 thapsigargin	 on	 the	 NLRP3	

inflammasome	activation.	

	

The	first	report	suggesting	that	thapsigargin	activates	the	NLRP3	inflammasome	was	a	

paper	 by	 Menu	 et	 al.	 (2012),	 which	 proposed	 that	 the	 NLRP3	 inflammasome	 can	 be	

activated	 by	 the	 thapsigargin-induced	 ER	 stress	 through	mechanisms	 independent	 of	

the	 UPR.	 The	 authors	 demonstrated	 that	 in	 BMDMs,	 but	 not	 in	 THP-1	 cells,	 6-h	

stimulations	 with	 5-10	 µM	 thapsigargin	 lead	 to	 the	 inflammasome	 activation.	 This	

process	 was	 considered	 to	 be	 NLRP3-dependent,	 but	 the	 evidence	 supporting	 this	

statement	 is	 limited6.	 Lee	 et	 al.	 (2012)	 then	 showed	 that	 50	 nM	 thapsigargin	 could	

	
5	This	process	was	dependent	on	 the	recognition	of	 the	exposed	mtDNA	(Figure	8.2)	and	could	be	 fully	
inhibited	 with	 CsA	 (Figure	 6.37),	 which	 correlated	 with	 protection	 from	 the	 thapsigargin-induced	
mitochondrial	damage	(Figure	6.40).	I	discuss	these	topics	in	detail	in	Sections	10.3	and	10.4.	
6	It	can	be	inspected	in	Figure	2	A	in	the	cited	article.	In	this	figure,	the	release	of	cleaved	caspase-1	into	
the	 supernatant	 is	 assessed	 by	 western	 blotting.	 The	 amounts	 of	 caspase-1	 secreted	 by	 thapsigargin-
treated	NLRP3-proficient	 and	 -deficient	BMDMs	are	 compared,	 and	 the	 caspase-1	 release	 from	NLRP3-
deficient	cells	is	reduced	but	not	completely	absent.	With	no	additional	evidence,	a	cautious	interpretation	
of	 this	 result	 would	 be	 that	 the	 inflammasome	 activation	 with	 thapsigargin	 is	 less	 potent	 in	 NLRP3-
deficient	 cells.	 In	 my	 opinion,	 these	 data	 are	 insufficient	 as	 a	 proof	 that	 the	 thapsigargin-induced	
inflammasome	activation	is	non-redundantly	NLRP3-dependent.	
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trigger	IL-1b	secretion	from	and	ASC	oligomerization	in	LPS-primed	BMDMS	within	30	

min.	 This	 result	 was	 used	 as	 evidence	 that	 an	 increase	 in	 the	 cytosolic	 Ca2+	

concentration	 can	 trigger	 the	 NLRP3	 inflammasome,	 even	 though	 an	 NLRP3-deficient	

control	was	not	tested.	To	prove	the	same	point,	Rossol	et	al.	(2012)	demonstrated	that	

thapsigargin	(50	nM	-	2	µM)	triggers	a	robust	IL-1b	response,	also	without	employing	an	

NLRP3-deficient	control7.	Lerner	et	al.	(2012)	reported	that	thapsigargin	(1	µM	at	the	4-

h	time	point,	but	not	after	only	2	h)	could	trigger	the	inflammasome	activation	in	THP-1	

cells,	which	 is	not	consistent	with	the	study	by	Menu	et	al.	 (2012),	who	did	not	detect	

inflammasome	 activation	 with	 thapsigargin	 in	 THP-1	 cells.	 The	 thapsigargin-induced	

inflammasome	activation	 in	THP-1	cells	was	abolished	by	NLRP3	deficiency	and	by	an	

inhibitor	of	inositol-requiring	enzyme	1	a	(IRE1a),	a	downstream	effector	of	ER	stress-

sensing	mechanisms	(Lerner	et	al.,	2012).	In	a	similar	set	of	experiments,	Oslowski	et	al.	

(2012)	demonstrated	that	a	6-h	treatment	of	THP-1	cells	with	1	µM	thapsigargin	leads	

to	 IL-1b	 secretion	 and	 caspase-1	 cleavage,	 although	 here	 the	 data	 from	 an	 NLRP3-

deficient	model	 were	 not	 provided.	 The	model	 proposed	 by	 Lerner	 et	 al.	 (2012)	 and	

Oslowski	et	al.	(2012),	which	suggests	the	involvement	of	PERK/IRE1a	as	mediators	of	

the	 NLRP3	 inflammasome	 response	 to	 ER	 stress,	 is	 not	 in	 agreement	with	 the	model	

proposed	by	Menu	et	al.	(2012),	where	PERK	and	IRE1a	were	shown	not	be	required	for	

the	NLRP3	activation	by	ER	stress	inducers.	

	

In	 subsequent	 years,	 Shin	 et	 al.	 (2013)	 proposed	 that	 thapsigargin	 (5	 µM	 for	 4	 h)	

activates	the	NLRP3	inflammasome	through	ROS	formation	and	lysosomal	damage.	This	

observation	was	presented	in	support	of	the	model	according	to	which	the	proteotoxic	

stress	activates	NLRP3,	even	though	the	NLRP3	dependence	of	the	thapsigargin-induced	

inflammasome	 activation	 was	 not	 confirmed.	 Rada	 et	 al.	 (2014)	 observed	 that	

thapsigargin	(100	nM	-	1	µM	for	24-48	h)	elicits	a	weak	IL-1b	response	and	interpreted	

this	 result	 as	 indicative	 of	 the	 involvement	 of	 Ca2+	 ions	 in	 the	 NLRP3	 inflammasome	

activation,	despite	the	lack	of	an	NLRP3-deficient	control.	Bronner	et	al.	(2015)	reported	

that	10	µM	thapsigargin	triggers	the	NLRP3	activation	in	BMDMs	over	the	course	of	a	4-

h	stimulation	(the	NLRP3-deficient	control	was	employed).	Finally,	Robblee	et	al.	(2016)	

used	 thapsigargin	 as	 a	 control	 ER	 stress	 inducer	 in	 a	 study	 on	 the	 inflammasome	

activation	by	saturated	fatty	acids.	This	was	proposed	to	be	mediated	by	the	ER	stress,	

	
7	The	stimulation	time	is	not	reported	in	the	cited	article.	
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IRE1a	engagement,	and	NLRP3	activation8.	In	this	report,	200	nM	thapsigargin	triggered	

the	 inflammasome	 activation	 over	 the	 course	 of	 20-24	 h,	 which	 could	 be	 blocked	 by	

IRE1a	inhibition,	consistent	with	the	observations	reported	by	Lerner	et	al.	(2012)	and	

Oslowski	et	al.	(2012),	but	not	by	Menu	et	al.	(2012).	

	

To	add	to	the	confusion,	one	study	suggested	that	thapsigargin	may	inhibit	 the	NLRP3	

activation.	 Murakami	 et	 al.	 (2012)	 reported	 that	 a	 30-min	 pre-treatment	 with	

thapsigargin	 (to	 deplete	 the	 ER	 Ca2+	 stores;	 the	 thapsigargin	 concentration	 was	 not	

disclosed)	inhibited	the	NLRP3	activation	with	ATP	in	LPS-primed	BMDMs.	Upon	closer	

inspection	 of	 the	 data9,	 the	 response	 to	 LPS	 and	 ATP	 in	 thapsigargin-treated	 cells	 is	

reduced	 compared	 to	 the	 untreated	 control,	 but	 still	 robust.	 It	 is	 difficult	 to	 interpret	

these	 data	 without	 knowledge	 of	 the	 detailed	 experimental	 protocol	 (thapsigargin	

concentration,	 incorporation	of	washing	steps	between	the	thapsigargin	pre-treatment	

and	 the	 ATP	 stimulation).	 In	 opposition	 to	 Murakami	 et	 al.	 (2012),	 Katsnelson	 et	 al.	

(2015)	 reported	 that,	 in	 Ca2+-free	 media,	 thapsigargin	 (300	 nM)	 did	 not	 inhibit	 the	

NLRP3	 inflammasome	 activation,	 or	 only	 acted	 as	 a	 weak	 inhibitor.	 Under	 these	

conditions,	Katsnelson	et	al.	 (2015)	did	not	observe	the	 inflammasome	activation	with	

thapsigargin,	 which	 was	 not	 fully	 consistent	 with	 the	 results	 reported	 by	 Lee	 et	 al.	

(2012)	and	Rossol	et	al.	(2012)10.	

	

My	 observation	 that	 thapsigargin	 is	 an	 inflammasome	 activator	 (Figure	 6.12)	 is	 in	

agreement	with	most	of	the	discussed	studies.	However,	three	of	these	studies	(Bronner	

et	al.,	2015;	Lerner	et	al.,	2012;	Menu	et	al.,	2012)	linked	the	thapsigargin	stimulation	to	

the	NLRP3	inflammasome	activation	using	NLRP3-deficient	models,	whereas	my	results	

suggest	 complete	 dependence	 on	AIM2	 (Figure	 6.13).	 I	 have	 not	 determined	whether	

longer	treatments	with	thapsigargin	could	trigger	the	NLRP3	inflammasome	in	an	AIM2-

deficient	model.	Regardless	of	the	result,	such	experiment	would	not	explain	why	some	

authors	 reported	 a	 complete	 dependence	 of	 the	 thapsigargin-induced	 inflammasome	

	
8	This	was	a	bold	 statement	on	 the	part	of	 the	authors,	 given	 that	none	of	 the	experiments	 in	 the	 cited	
article	feature	an	NLRP3-deficient	control.	
9	Figure	1	B	in	the	cited	article.	
10	Importantly,	 Katsnelson	 et	 al.	 (2015)	 performed	 the	 stimulations	 with	 thapsigargin	 under	 Ca2+-free	
conditions,	 whereas	 Lee	 et	 al.	 (2012)	 and	 Rossol	 et	 al.	 (2012)	 used	 Ca2+-containing	 media.	 In	 my	
experiments	 (Figures	6.16-6.18),	 removal	of	 the	 extracellular	Ca2+	 did	not	have	an	 impact	on	 the	AIM2	
response	 to	 thapsigargin	 but	 the	 concentration	 of	 thapsigargin	 used	 throughout	 my	 Thesis	 was	much	
higher	than	it	was	in	the	cited	studies.	
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activation	 on	 NLRP3,	 whereas	 I	 observed	 a	 complete	 dependence	 on	 AIM2.	 Overall,	

attempting	to	reconcile	all	published	observations	on	the	impact	of	thapsigargin	on	the	

inflammasome	 activation	 is	 probably	 a	 futile	 task.	 Experimentally,	 the	 discrepancies	 I	

pointed	 out	 could	 be	 addressed	 by	 a	 time-	 and	 concentration-resolved	 thapsigargin	

stimulation	 of	 murine	 and	 human	 macrophages,	 ideally	 employing	 AIM2-deficient,	

NLRP3-deficient,	and	AIM2/NLRP3	double-deficient	models.	 I	did	not	perform	such	an	

experiment	 because	 I	 used	 thapsigargin	 to	 trigger	 mitochondrial	 damage,	 and	 not	 to	

target	the	ER	Ca2+	stores	or	to	induce	ER	stress.	

	

In	 summary,	 my	 research	 on	 the	 involvement	 of	 PLC	 in	 the	 NLRP3	 inflammasome	

activation	provided	 the	 final	arguments	 that	 the	previously	proposed	PLC-Ca2+-NLRP3	

signaling	 axis	 is	 thoroughly	 a	product	 of	 experimental	 artifacts.	 I	 could	 reproduce	 the	

observations	 that	m-3M3FBS	 and	 thapsigargin	 activate	 the	 inflammasome	 but	 in	 my	

experimental	 models,	 these	 responses	 were	 completely	 dependent	 on	 AIM2	 and	

independent	 of	 NLRP3.	 The	 mechanism	 through	 which	m-3M3FBS	 and	 thapsigargin	

activate	 the	AIM2	 inflammasome	 is	mitochondrial	damage,	which	 I	discuss	 in	Sections	

10.3	and	10.4.	

	

10.3.	Sensing	of	mtDNA	by	the	inflammasome	

	

An	unresolved	question	on	the	mechanism	of	the	canonical	NLRP3	activation	is	how	the	

information	 about	 K+	 efflux	 is	 transmitted	 to	 NLRP3.	 A	 number	 of	 downstream	

mediators	 have	 been	 proposed	 to	 be	 engaged	 by	 K+	 efflux	 agonists:	 (ox-)mtDNA	

(Nakahira	et	al.,	2010;	Shimada	et	al.,	2012;	Zhong	et	al.,	2018),	cardiolipin	(Iyer	et	al.,	

2013),	 the	Golgi	phospholipid	PI4P	(Bittner	et	al.,	2020;	Chen	and	Chen,	2018),	TXNIP	

(Lerner	et	al.,	2012;	Zhou	et	al.,	2009;	2010),	MAVS	 (Subramanian	et	al.,	2013),	NEK7	

(He	et	al.,	2016;	Schmid-Burgk	et	al.,	2016;	Shi	et	al.,	2015),	DDX3X	(Samir	et	al.,	2019),	

and	SCAP	(Guo	et	al.,	2018).	An	integrative	interpretation	of	these	studies	is	difficult	for	

several	reasons.	First,	validation	studies	are	scarce,	so	it	 is	often	not	clear	whether	the	

identified	 NLRP3	 interaction	 partners	 are	 required	 for	 the	 inflammasome	 activation	

universally	or	only	in	specific	model	systems	(that	is,	they	are	context-dependent).	For	

example,	 MAVS	 had	 been	 initially	 proposed	 to	 be	 ‘required	 for	 optimal	 NLRP3	

inflammasome	 activity’	 (Subramanian	 et	 al.,	 2013;	 I	 allowed	myself	 to	 directly	 quote	

from	 the	 cited	 article)	 but	 was	 later	 demonstrated	 to	 be	 in	 fact	 dispensable	 in	 this	
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process	(Allam	et	al.,	2014;	Park	et	al.,	2013).	NEK7	may	also	not	be	universally	involved	

in	the	NLRP3	activation,	as	Schmacke	et	al.	(2019)	proposed	an	inflammasome	priming	

mechanism	 that	 circumvents	 the	 requirement	 for	 NEK7.	 Another	 example	 of	 such	

discrepancy	is	the	model	proposed	by	Zhong	et	al.	(2018),	whereby	the	priming	signal	

induces	 mtDNA	 synthesis	 in	 an	 IRF1-dependent	 manner,	 with	 NLRP3	 responses	

significantly	diminished	in	IRF1-deficient	cells.	Yet	two	other	studies	reported	unaltered	

levels	of	NLRP3	activation	in	an	IRF1-deficient	model	(Kuriakose	et	al.,	2018;	Man	et	al.,	

2015).	 Secondly,	 the	 reports	 claiming	 to	 have	 discovered	 a	 ‘new’	 NLRP3	 interaction	

partner	rarely	include	data	on	how	this	newly	described	interaction	fits	into	the	existing	

models	of	 the	NLRP3	activation.	Consequently,	 it	 is	currently	unclear	whether	mtDNA,	

cardiolipin,	 PI4P,	 NEK7,	MAVS,	 TXNIP,	 DDX3X,	 and	 SCAP	 all	 form	 one	 large	 signaling	

complex	 with	 NLRP3,	 whether	 NLRP3	 sequentially	 interacts	 with	 all	 these	molecules	

collecting	 ‘posttranslational	marks’	 licensing	 the	 inflammasome	activation,	 or	whether	

the	NLRP3	inflammasome	formation	represents	a	combination	of	both	scenarios.	

	

In	my	Thesis	research,	somewhat	inadvertently,	I	had	to	confront	the	notion	that	NLRP3	

is	activated	by	mtDNA.	Notably,	mtDNA	has	been	implicated	in	the	activation	of	multiple	

inflammasomes:	 NLRP3	 (Li	 et	 al.,	 2019;	 Nakahira	 et	 al.,	 2010;	 Shimada	 et	 al.,	 2012;	

Zhong	 et	 al.,	 2018),	 AIM2	 (Dang	 et	 al.,	 2017;	 Li	 et	 al.,	 2019),	 and	NLRC4	 (Jabir	 et	 al.,	

2014).	 It	 is	 not	 likely	 that	 mtDNA	 is	 actually	 involved	 in	 all	 these	 inflammasome	

responses;	if	it	was,	much	more	redundancy	would	be	observed	in	this	signaling	system.	

I	 provided	 an	 example	 in	 the	 introduction	 to	 Chapter	 8:	 if	 the	 canonical	 NLRP3	

activators	 cause	 a	 cytosolic	 leakage	 of	 mtDNA	 (Nakahira	 et	 al.,	 2010;	 Shimada	 et	 al.,	

2012),	why	do	 they	not	activate	 the	AIM2	 inflammasome,	especially	 in	 the	 light	of	 the	

observation	 that	 cytosolic	 mtDNA	 in	 cholesterol-overloaded	 macrophages	 acts	 as	 an	

AIM2	ligand	(Dang	et	al.,	2017)?	

	

Another	 concern	 about	 the	 early	 studies	 suggesting	 that	 mtDNA	 translocates	 to	 the	

cytosol	in	cells	treated	with	the	canonical	NLRP3	stimuli	is	that	this	conclusion	relies	on	

qPCR	quantifications	of	cytosolic	mtDNA.	These	measurements	were	always	presented	

as	a	value	relative	to	the	resting	conditions.	The	cytosolic	mtDNA	level	was	reported	to	

increase	up	to	fivefold	after	LPS	and	ATP	treatment,	compared	to	LPS	alone	(Nakahira	et	

al.,	2010).	How	biologically	meaningful	is	such	a	value?	Under	resting	conditions,	when	

mtDNA	is	shielded	by	two	mitochondrial	membranes,	the	cytosolic	mtDNA	content	can	
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be	expected	to	be	close	to	zero.	For	the	sake	of	the	calculation,	it	could	be	assumed	that	

one	in	every	ten	cells	would	have	one	copy	of	cytosolically	translocated	mtDNA	(or,	on	

the	 average,	 0.1	 copies	 of	mtDNA	per	 cell),	 accounting	 for	 spontaneous	mitochondrial	

damage	and	systematic	errors	related	to	sample	contamination.	 If	a	treatment	with	an	

NLRP3	activator	leads	to	one	in	every	two	cells	having	one	copy	of	mtDNA	translocated	

to	the	cytosol	(or	0.5	copies	of	mtDNA	per	cell),	this	already	results	in	a	fivefold	increase	

when	normalized	to	the	resting	state.	None	of	the	studies	on	the	mtDNA	involvement	in	

the	 NLRP3	 activation	 proposed	 a	 threshold	 cytosolic	 mtDNA	 concentration	 enabling	

NLRP3	 activation;	 providing	 such	 estimate	 would	 probably	 be	 challenging11.	 The	

calculation	above	puts	 into	perspective	 the	magnitude	of	 the	 initially	 reported	mtDNA	

leakage:	fivefold	increase	over	a	very	low	initial	value	may	not	indicate	translocation	of	

large	 quantities	 of	 mtDNA	 during	 NLRP3	 activation.	 Notably,	 whereas	 I	 detected	m-

3M3FBS-,	 SC-10-,	 thapsigargin-,	 and	 SMBA1-induced	 leakage	 of	 the	 mitochondrial	

contents	 in	 cells	 overexpressing	 a	 fluorescent	 protein	 targeted	 to	 the	 mitochondrial	

matrix	(Figures	6.27	and	6.28),	I	did	not	observe	a	similar	event	in	cells	stimulated	with	

nigericin.	This	suggests	that	the	treatment	with	nigericin	does	not	lead	to	an	exposure	of	

the	mitochondrial	contents	to	the	cytosol.	

	

The	 data	 presented	 in	 my	 Thesis	 contradict	 the	 model	 proposed	 by	 Nakahira	 et	 al.	

(2010),	Shimada	et	al.	(2012),	and	Zhong	et	al.	(2018).	First,	my	results	indicate	that	the	

NLRP3	activation	is	not	affected	by	mtDNA	depletion.	Secondly,	they	suggest	that	in	the	

event	 of	mtDNA	 exposure	 to	 the	 cytosol,	 the	 inflammasome	 response	 is	mediated	 by	

AIM2	and	independent	of	NLRP3	(Sections	8.2,	8.5,	and	8.6).	Depletion	of	mtDNA	with	

ddC	or	EtBr	completely	abolished	the	AIM2-driven	(Figures	6.11,	6.13,	and	6.44)	IL-1b	

and	ASC	specking	responses	to	m-3M3FBS,	thapsigargin,	SC-10,	and	SMBA1	(Figures	8.2	

and	8.6).	 In	 contrast,	 ddC	had	no	 impact	 on	 the	 IL-1b	 and	ASC	 specking	 responses	 to	

poly-(dA:dT)	(AIM2)	and	nigericin	(NLRP3),	whereas	EtBr	partially	 inhibited	the	IL-1b	

responses	to	both	poly-(dA:dT)	and	nigericin,	but	was	not	an	inhibitor	of	the	ASC	speck	

formation	 triggered	 by	 these	 stimuli	 (Figure	 8.2).	 The	 observation	 that	 the	 AIM2	

activation	induced	by	poly-(dA:dT)	is	not	blocked	by	mtDNA	depletion	indicated	that	the	

loss	of	mtDNA	does	not	lead	to	a	global	inhibition	of	the	AIM2	inflammasome	responses.	
	

11	At	present,	super-resolution	microscopy	could	potentially	be	employed	to	resolve	such	issues.	McArthur	
et	 al.	 (2018)	 and	 Riley	 et	 al.	 (2018)	 succeeded	 in	 imaging	 the	 cytosolic	 translocation	 of	mitochondrial	
nucleoids	in	cells	treated	with	pro-apoptotic	stimuli	so	similar	visualization	techniques	could	be	applied	
to	cells	stimulated	with	NLRP3	agonists.	
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Interestingly,	 the	 K+	 efflux-independent	 mitochondria-targeting	 NLRP3	 agonist	 R837	

also	triggered	the	NLRP3	activation	 in	a	manner	 independent	of	mtDNA	(Figure	8.10).	

Overall,	my	 observations	 are	 in	 agreement	with	 the	 study	 by	Dang	 et	 al.	 (2017),	who	

reported	 that	 the	 cytosolic	 translocation	 of	 mtDNA	 in	 macrophages	 overloaded	 with	

cholesterol	 causes	 activation	 of	 the	 AIM2	 inflammasome.	 Consistent	 with	 my	

conclusions	 on	 the	 canonical	 NLRP3	 activation,	 Dang	 et	 al.	 (2017)	 did	 not	 observe	 a	

defect	in	the	IL-1b	response	to	LPS	and	ATP	upon	mtDNA	depletion.	

	

The	 inflammasome	 responses	 to	 synthetically	 generated	 oxDNA	 fragments	 were	

previously	 used	 as	 a	 proof	 that	 NLRP3	 is	 activated	 by	 ox-mtDNA.	 I	 tested	 whether	 I	

could	reproduce	these	observations.	I	generated	dsDNA	(~1000	bp)	and	ssDNA	(~1000	

nt)	PCR	products	with	or	without	the	oxidized	variant	of	guanylate	residues	(8-OH-dG)	

and	examined	whether	they	could	activate	the	NLRP3	inflammasome	in	AIM2-deficient	

cells	 (Sections	 8.8	 and	 8.9).	 I	 found	 no	 evidence	 that	 ss-	 or	 dsDNA	 fragments	 could	

activate	NLRP3,	regardless	of	the	presence	of	the	oxidative	modification.	Furthermore,	I	

discovered	 that	 in	 my	 experimental	 model,	 any	 residual	 NLRP3	 activation	 in	 AIM2-

deficient	cells	transfected	with	DNA	could	be	explained	by	the	transfection	reagent	used	

for	 DNA	 delivery	 (Section	 8.10).	 Finally,	 I	 was	 unable	 to	 reproduce	 the	 earlier	

observation	 (Shimada	 et	 al.,	 2012)	 that	 monomeric	 8-OH-dG	 could	 selectively	 inhibit	

NLRP3	 (Figure	 8.21).	 These	 results	 indicated	 that	 (ox-)ds-/ssDNA	 molecules	 are	 not	

NLRP3	ligands	in	murine	macrophages.	

	

Collectively,	my	data	provide	strong	arguments	against	the	involvement	of	mtDNA	in	the	

NLRP3	activation.	They	also	demonstrate	that	AIM2	can	be	directly	activated	by	mtDNA	

in	 murine	 macrophages.	 Given	 the	 chemical	 and	 biochemical	 properties	 of	 mtDNA,	

which,	unlike	nuclear	DNA,	is	not	bound	to	histones,	this	is	not	surprising,	but	so	far	has	

been	directly	proposed	in	the	literature	only	once	(Dang	et	al.,	2017)12.	

	

Of	 note,	 this	 picture	 may	 be	 more	 complicated	 in	 the	 human	 system.	 In	 human	

monocytes,	the	inflammasome	response	to	cytosolic	DNA	is	dependent	on	NLRP3	(Gaidt	

et	 al.,	 2017).	 This	 has	 been	 demonstrated	 in	 a	 model	 of	 transfection-mediated	 DNA	
	

12	The	report	by	Dang	et	al.	(2017)	is	the	only	publication	known	to	me	demonstrating	that	endogenously	
released	mtDNA	non-redundantly	activates	AIM2.	Earlier	studies	did	demonstrate	that	transfected	dsDNA	
molecules,	with	or	without	oxidative	modifications,	may	activate	the	AIM2	inflammasome	(Shimada	et	al.,	
2012),	whereas	Li	et	al.	(2019)	hinted	at	the	possibility	of	the	AIM2	activation	by	mtDNA	in	CD4+	T	cells.	



Chapter	10	
	

	 329	

delivery	but	presumably	is	also	valid	for	endogenous	DNA	from	ruptured	mitochondria.	

The	mechanism	proposed	by	Gaidt	et	al.	(2017)	relies	on	cytosolic	DNA	recognition	by	

cGAS,	 generation	 of	 cGAMP,	 cGAMP-induced	 translocation	 of	 STING	 to	 the	 lysosomal	

membrane,	 lysosomal	 damage,	 and	 K+	 efflux.	 This	 last	 event	 enables	 the	 NLRP3	

activation.	 Importantly,	 the	 authors	 do	 not	 propose	 an	 explanation	 for	 why	 AIM2	 is	

‘silent’	in	this	scenario,	even	though	it	is	present	in	the	cells.	Based	on	my	results,	such	

lack	 of	 sensitivity	 to	 transfected	 DNA	 is	 not	 an	 intrinsic	 property	 of	 human	 AIM2,	 as	

AIM2-deficient	murine	macrophages	 reconstituted	with	human	AIM2	were	as	efficient	

in	responding	to	cytosolic	DNA	as	were	cells	reconstituted	with	murine	AIM2	(Figures	

7.7,	 7.8,	 7.9,	 and	 8.6)13.	 This	 suggests	 that	 AIM2	 might	 be	 actively	 shut	 down	 in	 the	

human	system.	Whether	this	is	the	case,	and	what	the	mechanism	could	be,	will	have	to	

be	determined	by	 future	research.	 If	a	mechanism	 for	 the	AIM2	 inactivation	 in	human	

monocytes	exists,	it	would	be	interesting	to	determine	whether	it	could	be	defect	in	any	

autoinflammatory	 or	 autoimmune	 disorders,	 possibly	 contributing	 to	 the	 pathology.	

Finally,	it	is	important	to	point	out	a	major	caveat	in	the	study	by	Gaidt	et	al.	(2017):	all	

the	experiments	in	this	article	were	performed	in	TLR	ligand-primed	cells,	even	though	

the	AIM2	 activation,	 at	 least	 in	 the	murine	 system,	 does	 not	 require	 the	 priming	 step	

(Figure	4.4	A	and	Supplementary	Figure	S6	C).	Consequently,	 it	 is	conceivable	that	the	

priming	stimulus	could	re-route	the	DNA	sensing	mechanism	from	AIM2	to	NLRP3.		

	

Unfortunately,	the	main	genetically	manipulatable	cellular	model	employed	in	the	study	

by	 Gaidt	 et	 al.	 (2017)	 (BlaER1	 cells;	 Gaidt	 et	 al.,	 2018;	 Rapino	 et	 al.,	 2013)	 is	 not	

available	anymore	due	to	a	retroviral	contamination.	In	the	remaining	model	system	for	

human	 monocytes	 and	 macrophages,	 THP-1	 cells,	 the	 response	 to	 cytosolic	 DNA	 is	

AIM2-dependent	 (Fernandes-Alnemri	 et	 al.,	 2009;	 Gaidt	 et	 al.,	 2017),	 narrowing	 the	

scope	of	possible	experiments.	Besides	the	two	cited	studies,	surprisingly	little	research	

has	been	done	on	the	inflammasome-mediated	cytosolic	DNA	sensing	in	human	myeloid	

cells.	In	the	absence	of	an	explanation	for	why	AIM2	is	not	responsive	to	DNA	in	human	

monocytes	even	though	it	is	expressed,	it	may	be	prudent	not	to	completely	dismiss	the	

possibility	that	AIM2	remains	a	functional	DNA	sensor	in	some	human	cell	types.	

	

	
13	The	AIM2	activation,	 even	by	 transfected	DNA,	was	 also	 very	 fast	 in	my	 experimental	model	 (Figure	
6.28),	with	ASC	specks	appearing	within	10	min	of	DNA	administration.	
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It	is	impossible	to	present	so	many	results	contradicting	the	conclusions	from	previous	

studies	 without	 a	 commentary.	 First,	 I	 would	 like	 to	 emphasize	 that	 revisions	 in	 the	

inflammasome	signaling	field	occur	frequently	and	the	part	of	my	Thesis	concerning	the	

impact	of	PLC	on	the	inflammasome	activation	can	be	seen	as	a	continuation	of	earlier	

validation	studies	(Baldwin	et	al.,	2017;	Katsnelson	et	al.,	2015;	2016;	Muñoz-Planillo	et	

al.,	 2013).	 My	 conclusions	 on	 the	 mtDNA	 involvement	 in	 the	 AIM2	 and	 NLRP3	

activations	 are	 essentially	 unprecedented	 but	 the	 inconsistencies	 between	 the	 studies	

on	the	role	of	mitochondria	in	the	inflammasome	activation	have	already	been	pointed	

out	 in	 several	 reviews	 and	 opinion	 articles	 (Holley	 and	 Schroder,	 2020;	 Lawlor	 and	

Vince,	 2014;	 Yabal	 et	 al.,	 2018).	 Of	 note,	 a	 major	 revision	 has	 also	 recently	 been	

published	regarding	the	regulation	of	the	NLRC4	inflammasome	(Tenthorey	et	al.,	2020),	

providing	 a	 simplified	 model	 of	 NLRC4	 activation.	 In	 my	 opinion,	 it	 is	 important	 to	

highlight	the	explanatory,	rather	than	the	disruptive,	power	of	such	findings.	

	

Even	 adopting	 such	 a	 cautious	 approach,	 it	 cannot	 be	 denied	 that	 inconsistencies	 are	

abundant	in	the	inflammasome	literature.	This	has	led	to	a	view	expressed	by	many	that	

the	 NLRP3	 inflammasome	 is	 activated	 under	 any	 conditions	 triggering	 ‘cell	 stress’.	 I	

believe	 this	 is	an	oversimplification,	not	 least	because	 ‘cell	 stress’	 is	an	umbrella	 term	

encompassing	multiple	responses	(the	list	includes	heat	shock	response,	mechanical	and	

osmotic	 stress,	 the	 UPR	 and	 the	 ISR,	 infection,	 permeabilization	 of	 the	 plasma	

membrane	 or	 organelle	 membranes,	 response	 to	 DNA	 damage,	 and	 response	 to	

oxidative	agents).	That	all	of	 these	conditions	produce	signals	converging	on	NLRP3	is	

unlikely.	Instead,	the	NLRP3	activation	appears	to	be	a	well-regulated	process,	triggered	

by	several	sets	of	stimuli:	K+	efflux	(the	so-called	canonical	NLRP3	activation	as	well	as	

the	 non-canonical	 NLRP3	 pathway),	 certain	 disruptors	 of	 glycolysis	 or	 mitochondrial	

respiration	(the	thoroughly	characterized	agonists	of	this	pathway	are	R837,	ENOblock,	

koningic	 acid,	 and	 N-acetylglucosamine),	 and	 signaling	 complexes	 linked	 to	 TLR	

activation	 and	 cell	 death	 (examples	 include	 the	 alternative	 NLRP3	 activation	 and	 the	

ZBP1-mediated	NLRP3	activation).	

	

NLRP3	 is	a	protein,	not	a	sentient	being,	and	as	such	 it	does	not	 ‘monitor’	 the	cellular	

environment,	 but	 instead	 engages	 in	 physical	 and	 chemical	 interactions	 with	 the	

components	of	the	cell.	These	interactions	may	promote	or	suppress	the	inflammasome	

activation,	they	may	be	stable	or	transient,	they	may	involve	large	biomolecules	or	LMW	
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metabolites,	 they	may	be	non-covalent	or	 covalent,	 and	 if	 they	are	 covalent,	 they	may	

result	from	nonenzymatic	chemical	reactions	or	they	may	be	enzymatically	catalyzed.	In	

this	 light,	 NLRP3	 cannot	 be	 activated	 as	 a	 consequence	 of	 a	 loosely	 specified	 ‘stress	

state’	 unless	 there	 exists	 a	 sequence/set	 of	 molecular	 events	 that	 can	 transmit	 the	

information	 about	 the	 stressor	 to	 NLRP3,	 resulting	 in	 a	 state	 permissive	 for	 the	

inflammasome	 nucleation.	 Such	 state	 is	 likely	 a	 product	 of	 a	 specific	 NLRP3	

conformation14,	posttranslational	modifications,	or	a	combination	of	these	two	factors.	

	

The	data	presented	 in	my	Thesis	allow	 to	simplify	 the	existing	model	of	 the	canonical	

NLRP3	activation	by	providing	evidence	 that	PLC	and	mtDNA	are	not	 involved	 in	 this	

response.	 In	 the	 future,	 this	 model	 will	 likely	 undergo	 further	 rounds	 of	 expansion,	

validation,	 and	 refinement,	 hopefully	 producing	 a	 version	 that	 explains	 how	all	 of	 the	

identified	 NLRP3-activating	 and	 -inhibitory	 inputs	 regulate	 the	 inflammasome	

formation.	

	

10.4.	Sensing	of	mitochondrial	damage	by	the	AIM2	and	NLRP10	inflammasomes	

	

In	Sections	10.2	and	10.3	I	commented	on	how	my	Thesis	research	fits	into	and	modifies	

the	existing	models	of	the	NLRP3	inflammasome	activation.	I	also	discussed	how	AIM2	

can	 be	 activated	 by	 endogenous	 mtDNA	 in	 the	 murine	 system.	 Another	 important	

discovery	presented	in	my	thesis	is	the	identification	and	characterization	of	four	LMW	

compounds	 that	 trigger	 leakage	 of	 the	mitochondrial	matrix	 contents	 into	 the	 cytosol	

(Figures	6.27	and	6.28).	In	murine	macrophages,	these	compounds	(m-3M3FBS,	SC-10,	

thapsigargin,	and	SMBA1)	elicit	inflammasome	activation	in	an	AIM2-dependent	manner	

(Figures	 6.11,	 6.13,	 and	 6.44).	 This	 process	 relies	 on	 sensing	 of	 the	 exposed	 mtDNA	

(Figures	 8.2	 and	 8.6).	 Collectively,	 my	 results	 indicate	 that	 mitochondrial	 damage	

resulting	in	mtDNA	exposure	is	necessary	and	sufficient	for	the	AIM2	activation	with	m-

3M3FBS,	SC-10,	thapsigargin,	and	SMBA1.	

	

Unexpectedly,	 during	 the	 initial	 screening	 to	 identify	 the	 prospective	 inflammasome-

forming	proteins	activated	by	m-3M3FBS,	I	observed	that	the	transfection	with	NLRP10	

renders	 ASCTagBFP	 HEK	 cells	 responsive	 to	 this	 molecule	 (Figure	 6.2).	 Using	 two	

	
14	This	 includes	 the	 possibility	 that	 new	 binding	 interfaces	 may	 be	 exposed	 as	 a	 result	 of	 NLRP3	
association	with	a	binding	partner,	or	NLRP3	dissociation	from	a	binding	partner.	
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overexpression	systems,	AIM2-deficient	murine	macrophages	transduced	with	NLRP10	

and	 HEK	 cells	 transduced	 with	 fluorescently	 labeled	 ASC	 and	 NLRP10,	 I	 further	

determined	 that	NLRP10	 enables	 inflammasome	 responses	 to	o-3M3FBS,	 SC-9,	 SC-10,	

thapsigargin,	and	SMBA1	(Figures	6.4,	6.14,	6.24,	6.43,	7.7,	7.8,	and	7.9).	

	

In	contrast	to	the	AIM2	activation,	the	NLRP10	responses	were	independent	of	mtDNA	

(Figures	8.3	and	8.6).	The	implication	of	this	observation	is	that	the	‘products’	of	mtDNA	

–	 the	mitochondrial	 rRNA/tRNA	molecules	 and	 the	mitochondrially	 encoded	 proteins	

containing	 N-formylmethionyl	 residues	 –	 are	 also	 not	 required	 for	 the	 NLRP10	

activation.	

	

Under	 resting	 conditions,	 NLRP10	 is	 a	 soluble	 cytosolic	 protein.	 In	 HEK	 cells	 treated	

with	m-3M3FBS,	thapsigargin,	or	SMBA1	(the	NLRP10	agonists	that	are	mitochondrially	

active	 in	HEK	cells),	NLRP10	translocates	 to	 the	mitochondria	(Figures	6.10,	6.15,	and	

6.55),	 suggesting	 that	 a	 ligand	 for	 NLRP10	 could	 be	 exposed	 following	mitochondrial	

disruption,	 leading	 to	 the	 NLRP10	 recruitment.	 The	 part	 of	 NLRP10	 involved	 in	 the	

mitochondrial	translocation	likely	resides	in	the	NACHT	domain	or	in	the	linker	between	

the	 PYD	 and	 the	 NACHT	 domains,	 as	 NLRP10	 without	 the	 PYD	 domain	 can	 still	

translocate	 to	 the	 mitochondria,	 whereas	 the	 PYD	 domain	 alone	 does	 not	 change	 its	

localization	upon	m-3M3FBS	stimulation	(Figures	7.5	and	7.6).	

	

I	 did	 not	 identify	 the	 mechanism	 governing	 the	 NLRP10	 aggregation	 at	 the	

mitochondria.	My	imaging	data	suggest	that,	when	a	mitochondria-disrupting	activator	

such	as	m-3M3FBS	 is	employed,	NLRP10	rapidly	 translocates	 to	 the	mitochondria	and	

remains	stably	associated	with	 these	organelles	(Figure	6.51).	This	could	represent	an	

interaction	with	a	ligand	that	is	either	a	resident	component	of	the	IMM15,	or	is	recruited	

to	a	molecular	pattern	exposed	by	the	damaged	organelles.	When	NLRP10	is	activated	

with	mitochondrially-inactive	molecules	such	as	o-3M3FBS,	SC-9,	and	(in	HEK	cells)	SC-

10,	 the	 NLRP10	 puncta	 formation	 is	 still	 observed	 (Figures	 6.51	 and	 6.54),	 but	 these	

aggregates	do	not	colocalize	with	the	mitochondria	(Figures	6.52	and	6.55).	Under	such	

conditions,	it	is	not	conceivable	that	NLRP10	could	be	recruited	to	an	IMM	component,	

	
15	I	also	base	this	conclusion	on	the	observation	that	treatments	that	exclusively	permeabilize	the	OMM	do	
not	activate	NLRP10,	suggesting	that	the	exposure	of	the	IMS	contents	and	of	the	outer	leaflet	of	the	IMM	
is	not	sufficient	for	the	NLRP10	inflammasome	activation	(Figures	9.1-9.3,	9.7-9.10).	
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indicating	 that	 NLRP10	 may	 also	 get	 activated	 in	 the	 absence	 of	 mitochondrial	

membranes	permeabilization.	Could	o-3M3FBS,	SC-9,	and	(in	HEK	cells)	SC-10	somehow	

mimic	the	downstream	events	triggered	by	the	mitochondrial	rupture	without	the	need	

for	the	damage	to	occur?	Theoretically	yes,	but	it	is	impossible	to	answer	this	question	

without	a	detailed	understanding	of	the	molecular	targets	of	m-3M3FBS,	o-3M3FBS,	SC-

9,	SC-10,	thapsigargin,	and	SMBA1.	

	

At	 present,	 none	 of	 these	 NLRP10	 activators	 have	 well-defined	 targets.	m-3M3FBS	 is	

marketed	 as	 an	 activator	 of	 PLC	 (Bae	 et	 al.,	 2003),	 but	 I	 have	 provided	 substantial	

evidence	that	it	activates	the	NLRP10	inflammasome	through	mitochondrial	damage	in	a	

PLC-independent	manner.	Multiple	arguments	speak	against	the	involvement	of	PLC	in	

the	NLRP10	inflammasome	activation	and	most	of	them	are	related	to	the	arguments	for	

why	 PLC	 activation	 does	 not	 trigger	 the	 AIM2	 inflammasome	 assembly.	 The	 PLC	

inhibitors	U	73122	and	edelfosine	are	only	weak	inhibitors	of	the	m-3M3FBS-mediated	

NLRP10	 inflammasome	activation	 (Figure	6.5),	overexpression	of	 a	hyperactive	PLCg2	

variant	 or	 of	 a	 constitutively	 active	 Gq	 protein	 does	 not	 lead	 to	 the	 NLRP10	

inflammasome	 activation	 (Supplementary	 Figure	 S5),	 interfering	 with	 Ca2+	 signaling	

does	not	inhibit	the	NLRP10	inflammasome	(Figures	6.16	and	6.17),	Ca2+	 fluxes	do	not	

activate	 NLRP10	 (Figures	 6.18	 and	 6.35),	 multiple	 activators	 without	 reported	 PLC-

inducing	 activity	 are	 able	 to	 activate	 NLRP10	 (Figures	 6.4,	 6.14,	 6.24,	 and	 6.43),	 and	

poly-(dA:dT)	transfection,	which,	 in	macrophages,	 is	capable	of	eliciting	PLC	activation	

(Figure	5.5	and	Supplementary	Figure	S1)	does	not	activate	the	NLRP10	inflammasome	

in	 this	 cellular	 model	 (Figures	 7.7-7.9).	 o-3M3FBS	 is	 even	 more	 mysterious	 than	m-

3M3FBS	because	till	now	it	has	solely	been	used	as	a	PLC-inactive	isomer	of	m-3M3FBS	

(Bae	et	al.,	2003).	SC-9	and	SC-10	are	suggested	to	act	as	PKC	agonists	(Ito	et	al.,	1986)	

but	 they	 activate	 the	NLRP10	 inflammasome	 in	 a	manner	 not	 inhibitable	 by	 the	 pan-

kinase	 inhibitor	 staurosporine	 (Figure	 6.46)16 .	 Instead,	 they	 likely	 act	 through	

mechanisms	similar	to	m-3M3FBS	and	o-3M3FBS,	as	all	four	compounds	are	structurally	

related	 (Supplementary	 Figure	 S15).	 Thapsigargin,	 best	 known	 as	 a	 SERCA	 inhibitor,	

activates	 the	 NLRP10	 inflammasome	 through	 a	 mechanism	 independent	 of	 SERCA	

blockade	 (Supplementary	 Figure	 S12)	 but	 instead	 linked	 to	 an	 unidentified	

mitochondrial	 target.	 Finally,	 SMBA1	 is	 a	 reported	 Bax	 activator	 binding	 to	 the	 C-

	
16	Additionally,	two	better	characterized	PKC	agonists,	PMA	and	bryostatin	1,	are	not	NLRP10	activators	
(Figure	6.23).	
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terminal	part	of	the	protein	(Xin	et	al.,	2014).	Whether	Bax	is	the	SMBA1	target	engaged	

in	 the	 NLRP10	 inflammasome	 activation	 is	 unclear.	 Two	 other	 direct	 Bax	 agonists	

tested,	BAM7	(Figure	6.43;	Gavathiotis	et	al.,	2012)	and	BTSA1	(Figure	9.9;	Reyna	et	al.,	

2017),	 bind	 to	 the	 N-terminal	 part	 of	 the	 protein	 and	 are	 incapable	 of	 eliciting	 the	

NLRP10	 inflammasome	 activation.	 Induction	 of	 MOMP	 and	 intrinsic	 apoptosis	 with	

S63845	and	ABT263/ABT737	(Vince	et	al.,	2018)	 is	also	not	a	 trigger	 for	 the	NLRP10	

inflammasome	activation	(Figures	9.1-9.3).	

	

Importantly,	CsA	blocked	the	thapsigargin-	and	SMBA1-induced	mitochondrial	damage	

in	 both	macrophages	 (Figures	 6.50)	 and	 HEK	 cells	 (Figure	 6.49).	 This	mitoprotective	

effect	 correlated	 with	 complete	 inhibition	 of	 the	 AIM2	 and	 NLRP10	 inflammasome	

responses	(Figures	6.37	and	6.46).	Of	note,	the	thapsigargin-induced	AIM2	and	NLRP10	

activations	were	also	blocked	by	non-immunosuppressive	analogs	of	CsA:	NIM811	and	

Debio025/alisporivir	 (Figure	6.38).	 In	 contrast,	 the	m-3M3FBS-	 and	 (in	macrophages)	

SC-10-induced	mitochondrial	damage	could	not	be	prevented	by	CsA	(Figures	6.49	and	

6.50),	 and	 the	 AIM2/NLRP10	 responses	 to	 these	 stimuli	 were	 not	 inhibited	 by	 CsA	

(Figures	6.37	and	6.46).	These	observations	provide	an	argument	for	the	involvement	of	

mitochondria	 during	 the	 NLRP10	 activation	 by	m-3M3FBS,	 thapsigargin,	 and	 SMBA1.	

However,	they	do	not	suggest	an	explanation	for	why	NLRP10	can	also	be	activated	by	a	

set	of	 stimuli	 that	do	not	 inflict	mitochondrial	damage	–	o-3M3FBS,	SC-9,	and	(in	HEK	

cells)	SC-10.	

	

The	 observation	 that	 the	 SMBA1-induced	 NLRP10	 activation	 was	 inhibited	 by	 CsA	

suggests	that	SMBA1	and	thapsigargin	could	share	a	common	target.	There	is	only	one	

report	that	thapsigargin	could	trigger	Bax	activation	(Yamaguchi	et	al.,	2003)	and	there	

are	no	mechanistic	reports	on	 the	sensitivity	of	Bax	pores	 to	CsA.	Therefore,	 it	 is	very	

difficult	 to	 conclude	 what	 this	 common	 target	 could	 be	 based	 on	 the	 literature.	 The	

potential	 involvement	 of	 Bax	 could	 be	 addressed	 by	 inspecting	 whether	

thapsigargin/SMBA1	 treatments	 lead	 to	 Bax	 translocation	 to	 the	 mitochondria.	 Bax-

deficient	and	Bak/Bax	double-deficient	models	could	also	be	employed.	In	Section	10.6,	I	

will	speculate	on	the	possible	pathways	that	might	be	induced	by	m-3M3FBS,	SC-10	(in	

macrophages),	thapsigargin,	and	SMBA1	to	permeabilize	the	mitochondria.	There,	I	will	

also	 outline	 the	 possible	 strategies	 for	 target	 identification	 of	 the	 mitochondria-

damaging	molecules.	



Chapter	10	
	

	 335	

My	 results	 provide	 both	 arguments	 for	 and	 against	 the	 mitochondrial	 rupture	

involvement	 in	 the	 NLRP10	 activation.	 The	 notion	 that	 the	 NLRP10	 activation	 is	

triggered	 by	 mitochondrial	 damage	 is	 supported	 by	 the	 observations	 that	 (1)	 m-

3M3FBS,	 SC-10	 (in	macrophages),	 thapsigargin,	 and	 SMBA1	disrupt	 the	mitochondria,	

(2)	 NLRP10	 translocates	 to	 the	 mitochondria	 in	 HEK	 cells	 treated	 with	 m-3M3FBS,	

thapsigargin,	 or	 SMBA1,	 (3)	 CsA	 blocks	 both	 the	 thapsigargin-/SMBA1-incuced	

mitochondrial	 damage	 and	 NLRP10	 activation	 but	 not	 the	 m-3M3FBS-induced	

mitochondrial	damage	and	NLRP10	activation,	and	(4)	the	non-immunosuppressive	CsA	

analogs	 NIM811	 and	 Debio025/alisporivir	 block	 the	 inflammasome	 activation	 with	

thapsigargin.	The	 following	observations	speak	against	 the	mitochondrial	 involvement	

in	 the	 NLRP10	 activation:	 (1)	 o-3M3FBS,	 SC-9,	 and	 (in	 HEK	 cells)	 SC-10	 trigger	 the	

NLRP10	 inflammasome	without	 inflicting	mitochondrial	 damage,	 and	 (2)	 in	HEK	 cells	

treated	with	o-3M3FBS,	SC-9,	or	SC-10,	NLRP10	forms	puncta	that	do	not	colocalize	with	

the	mitochondria.	

	

So	 far,	 I	 have	 not	 addressed	 the	 possibility	 that	m-3M3FBS,	 o-3M3FBS,	 SC-9,	 SC-10,	

thapsigargin,	and	SMBA1	could	all	directly	bind	to	NLRP10.	This	could	be	tested	using	

biophysical	 techniques	 such	 as	 isothermal	 titration	 calorimetry	 or	 surface	 plasmon	

resonance;	 but	 there	 are	 several	 arguments	 suggesting	 that	 direct	 binding	 is	 not	 the	

mechanism	 by	 which	 the	 NLRP10	 activators	 identified	 in	 my	 Thesis	 trigger	 the	

inflammasome.	 First,	 although	 m-3M3FBS,	 o-3M3FBS,	 SC-9,	 and	 SC-10	 are	 all	

structurally	related,	 thapsigargin	and	SMBA1	are	not	similar	 to	 them	or	 to	each	other.	

Therefore,	to	enable	direct	activation,	NLRP10	would	have	to	have	at	least	three	agonist-

binding	 pockets	 to	 accommodate	 three	 classes	 of	 molecules.	 Furthermore,	 agonist	

binding	at	each	of	these	sites	would	have	to	result	 in	the	same	conformational	change,	

leading	 to	 ASC	 recruitment	 and	 the	 inflammasome	 formation.	 Secondly,	 the	

thapsigargin-	and	SMBA1-induced	NLRP10	activation	can	be	 inhibited	by	CsA,	but	CsA	

does	 not	 inhibit	 the	 NLRP10	 activation	 with	 m-3M3FBS,	 SC-9,	 and	 SC-1017.	 If	 the	

NLRP10	activation	was	mediated	by	direct	agonist	binding,	CsA	would	have	to	mask	the	

thapsigargin-	and	SMBA1-binding	pockets,	but	not	the	m-3M3FBS-binding	pocket	(in	a	

competitive	inhibition	scenario),	or	it	would	have	to	engage	a	fourth	binding	site,	whose	

occupancy	impairs	the	NLRP10	activation	with	thapsigargin	and	SMBA1,	but	not	with	m-

	
17	I	did	not	test	whether	the	o-3M3FBS-induced	NLRP10	activation	could	be	blocked	by	CsA.	
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3M3FBS	 (in	 an	 allosteric	 inhibition	 scenario).	 Thirdly,	 thapsigargin,	 m-3M3FBS,	 and	

SMBA1	all	 trigger	not	only	mitochondrial	 rupture	and	 the	NLRP10	activation,	but	also	

NLRP10	translocation	 to	 the	mitochondria.	Direct	binding	of	 the	activators	 to	NLRP10	

does	not	 explain	how	 this	 translocation	 could	occur.	 Finally,	 the	 fact	 that	CsA	 inhibits	

both	 the	 thapsigargin-/SMBA1-elicited	 mitochondrial	 damage	 and	 the	 NLRP10	

activation	by	these	compounds	suggests	that	these	events	may	be	linked.	

	

In	conclusion,	a	definitive	answer	as	to	the	role	of	mitochondrial	damage	in	the	NLRP10	

activation	will	only	become	available	when	 the	 targets	of	m-3M3FBS,	o-3M3FBS,	SC-9,	

SC-10,	thapsigargin,	and	SMBA1	as	well	as	the	cellular	ligands	of	NLRP10	are	identified.	

Based	 on	 my	 observations,	 the	 NLRP10	 inflammasome	 can	 get	 activated	 when	 the	

mitochondrial	 matrix	 contents	 are	 exposed	 to	 the	 cytosol,	 but	 this	 requirement	 for	

mitochondrial	 rupture	 may	 be	 circumvented	 through	 a	 mechanism	 that	 I	 did	 not	

succeed	at	identifying.	

	

10.5.	NLRP10	as	an	inflammasome-forming	NLRP	subfamily	member	

	

My	 thesis	 provides	 the	 first,	 to	 my	 knowledge,	 description	 of	 NLRP10	 as	 an	

inflammasome-forming	member	of	the	NLRP	subfamily.	I	initially	identified	NLRP10	as	a	

prospective	PYD-containing	protein	mediating	ASC	speck	 formation	 in	cells	stimulated	

with	m-3M3FBS	 (Figure	 6.2).	 I	 validated	 this	 finding	 (Figure	 6.4),	 and	 subsequently	

identified	 five	 more	 NLRP10	 activators:	 o-3M3FBS	 (Figure	 6.4),	 thapsigargin	 (Figure	

6.14),	 SC-9,	 SC-10	 (Figure	 6.24),	 and	 SMBA1	 (Figure	 6.43).	 All	 of	 these	 stimuli	 were	

capable	of	inducing	NLRP10	colocalization	with	the	inflammasome	adaptor	ASC	(Figure	

7.1	and	Supplementary	Figures	S27	and	S28).	I	employed	AIM2-deficient	macrophages	

stably	 transduced	 with	 NLRP10	 to	 determine	 whether	 the	 ASC	 specks	 assembled	 by	

NLRP10	 represented	 functional	 inflammasomes.	 In	 this	 model,	 all	 NLRP10	 activators	

identified	in	ASC	speck	formation	assays	were	also	capable	of	eliciting	IL-1b	release	in	a	

manner	attributable	to	NLRP10	(Figures	7.7-7.9).	Importantly,	this	IL-1b	response	could	

be	 blocked	 by	 the	 caspase-1	 inhibitor	 VX-765,	 providing	 evidence	 of	 caspase-1	

involvement	(Figure	7.8).	

	

Consistent	with	the	knowledge	on	the	NLRP3-driven	inflammasome	responses	(Duncan	

et	 al.,	 2007),	 the	 ability	 of	 NLRP10	 to	 trigger	 inflammasome	 formation	 is	 completely	
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dependent	 on	 the	 ATPase	 activity	 of	 the	 NACHT	 domain,	 as	 it	 was	 disrupted	 by	

mutations	in	the	Walker	A	and	B	motifs	(Figures	7.3	and	7.7).	Of	note,	Lautz	et	al.	(2012)	

previously	demonstrated	 that	 the	NLRP10-mediated	chemokine	(C-X-C	motif)	 ligand	8	

(CXCL8)	production	in	a	Shigella	 infection	model	also	depends	on	the	intact	sequences	

of	 the	Walker	A	and	B	motifs.	 Importantly,	 these	 sequences	are	 completely	 conserved	

among	the	inspected	sequences	of	mammalian	NLRP10	orthologs	(Figure	7.3).	I	provide	

a	more	detailed	commentary	on	the	evolutionary	history	of	NLRP10	in	Section	10.7,	so	

here	 I	would	 like	 to	 only	 highlight	 that	 in	mammals,	 NLRP10	 is	well	 conserved	 from	

platypus18	to	 human,	 although	 some	 of	 the	 mammalian	 lineages	 lost	 the	 NLRP10-

encoding	gene.	

	

Of	note,	 the	other	cellular	 factors	 involved	 in	 the	NLRP10	activation	also	appear	 to	be	

conserved,	at	least	between	mouse	and	human,	given	that	in	(human)	HEK	cells,	human	

NLRP10	responded	to	all	identified	NLRP10	activators,	and	murine	NLRP10	responded	

to	m-3M3FBS,	 o-3M3FBS,	 and	 thapsigargin	 (Figures	 6.4	 and	 6.14;	 I	 did	 not	 test	 the	

murine	NLRP10	responses	to	SC-9,	SC-10,	and	SMBA1	in	this	model).	Correspondingly,	

in	 AIM2-deficient	 murine	macrophages	 overexpressing	 NLRP10,	 both	 the	 human	 and	

the	 murine	 orthologs	 enabled	 the	 responses	 to	 all	 the	 identified	 NLRP10	 activators	

(Figures	7.7-7.9).	

	

Full-length	NLRP10	protein	is	required	for	the	inflammasome	assembly	(Figures	7.2	and	

7.7).	The	NLRP10	NACHT	domain	(including	a	short	N-terminal	linker	between	the	PYD	

and	NACHT	domains)	is	sufficient	for	the	translocation	of	NLRP10	to	the	mitochondria	

upon	stimulation	with	the	mitochondria-targeting	activator	m-3M3FBS	(Figures	7.5	and	

7.6).	 The	NLRP10	PYD	domain	 alone	 does	 not	 translocate	 to	 the	mitochondria	 and	 in	

contrast	to	what	is	reported	on	the	NLRP3	PYD	domain	(Stutz	et	al.,	2017),	it	does	not	

spontaneously	engage	in	homotypic	interactions	(Figures	7.5	and	7.6).	

	

My	data	indicate	that	NLRP10,	the	NLRP	subfamily	member	without	the	LRR	domain,	is	

capable	of	assembling	an	ASC	speck	possessing	the	typical	inflammasome	characteristics	

(caspase-1	 recruitment,	 IL-1b	 release).	The	NLRP10	NACHT	domain	and/or	 the	 linker	

	
18	The	nucleotide	sequences	for	platypus	NLRP10,	which	is	predicted	to	be	expressed	as	two	isoforms,	can	
be	 retrieved	 from	 the	 Nucleotide	 database	 using	 the	 accession	 numbers	 XM_029058185.1	 and	
XM_029058186.1	(NCBI	Resource	Coordinators	et	al.,	2017).	
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located	 between	 the	 PYD	 and	 the	 NACHT	 domains	 is	 sufficient	 for	 the	 NLRP10	

translocation	 to	 the	 mitochondria	 and	 aggregation,	 so	 it	 is	 likely	 that	 both	 the	

oligomerization	and	the	ligand-binding	sites	are	located	in	this	portion	of	the	protein.	Of	

note,	this	is	not	the	first	report	of	an	NLRP	protein	without	the	LRR	domain	assembling	

an	 inflammasome.	 It	 has	 been	 demonstrated	 that	 engineered	NLRP3	without	 the	 LRR	

domain	can	mediate	 the	 inflammasome	 formation	 in	response	 to	 the	canonical	NLRP3	

activator	 nigericin	 (Hafner-Bratkovič	 et	 al.,	 2018).	 In	 contrast	 to	 the	 cited	 study,	 my	

description	of	NLRP10	is	the	first	instance	where	an	NLRP	protein	endogenously	lacking	

the	LRR	domain	is	shown	to	assemble	an	inflammasome.	

	

Finally,	my	results	dispel	with	the	notion	that	NLRP10	could	act	as	a	direct	inhibitor	of	

inflammasome	formation	(Imamura	et	al.,	2010;	Murphy	et	al.,	2013;	Wang	et	al.,	2004).	

This	 idea	 was	 likely	 initially	 developed	 because	 it	 was	 ‘intuitively	 plausible’	 that	 an	

NLRP	protein	without	the	LRR	domain	could	act	in	a	manner	similar	to	decoy	receptors.	

A	crucial	structural	difference	between	NLRP10	and	typical	decoy	receptors	is	that	the	

latter	usually	 lack	 the	 signaling	domains,	not	 the	putative	 ligand	 recognition	domains,	

whereas	 the	 NLRP10	 signaling	 domains	 are	 essentially	 intact.	 The	 experimental	

evidence	 behind	 the	 hypothesis	 that	 NLRP10	 is	 an	 inflammasome	 inhibitor	 is	

questionable.	 The	 first	 report	 of	 the	 inflammasome-inhibiting	 properties	 of	 NLRP10	

proposed	 that	 NLRP10	 overexpression	 ‘inhibits	 ASC-mediated	 NF-kB	 activation’19	and	

demonstrated	 that	 IL-1b	 release	 resulting	 from	combined	overexpression	of	ASC,	pro-

caspase-1,	 and	 pro-IL-1b	 in	 HEK	 cells	 (in	 the	 absence	 of	 an	 inflammasome	 sensor	

molecule	 and	 an	 inflammasome	 activator)	 is	 reduced	 when	 NLRP10	 is	 additionally	

overexpressed	(Wang	et	al.,	2004).	The	problem	with	the	first	observation	is	that	‘ASC-

mediated	 NF-kB	 activation’	 does	 not	 represent	 a	 biological	 phenomenon	 (ASC	 is	 an	

adaptor	 protein	 for	 inflammasome	 signaling	 but	 does	 not	 play	 a	 role	 in	 the	 NF-kB	

activation).	 The	 second	 observation	 is	 also	 difficult	 to	 fit	 into	 the	 current	 model	 of	

inflammasome	 activation	 because	 co-expression	 of	 ASC,	 pro-caspase-1,	 and	 pro-IL-1b	

without	a	sensor	protein	and	in	the	absence	of	an	inflammasome-activating	stimulus	is	

generally	not	considered	to	be	sufficient	to	trigger	the	inflammasome	response.	

	

	
19	I	quote	from	Wang	et	al.	(2004).	
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Imamura	 et	 al.	 (2010)	 reproduced	 the	 results	 reported	 by	 Wang	 et	 al.	 (2004)	 and	

proceeded	 to	 generate	 NLRP10-transgenic	 mice	 with	 constitutive	 NLRP10	

overexpression.	 Peritoneal	 macrophages	 from	 these	 animals	 exhibited	 reduced	

inflammasome	responses	 to	Salmonella	 infection	and	to	R837.	The	NLRP10-transgenic	

mice	were	also	protected	from	endotoxic	shock	after	LPS	injection.	However,	ASC	speck	

formation	 and	 caspase-1	 activation	 were	 not	 directly	 inhibited,	 putting	 into	 question	

whether	 the	 overexpressed	 NLRP10	 physically	 interferes	 with	 the	 inflammasome	

activation.	The	final	paper	proposing	that	NLRP10	is	an	inflammasome	inhibitor	does	so	

based	on	 the	observation	 that	a	pre-treatment	of	microglia	with	recombinant	NLRP10	

protein	 added	 to	 the	 culture	 medium	 (sic)	 abolishes	 the	 inflammasome	 activation	 in	

response	 to	 LPS	 and	 Ab	 aggregates20	(Murphy	 et	 al.,	 2013).	 Given	 that	 NLRP10	 is	 a	

cytosolic	protein,	it	is	not	clear	why	the	authors	decided	to	determine	its	impact	on	the	

inflammasome	 activation	 by	 adding	 NLRP10	 to	 the	 extracellular	 medium.	 The	

conclusions	based	on	such	experimental	design	are	debatable.	

	

In	my	experimental	models,	overexpression	of	NLRP10	in	macrophages	did	not	interfere	

with	the	NLRP3	responses	to	nigericin	(Figures	7.7-7.9	and	8.4-8.6)	and	AIM2	responses	

to	poly-(dA:dT)	(Figures	8.4	and	8.5).	These	observations	indicate	that	NLRP10	does	not	

act	 as	 an	 inhibitor	 of	 the	 NLRP3	 and	 AIM2	 activations.	 In	 contrast,	 NLRP10	

overexpression	 in	macrophages	enables	robust	mtDNA-independent	ASC	specking	and	

IL-1b	 responses	 to	 m-3M3FBS,	 o-3M3FBS,	 thapsigargin,	 SC-9,	 SC-10,	 and	 SMBA1	

(Figures	 6.4,	 6.14,	 6.24,	 6.43,	 7.7-7.9,	 and	 8.3-8.6).	 These	 results	 are	 sufficient	 to	

challenge	 the	 previous	 model	 that	 NLRP10	 is	 an	 inhibitory	 member	 of	 the	 NLRP	

subfamily.	 Nevertheless,	 it	 would	 still	 be	 interesting	 to	 determine	 why	 the	 NLRP10-

overexpressing	transgenic	mice	were	protected	from	death	induced	by	LPS	injection	and	

why	peritoneal	macrophages	isolated	from	these	animals	had	decreased	inflammasome	

responses	 to	 Salmonella	 and	 R837	 (Imamura	 et	 al.,	 2010).	 Importantly,	 NLRP10-

deficient	 animals	 are	 not	 reported	 to	 manifest	 with	 spontaneous	 autoimmune	 or	

autoinflammatory	 phenotypes	 (Nakajima	 et	 al.,	 2018),	 suggesting	 that,	 at	 least	 under	

specific	 pathogen-free	 conditions	 of	 animal	 facilities,	 NLRP10	 is	 not	 involved	 in	 the	

homeostatic	regulation	of	inflammation.	

	

	
20		Ab	aggregates	activate	the	NLRP3	inflammasome	in	microglia	through	the	lysosomal	damage	pathway	
(Halle	et	al.,	2008)	
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10.6.	 Mechanisms	 of	 mitochondrial	 damage	 triggered	 by	 the	 AIM2/NLRP10	

activators	

	

A	 puzzling	 observation	 I	 made	 in	 my	 Thesis	 research	 was	 the	 rapid	 leakage	 of	 the	

mitochondrial	matrix	contents	in	cells	treated	with	m-3M3FBS,	SC-10	(in	macrophages),	

thapsigargin,	 and	 SMBA1.	 The	 leakage	 of	 the	 IMS	 contents,	 including	 cytochrome	 c	

(Goldstein	 et	 al.,	 2000;	 Kluck,	 1997;	 Liu	 et	 al.,	 1996)	 and	 the	 protease	 HtrA2/OMI	

(Rogers	 et	 al.,	 2019),	 is	 a	well-defined	 feature	 of	 intrinsic	 apoptosis	 and	 a	 secondary	

event	during	extrinsic	apoptosis.	In	contrast,	there	are	only	two	detailed	accounts	of	the	

exposure	 of	 the	 mitochondrial	 matrix	 contents	 during	 programmed	 cell	 death	

(McArthur	et	al.,	2018;	Riley	et	al.,	2018).	McArthur	et	al.	(2018)	and	Riley	et	al.	(2018)	

demonstrated	 that	 over	 the	 course	 of	 the	 intrinsic	 apoptosis	 cascade,	 Bax/Bak	 pores	

formed	in	the	OMM	allow	for	the	extrusion	and	–	presumably	–	mechanical	rupture	of	

the	 IMM,	 leading	 to	 the	 cytosolic	 release	 of	mitochondrial	 nucleoids	 and	 cGAS/STING	

activation.	The	processes	and	molecular	events	described	by	McArthur	et	al.	(2018)	and	

Riley	 et	 al.	 (2018)	 occur	 over	 the	 course	 of	 hours,	 consistent	 with	 the	 general	

descriptions	of	intrinsic	apoptosis	(Gelles	and	Chipuk,	2016).	

	

There	are	two	major	differences	between	the	observations	reported	by	McArthur	et	al.	

(2018)	and	Riley	et	al.	(2018)	and	the	results	presented	in	my	Thesis.	First,	I	observed	a	

very	 fast	 onset	 of	 mitochondrial	 damage	 (within	 5	 min	 of	 the	 administration	 of	 the	

stimuli;	Figures	6.27	and	6.28).	The	 leakage	of	 the	mitochondrial	matrix	 contents	was	

essentially	complete	within	10	min	of	the	stimulus	administration.	Similarly,	the	AIM2-

mediated	 macrophage	 ASC	 speck	 formation	 elicited	 by	 m-3M3FBS	 and	 thapsigargin	

occurred	within	the	first	10	min	of	the	stimulus	administration	(Figure	6.28),	indicating	

that	 this	 period	 was	 sufficient	 for	 mtDNA	 exposure.	 Secondly,	 the	 types	 of	 stimuli	

applied	 by	 McArthur	 et	 al.	 (2018)	 and	 Riley	 et	 al.	 (2018)	 to	 permeabilize	 the	

mitochondria	(combination	of	a	genetic	or	pharmacological	 inactivation	of	MCL-1	with	

ABT-737,	a	pan-BCL-2	family	inhibitor)	did	not	appear	to	selectively	activate	the	AIM2	

and	 NLRP10	 inflammasomes	 in	 my	 experimental	 models	 (Section	 9.1).	 These	

discrepancies	suggest	that	intrinsic	apoptotic	stimuli	and	m-3M3FBS/thapsigargin	elicit	

the	mitochondrial	disruption	through	distinct	mechanisms.	
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Importantly,	 McArthur	 et	 al.	 (2018)	 and	 Riley	 et	 al.	 (2018)	 used	 mtDNA	 staining	 to	

visualize	 permeabilization	 of	 the	 mitochondrial	 membranes,	 whereas	 I	 employed	

tracking	 of	 fluorescent	 proteins	 targeted	 to	 the	 mitochondrial	 matrix.	 Future	

experiments	could	establish	how	the	outcomes	of	these	two	readouts	compare	between	

cells	 treated	 with	 intrinsic	 apoptotic	 stimuli	 and	 those	 treated	 with	 AIM2/NLRP10	

activators.	 If	 an	 additional	 marker	 of	 the	 IMS	 is	 used	 (cytochrome	 c	 or	 HtrA2/OMI),	

more	 insight	 could	be	gained	 into	which	 submitochondrial	 compartments	are	affected	

by	these	treatments.	The	possible	outcomes	of	the	OMM	and	IMM	permeabilization	are	

outlined	in	Scheme	10.1.	Determining	which	areas	within	the	mitochondria	are	targeted	

by	AIM2/NLRP10	activators	 could	provide	hints	 as	 to	how	exactly	 they	damage	 these	

organelles.	

	

	
Scheme	10.1.	The	possible	topologies	of	mitochondrial	membranes	permeabilization	
The	scheme	presents	the	possible	ways	in	which	the	mitochondrial	membranes	could	be	permeabilized.	
A:	 Both	 the	 inner	mitochondrial	membrane	 (IMM)	 and	 the	 outer	mitochondrial	membrane	 (OMM)	 are	
intact.	 The	 contents	 of	 the	 intermembrane	 space	 (IMS)	 are	 separated	 from	 the	 cytosol	 and	 from	 the	
mitochondrial	matrix.	
B:	Permeabilization	of	the	OMM:	the	contents	of	the	IMS	and	the	cytosol	may	mix.	
C:	Permeabilization	of	the	IMM:	the	contents	of	the	IMS	and	the	mitochondrial	matrix	may	mix.	
D:	 Hypothetical	 permeabilization	 of	 the	 IMM	 through	 extrusion	 of	 the	 IMM	 folds	 through	 pores	 in	 the	
OMM.	In	this	scenario,	the	contents	of	the	mitochondrial	matrix	and	the	cytosol	may	mix,	but	the	contents	
of	the	IMS	remain	sealed	between	the	IMM	and	the	OMM.	
E:	Permeabilization	of	the	OMM	coincidental	with	permeabilization	of	the	IMM	through	extrusion	of	the	
IMM	folds	through	pores	in	the	OMM.	The	mitochondrial	matrix	and	IMS	context	may	mix	with	the	cytosol	
and	 with	 each	 other.	 This	 mitochondrial	 membranes	 permeabilization	 scenario	 was	 described	 by	
McArthur	et	al.	(2018)	and	Riley	et	al.	(2018).	
F:	 Pore-mediated	 permeabilizations	 of	 both	 the	 IMM	and	 the	OMM.	The	mitochondrial	matrix	 and	 IMS	
context	may	mix	with	the	cytosol	and	with	each	other.	
	

Collectively,	 my	 observations	 suggested	 that	 m-3M3FBS,	 SC-10	 (in	 macrophages),	

thapsigargin,	 and	 SMBA1	 might	 engage	 previously	 unidentified	 factors	 to	 cause	

mitochondrial	damage.	Furthermore,	given	the	pharmacological	differences	between	the	

AIM2/NLRP10	activators	(Figures	6.37,	6.38,	6.49,	and	6.50),	m-3M3FBS	and	SC-10	(in	
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macrophages)	 might	 act	 through	 a	 different	 mechanism	 than	 do	 thapsigargin	 and	

SMBA1.	

	

I	considered	two	non-mutually	exclusive	scenarios	of	how	the	observed	mitochondrial	

damage	 could	 occur.	 First,	 high-diameter	 protein-lined	 pores	 could	 open	 in	 the	 inner	

and/or	outer	mitochondrial	membranes,	allowing	for	the	exposure	of	the	mitochondrial	

contents	to	the	cytosol.	Secondly,	osmotic	pressure	could	build	up	in	the	mitochondrial	

matrix,	 leading	 to	 organelle	 rupture	 and	 free	 diffusion	 of	 the	 soluble	 mitochondrial	

contents	 into	 the	 cytosol.	 The	 second	 scenario	 is	 particularly	 attractive	 because	 it	

provides	explanations	 for	both	 the	 fast	 rate	and	 the	apparent	 lack	of	 selectivity	of	 the	

mitochondrial	permeabilization	by	AIM2/NLRP10	activators.	The	arguments	against	 it	

are	(1)	that	it	is	not	likely	that	any	cellular	solute	has	a	concentration	gradient	across	the	

IMM	steep	enough	to	account	for	the	observed	mitochondrial	rupture,	and	(2)	that	my	

attempts	to	modify	the	ionic	compositions	of	the	extracellular	milieu	had	absolutely	no	

influence	 on	 the	 inflammasome	activations	with	m-3M3FBS	 and	 thapsigargin	 (Figures	

4.4	and	6.6,	and	Section	9.4).	

	

Could	 the	 AIM2/NLRP10	 activators	 engage	 previously	 described	 mechanisms	 of	

mitochondrial	damage,	but	with	a	more	dramatic	outcome?	I	attempted	to	answer	this	

question	 in	 Chapter	 9	 and	 found	 no	 evidence	 that	 the	 ‘mitochondrial	 cell	 death’	 and	

mitochondrial	stress	pathways	could	share	common	steps	with	the	damage	inflicted	by	

m-3M3FBS	 and	 thapsigargin.	 Importantly,	 this	 lack	 of	 evidence	 does	 not	 mean	 that	

common	 steps	 cannot	 be	 shared.	 To	 test	 whether	 any	 intracellular	 pore-forming	

proteins	 mediate	 the	 effects	 of	 the	 m-3M3FBS/thapsigargin	 administration,	 the	

following	 targets	 could	 be	 genetically	 inactivated:	 Bak,	 Bax21,	 Bok,	 Gsdm	 family	

members	(in	spite	of	the	fact	that	overexpression	of	the	GsdmD/E	N-terminal	domains	

was	 not	 sufficient	 to	 elicit	 the	 NLRP10	 inflammasome	 activation;	 Figures	 9.7-9.8.2),	

VDAC	 isoforms	 (despite	 the	 fact	 that	 high	 concentrations	 of	 the	VDAC	blocker	VBIT-4	

appeared	to	cause	inflammasome	activation;	Figures	9.18	and	9.19),	MLKL,	subunits	of	

the	TOM	and	TIM	complexes,	or	even	subunits	of	ATP	synthase.	Alternatively,	broader	

and	 more	 unbiased	 chemical	 biology	 techniques	 could	 be	 applied	 to	 identify	 the	m-

3M3FBS	 and	 thapsigargin	 targets.	 For	 example,	 a	 library	 of	 mutant	 cells	 could	 be	

	
21	Bak/Bax	double-deficient	model	could	also	be	tested,	as	 it	 is	believed	that	these	two	proteins	have	at	
least	partially	redundant	functions	(Bock	and	Tait,	2019).	
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generated	 and	 challenged	 with	 m-3M3FBS/thapsigargin	 to	 select	 resistant	 mutants	

based	on	differential	survival	(Brammeld	et	al.,	2017;	Lin	and	Sheltzer,	2020;	Lin	et	al.,	

2019).	 Considering	 that	most	of	 the	 identified	AIM2/NLRP10	activators	have	multiple	

off-target	effects	and	are	toxic	to	the	cells,	such	screen	would	likely	be	difficult	to	set	up.	

The	need	to	develop	a	cell-based	assay	could	be	circumvented	by	proteomic	methods	for	

identification	 of	 binding	 partners	 of	 LMW	 compounds	 in	 cell	 lysates	 (Franken	 et	 al.,	

2015).	

	

Of	note,	 I	selected	a	number	of	cell	death	and	cellular	damage	response	pathways	and	

tested	 whether	 there	 are	 any	 indications	 of	 their	 involvement	 in	 the	 AIM2/NLRP10	

activations.	Activation	of	caspases	does	not	seem	to	be	the	mediator	of	 the	m-3M3FBS	

and	thapsigargin	effects	as	the	pan-caspase	inhibitors	emricasan	(Supplementary	Figure	

S41)	 and	 Q-Vd-OPh	 (Supplementary	 Figure	 S42	 A-C),	 the	 caspase-222	inhibitor	 ICH-1	

(Supplementary	 Figure	 S42	 G-I),	 and	 the	 caspase-8	 inhibitor	 Z-IETD-FMK	

(Supplementary	 Figure	 S42	 D-F)	 did	 not	 block	 the	 inflammasome	 responses	 to	 the	

AIM2/NLRP10	 activators.	 Furthermore,	 the	 necroptosis	 inhibitors	 necrostatin-1	

(Supplementary	Figure	S43	A-C)	and	necrosulfonamide	(Supplementary	Figure	S43	D-F)	

as	well	as	the	lytic	cell	death	inhibitor	glycine	(Supplementary	Figures	S43	G-I	and	S44)	

also	 did	 not	 inhibit	 the	 AIM2/NLRP10	 activations,	 suggesting	 that	 programmed	 cell	

death	pathways	are	not	engaged	in	this	process.	One	study	proposed	that	Bid	cleavage	

resulting	from	accumulation	of	unfolded	proteins	could	serve	as	a	trigger	for	activation	

of	the	AIM2	and	NLRP3	inflammasomes	(Liao	et	al.,	2019)	but	the	chemical	chaperone	4-

phenylbutyrate	 (Supplementary	 Figure	 S45	 A-C)	 and	 the	 tBid	 inhibitor	 BI-6C9	

(Supplementary	 Figure	 S45	 D-F)	 did	 not	 block	 the	 inflammasome	 responses	 to	 m-

3M3FBS	and	thapsigargin	in	the	experimental	models	employed	in	my	Thesis.	

	

The	 ISR	 has	 been	 implicated	 in	 the	 inflammasome	 activation	 through	 mechanisms	

linked	to	the	PKR	kinase	(Lu	et	al.,	2012)	and	the	kinase	HRI	(Abdel-Nour	et	al.,	2019).	

However,	in	my	experimental	models,	LMW	inhibitors	of	the	ISR	kinases	did	not	have	a	

consistent	 impact	 on	 the	 AIM2	 and	 NLRP10	 activations.	 The	 GCN2	 inhibitor	 A-92	

(Supplementary	Figure	S46	A-D)	and	the	PKR	inhibitor	C16	(Supplementary	Figure	S46	

E-H)	did	not	 inhibit	 the	 inflammasome	responses	 to	m-3M3FBS	and	 thapsigargin.	The	

	
22	Caspase-2	 was	 previously	 implicated	 in	 mitochondrial	 damage,	 including	 the	 cytosolic	 leakage	 of	
mtDNA,	in	a	model	of	NLRP3	activation	during	Brucella	abortus	infection	(Bronner	et	al.,	2015).	
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PERK	inhibitor	AMG	PERK	44	led	to	an	uninterpretable	phenotype	in	cells	treated	with	

the	AIM2/NLRP10	activators	(Supplementary	Figure	S47	A-D),	whereas	another	PERK	

inhibitor,	GSK2606414,	selectively	blocked	the	NLRP10	activation	with	thapsigargin,	but	

not	the	AIM2	response	to	the	same	treatment	(Supplementary	Figure	S47	E-H).	

	

Serum	 and	 glucocorticoid-regulated	 kinases	 (SGKs)	 have	 also	 been	 suggested	 to	 be	

involved	 in	multiple	 stress	 responses	 (Lang	 et	 al.,	 2018)	 but	 the	 SGK	 inhibitors	 CkI	 7	

(Supplementary	Figure	S48	A-C)	and	GSK650394	(Supplementary	Figure	S48	D-F)	did	

not	have	an	impact	on	the	AIM2/NLRP10	inflammasome	responses.	Combined	with	the	

observation	 that	 the	 pan-kinase	 inhibitor	 staurosporine	 was	 generally	 incapable	 of	

blocking	the	AIM2	and	NLRP10	activations	(Figures	6.19,	6.45,	and	6.46),	 it	 is	unlikely	

that	the	ISR	kinases	and	SGKs	could	be	engaged	by	m-3M3FBS	and	thapsigargin.	

	

I	 invested	 a	 significant	 effort	 into	 determining	 whether	 the	 mPTP	 opening	 could	

contribute	to	the	AIM2/NLRP10	activations.	This	investigation	did	not	yield	a	definitive	

answer,	 partially	 because	 of	 the	 poorly	 defined	 molecular	 composition	 and	

pharmacological	characteristics	of	mPTP.	The	overall	evidence	suggested	that	the	mPTP	

opening	is	not	involved	in	the	inflammasome	responses	to	m-3M3FBS	and	thapsigargin	

(Section	9.6).	I	attempted	to	gain	further	insight	into	the	influence	of	mitoprotective	as	

well	 as	 mitochondria-disrupting	 treatments	 on	 the	 AIM2	 and	 NLRP10	 inflammasome	

responses,	hoping	that	such	results	could	suggest	the	potential	mechanisms	of	action	of	

m-3M3FBS	 and	 thapsigargin.	 The	 mitochondrial	 fragmentation	 inhibitor	 Mdivi-1	

(Supplementary	 Figure	 S49	 A-C),	 the	 mitoprotective	 agent	 PF543	 (Supplementary	

Figure	S49	D-F),	idebenone,	a	coenzyme	Q	mimic	that	inhibits	the	NLRP3	activation	with	

R837	(Groß	et	al.,	2016;	Supplementary	Figure	S50),	and	two	compounds	suggested	to	

possess	 a	 mitoprotective	 activity,	 diazoxide	 (Supplementary	 Figure	 S51	 A-D),	 and	

metformin	 (Supplementary	 Figure	 S51	 E-G)	 were	 all	 neither	 consistent	 nor	 selective	

inhibitors	 of	 the	 m-3M3FBS-/thapsigargin-	 induced	 inflammasome	 activations.	

Mitochondria-disrupting	 agents	 such	 as	 the	 mtROS	 inducers	 Bz-423	 (Supplementary	

Figures	S52	A-C	and	S53)	and	auranofin	(Supplementary	Figures	S52	D-F	and	S53)	did	

not	 have	 a	 selective	 impact	 on	 the	 inflammasome	 responses	 to	 the	 tested	 activators;	

auranofin	 appeared	 to	 act	 as	 a	 pan-inflammasome	 inhibitor.	 Lonidamine,	 a	 cytostatic	

compound	that	likely	acts	through	limiting	the	metabolite	flux	to	the	mitochondria,	also	

did	 not	 inhibit	 the	 AIM2/NLRP10	 activations	 with	 m-3M3FBS/thapsigargin	



Chapter	10	
	

	 345	

(Supplementary	 Figure	 S54).	 Collectively,	 neither	 my	 main	 line	 of	 research	 nor	 the	

follow-up	 experiments	 provided	 reliable	 evidence	 for	 the	 involvement	 of	 previously	

described	 mitochondrial	 damage	 pathways	 in	 the	 AIM2	 and	 NLRP10	 inflammasome	

responses.	

	

As	m-3M3FBS	was	proposed	to	induce	localization	changes	of	the	ezrin/radixin/moesin	

family	proteins	(Hao	et	al.,	2009),	I	tested	whether	the	ezrin	inhibitor	NSC668394	would	

have	 an	 impact	 on	 the	 AIM2/NLRP10	 responses	 (Supplementary	 Figure	 S55).	

NSC668394	did	not	affect	the	inflammasome	activations	by	m-3M3FBS	and	thapsigargin,	

whereas	it	inhibited	the	NLRP3	response	to	nigericin	(Supplementary	Figure	S55	A,	B).	

Finally,	 I	 examined	 whether	 pathways	 broadly	 implicated	 in	 the	 regulation	 of	 other	

inflammasomes	 could	 explain	 the	 activity	 of	 m-3M3FBS	 and	 thapsigargin.	 The	

autophagy	 inhibitor	 3-methyladenine	 (Supplementary	 Figure	 S56),	 the	 microtubule	

polymerization	 inhibitor	 colchicine	 (Supplementary	 Figure	 S57),	 and	 hyperosmotic	

shock	 caused	 by	 high	 NaCl	 concentrations	 (Supplementary	 Figure	 S58)	 did	 not	

selectively	 or	 consistently	 inhibit	 the	 AIM2/NLRP10	 inflammasome	 responses.	 Lower	

concentrations	 of	 the	 PKD	 inhibitor	 CRT0066101	 selectively	 blocked	 the	 NLRP3	

inflammasome	activation,	consistent	with	a	previous	report	(Zhang	et	al.,	2017),	and	at	

higher	 concentrations,	 CRT0066101	 had	 a	 pan-inflammasome	 inhibitory	 effect23	

(Supplementary	 Figure	 S59	 A-C).	 The	 Akt	 activator	 SC79	 was	 a	 pan-inflammasome	

inhibitor	(Supplementary	Figure	S59	D-G).	

	

My	 extensive	 comparison	 of	 the	 AIM2/NLRP10	 activation-triggering	 mitochondrial	

damage	 to	 previously	 described	 pathways	 did	 not	 allow	 for	 the	 identification	 of	 the	

mechanisms	of	action	of	m-3M3FBS,	SC-10,	 thapsigargin,	and	SMBA1.	 I	have	proposed	

that	m-3M3FBS	and	SC-10	could	act	through	the	same	target	based	on	their	structural	

similarity.	 It	 is	also	 likely	 that	 thapsigargin	and	SMBA1	share	a	common	target,	as	 the	

mitochondrial	damage	and	 inflammasome	activation	 triggered	by	 these	molecules	 can	

be	inhibited	with	CsA.	In	the	future,	genetic	inactivation	of	prospective	targets	as	well	as	

more	 unbiased	 chemical	 biology	 approaches	 could	 help	 establish	 how	 the	

AIM2/NLRP10	activators	disrupt	the	mitochondria.	

	

	
23	High	 concentrations	 of	 CRT0066101	 also	 appeared	 to	 be	 autofluorescent	 in	 the	ASC	 speck	 detection	
channel.	
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10.7.	 Hypotheses	 on	 the	 physiological	 and	 pathological	 processes	 involving	

NLRP10	

	

Are	 there	 any	 physiological	 processes	 in	 which	 NLRP10	 is	 involved?	 This	 is	 a	 big	

question	 and	 it	 may	 be	 worth	 to	 break	 it	 down	 into	 smaller	 steps	 that	 can	 be	

experimentally	addressed:	

	

1. In	which	organs	and	cell	types	is	NLRP10	constitutively	expressed?	Based	on	the	

literature,	NLRP10	is	mainly	expressed	in	the	skin	(Damm	et	al.,	2016;	Lachner	et	

al.,	 2017;	 Lautz	 et	 al.,	 2012;	Nakajima	et	 al.,	 2018)	 and	 in	 the	heart	 (Joly	 et	 al.,	

2012;	Vacca	et	al.,	2017;	Wang	et	al.,	2004),	whereas	the	myeloid	cell	expression	

levels	are	low.	

	

2. Are	 there	 any	examples	of	 inducible	 expression	of	NLRP10?	To	my	knowledge,	

the	only	 such	 instance	 reported	 in	 the	 literature	 is	 the	 increase	 in	 the	NLRP10	

level	 in	 bone	 marrow-derived	 dendritic	 cells	 stimulated	 with	 the	 TLR9	 ligand	

CpG	(Vacca	et	al.,	2017).	

	

3. Are	 there	 any	 patients	 with	 mutations	 in	 the	 NLRP10-encoding	 gene?	

Observation	of	such	patients	could	help	link	their	phenotype	to	the	processes	in	

which	NLRP10	plays	a	 role.	Till	now,	mutations	 in	 the	NLRP10	 locus	have	only	

been	 associated	 with	 an	 increased	 risk	 of	 developing	 atopic	 dermatitis	 in	 a	

Japanese	 cohort	 (Hirota	 et	 al.,	 2012)	 but	 no	 mechanistic	 links	 have	 been	

proposed.	

	

4. What	 are	 the	 phenotypes	 of	NLRP10-deficient	mice?	 This	 question	 has	 already	

been	 addressed	 in	 the	 context	 of	 sterile	 damage	 (Damm	et	 al.,	 2016),	 infection	

(Clay	 et	 al.,	 2017),	 and	 the	 general	 characteristics	 of	 the	 immune	 responses	

(Nakajima	 et	 al.,	 2018;	 Vacca	 et	 al.,	 2017)	 but	 areas	 such	 as	 aging	 or	

cardiovascular	health	have	not	been	investigated.	

	

5. Can	any	insights	about	NLRP10	be	gained	by	tracking	its	evolutionary	history?	I	

have	 already	brought	up	 the	high	 conservation	of	 the	NLRP10	Walker	A	 and	B	
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motifs	 while	 Lachner	 et	 al.	 (2017)	 identified	 several	 mammalian	 lineages	 that	

lost	the	NLRP10-encoding	gene	over	the	course	of	evolution.	

	

Answering	 the	 questions	 above	 in	more	 detail	may	 help	 selecting	 cellular	 and	 animal	

models	 in	 which	 to	 test	 the	 potential	 function	 of	 NLRP10	 in	 the	 future.	 The	 results	

presented	in	my	Thesis	may	provide	further	inspiration	as	to	the	possible	processes	in	

which	 NLRP10	 plays	 a	 role.	 Cardiac	 homeostasis	 and	 disorders	 are	 a	 particularly	

attractive	point	of	focus	in	this	respect,	as	NLRP10	is	expressed	in	the	heart	and	the	high	

energy	demand	of	cardiomyocytes	is	supplied	by	a	system	of	mitochondria	that	takes	up	

25-30%	 of	 their	 total	 cell	 volume	 (Brown	 et	 al.,	 2016).	 There	 are	 reports	 of	

mitochondrial	disruption	and	cardiac	 inflammation	during	coxsackievirus	B3	 infection	

(Lin	et	al.,	2017;	Wei	et	al.,	2014).	mPTP	opening	and	mitochondrial	damage	have	also	

been	 implicated	 in	 the	 myocardial	 ischemia/reperfusion	 injury.	 Based	 on	 this	

hypothesis,	 CsA,	 which	 inhibits	 the	 thapsigargin-induced	 NLRP10	 activation	 in	 my	

models	 (Figure	 6.37),	 has	 been	 tested	 in	 clinical	 trials	 to	 target	myocardial	 infarction	

(Chiari	 et	 al.,	 2014;	 Cung	 et	 al.,	 2015;	 Ghaffari	 et	 al.,	 2013;	 Hausenloy	 et	 al.,	 2014;	

Mewton	et	al.,	2010;	Piot	et	al.,	2008).	The	results	of	these	studies	were	not	encouraging	

but	 it	 is	 important	 to	 point	 out	 that	 –	 considering	 my	 observation	 that	 most	 of	 the	

reported	mPTP	 blockers	 did	 not	 prevent	 the	NLRP10	 activation	 by	 thapsigargin	 	 and	

essentially	none	could	inhibit	the	NLRP10	activation	with	m-3M3FBS	(Section	9.6)	–	the	

properties	of	mPTP	are	still	not	very	well	understood.	My	data	provide	two	insights	into	

the	process	of	mitochondrial	rupture	that	could	be	relevant	here.	First,	I	observed	two	

pharmacologically	 distinguishable	 modes	 of	 mitochondrial	 disruption	 in	 cells	 treated	

with	the	mitochondria-targeting	NLRP10	agonists:	the	damage	induced	by	thapsigargin	

and	SMBA1	could	be	inhibited	by	CsA,	whereas	the	damage	inflicted	by	m-3M3FBS	and	

(in	 macrophages)	 SC-10	 was	 not	 sensitive	 to	 CsA	 (Figures	 6.49	 and	 6.50).	 If	 the	m-

3M3FBS-elicited	 mitochondrial	 rupture	 represents	 a	 mechanism	 that	 could	 also	 be	

triggered	 in	 vivo,	 possibly	 both	 the	 CsA-sensitive	 and	 the	 CsA-unresponsive	 arms	 of	

mitochondrial	 damage	 would	 have	 to	 be	 targeted	 to	 achieve	 reliable	 mitoprotection.	

Secondly,	if	NLRP10	were	to	be	activated	during	myocardial	infarction,	it	would	suggest	

that	 this	 condition	 could	 potentially	 be	 targeted	 with	 NLRP1024 	and	 caspase-1	

inhibitors,	or	even	with	the	IL-1	family	scavengers/antagonists.	

	
24	Direct	NLRP10	 inhibitors	 are	not	 yet	 available	but	 the	 fact	 that	NLRP3	 can	be	 efficiently	 targeted	by	
LMW	 compounds	 that	 bind	 to	 the	 NACHT	 domain	 (Coll	 et	 al.,	 2015;	 2019;	 Tapia-Abellán	 et	 al.,	 2019;	
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Speculating	 on	 the	 potential	 involvement	 of	 NLRP10	 in	 cardiac	 ischemia/reperfusion	

damage	 may	 be	 futile	 but	 it	 would	 be	 interesting	 to	 examine	 the	 outcomes	 of	 a	

myocardial	 infarction	 model	 in	 NLRP10-deficient	 mice	 compared	 to	 WT	 animals.	 Of	

note,	I	performed	a	series	of	preliminary	experiments	to	determine	whether	chemically-

induced	hypoxia	 (triggered	by	CoCl2;	 Supplementary	Figures	S60-S62;	Muñoz	Sánchez	

and	 Chánez	 Cárdenas,	 2018)	 or	 ischemia-reperfusion	 (triggered	 by	 incubation	 with	

NaN3	 followed	 by	 a	 series	 of	 washes;	 Supplementary	 Figure	 S63)	 could	 elicit	 the	

AIM2/NLRP10	activation.	My	observations	did	not	provide	any	indication	that	this	could	

be	the	case.	

	

NLRP10	 is	 also	 proposed	 to	 be	 involved	 in	 skin	 diseases.	 In	 this	 respect,	 it	 has	 been	

identified	as	a	susceptibility	 locus	for	atopic	dermatitis	 in	a	 Japanese	cohort	(Hirota	et	

al.,	 2012).	 Two	 in	 vivo	 mouse	 models	 demonstrated	 a	 role	 for	 NLRP10	 in	 cutaneous	

immunological	events.	NLRP10	deficiency	was	protective	 in	a	chemical-induced	model	

of	 contact	 hypersensitivity,	 which	 was	 likely	 linked	 to	 a	 cell-autonomous	 NLRP10	

function	 in	 keratinocytes	 (Damm	 et	 al.,	 2016).	 In	 a	 cutaneous	 leishmaniasis	 model,	

NLRP10	 expression	was	 protective,	 as	NLRP10-deficient	mice	were	 unable	 to	 contain	

the	infection	(Clay	et	al.,	2017).	

	

***	

	

Can	 any	 insights	 into	 the	 role	 of	 NLRP10	 be	 gained	 from	 an	 analysis	 of	 the	 NLRP10	

evolutionary	history?	 I	will	 focus	here	on	mammalian	NLRP10.	 In	mammals,	 the	 gene	

encoding	this	protein	can	be	considered	fairly	ancient,	as	NLRP10	orthologs	have	been	

identified	 in	 the	 platypus25	(Duéñez-Guzmán	 and	 Haig,	 2014).	 According	 to	 the	

Nucleotide	database	(accession	numbers	XM_029058185.1	and	XM_029058186.1;	NCBI	

Resource	 Coordinators	 et	 al.,	 2017),	 there	 are	 two	 isoforms	 of	 platypus	 NLRP10,	 the	

longer	of	which	is	698-amino-acid-long	(as	a	comparison,	murine	NLRP10	is	673-amino-

acid-long,	 and	 human	NLRP10	 is	 655-amino-acid-long),	 indicating	 that	 the	 loss	 of	 the	

	
Vande	Walle	et	al.,	2019)	indicates	that	development	of	direct	inhibitors	of	the	NLRP	subfamily	proteins	is	
possible.	
25	Of	note,	according	to	Duéñez-Guzmán	and	Haig	(2014),	there	are	five	genes	encoding	NLRP	subfamily	
members	 in	 the	platypus	genome,	which	are	orthologs	of	human	NLRP3,	NLRP6,	NLRP10	(two	copies),	
and	NLRP12.	This	may	represent	the	prototypic	set	of	mammalian	NLRP	proteins	but	 it	 is	also	possible	
that	 platypuses	 lost	 other	NLRP-encoding	 genes	 over	 the	 course	 of	 evolution.	 To	 complete	 the	 picture,	
there	is	no	AIM2	ortholog	in	the	platypus	genome	according	to	the	Ensembl	database	(Yates	et	al.,	2019).	
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NLRP10	LRR	domain	occurred	very	early	in	mammalian	evolution.	Importantly,	both	the	

Walker	 A	 motif	 lysine	 residue	 and	 the	 Walker	 B	 motif	 aspartic	 acid	 residue	 are	

conserved	 between	 the	 platypus,	 mouse,	 and	 human	 proteins.	 Other	 regions	 of	 the	

NLRP10	protein	sequence	are	not	equally	strongly	conserved.	For	example,	exon	2	of	the	

human	NLRP10-encoding	gene	is	~2.7	kb	shorter	than	the	corresponding	region	in	the	

chimpanzee	gene	 (Ha	et	al.,	2009).	As	 can	be	seen	 throughout	my	 thesis,	 this	deletion	

does	 not	 affect	 the	 NLRP10	 capacity	 for	 inflammasome	 formation,	 whereas	

experimentally	 introduced	 mutations	 in	 the	 conserved	 Walker	 A	 and	 B	 motifs	

completely	abolish	the	NLRP10	inflammasome	responses	(Figures	7.3	and	7.7).	

	

The	 genes	 encoding	 the	 NLRP	 subfamily	 proteins	 are	 products	 of	 several	 rounds	 of	

duplications,	starting	with	the	ancestral	NLRP	gene,	after	which	the	NLRP	paralogs	were	

passed	down	to	later	generations	(a	simplified	scenario	for	one	such	duplication	round	

is	 presented	 in	 Scheme	 10.2	A).	 As	 speciation	 progressed,	 it	 can	 be	 assumed	 that	 the	

NLRP	 orthologs	were	 evolving	 independently	 between	 species	 (that	 is,	 the	mutations	

accumulating	in	an	ortholog	from	species	1	were	not	passed	to	species	2).	Based	on	the	

comparison	 of	 mammalian	 NLRP10	 protein	 sequences	 (Figure	 7.3	 A),	 it	 appears	 that	

there	 was	 a	 pressure	 against	 mutations	 in	 the	 Walker	 A	 and	 B	 motifs	 that	 would	

interfere	 with	 the	 NLRP10	 inflammasome-forming	 properties.	 I	 made	 this	 conclusion	

based	on	the	following	reasoning.	Genetic	mutations	are	random,	so	they	occur	at	equal	

rates	along	the	NLRP10-encoding	gene.	However,	in	part	due	to	phenotypic	differences	

between	mutation-bearing	 individuals,	 the	 random	mutations	 are	not	passed	down	 to	

the	progeny	with	equal	success:	many	mutations	are	neutral,	some	are	deleterious,	and	

few	–	beneficial.	When	comparing	the	protein	sequences	of	an	ortholog	between	several	

species	(Scheme	10.2	B),	the	frequency	of	mutations	at	a	given	amino	acid	position	can	

be	 assessed;	 the	 lower	 this	 frequency,	 the	 more	 conserved	 a	 given	 residue.	 If	 the	

frequency	of	mutations	does	not	change	with	the	position	of	the	amino	acid	residue	in	

the	 polypeptide	 chain,	 it	 either	 suggests	 that	 there	 was	 no	 pressure	 to	 conserve	 this	

sequence	(uniformly	high	mutation	frequency),	or	that	the	pressure	was	extremely	high	

(uniformly	 low	mutation	 frequency).	 If	 a	 particular	 residue	 at	 a	 particular	 position	 is	

essential	for	the	protein	function,	the	mutation	frequency	at	this	position	will	 likely	be	

lower	 than	 in	 the	 neighboring	 regions,	 manifesting	 as	 dips	 in	 the	 plot	 of	 mutation	

frequency	versus	amino	acid	position.	Finally,	there	is	the	hypothetical	option	where	the	
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selection	pressure	favors	variation	at	a	given	position,	which	would	manifest	as	peaks	in	

the	plot26.	

	

	
Scheme	10.2.	The	evolutionary	history	of	a	hypothetical	member	of	the	NLRP	subfamily	
A:	Duplications	of	a	founding	member	of	the	NLRP	subfamily	(NLRPanc)	in	an	ancestral	species,	leading	to	
three	NLRP	 paralogs	 (NLRP-Ianc,	 NLRP-IIanc,	 and	NLRP-IIIanc),	 followed	 by	 independent	 evolution	 of	 the	
NLRP	subfamily	in	descendant	species	(sp1,	sp2,	sp3).	Point	mutations,	deletions	(middle	line),	or	further	
duplications	(not	shown)	may	occur.	
B:	Comparison	of	 the	amino	acid	sequences	of	NLRP-I	orthologs	between	descendant	species.	The	plots	
indicate	the	frequency	of	substitutions	as	a	function	of	the	amino	acid	position	in	the	polypeptide	chain.	
No	pressure	to	conserve	amino	acid	residues	would	result	in	a	stochastic	accumulation	of	mutations	and	
an	approximately	uniform,	relatively	high	rate	of	substitutions	along	the	polypeptide	sequence.	Similarly,	
extremely	high	pressure	for	amino	acid	residues	conservation	would	result	in	an	approximately	uniform,	
very	 low	 rate	 of	 substitutions	 along	 the	 polypeptide	 sequence	 (left).	 When	 certain	 regions	 of	 the	
polypeptide	sequence	are	functionally	important	and	their	activity	is	dependent	on	the	chemical	and/or	
physical	properties	of	the	amino	acid	residues	at	the	given	positions	(for	example,	coordination	of	metal	
ions,	involvement	in	a	post-translational	modification,	participation	in	the	catalytic	center	of	an	enzyme),	
there	may	be	a	selection	pressure	to	conserve	such	sequences	(center).	 In	cases	where	variation	 in	the	
amino	acid	sequence	is	desirable	(for	example	for	greater	diversity	in	antigen	binding),	sites	with	elevated	
substitution	rates	compared	to	the	neighboring	regions	may	be	observed	(right).	

	
26	Such	variation-enriched	sequences	within	an	individual	are	the	complementarity-determining	regions	of	
T-cell	 receptors	and	B	cell-receptors/antibodies,	and	within	a	species	 this	 type	of	variability	can	also	be	
observed	in	the	amino	acid	sequences	of	MHC	class	I	and	II	molecules.	
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Of	note,	I	do	not	wish	to	claim	that	NLRP10	is	essential	for	survival	of	mammals.	In	fact,	

there	are	 several	mammalian	 lineages	 that	have	 lost	 the	NLRP10-encoding	gene.	 Such	

deletions	 occurred	 in	 the	 ancestor	 of	 armadillos27	as	 well	 as	 during	 speciation	 of	

ungulates	(Lachner	et	al.,	2017).	According	to	the	Ensembl	database	(Yates	et	al.,	2019),	

the	species	closest	to	human	that	have	lost	NLRP10	are	orangutan	and	vervet	monkey.	

The	 existence	 of	 these	 deletions	 indicates	 that	 there	 are	 mechanisms	 robustly	

compensating	 for	NLRP10	deficiency.	At	 the	 same	 time,	 it	would	be	wrong	 to	 assume	

that	the	NLRP10	losses	had	had	an	adaptive	value.	At	least	some	of	them	were	probably	

a	result	of	genetic	drift	and	not	natural	selection.	

	

Combining	 the	 evolutionary	history	of	mammalian	NLRP10	and	 the	data	presented	 in	

my	thesis,	it	appears	that	the	regions	of	NLRP10	required	for	inflammasome	activation	

are	conserved	between	species	that	did	not	lose	the	NLRP10-encoding	gene.	While	this	

observation	 is	 suggestive	 that	 the	 capacity	 to	 assemble	 the	 NLRP10	 inflammasome,	

possibly	in	response	to	mitochondrial	damage,	is	more	beneficial	than	lack	thereof,	it	is	

not	 a	 proof	 that	 NLRP10	 forms	 inflammasomes	 in	vivo	 and	 it	 cannot	 replace	 further	

experimentation.	

	

10.8.	Conclusions	and	implications	

	

The	findings	reported	in	my	Thesis	contribute	to	three	fields	of	research.	With	respect	to	

signaling	biochemistry,	 I	 described	 an	off-target	 effect	 of	 the	 reported	PLC	 agonist	m-

3M3FBS,	 which	 may	 have	 significant	 consequences	 for	 the	 interpretation	 of	 earlier	

studies	as	well	as	for	planning	future	research.	m-3M3FBS,	in	a	manner	independent	of	

its	 activity	 on	PLC,	 disrupts	 the	 integrity	 of	 the	mitochondria,	 leading	 to	 the	 cytosolic	

leakage	of	 the	soluble	components	of	 the	mitochondrial	matrix	and	 to	 the	exposure	of	

the	mitochondrial	contents.	I	identified	three	more	molecules	triggering	a	similar	type	of	

damage:	SC-10	(originally	described	as	a	PKC	agonist;	the	mitochondrial	activity	has,	to	

	
27	The	 loss	of	NLRP10	 in	armadillos	may	be	 interesting	 from	the	perspective	of	 infection	biology.	These	
animals	 are	 vectors	 for	Mycobacterium	(M.)	leprae,	 the	 causative	 agent	of	 leprosy	 (Balamayooran	et	 al.,	
2015;	Oliveira	et	al.,	2019;	Sharma	et	al.,	2012).	The	reason	why	armadillos	develop	a	systemic	infection	
with	M.	leprae	is	probably	their	low	body	temperature	(~34°C),	which	is	optimal	for	M.	leprae	growth,	and	
not	 the	 NLRP10	 deletion.	 Nevertheless,	 it	 might	 be	 worth	 testing	 whether	M.	 leprae,	 an	 intracellular	
pathogen,	 could	 activate	 the	NLRP10	 inflammasome.	 In	 a	 zebrafish	 infection	model,	M.	leprae	 has	been	
shown	 to	 cause	 swelling	 and/or	 loss	 of	 mitochondria	 (Madigan	 et	 al.,	 2017).	 Furthermore,	 single	
nucleotide	polymorphisms	 in	 genes	 encoding	PINK1	and	PARL,	 two	proteins	 involved	 in	mitochondrial	
homeostasis,	were	reported	to	be	associated	with	leprosy	risk	in	a	Han	Chinese	cohort	(Wang	et	al.,	2016).	
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my	 knowledge,	 never	 been	 reported),	 thapsigargin	 (previously	 implicated	 in	

mitochondrial	damage),	 and	SMBA1	(a	Bax	agonist,	which	 is	expected	 to	permeabilize	

the	OMM	but	 has	 not	 yet	 been	 shown	 to	 cause	 a	 leakage	 of	 the	mitochondrial	matrix	

contents).	

	

Regarding	the	research	on	the	mitochondrial	stress	responses,	I	provided	a	description	

and	 partial	 characterization	 of	 an	 acute	 damage	 pathway	 that	 leads	 to	 the	 cytosolic	

exposure	 of	 the	mitochondrial	matrix	 contents	within	minutes	 of	 the	 initiation	 of	 the	

process.	 I	did	not	 find	other	reports	of	a	similar	type	of	damage	in	the	 literature	and	I	

was	 unable	 to	 determine	 whether	 the	 process	 I	 observed	 is	 a	 variant	 of	 an	 already	

known	mechanism	of	mitochondrial	disruption	or	a	novel	type	of	mitochondrial	stress	

response.	

	

Finally,	I	contributed	to	the	inflammasome	research	by	simplifying	the	current	model	of	

the	 NLRP3	 activation,	 by	 providing	 the	 evidence	 of	 a	 direct	 activation	 of	 AIM2	 by	

mtDNA,	 and	 by	 characterizing	 NLRP10	 as	 a	 novel	 inflammasome-forming	 NLRP	

subfamily	 member.	 I	 demonstrated	 that	 PLC	 activation	 is	 neither	 necessary	 nor	

sufficient	 for	 the	 NLRP3	 inflammasome	 assembly	 in	 murine	 macrophages.	 I	 also	

provided	the	evidence	that	in	this	cell	type,	the	cytosolic	exposure	of	mtDNA	leads	to	the	

AIM2,	 not	 NLRP3,	 inflammasome	 activation.	 Conversely,	 the	 NLRP3	 inflammasome	

responses	were	not	dependent	on	mtDNA.	My	work	provides	the	second,	after	the	study	

by	 Dang	 et	 al.	 (2017),	 dataset	 demonstrating	 cell-autonomous	 activation	 of	 AIM2	 by	

endogenous	 mtDNA	 exposed	 to	 the	 cytosol.	 It	 is	 also	 the	 first	 report	 to	 identify	m-

3M3FBS,	as	well	as	SC-10,	thapsigargin,	and	SMBA1	to	be	AIM2	activators.	The	revised	

molecular	 model	 of	 the	 AIM2	 and	 NLRP3	 activations	 in	 murine	 macrophages	 is	

proposed	in	Scheme	10.3.	

	

In	 parallel	 to	 my	 work	 on	 the	 mechanisms	 of	 the	 AIM2	 and	 NLRP3	 activations,	 I	

described	a	new	 inflammasome-forming	sensor	–	NLRP10.	Collectively,	 I	 identified	six	

NLRP10-triggering	 stimuli:	 m-3M3FBS,	 o-3M3FBS,	 SC-9,	 SC-10,	 thapsigargin,	 and	

SMBA1.	 My	 observations	 challenge	 the	 view	 that	 this	 protein	 is	 an	 inhibitor	 of	

inflammasome	 activation.	 Instead,	 NLRP10	 can	 assemble	 a	 functional	 inflammasome,	

both	 in	 response	 to	 mitochondrial	 damage	 and	 the	 cytosolic	 exposure	 of	 the	
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mitochondrial	matrix	contents	and	in	cells	stimulated	with	the	mitochondrially	inactive	

NLRP10	activators.	

	

	

	
Scheme	 10.3.	 A	 revised	molecular	model	 of	 the	 activation	mechanisms	 of	 the	 AIM2	 and	 NLRP3	
inflammasomes	
Based	on	my	Thesis	research,	the	models	for	both	the	AIM2	and	the	NLRP3	activation	can	be	updated.	
Left:	 Transfection-mediated	delivery	of	 the	AIM2	 ligand	poly-(dA:dT)	 leads	 to	AIM2	activation	 through	
direct	 binding,	 but	 also	 elicits	 phospholipase	 C	 (PLC)	 activation	 through	 an	 unrelated	 mechanism.	
Administration	of	m-3M3FBS,	SC-10,	thapsigargin,	or	SMBA1	triggers	mitochondrial	rupture	and	exposure	
of	mtDNA	 to	 the	 cytosol,	 enabling	 AIM2	 activation	 by	 this	 endogenous	 ligand.	 The	m-3M3FBS-induced	
mitochondrial	membrane	permeabilization	and	AIM2	activation	do	not	rely	on	PLC	activation.	
Right:	K+	efflux-inducing	stimuli	such	as	nigericin,	ATP,	and	lysosomal	damage	trigger	NLRP3	activation	in	
a	manner	independent	of	mtDNA	and	of	PLC.	NLRP3	activation	is	inhibited	by	the	PLC	inhibitor	U	73122	
through	an	off-target	effect	that	can	be	mimicked	by	the	administration	of	maleimide,	the	active	moiety	of	
U	 73122	 that	 does	 not	 target	 PLC.	 Several	 NLRP3	 activators	 (R837,	 ENOblock,	 koningic	 acid,	 and	 N-
acetylglucosamine)	directly	 target	 the	mitochondria.	R837	activates	NLRP3	in	a	manner	 independent	of	
mtDNA,	whereas	 the	mtDNA-dependence	 of	 ENOblock,	 koningic	 acid,	 and	N-acetylglucosamine	 has	 not	
been	experimentally	addressed.	
	

I	believe	that	my	data	are	relevant	for	all	three	fields	outlined	above.	In	the	area	of	cell	

signaling,	my	work	highlights	the	necessity	to	develop	better	tools	to	target	PLC	to	study	

physiological	 processes.	 Importantly,	 concerns	 have	 already	 been	 raised	 about	 the	
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quality	of	U	73122	(Horowitz	et	al.,	2005;	Maucher	et	al.,	2017)	and	m-3M3FBS	(Dwyer	

et	al.,	2010;	Horowitz	et	al.,	2005;	Krjukova	et	al.,	2004)	as	pharmacological	tools	for	PLC	

targeting.	 In	 certain	 cases,	 this	 issue	 can	 be	 solved	 by	 selectively	 activating	 signaling	

pathways	 upstream	 of	 PLC	 such	 as	 Gq-coupled	 GPCRs	 or	 receptor	 tyrosine	 kinases.	

Correspondingly,	selective	genetic	targeting	of	individual	PLC	isoforms	is	also	possible.	

For	broader	questions	–	such	as	the	inflammasome	activation	–	the	availability	of	 low-

toxicity	 PLC	 inhibitors	 without	 promiscuous	 off-target	 effects	 could	 help	 address	 the	

existing	discrepancies.	

	

My	 observations	 on	 the	 characteristics	 of	 the	 mitochondrial	 damage	 triggered	 by	m-

3M3FBS,	 SC-10,	 thapsigargin,	 and	 SMBA1	 serve	 as	 an	 example	 that	 ‘mitochondrial	

stress’	may	encompass	multiple	types	of	organelle	disruption	and	consequently	trigger	

different	types	of	responses	in	the	cell.	Which	pathway	is	engaged	likely	depends	on	the	

specific	 characteristics	 of	 the	 stressor,	 for	 example	 the	 ability	 to	 cause	 OMM/IMM	

permeabilization,	the	type	of	molecules	to	which	a	membrane	becomes	permeable,	the	

maintenance	or	loss	of	the	mitochondrial	DY,	and	the	generation	or	absence	of	mtROS.		

	

I	 discovered	 that,	 at	 least	 in	 vitro,	 there	 exists	 a	 mechanism	 allowing	 for	 rapid	

permeabilization	of	the	IMM	and	resulting	in	the	cytosolic	exposure	of	the	mitochondrial	

matrix	contents.	How	this	process	is	mediated	and	whether	it	has	further	significance	in	

vitro	(beyond	serving	as	a	tool	for	dissecting	the	inflammasome	activation	pathways)	or	

in	vivo	(as	a	physiological/pathophysiological	mechanism	or	as	a	potential	trojan	horse	

to	 destroy	 the	 mitochondria	 in	 tumor	 cells	 or	 in	 autoreactive	 lymphocytes)	 may	 be	

questions	for	future	research.	

	

In	 the	 area	 of	 inflammasome	 studies,	 my	 results	 provide	 explanations	 for	 several	

previous	 discrepant	 observations	 and	 re-route	 the	 currently	 proposed	 map	 of	

inflammasome	activation.	My	findings	on	the	NLRP3	activation	mechanism	allow	for	the	

removal	 of	 two	 factors	 (PLC	 and	 mtDNA)	 from	 the	 current	 model	 of	 the	 NLRP3	

inflammasome	assembly.	As	NLRP3	is	emerging	as	a	therapeutic	target	(Mangan	et	al.,	

2018;	 Swanson	 et	 al.,	 2019),	 these	 results	may	have	 far-reaching	 implications.	 This	 is	

true	 both	 for	 the	 presumably	monogenic	 disease	 APLAID,	 in	 which	 patients	 with	 the	

hyperactive	 PLCg2	 variant	 suffer	 from	 symptoms	 of	 autoinflammation,	 and	 for	 other,	

complex	 diseases	 involving	 the	 activation	 of	 PLC-linked	 pathways	 and/or	 sensing	 of	
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mtDNA.	Aberrant	 PLC	 activation	may	not	 be	 an	 indication	 of	NLRP3	 involvement	 and	

when	mitochondrial	damage	is	observed,	the	potential	involvement	of	AIM2	ought	to	be	

considered.	Possibly,	adjustments	need	to	be	made	when	comparing	the	results	from	the	

murine	 and	human	 systems,	 as	 there	 is	 evidence	 that	 in	 certain	 human	 cell	 types	 the	

DNA-induced	inflammasome	response	is	NLRP3-dependent	and	does	not	involve	AIM2	

(Gaidt	et	al.,	2017).	

	

Finally,	it	is	possible	that	the	discovery	of	the	NLRP10	inflammasome-forming	capacity	

will	help	explain	certain	phenotypes,	both	in	laboratory	animals	and	in	humans,	where	

severe	 mitochondrial	 damage	 is	 linked	 to	 inflammation	 and/or	 cell	 death.	 I	 did	 not	

address	the	question	of	whether	NLRP10	assembles	the	inflammasome	in	vivo	but	such	

response	 would	 theoretically	 be	 possible	 both	 during	 pathological	 mitochondrial	

disruption	events	and	during	physiological	processes	that	eliminate	cells	with	damaged	

or	otherwise	compromised	mitochondria.	

	

10.9.	Outstanding	questions	and	future	directions	

	

The	 work	 presented	 in	 my	 Thesis	 opens	 the	 way	 for	 several	 future	 studies.	 In	 my	

opinion,	the	following	are	the	most	interesting	questions	that	could	be	addressed:	

	

1. What	 are	 the	 molecular	 targets	 of	 m-3M3FBS,	 o-3M3FBS,	 SC-9,	 SC-10,	

thapsigargin,	and	SMBA1?	

	

2. How	 do	 m-3M3FBS,	 SC-10	 (in	 macrophages),	 thapsigargin,	 and	 SMBA1	

permeabilize	the	mitochondria?	How	is	 it	possible	that	SC-10	permeabilizes	the	

mitochondria	in	macrophages,	but	not	in	HEK	cells?	Answering	these	questions	is	

linked	to	point	(1.),	because	the	molecular	targets	of	the	mitochondria-disrupting	

compounds	will	likely	suggest	their	mechanisms	of	action.	Of	note,	this	could	lead	

to	the	discovery	of	a	novel	pathway	of	mitochondrial	damage.	

	

3. What	is	the	ligand	of	NLRP10?	This	question	will	probably	have	to	be	addressed	

by	 proteomics	 combined	 with	 loss-of-function	 (reverse-genetics)	 follow-up	

experiments.	 A	 different	 option	 is	 a	 CRISPR	 or	 chemical	 mutagenesis	 forward	

screen	using	ASC	specking	as	a	readout	in	NLRP10/ASC	fluorescent	reporter	HEK	
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cells,	 or	 IL-1b	 secretion	 as	 a	 readout	 in	 AIM2-deficient	 macrophages	

overexpressing	NLRP10.	

	

4. Which	innate	immune	pathways	are	engaged	by	m-3M3FBS,	o-3M3FBS,	SC-9,	SC-

10,	 thapsigargin,	and	SMBA1	 in	human	myeloid	cells,	 in	which	cytosolic	DNA	 is	

sensed	 by	 the	 NLRP3	 inflammasome	 (Gaidt	 et	 al.,	 2017)?	 Could	 the	 identified	

mitochondria-damaging	 molecules	 trigger	 the	 cGAS-STING-NLRP3	 or	 cGAS-

STING-IFN	responses?	

	

5. Are	 there	any	physiological	 (development,	 repair,	 regeneration)	or	pathological	

processes	in	which	NLRP10	is	involved?	What	could	have	been	the	nature	of	the	

evolutionary	 pressures	 that	 promoted	 the	 conservation	 of	 the	 NLRP10	 amino	

acid	sequence	in	mammals?	
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11.	Supplementary	Data	Figures	S1-S63	

	

Supplementary	Figure	S1:	
	

	
Supplementary	 Figure	 S1:	 IP1	 levels	 in	 unprimed	 or	 LPS-primed	 WT	 iMac	 cells	 treated	 with	
inflammasome	activators	in	a	minimal	salt	solution	containing	50	mM	LiCl	and	125	mM	NaCl	
A-H:	 To	 determine	 whether	 the	 inflammasome	 activators	 nigericin,	 poly-(dA:dT),	 and	m-3M3FBS	 are	
capable	of	eliciting	PLC	activation,	unprimed	or	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	were	shifted	
to	an	extracellular	medium	consisting	of	(in	mM):	50	LiCl,	125	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	
HEPES,	pH	7.4.	Then	the	cells	were	left	untreated	or	pre-treated	for	10	min	with	U	73122	(5	or	25	µM),	
maleimide	 (5	 or	 25	 µM),	 edelfosine	 (10,	 25,	 or	 50	µM),	 CRID3	 (5	 µM),	 or	 VX-765	 (40	µM).	 This	 pre-
incubation	was	followed	by	administration	of	the	inflammasome	activators:	10	µM	nigericin	(B),	2	µg/mL	
poly-(dA:dT)	complexed	with	5	µL	lipofectamine	(C),	40-85	µM	m-3M3FBS	(E-G),	or	70-85	µM	o-3M3FBS	
(D,	H;	PLC-inactive	isomer	of	m-3M3FBS).	The	negative	controls	(A)	were	subjected	to	the	medium	alone.	
Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	
(RT).	After	45	min	of	 stimulation,	 the	 cells	were	 lysed	by	 addition	of	Triton	X-100	 (final	 concentration	
0.5%)	and	the	concentrations	of	IP1	in	the	supernatants	were	assessed	by	HTRF.	
Because	the	tested	treatments	led	to	a	relatively	wide	range	of	detected	IP1	concentrations,	the	scales	on	
the	y-axes	differ	between	panels	A-H.	To	enable	easier	comparisons,	absolute	mean	values	are	specified	
above	each	bar	or	within	the	bars.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S2:	

	
Supplementary	Figure	S2:	Non-normalized	values	of	the	ASC	specks/Nuclei	ratio	in	response	to	m-
3M3FBS	 in	 ASCTagBFP	 reporter	 HEK	 cells	 overexpressing	 human	 NLRP1,	 human	 NLRP2,	 human	
NLRP3,	human	NLRP4,	human	NLRP5,	or	human	NLRP6	
A-H:	ASCTagBFP	HEK	cells	were	 left	untransfected	(A)	or	were	transiently	transfected	 in	wells	of	a	6-well	
plate	with	the	empty	vector	(B)	or	with	vectors	encoding	human	(h)	NLRP1	(C),	hNLRP2	(E),	hNLRP3	(G),	
hNLRP4	 (D),	 hNLRP5	 (F),	 or	 hNLRP6	 (H;	 plasmid	 ID	 in	 the	 Institute	 of	 Innate	 Immunity	 database	was	
1133).	The	transfected	DNA	amount	was	1	µg	per	5	´	105	cells	(light	blue	bars;	the	number	of	cells	refers	
to	the	initial	cell	population)	or	2	µg	per	5	´	105	cells	(dark	blue	bars;	the	number	of	cells	refers	to	the	
initial	cell	population).	The	transfection	reagent	was	Gene	Juice	and	it	was	combined	with	DNA	at	the	ratio	
of	2.3	µL	of	Gene	 Juice	per	1	µg	of	DNA.	After	24	h	of	 transfection,	 the	cells	were	replated	 into	96-well	
plates,	and	after	additional	24	h	they	were	shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	
NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4.	Then,	the	cells	were	left	untreated	(-),	or	they	
were	 stimulated	with	m-3M3FBS	 (40,	 55,	 70,	 or	 85	µM)	 or	 with	 nigericin	 (10	µM).	 Immediately	 after	
addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min,	
the	 cells	 were	 fixed	 with	 4%	 formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	
imaged	using	a	widefield	fluorescence	microscope.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S3:	

	
Supplementary	Figure	S3:	Non-normalized	values	of	the	ASC	specks/Nuclei	ratio	in	response	to	m-
3M3FBS	 in	 ASCTagBFP	 reporter	 HEK	 cells	 overexpressing	 human	 NLRP7,	 human	 NLRP9,	 human	
NLRP10,	human	NLRP11,	human	NLRP12,	or	human	NLRP13	
A-H:	ASCTagBFP	HEK	cells	were	 left	untransfected	(A)	or	were	transiently	 transfected	 in	wells	of	a	6-well	
plate	with	 the	empty	vector	(B)	or	with	vectors	encoding	human	(h)	NLRP7	(C),	hNLRP9	(E),	hNLRP10	
(G),	hNLRP11	(D),	hNLRP12	(F),	or	hNLRP13	(H).	The	transfected	DNA	amount	was	1	µg	per	5	´	105	cells	
(light	blue	bars;	the	number	of	cells	refers	to	the	initial	cell	population)	or	2	µg	per	5	´	105	cells	(dark	blue	
bars;	the	number	of	cells	refers	to	the	initial	cell	population).	The	transfection	reagent	was	Gene	Juice	and	
it	was	combined	with	DNA	at	the	ratio	of	2.3	µL	of	Gene	Juice	per	1	µg	of	DNA.	After	24	h	of	transfection,	
the	cells	were	replated	into	96-well	plates,	and	after	additional	24	h	they	were	shifted	to	an	extracellular	
medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4.	Then,	the	
cells	 were	 left	 untreated	 (-),	 or	 they	 were	 stimulated	 with	m-3M3FBS	 (40,	 55,	 70,	 or	 85	µM)	 or	 with	
nigericin	(10	µM).	Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	
340	´	g	for	5	min	(RT).	After	30	min,	the	cells	were	fixed	with	4%	formaldehyde,	counterstained	with	the	
nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S4:	

	
Supplementary	Figure	S4:	Non-normalized	values	of	the	ASC	specks/Nuclei	ratio	in	response	to	m-
3M3FBS	 in	 ASCTagBFP	 reporter	 HEK	 cells	 overexpressing	 human	 NLRP14,	 human	 pyrin,	 human	
AIM2,	murine	AIM2,	human	NLRP6,	or	human	NLRC4	
A-H:	ASCTagBFP	HEK	cells	were	 left	untransfected	(A)	or	were	transiently	 transfected	 in	wells	of	a	6-well	
plate	with	the	empty	vector	(B)	or	with	vectors	encoding	human	(h)	NLRP14	(C),	hPyrin	(E),	hNLRP6	(G;	
the	vector	 ID	 in	 the	 Institute	of	 Innate	 Immunity	database	was	1134),	 hAIM2	 (D),	murine	Aim2	 (F),	 or	
hNLRC4	(H).	The	transfected	DNA	amount	was	1	µg	per	5	´	105	cells	(light	blue	bars;	the	number	of	cells	
refers	to	the	initial	cell	population)	or	2	µg	per	5	´	105	cells	(dark	blue	bars;	the	number	of	cells	refers	to	
the	initial	cell	population).	The	transfection	reagent	was	Gene	Juice	and	it	was	combined	with	DNA	at	the	
ratio	of	2.3	µL	of	Gene	Juice	per	1	µg	of	DNA.	After	24	h	of	transfection,	the	cells	were	replated	into	96-well	
plates,	and	after	additional	24	h	they	were	shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	
NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4.	Then,	the	cells	were	left	untreated	(-),	or	they	
were	 stimulated	with	m-3M3FBS	 (40,	 55,	 70,	 or	 85	µM)	 or	 with	 nigericin	 (10	µM).	 Immediately	 after	
addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min,	
the	 cells	 were	 fixed	 with	 4%	 formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	
imaged	using	a	widefield	fluorescence	microscope.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S5:	

	
Supplementary	 Figure	 S5:	 NLRP10	 is	 not	 activated	 by	 the	 hyperactive	 human	 PLCg2	 variant	
(p.S707Y)	or	by	the	constitutively	active	Gq	protein	mutant	(Q209L)	
A,	 B:	 NLRP10mCitrine/ASCTagBFP	 HEK	 cells	 (A,	 B,	 left	 panels)	 and	 ASCTagBFP	 HEK	 cells	 (A,	 B,	 right	 panels;	
NLRP10-negative	 control)	 were	 transfected	 with	 the	 empty	 vector	 (#290	 in	 the	 Institute	 of	 Innate	
Immunity	 database)	 or	 with	 vectors	 encoding	 C-terminal	 (A)	 or	 N-terminal	 (B)	 mTurquoise	 fusion	
proteins	with	WT	or	hypermorphic	human	PLCg2	(WT	PLCg2:	#1626	for	N-terminal	fusion	and	#1627	for	
C-terminal	fusion	in	the	Institute	of	Innate	Immunity	database;	hypermorphic	PLCg2-S707Y:	#1630	for	N-
terminal	 fusion	 and	 #1631	 for	 C-terminal	 fusion	 in	 the	 Institute	 of	 Innate	 Immunity	 database).	 The	
transfected	 DNA	 amounts	 were	 10,	 50,	 75,	 100,	 150,	 or	 200	 ng/well,	 combined	 with	 Gene	 Juice	
[transfection	reagent]	at	the	ratio	of	2.5	µL	of	Gene	Juice	per	1	µg	of	DNA.	After	24	h	of	transfection,	the	
cells	were	fixed,	counterstained	for	the	nuclei	(5	µM	DRAQ5)	and	imaged	using	a	widefield	fluorescence	
microscope.	During	the	final	30	min	of	the	experiment,	the	positive	control	(m-3M3FBS)	cells	were	shifted	
to	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	
pH	7.4	and	stimulated	with	85	µM	m-3M3FBS.	
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C,	 D:	 NLRP10mCitrine/ASCTagBFP	 HEK	 cells	 (C,	 right	 panel),	 ASCTagBFP	 HEK	 cells	 (C,	 right	 panel;	 NLRP10-
negative	control),	NLRP10mCherry/ASCmCerulean	HEK	cells	 (D,	 left	panel)	and	ASCmCerulean	HEK	cells	 (D,	right	
panel;	NLRP10-negative	control)	were	transfected	with	the	empty	vector	(#289	[C]	and	#1516	[D]	in	the	
Institute	of	 Innate	 Immunity	database)	or	with	vectors	encoding	 the	normal	 (WT)	or	 the	 constitutively	
active	(Q209L)	variant	of	the	Gq	a	protein	in	an	IRES-mCherry	expression	cassette	(C)	or	a	TagBFP-T2A	
expression	 cassette	 (D;	WT	 Gq	a:	 #1137	 for	 the	 IRES-mCherry	 expression	 cassette	 and	 #1673	 for	 the	
TagBFP-T2A	 expression	 cassette	 in	 the	 Institute	 of	 Innate	 Immunity	 database;	 constitutively	 active	
[Q209L]	Gq	a:	#1138	for	the	IRES-mCherry	expression	cassette	and	#1674	for	the	TagBFP-T2A	expression	
cassette	in	the	Institute	of	Innate	Immunity	database).	The	transfected	DNA	amounts	were	10,	50,	75,	100,	
150,	or	200	ng/well,	combined	with	Gene	Juice	[transfection	reagent]	at	the	ratio	of	2.5	µL	of	Gene	Juice	
per	 1	 µg	 of	 DNA.	 After	 24	 h	 of	 transfection,	 the	 cells	 were	 fixed,	 counterstained	 for	 the	 nuclei	 (5	 µM	
DRAQ5)	and	imaged	using	a	widefield	fluorescence	microscope.	During	the	final	30	min	of	the	experiment,	
the	positive	control	(m-3M3FBS)	cells	were	shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	
NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4	and	stimulated	with	85	µM	m-3M3FBS.	
	
Supplementary	Figure	S6:	

	
Supplementary	Figure	S6:	The	AIM2	inflammasome	activation	with	thapsigargin	is	independent	of	
phagocytosis	and	does	not	rely	on	LPS	priming	
A,	 B:	 For	 the	 assessment	 of	 the	 sensitivity	 of	 the	 inflammasome	 activation	 to	 cytochalasin	 D	 (CytoD;	
phagocytosis	inhibitor),	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A)	or	unprimed	NLRP3/ASCmCerulean	
reporter	iMac	cells	(B)	were	pre-treated	with	CytoD	(0	[DMSO	control],	10,	25,	or	50	µM)	for	10	min,	and	
then	stimulated	with	silica	crystals	(0.5	mg/mL,	6	h),	 thapsigargin	(thapsi;	20	µM,	60	min),	or	nigericin	
(10	µM,	60	min).	The	silica	stimulations	as	well	as	the	unprimed	and	LPS	control	stimulations	(6	h)	were	
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performed	 in	 DMEM	 supplemented	 with	 10%	 FBS.	 The	 thapsigargin	 and	 nigericin	 stimulations	 were	
performed	in	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	
10	HEPES,	pH	7.4.	Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	
340	´	g	for	5	min	(RT).	After	the	stimulations	were	completed,	the	supernatants	were	collected	and	IL-1b	
concentrations	were	measured	 by	HTRF	 (A),	 or	 the	 cells	were	 fixed,	 counterstained	 for	 the	 nuclei	 and	
imaged	using	a	fluorescence	microscope	(B).	
C:	 To	determine	whether	 the	 thapsigargin-induced	 inflammasome	activation	 requires	 the	priming	 step,	
ASCmCerulean-overexpressing	WT	iMac	cells	were	primed	with	LPS	(200	ng/mL,	2	h)	or	left	unprimed,	and	
then	 stimulated	 with	 thapsigargin	 (15,	 20,	 or	 25	 µM),	 nigericin	 (10	 µM),	 or	 poly-(dA:dT)	 (2	 µg/mL	
complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	
KCl,	 2	MgCl2,	 1	 CaCl2,	 10	 glucose,	 10	HEPES,	 pH	 7.4.	 The	 negative	 controls	were	 subjected	 to	medium	
alone.	Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	
min	(RT).	After	60	min,	the	cells	were	fixed,	counterstained	for	the	nuclei	and	imaged	using	a	fluorescence	
microscope.	
	
Supplementary	Figure	S7:	

	
Supplementary	 Figure	 S7:	 The	 NLRP3	 inhibitor	 CRID3	 does	 not	 block	 the	 AIM2/NLRP10	
inflammasome	responses	to	m-3M3FBS	and	thapsigargin	
A-C:	LPS-primed	 (200	 ng/mL,	 2	 h)	WT	 iMac	 cells	 (A),	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (B),	 and	
NLRP10mCitrine/ASCTagBFP	HEK	cells	 (C)	were	 treated	 for	10	min	with	CRID3	(0,	1,	5,	or	10	µM)	and	 then	
subjected	to	the	inflammasome	activators	m-3M3FBS	(85	µM),	thapsigargin	(20	µM),	nigericin	(10	µM)	or	
poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	medium	consisting	
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of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	LPS	(A)	and	unprimed	(A-
C)	controls	were	subjected	to	medium	alone.	Immediately	after	addition	of	inflammasome	activators,	the	
plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	(C)	or	60	min	(A,	B),	the	supernatants	were	
collected	 and	 IL-1b	 concentrations	 were	 measured	 by	 HTRF	 (A)	 or	 the	 cells	 were	 fixed	 with	 4%	
formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	 imaged	 using	 a	 widefield	
fluorescence	microscope	(B,	C).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	
Supplementary	Figure	S8:	

	
Supplementary	 Figure	 S8:	 The	 caspase-1	 inhibitor	 VX-765	 blocks	 thapsigargin-induced	 IL-1b	
secretion,	but	not	ASC	speck	formation	
A-C:	LPS-primed	 (200	 ng/mL,	 2	 h)	WT	 iMac	 cells	 (A),	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (B),	 and	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(C)	were	treated	for	10	min	with	VX-765	(0,	10,	25,	or	50	µM)	and	then	
subjected	to	the	inflammasome	activators	m-3M3FBS	(85	µM),	thapsigargin	(20	µM),	nigericin	(10	µM)	or	
poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	medium	consisting	
of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	LPS	(A)	and	unprimed	(A-
C)	controls	were	subjected	to	medium	alone.	Immediately	after	addition	of	inflammasome	activators,	the	
plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	(C)	or	60	min	(A,	B),	the	supernatants	were	
collected	 and	 IL-1b	 concentrations	 were	 measured	 by	 HTRF	 (A)	 or	 the	 cells	 were	 fixed	 with	 4%	
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formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	 imaged	 using	 a	 widefield	
fluorescence	microscope	(B,	C).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	
Supplementary	Figure	S9:	

	
Supplementary	Figure	S9:	Thapsigargin	and	m-3M3FBS	do	not	trigger	NLRP10	colocalization	with	
the	endoplasmic	reticulum	in	NLRP10mCherry	reporter	HEK	cells	overexpressing	DDOSTmCitrine	
Human	NLRP10mCherry	HEK	cells	were	transiently	transfected	(200	ng	of	DNA	per	well	of	a	96-well	plate	
combined	with	0.5	µL	of	Gene	Juice	[transfection	reagent],	or	2	µg/mL	of	DNA	combined	with	5	µL	of	Gene	
Juice)	with	a	vector	encoding	the	ER	marker	DDOST	expressed	as	a	fusion	protein	with	mCitrine.	After	24	
h	of	transfection,	the	cells	were	shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	
MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4	and	left	untreated,	or	were	stimulated	with	thapsigargin	(20	
µM),	m-3M3FBS	(85	µM)	or	nigericin	(10	µM).	After	30	min,	the	cells	were	fixed	with	4%	formaldehyde,	
counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	confocal	microscope.	
Images	are	representative	of	3	independent	experiments.	Scale	bars	correspond	to	5	µm.	
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Supplementary	Figure	S10:	

	
Supplementary	Figure	S10:	Nifedipine	does	not	inhibit	inflammasome	activation	
A-F:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A,	D),	NLRP3/ASCmCerulean	reporter	iMac	cells	(B,	E),	and	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(C,	F)	were	treated	for	10	min	with	nifedipine	(0,	10,	25,	or	50	µM)	in	
the	 presence	 (A-C)	 or	 absence	 (D-F)	 of	 extracellular	 Ca2+	 and	 then	 subjected	 to	 the	 inflammasome	
activators	 m-3M3FBS	 (85	 µM),	 thapsigargin	 (20	 µM),	 nigericin	 (10	 µM)	 or	 poly-(dA:dT)	 (2	 µg/mL	
complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	
KCl,	2	MgCl2,	0	or	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	LPS	(A,	D)	and	unprimed	(A-F)	controls	were	
subjected	 to	 medium	 alone.	 Immediately	 after	 addition	 of	 inflammasome	 activators,	 the	 plates	 were	
centrifuged	at	340	´	g	 for	5	min	(RT).	After	30	min	(C,	F)	or	60	min	(A,	B,	D,	E),	 the	supernatants	were	
collected	 and	 IL-1b	 concentrations	 were	 measured	 by	 HTRF	 (A,	 D)	 or	 the	 cells	 were	 fixed	 with	 4%	
formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	 imaged	 using	 a	 widefield	
fluorescence	microscope	(B,	C,	E,	F).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S11:	

	
Supplementary	 Figure	 S11:	 The	 sarco/endoplasmic	 reticulum	 Ca2+	 ATPase	 (SERCA)	 inhibitors	
artemisinin,	 BHQ,	 and	 cyclopiazonic	 acid,	 the	 pro-apoptotic	 agents	 betulinic	 acid	 and	 apoptosis	
activator	2,	the	nuclear	permeability	inducer	Pitstop-2,	and	methylcyclodextrin	(MCD)-cholesterol	
are	not	inflammasome	activators	in	murine	macrophages	
A-D:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A,	B)	and	NLRP3/ASCmCerulean	reporter	iMac	cells	(C,	D)	
were	stimulated	with	thapsigargin	(0,	15,	20,	or	25	µM),	artemisinin	(0,	10,	25,	or	50	µM),	BHQ	(0,	10,	25,	
or	 50	 µM),	 cyclopiazonic	 acid	 (0,	 10,	 25,	 or	 50	 µM),	 betulinic	 acid	 (0,	 25,	 50,	 or	 100	 µM),	 apoptosis	
activator	2	(0,	10,	25,	or	50	µM),	Pitstop	2	(0,	25,	50,	or	100	µM),	or	MCD-cholesterol	complexes	(0,	100,	
250,	 or	 500	µg/mL)	 for	 60	min	 (A,	 C)	 or	 6	 h	 (B,	 D).	 The	 6-h	 stimulations	 were	 performed	 in	 DMEM	
supplemented	with	10%	FBS	(B,	D;	panel	B	–	LPS	was	kept	in	the	medium	for	the	duration	of	the	entire	
experiment),	whereas	the	60-min	stimulations	were	performed	in	an	extracellular	medium	consisting	of	
(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4	(A,	C).	Immediately	after	addition	
of	the	stimuli,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	60	min	(A,	C)	or	6	h	(B,	D),	the	
supernatants	were	collected	and	 IL-1b	 concentrations	were	measured	by	HTRF	(A,	B)	or	 the	cells	were	
fixed	with	 4%	 formaldehyde,	 counterstained	with	 the	 nuclear	 dye	 DRAQ5	 (5	µM)	 and	 imaged	 using	 a	
widefield	fluorescence	microscope	(C,	D).	
The	results	are	plotted	as	means	from	4	independent	experiments	performed	in	technical	triplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	triplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S12:	

	
Supplementary	 Figure	 S12:	 The	 sarco/endoplasmic	 reticulum	 Ca2+	 ATPase	 (SERCA)	 inhibitors	
artemisinin,	 BHQ,	 and	 cyclopiazonic	 acid,	 the	 pro-apoptotic	 agents	 betulinic	 acid	 and	 apoptosis	
activator	2,	the	nuclear	permeability	inducer	Pitstop-2,	and	methylcyclodextrin	(MCD)-cholesterol	
are	not	inflammasome	activators	in	NLRP10mCitrine/ASCTagBFP	reporter	HEK	cells	
A-D:	NLRP10mCitrine/ASCTagBFP	HEK	cells	 (A,	B)	and	mCitrine/ASCTagBFP	HEK	cells	 (C,	D;	NLRP10-negative	
control)	were	stimulated	with	thapsigargin	(0,	15,	20,	or	25	µM),	artemisinin	(0,	10,	25,	or	50	µM),	BHQ	(0,	
10,	25,	or	50	µM),	cyclopiazonic	acid	(0,	10,	25,	or	50	µM),	betulinic	acid	(0,	25,	50,	or	100	µM),	apoptosis	
activator	2	(0,	10,	25,	or	50	µM),	Pitstop	2	(0,	25,	50,	or	100	µM),	or	MCD-cholesterol	complexes	(0,	100,	
250,	 or	 500	µg/mL)	 for	 60	min	 (A,	 C)	 or	 6	 h	 (B,	 D).	 The	 6-h	 stimulations	 were	 performed	 in	 DMEM	
supplemented	with	10%	FBS	(B,	D),	whereas	the	60-min	stimulations	were	performed	in	an	extracellular	
medium	 consisting	 of	 (in	mM)	 123	NaCl,	 5	 KCl,	 2	MgCl2,	 1	 CaCl2,	 10	 glucose,	 10	 HEPES	 pH	 7.4	 (A,	 C).	
Immediately	after	addition	of	the	stimuli,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	60	
min	(A,	C)	or	6	h	(B,	D),	the	cells	were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	
DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope.	
The	results	are	plotted	as	means	from	4	independent	experiments	performed	in	technical	triplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	triplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S13:	

	
Supplementary	 Figure	 S13:	 Sensitivity	 of	 the	 SC-10-induced	 inflammasome	 activation	 to	 the	
phagocytosis	 inhibitor	 cytochalasin	 D,	 the	 caspase-1	 inhibitor	 VX-765,	 and	 the	 NLRP3	 inhibitor	
CRID3	
A,	B:	 LPS-primed	WT	 iMac	 cells	 (A)	 and	NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (B)	were	 shifted	 to	 an	
extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4	
and	left	untreated	(-)	or	pre-treated	for	10	min	with	cytochalasin	D	(CytD;	10,	25,	or	50	µM),	VX-765	(10,	
25,	 or	 50	µM)	or	CRID3	 (5	µM).	 (Importantly,	 the	 cells	 under	 the	 silica-stimulated,	 unprimed,	 and	LPS	
control	conditions	were	kept	in	DMEM	supplemented	with	10%	FBS;	the	shift	to	the	minimal	medium	was	
not	performed.	Consequently,	all	pre-treatments	and	stimulations	for	these	conditions	were	performed	in	
DMEM	 supplemented	 with	 10%	 FBS.)	 Next,	 the	 cells	 were	 left	 untreated	 or	 were	 stimulated	 with	 the	
following	 inflammasome	activators:	SC-10	 (100	µM;	red	bars),	m-3M3FBS	 (85	µM;	blue	bars),	nigericin	
(10	 µM;	 yellow	 bars),	 or	 silica	 crystals	 (500	 µg/mL;	 brown	 bars).	 Immediately	 after	 addition	 of	
inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	60	min	(SC-10,	m-
3M3FBS,	and	nigericin	stimulations)	or	6	h	 (silica	 stimulation	and	 the	LPS	and	unprimed	controls),	 the	
supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF	(A)	or	the	cells	were	fixed	
with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	
fluorescence	microscope	(B).	
The	results	are	plotted	as	means	from	4	independent	experiments	for	all	activators	except	m-3M3FBS,	and	
3	independent	experiments	for	m-3M3FBS.	The	experiments	were	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S14:	

	
Supplementary	Figure	S14:	SC-9	and	SC-10	are	autofluorescent	 in	 the	BFP	channel	and	 interfere	
with	ASCTagBFP	speck	detection	
A-D:	NLRP10mCitrine/ASCTagBFP	 HEK	 cells	 (A,	 C)	 and	 ASCTagBFP	 HEK	 cells	 (NLRP10-negative	 control;	 B,	 D)	
were	treated	for	10	min	with	SC-9	(0,	25,	50,	or	100	µM;	A,	B)	or	SC-10	(0,	25,	50,	or	100	µM;	C,	D)	and	
then	 subjected	 to	 the	 inflammasome	 activators	 m-3M3FBS	 (85	 µM)	 or	 thapsigargin	 (20	 µM)	 in	 an	
extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	
7.4.	The	untreated	controls	were	subjected	to	medium	alone.	Immediately	after	addition	of	inflammasome	
activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min,	the	cells	were	fixed	with	
4%	 formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	 imaged	 using	 a	 widefield	
fluorescence	microscope.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S15:	

	
Supplementary	Figure	S15:	Comparison	of	the	chemical	structures	of	the	PLC	activator	m-3M3FBS,	
its	‘inactive’	isomer	o-3M3FBS,	and	the	PKC	activators	SC-9	and	SC-10	
A:	structural	formula	of	the	reported	PLC	activator	m-3M3FBS;	
B:	structural	formula	of	o-3M3FBS,	a	reported	inactive	isomer	of	m-3M3FBS;	
C:	structural	formula	of	the	reported	PKC	activator	SC-10;	
D:	structural	formula	of	the	reported	PKC	activator	SC-9.	
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Supplementary	Figure	S16:	

	
Supplementary	 figure	 S16:	 Simple	 benzenesulfonamide	 derivatives	 are	 not	 inflammasome	
activators	
A-E:	NLRP10mCitrine/ASCTagBFP	HEK	cells	 (A),	ASCTagBFP	HEK	cells	 (B),	NLRP10mCherry/ASCmCerulean	HEK	cells	
(C),	 ASCmCerulean	 HEK	 cells	 (D),	 and	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (E)	 were	 shifted	 to	 an	
extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4	
and	then	stimulated	with	m-3M3FBS	(85	µM;	positive	control)	or	with	 increasing	doses	(10,	25,	50,	75,	
100,	 200,	 300,	 400,	 or	 500	 µM)	 of	 benzenesulfonamide,	 p-toluenesulfonamide,	 N-ethyltoluene-4-
sulfonamide,	or	N-methyl-p-toluenesulfonamide.	The	untreated	(‘no	activator’)	controls	were	subjected	to	
medium	alone.	Immediately	after	addition	of	the	stimuli,	the	plates	were	centrifuged	at	340	´	g	for	5	min	
(RT).	 After	 60	 min,	 the	 cells	 were	 fixed	 with	 4%	 formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	
DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope.	
The	results	are	plotted	as	means	from	2	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S17:	

	
Supplementary	 figure	 S17:	The	PKC	activators	PMA	and	bryostatin	1	do	not	 induce	nuclear	 and	
mitochondrial	 contents	 leakage	 in	 NLRP10mCitrine/ASCTagBFP/HMGB1mCherry	 reporter	 and	
NLRP10mCitrine/ASCTagBFP/mitomCherry	reporter	HEK	cells	
HEK	 cells	 stably	 overexpressing	 NLRP10mCitrine,	 ASCTagBFP,	 and	 the	 nuclear	 marker	 HMGB1mCherry	 (left	
column)	or	the	mitochondrial	marker	mitomCherry	(right	column)	were	shifted	to	an	extracellular	medium	
consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4	supplemented	with	
40	µM	VX-765	and	stimulated	with	PMA	(5	µM),	bryostatin	1	(500	nM),	m-3M3FBS	(85	µM),	or	nigericin	
(10	 µM).	 The	 untreated	 (‘no	 activator’)	 controls	 were	 subjected	 to	 medium	 alone.	 Immediately	 after	
addition	of	the	stimuli,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min,	the	cells	were	
fixed	with	 4%	 formaldehyde,	 counterstained	with	 the	 nuclear	 dye	 DRAQ5	 (5	µM)	 and	 imaged	 using	 a	
widefield	fluorescence	microscope.	
The	images	are	representative	of	3	independent	experiments.	Scale	bars	correspond	to	50	µm.	
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Supplementary	Figure	S18:	

	
Supplementary	 figure	 S18:	The	PKC	activators	PMA	and	bryostatin	1	do	not	 induce	nuclear	 and	
mitochondrial	 contents	 leakage	 in	 NLRP3/ASCmCerulean/HMGB1mCitrine	 reporter	 and	
NLRP3/ASCmCerulean/mitomCitrine	reporter	iMac	cells	
NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 stably	 overexpressing	 the	 nuclear	 marker	 HMGB1mCitrine	 (left	
column)	or	the	mitochondrial	marker	mitomCitrine	(right	column)	were	shifted	to	an	extracellular	medium	
consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4	supplemented	with	
40	µM	VX-765	and	stimulated	with	PMA	(5	µM),	bryostatin	1	(500	nM),	m-3M3FBS	(85	µM),	or	nigericin	
(10	 µM).	 The	 untreated	 (‘no	 activator’)	 controls	 were	 subjected	 to	 medium	 alone.	 Immediately	 after	
addition	of	the	stimuli,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min,	the	cells	were	
fixed	with	 4%	 formaldehyde,	 counterstained	with	 the	 nuclear	 dye	 DRAQ5	 (5	µM)	 and	 imaged	 using	 a	
widefield	fluorescence	microscope.	
The	images	are	representative	of	3	independent	experiments.	Scale	bars	correspond	to	50	µm.	
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Supplementary	Figure	S19:	

	
Supplementary	 figure	 S19:	 The	 nuclear	 export	 inhibitor	 KPT-185	 does	 not	 inhibit	 the	 NLRP10	
inflammasome	activation	
NLRP10mCherry/ASCmCerulean	HEK	cells	were	treated	for	10	min	with	KPT-185	(0,	5,	10,	or	50	µM;	A-C)	and	
then	 subjected	 to	 the	 inflammasome	 activators	m-3M3FBS	 (85	 µM)	 and	 thapsigargin	 (20	 µM)	 in	 an	
extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	
7.4.	The	untreated	(‘no	activator’)	controls	were	subjected	to	medium	alone.	Immediately	after	addition	of	
inflammasome	activators,	 the	plates	were	centrifuged	at	340	´	g	 for	5	min	(RT).	After	30	min,	 the	cells	
were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	
widefield	fluorescence	microscope.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	

Supplementary	Figure	S20:	

	
Supplementary	 figure	 S20:	 Treatments	 with	 ionomycin	 in	 the	 presence	 of	 CaCl2	 and	 with	 m-
3M3FBS	 counteract	 the	 NLRP10	 nuclear	 exclusion,	 indicating	 mixing	 of	 nuclear	 and	 cytosolic	
contents	
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3Representative	 images	 of	 the	 ASCTagBFP,	 NLRP10mCitrine,	 and	 DRAQ5	 (DNA)	 channels	 recorded	 from	
NLRP10mCitrine/ASCTagBFP	HEK	cells	analyzed	in	Figure	6.35.	Under	all	m-3M3FBS-treated	conditions	(right	
column)	and	10	µM	ionomycin-treated	conditions	at	750	µM	and	1	mM	CaCl2	(central	column,	rows	4	and	
5),	the	loss	of	nuclear	exclusion	of	NLRP10	can	be	observed,	compared	to	the	untreated	conditions	(left	
column).	
NLRP10mCitrine/ASCTagBFP	HEK	cells	were	shifted	to	extracellular	media	consisting	of	(in	mM)	123	NaCl,	5	
KCl,	2	MgCl2,	10	glucose,	10	HEPES	pH	7.4	with	the	addition	of	0,	62.5,	125,	250,	500,	600,	750,	or	1000	µM	
CaCl2.	 Then	 the	 cells	 were	 stimulated	 with	 ionomycin	 (10	 µM)	 or	m-3M3FBS	 (85	µM).	 The	 untreated	
controls	 were	 subjected	 to	 media	 alone.	 Immediately	 after	 addition	 of	 the	 stimuli,	 the	 plates	 were	
centrifuged	 at	 340	 ´	 g	 for	 5	 min	 (RT).	 After	 60	 min,	 the	 cells	 were	 fixed	 with	 4%	 formaldehyde,	
counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	 imaged	 using	 a	 widefield	 fluorescence	
microscope.	
The	images	are	representative	of	3	independent	experiments.	Scale	bars	correspond	to	50	µm.	
	

Supplementary	Figure	S21:	
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Supplementary	figure	S21:	Concentrations	of	IL-1b	secreted	by	macrophages	stimulated	with	the	
HIV	 protease	 inhibitors	 atazanavir,	 lopinavir,	 ritonavir,	 nelfinavir,	 and	 amprenavir,	 and	 the	
antitumor	drug	doxorubicin	
3A-F:	LPS-primed	(100	ng/mL,	1	h;	LPS	was	present	in	the	stimulation	medium	for	the	duration	of	the	
entire	experiment)	WT	iMac	cells	in	the	absence	(A)	or	presence	(B)	of	the	NLRP3	inhibitor	CRID3	(5	µM),	
NLRP3-deficient	 (Nlrp3-/-)	 iMac	 cells	 (C),	 and	 Aim2CRISPR	 iMac	 cells	 stably	 transduced	 with	 the	 empty	
vector	(D),	WT	human	(h)	AIM2	(E),	or	WT	hNLRP10	(F)	were	subjected	to	the	HIV	protease	 inhibitors	
atazanavir	(10,	25,	or	50	µM),	lopinavir	(10,	25,	or	50	µM),	ritonavir	(10,	25,	or	50	µM),	nelfinavir	(10,	25,	
or	50	µM),	or	amprenavir	(10,	25,	or	50	µM),	or	to	the	antitumor	drug	doxorubicin	(1,	5,	or	10	µM).	The	
LPS	 (-)	 controls	 were	 subjected	 to	 medium	 alone.	 All	 stimulations	 were	 performed	 in	 DMEM	
supplemented	 with	 5%	 FBS.	 Immediately	 after	 addition	 of	 inflammasome	 activators,	 the	 plates	 were	
centrifuged	 at	 340	 ´	 g	 for	 5	 min	 (RT).	 After	 24	 h,	 the	 supernatants	 were	 collected	 and	 IL-1b	
concentrations	were	measured	by	HTRF.	 60	min	before	 the	 completion	of	 the	 experiment,	 the	positive	
control	(m-3M3FBS	and	nigericin)	cells	were	shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	
NaCl,	5	KCl,	2	MgCl2,	 1	CaCl2,	 10	glucose,	10	HEPES	pH	7.4	and	 stimulated	with	m-3M3FBS	 (85	µM)	or	
nigericin	(10	µM).	
The	results	are	plotted	as	means	from	2	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	
Supplementary	Figure	S22:	
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Supplementary	 figure	 S22:	 ASC	 specking	 in	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 and	
(NLRP10)/ASC	 fluorescent	 reporter	 HEK	 cells	 stimulated	 with	 the	 HIV	 protease	 inhibitors	
atazanavir,	lopinavir,	ritonavir,	nelfinavir,	and	amprenavir,	and	the	antitumor	drug	doxorubicin	
3A-D:	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (A),	 NLRP10mCherry/ASCmCerulean	 HEK	 cells	 (B),	
NLRP10mCitrine/ASCTagBFP	 HEK	 cells	 (C),	 and	 ASCmCerulean	 HEK	 cells	 (D;	 NLRP10-negative	 control)	 were	
subjected	 to	 the	 HIV	 protease	 inhibitors	 atazanavir	 (10,	 25,	 or	 50	 µM),	 lopinavir	 (10,	 25,	 or	 50	 µM),	
ritonavir	 (10,	25,	or	50	µM),	nelfinavir	 (10,	25,	or	50	µM),	or	amprenavir	 (10,	25,	or	50	µM),	or	 to	 the	
antitumor	drug	doxorubicin	 (1,	5,	or	10	µM).	The	LPS	(-)	 controls	were	subjected	 to	medium	alone.	All	
stimulations	 were	 performed	 in	 DMEM	 supplemented	 with	 5%	 FBS.	 Immediately	 after	 addition	 of	
inflammasome	 activators,	 the	 plates	 were	 centrifuged	 at	 340	 ´	 g	 for	 5	 min	 (RT).	 After	 24	 h,	 the	
supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF.	60	min	(A)	or	30	min	(B-
D)	 before	 the	 completion	 of	 the	 experiment,	 the	 positive	 control	 (m-3M3FBS	 and	 nigericin)	 cells	were	
shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	
HEPES	pH	7.4	and	stimulated	with	m-3M3FBS	(85	µM)	or	nigericin	(10	µM).	
The	results	are	plotted	as	means	from	2	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	
Supplementary	Figure	S23:	

	
Supplementary	 figure	 S23:	 Cyclosporin	 A	 selectively	 inhibits	 the	 NLRP10-driven	 ASC	 specking	
response	to	thapsigargin	
NLRP10mCherry/ASCmCerulean	HEK	cells	were	treated	for	10	min	with	cyclosporin	A	(CsA;	0,	10,	15,	or	20	µM;	
A-C)	and	then	subjected	to	the	inflammasome	activators	m-3M3FBS	(85	µM)	or	thapsigargin	(20	µM)	in	an	
extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	
7.4.	The	untreated	(‘no	activator’)	controls	were	subjected	to	medium	alone.	Immediately	after	addition	of	
inflammasome	activators,	 the	plates	were	centrifuged	at	340	´	g	 for	5	min	(RT).	After	30	min,	 the	cells	
were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	
widefield	fluorescence	microscope.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S24:	

	
Supplementary	figure	S24:	Influence	of	the	mitochondrial	calcium	uniporter	blocker	KB-R7943	on	
the	inflammasome	activations	with	m-3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-F:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A,	B),	NLRP3/ASCmCerulean	reporter	iMac	cells	(C,	D),	and	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(E,	F)	were	treated	for	10	min	with	KB-R7943	(0,	10,	25,	or	50	µM)	in	
the	presence	(A,	C,	E)	or	absence	(B,	D,	F)	of	extracellular	Ca2+	and	then	subjected	to	the	inflammasome	
activators	 m-3M3FBS	 (85	 µM),	 thapsigargin	 (20	 µM),	 nigericin	 (10	 µM)	 or	 poly-(dA:dT)	 (2	 µg/mL	
complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	
KCl,	2	MgCl2,	0	or	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	LPS	(A,	B)	and	unprimed	(A-F)	controls	were	
subjected	 to	 medium	 alone.	 Immediately	 after	 addition	 of	 inflammasome	 activators,	 the	 plates	 were	
centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	(E,	F)	or	60	min	(A-D),	the	supernatants	were	collected	
and	IL-1b	concentrations	were	measured	by	HTRF	(A,	B)	or	the	cells	were	fixed	with	4%	formaldehyde,	
counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope	
(C-F).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S25:	

	
Supplementary	 figure	 S25:	 Influence	 of	 the	 mitoprotective	 agent	 DS44170716	 and	 the	
mitochondrial	calcium	uniporter	blocker	DS16570511	on	the	 inflammasome	activations	with	m-
3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-J:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A,	E,	H),	NLRP3/ASCmCerulean	reporter	iMac	cells	(B,	F,	I),	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(C,	G,	I),	and	NLRP10mCherry/ASCmCerulean	HEK	cells	(D)	were	treated	for	
10	min	with	DS44170716	(0,	10,	25,	or	50	µM;	A-D)	 in	the	presence	of	1	mM	extracellular	Ca2+	or	with	
DS16570511	(0,	25,	50,	or	100	µM;	E-J)	in	the	presence	(E-G)	or	absence	(H-J)	of	extracellular	Ca2+.	Then,	
the	 cells	 were	 subjected	 to	 the	 inflammasome	 activators	m-3M3FBS	 (85	 µM),	 thapsigargin	 (20	 µM),	
nigericin	(10	µM)	or	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	
medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	0	or	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	
LPS	(A,	E,	H)	and	unprimed	(A-J)	controls	were	subjected	to	medium	alone.	Immediately	after	addition	of	
inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	(C,	D,	G,	J)	or	
60	min	(A,	B,	E,	F,	H,	I),	the	supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF	
(A,	E,	H)	or	 the	cells	were	 fixed	with	4%	formaldehyde,	counterstained	with	 the	nuclear	dye	DRAQ5	(5	
µM)	and	imaged	using	a	widefield	fluorescence	microscope	(B-D,	F,	G,	I,	J).	
The	 results	 are	 plotted	 as	means	 from	 3	 (A-D,	 G-J)	 or	 4	 (E,	 F)	 independent	 experiments	 performed	 in	
technical	 duplicate.	 Error	 bars	 represent	 SD.	 Individual	 data	 points	 represent	 means	 of	 the	 technical	
duplicate	values	from	each	of	the	independent	experiments.	
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Supplementary	Figure	S26:	

	
Supplementary	 figure	 S26:	 Sensitivity	 of	 the	 SMBA	 1-induced	 inflammasome	 activation	 to	 the	
phagocytosis	 inhibitor	 cytochalasin	 D,	 the	 caspase-1	 inhibitor	 VX-765,	 and	 the	 NLRP3	 inhibitor	
CRID3	
A,	B:	 LPS-primed	WT	 iMac	 cells	 (A)	 and	NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (B)	were	 shifted	 to	 an	
extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4	
and	left	untreated	(-)	or	pre-treated	for	10	min	with	cytochalasin	D	(CytD;	10,	25,	or	50	µM),	VX-765	(10,	
25,	 or	 50	µM)	or	CRID3	 (5	µM).	 (Importantly,	 the	 cells	 under	 the	 silica-stimulated,	 unprimed,	 and	LPS	
control	conditions	were	kept	in	DMEM	supplemented	with	10%	FBS;	the	shift	to	the	minimal	medium	was	
not	performed.	Consequently,	all	pre-treatments	and	stimulations	for	these	conditions	were	performed	in	
DMEM	 supplemented	 with	 10%	 FBS.)	 Next,	 the	 cells	 were	 left	 untreated	 or	 were	 stimulated	 with	 the	
following	 inflammasome	activators:	SMBA1	(50	µM;	red	bars),	m-3M3FBS	(85	µM;	blue	bars),	nigericin	
(10	 µM;	 yellow	 bars),	 or	 silica	 crystals	 (500	 µg/mL;	 brown	 bars).	 Immediately	 after	 addition	 of	
inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	60	min	(SMBA1,	m-
3M3FBS,	and	nigericin	stimulations)	or	6	h	 (silica	 stimulation	and	 the	LPS	and	unprimed	controls),	 the	
supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF	(A)	or	the	cells	were	fixed	
with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	
fluorescence	microscope	(B).	
The	results	are	plotted	as	means	from	4	independent	experiments	for	all	activators	except	m-3M3FBS,	and	
3	independent	experiments	for	m-3M3FBS.	The	experiments	were	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S27:	

	
Supplementary	Figure	S27:	NLRP10/ASC	colocalization	in	NLRP10mCherry/ASCmCerulean	reporter	HEK	
cells	stimulated	with	m-3M3FBS	or	o-3M3FBS	
NLRP10mCherry/ASCmCerulean	HEK	cells	were	 treated	with	m-3M3FBS	(85	µM)	or	o-3M3FBS	(85	µM)	 in	an	
extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	
7.4.	Directly	after	administration	of	inflammasome	activators,	the	cells	were	centrifuged	at	RT,	340	´	g	for	
5	 min.	 The	 untreated	 controls	 were	 subjected	 to	 60	 min	 of	 medium	 alone.	 After	 30	 or	 60	 min	 of	
stimulation	(as	indicated	in	the	panels),	the	cells	were	fixed	with	4%	formaldehyde,	counterstained	with	
the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	confocal	microscope.	
Images	are	representative	of	4	independent	experiments.	Scale	bars	correspond	to	5	µm.	
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Supplementary	Figure	S28:	

	
Supplementary	Figure	S28:	NLRP10/ASC	colocalization	in	NLRP10mCherry/ASCmCerulean	reporter	HEK	
cells	stimulated	with	m-3M3FBS,	o-3M3FBS,	SC-9,	SC-10,	SMBA	1,	or	thapsigargin	
NLRP10mCherry/ASCmCerulean	HEK	cells	were	treated	with	m-3M3FBS	(85	µM),	o-3M3FBS	(85	µM),	SC-9	(100	
µM),	SC-10	(100	µM),	SMBA1	(50	µM),	or	thapsigargin	(20	µM)	in	an	extracellular	medium	consisting	of	
(in	mM)	123	NaCl,	 5	KCl,	 2	MgCl2,	 1	CaCl2,	 10	 glucose,	 10	HEPES,	 pH	7.4.	The	untreated	 controls	were	
subjected	 to	 medium	 alone.	 Directly	 after	 administration	 of	 inflammasome	 activators,	 the	 cells	 were	
centrifuged	 at	 RT,	 340	 ´	 g	 for	 5	 min.	 After	 30	 min	 of	 stimulation,	 the	 cells	 were	 fixed	 with	 4%	
formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	 imaged	 using	 a	 confocal	
microscope.	
Images	are	representative	of	3	independent	experiments.	Scale	bars	correspond	to	5	µm.	
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Supplementary	Figure	S29:	

	
Supplementary	 Figure	 S29:	 Influence	 of	 DNase	 I	 protein	 transfection	 on	 the	 inflammasome	
responses	 to	m-3M3FBS,	 thapsigargin,	nigericin,	and	dsDNA	 in	WT	 iMac	cells,	NLRP3/ASCmCerulean	
reporter	iMac	cells,	and	NLRP10mCitrine/ASCTagBFP	reporter	HEK	cells	
Protein	transfection	with	DNase	I	was	performed	as	described	by	 Jabir	et	al.	 (2014).	WT	iMac	cells	(A),	
NLR3/ASCmCerulean	 reporter	 iMac	 cells	 (B),	 and	 NLRP10mCitrine/ASCTagBFP	 HEK	 cells	 (C)	were	 loaded	with	
DNase	I	(0,	60,	300,	or	500	ng	per	well	in	a	96-well	plate)	using	the	PULSin	protein	transfection	reagent	
(at	 the	ratio	of	4	µL	of	PULSin	per	1	µg	of	protein).	The	 loading	step	(5	h)	was	performed	 in	OptiMEM	
without	FBS	supplementation.	After	the	DNase	I	delivery,	the	cells	were	shifted	to	DMEM	supplemented	
with	10%	FBS	and	primed	with	LPS	(200	ng/mL,	90	min;	A)	or	left	unprimed	(90	min;	B,	C).	Finally,	the	
cells	were	shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	
glucose,	10	HEPES	pH	7.4	and	subjected	to	the	following	inflammasome	activators:	m-3M3FBS	(85	µM),	
thapsigargin	 (20	 µM),	 nigericin	 (10	 µM),	 poly-(dA:dT)	 (2	 µg/mL	 complexed	 with	 5	 µL	 Lipofectamine	
2000)	 or	 plasmid	 (p)	 DNA	 (2	 µg/mL	 complexed	 with	 5	 µL	 Lipofectamine	 2000).	 The	 LPS	 (A)	 and	
unprimed	(B,	C)	controls	were	subjected	to	medium	alone.	Immediately	after	addition	of	 inflammasome	
activators,	the	plates	were	centrifuged	at	340	´	g	 for	5	min	(RT).	After	30	min	(C)	or	60	min	(A,	B),	 the	
supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF	(A)	or	the	cells	were	fixed	
with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	
fluorescence	microscope	(B,	C).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate	(A,	B)	
or	 triplicate	 (C).	 Error	 bars	 represent	 SD.	 Individual	 data	 points	 represent	 means	 of	 the	 technical	
duplicate	 (A,	B)	or	 triplicate	 (C)	values	 from	each	of	 the	 independent	experiments.	As	evidenced	 in	 the	
figure,	 the	 data	 are	 not	 consistent	 between	 panels	 A	 and	 B	 (DNase	 I	 protein	 transfection	 appears	 to	
globally	inhibit	IL-1b	secretion	[A]	but	has	no	impact	on	ASC	speck	formation	[B]).	Importantly,	the	AIM2-
driven	 ASC	 speck	 formation	 in	 response	 to	 transfected	 DNA	 (either	 poly-(dA:dT)	 or	 pDNA)	 was	 not	
inhibited	(B),	suggesting	that	DNase	I	delivered	into	the	cells	may	not	be	active.	
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Supplementary	Figure	S30:	

	
Supplementary	 figure	 S30:	 Influence	 of	 Leu-Leu-O-Me,	 m-3M3FBS,	 and	 thapsigargin	 on	 the	
distribution	patterns	of	mCitrine-tagged	galectin	1,	3,	8,	and	9	in	HEK	cells	
HEK	cells	were	transiently	transfected	(100	ng	of	DNA	per	well	in	a	96-well	plate;	the	transfection	reagent	
was	Gene	Juice	and	it	was	used	at	the	ratio	of	2.7	µL	of	Gene	Juice	per	1	µg	of	DNA)	with	vectors	encoding	
galectin	1	(row	1),	galectin	3	(row	2),	galectin	8	(row	3),	or	galectin	9	(row	4)	expressed	as	fusion	proteins	
with	mCitrine.	After	24	h	of	transfection,	the	cells	were	shifted	to	an	extracellular	medium	consisting	of	(in	
mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4	and	subjected	to	the	inflammasome	
activators	m-3M3FBS	 (85	µM),	 thapsigargin	 (20	µM),	or	Leu-Leu-O-Me	 (1	mM).	The	untreated	 controls	
were	subjected	to	medium	alone.	Immediately	after	addition	of	inflammasome	activators,	the	plates	were	
centrifuged	 at	 340	 ´	 g	 for	 5	 min	 (RT).	 After	 60	 min,	 the	 cells	 were	 fixed	 with	 4%	 formaldehyde,	
counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	confocal	microscope.	
Images	are	representative	of	4	independent	experiments.	Scale	bars	correspond	to	5	µm.	
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Supplementary	Figure	S31:	

	
Supplementary	 figure	 S31:	 Influence	 of	 bafilomycin	 A1,	 brefeldin	 A	 and	 tunicamycin	 on	 the	
inflammasome	responses	to	m-3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-I:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A,	D,	G),	NLRP3/ASCmCerulean	reporter	iMac	cells	(B,	E,	H),	
and	NLRP10mCitrine/ASCTagBFP	HEK	cells	(C,	F,	I)	were	treated	for	10	min	with	bafilomycin	A1	(BfA1;	0,	50,	
125,	or	250	nM;	A-C),	brefeldin	A	(BrA;	0,	5,	10,	or	25	µg/mL;	D-F)	or	tunicamycin	(TM;	0,	10,	25,	or	50	
µM;	G-I).	Then,	the	cells	were	subjected	to	the	inflammasome	activators	m-3M3FBS	(85	µM),	thapsigargin	
(20	µM),	nigericin	 (10	µM)	or	poly-(dA:dT)	 (2	µg/mL	complexed	with	5	µL	Lipofectamine	2000)	 in	 an	
extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	
7.4.	The	LPS	 (A,	D,	G)	and	unprimed	 (A-I)	 controls	were	 subjected	 to	medium	alone.	 Immediately	after	
addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	
(C,	 F,	 I)	 or	 60	 min	 (A,	 B,	 D,	 E,	 G,	 H),	 the	 supernatants	 were	 collected	 and	 IL-1b	 concentrations	 were	
measured	 by	 HTRF	 (A,	 D,	 G)	 or	 the	 cells	 were	 fixed	 with	 4%	 formaldehyde,	 counterstained	 with	 the	
nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope	(B,	C,	E,	F,	H,	I).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S32:	

	
Supplementary	 figure	 S32:	 Influence	 of	 HA14-1,	 iMAC2,	mirin,	 and	 TW37	 on	 the	 inflammasome	
responses	to	m-3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	in	WT	iMac	cells	
A-D:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	were	treated	for	10	min	with	HA14-1	(0,	10,	25,	or	50	
µM;	A),	iMAC2	(0,	5,	10,	or	50	µM;	B),	mirin	(0,	20,	50,	or	100	µM;	C)	or	TW37	(0,	10,	25,	or	50	µM;	D).	
Then,	the	cells	were	subjected	to	the	inflammasome	activators	m-3M3FBS	(85	µM),	thapsigargin	(20	µM),	
nigericin	(10	µM)	or	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	
medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	LPS	and	
unprimed	 controls	 were	 subjected	 to	 medium	 alone.	 Immediately	 after	 addition	 of	 inflammasome	
activators,	 the	plates	were	 centrifuged	 at	 340	´	 g	 for	5	min	 (RT).	After	60	min,	 the	 supernatants	were	
collected	and	IL-1b	concentrations	were	measured	by	HTRF.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S33:	

	
Supplementary	 figure	 S33:	 Influence	 of	 HA14-1,	 iMAC2,	mirin,	 and	 TW37	 on	 the	 inflammasome	
responses	to	m-3M3FBS,	 thapsigargin,	nigericin,	and	poly-(dA:dT)	 in	NLRP3/ASCmCerulean	 reporter	
iMac	cells	
A-D:	NLRP3/ASCmCerulean	reporter	iMac	cells	were	treated	for	10	min	with	HA14-1	(0,	10,	25,	or	50	µM;	A),	
iMAC2	(0,	5,	10,	or	50	µM;	B),	mirin	(0,	20,	50,	or	100	µM;	C)	or	TW37	(0,	10,	25,	or	50	µM;	D).	Then,	the	
cells	were	subjected	to	the	inflammasome	activators	m-3M3FBS	(85	µM),	thapsigargin	(20	µM),	nigericin	
(10	µM)	or	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	medium	
consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	untreated	(‘no	
activator’)	 controls	 were	 subjected	 to	 medium	 alone.	 Immediately	 after	 addition	 of	 inflammasome	
activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	60	min,	the	cells	were	fixed	with	
4%	 formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	 imaged	 using	 a	 widefield	
fluorescence	microscope.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S34:	

	
Supplementary	 figure	 S34:	 Influence	 of	 HA14-1,	 iMAC2,	mirin,	 and	 TW37	 on	 the	 inflammasome	
responses	to	m-3M3FBS	and	thapsigargin	in	NLRP10mCitrine/ASCTagBFP	HEK	cells	
A-D:	NLRP10mCitrine/ASCTagBFP	HEK	 cells	were	 treated	 for	 10	min	with	HA14-1	 (0,	 10,	 25,	 or	 50	µM;	A),	
iMAC2	(0,	5,	10,	or	50	µM;	B),	mirin	(0,	20,	50,	or	100	µM;	C)	or	TW37	(0,	10,	25,	or	50	µM;	D).	Then,	the	
cells	were	subjected	to	 the	 inflammasome	activators	m-3M3FBS	(85	µM)	or	 thapsigargin	(20	µM)	 in	an	
extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	
7.4.	The	untreated	(‘no	activator’)	controls	were	subjected	to	medium	alone.	Immediately	after	addition	of	
inflammasome	activators,	 the	plates	were	centrifuged	at	340	´	g	 for	5	min	(RT).	After	30	min,	 the	cells	
were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	
widefield	fluorescence	microscope.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S35:	

	
Supplementary	figure	S35:	IL-1b	secretion	from	immortalized	murine	macrophages	stimulated	for	
24	h	with	HA14-1,	iMAC2,	mirin,	or	TW37	
A-F:	 LPS-primed	 (100	ng/mL,	 1	 h;	 LPS	was	 present	 in	 the	 stimulation	medium	 for	 the	 duration	 of	 the	
entire	experiment)	WT	iMac	cells	in	the	absence	(A)	or	presence	(B)	of	the	NLRP3	inhibitor	CRID3	(5	µM),	
NLRP3-deficient	 (Nlrp3-/-)	 iMac	 cells	 (C),	 and	 Aim2CRISPR	 iMac	 cells	 stably	 transduced	 with	 the	 empty	
vector	(D),	WT	human	(h)	AIM2	(E),	or	WT	hNLRP10	(F)	were	subjected	to	HA14-1	(0,	10,	25,	or	50	µM),	
iMAC2	 (0,	5,	10,	or	50	µM),	mirin	 (0,	20,	50,	or	100	µM),	or	TW37	 (0,	10,	25,	or	50	µM).	The	LPS	 (‘no	
activator’)	 controls	 were	 subjected	 to	 medium	 alone.	 All	 stimulations	 were	 performed	 in	 DMEM	
supplemented	with	5%	FBS.	Immediately	after	addition	of	the	stimuli,	the	plates	were	centrifuged	at	340	
´	g	for	5	min	(RT).	After	24	h,	the	supernatants	were	collected	and	IL-1b	concentrations	were	measured	
by	HTRF.	60	min	before	the	completion	of	the	experiment,	the	positive	control	(m-3M3FBS	and	nigericin)	
cells	were	shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	
glucose,	10	HEPES	pH	7.4	and	stimulated	with	m-3M3FBS	(85	µM)	or	nigericin	(10	µM).	
The	results	are	plotted	as	means	from	2	independent	experiments	performed	in	technical	triplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	triplicate	values	from	each	of	
the	independent	experiments.	



Chapter	11	(Supplementary	Material)	
	

	 391	

Supplementary	Figure	S36:	

	
Supplementary	 Figure	 S36:	 ASC	 speck	 formation	 in	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells,	
NLRP10mCherry/ASCmCerulean	HEK	 cells,	NLRP10mCitrine/ASCTagBFP	HEK	 cells,	 and	ASCmCerulean	HEK	 cells	
stimulated	for	24	h	with	HA14-1,	iMAC2,	mirin,	or	TW37	
A-D:	 LPS-primed	 (100	ng/mL,	 1	h;	 LPS	was	present	 in	 the	 stimulation	medium	 for	 the	duration	of	 the	
entire	 experiment)	NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (A),	NLRP10mCherry/ASCmCerulean	 HEK	 cells	 (B),	
NLRP10mCitrine/ASCTagBFP	 HEK	 cells	 (C),	 and	 ASCmCerulean	 HEK	 cells	 (D;	 NLRP10-negative	 control)	 were	
subjected	to	HA14-1	(0,	10,	25,	or	50	µM),	 iMAC2	(0,	5,	10,	or	50	µM),	mirin	(0,	20,	50,	or	100	µM),	or	
TW37	 (0,	 10,	 25,	 or	 50	 µM).	 The	 LPS	 (‘no	 activator’)	 controls	 were	 subjected	 to	 medium	 alone.	 All	
stimulations	were	 performed	 in	 DMEM	 supplemented	with	 5%	 FBS.	 Immediately	 after	 addition	 of	 the	
stimuli,	 the	plates	were	centrifuged	at	340	´	 g	 for	5	min	(RT).	After	24	h,	 the	cells	were	 fixed	with	4%	
formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	 imaged	 using	 a	 widefield	
fluorescence	 microscope.	 60	 min	 before	 the	 completion	 of	 the	 experiment,	 the	 positive	 control	 (m-
3M3FBS	and	nigericin)	cells	were	shifted	 to	an	extracellular	medium	consisting	of	 (in	mM)	123	NaCl,	5	
KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4	and	stimulated	with	m-3M3FBS	(85	µM)	or	nigericin	
(10	µM).	
The	results	are	plotted	as	means	from	2	independent	experiments	performed	in	technical	triplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	triplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S37:	

	
Supplementary	Figure	S37:	S63845	positively	interferes	with	the	HTRF	signal	to	a	minimal	extent	
A:	S63845	(1,	5,	or	10	µM)	was	diluted	in	PBS	(yellow	bars)	and	the	HTRF	signal	of	these	solutions	was	
measured,	 compared	 to	 the	 IL-1b	 standard	 curve	 (white	 bars;	 66-4200	 pg/mL).	 Tissue	 culture	
supernatants	were	not	added	to	the	samples.	
B:	The	productive	levels	of	S63845	HTRF	signal	when	diluted	in	PBS	(as	interpreted	based	on	the	IL-1b	
standard	 curve	 in	 [A]).	 5	 µM	 S63845	 (the	 concentration	 used	 in	 the	 assays	 performed	 in	 this	 thesis)	
produces	an	HTRF	signal	that	can	be	interpreted	as	~300	pg/mL	of	IL-1b.	
Results	 are	 presented	 as	 means	 of	 technical	 duplicates	 (IL-1b	 standard	 curve)	 or	 triplicates	 (S63845	
samples)	from	1	experiment.	Error	bars	correspond	with	the	SD	values.	Individual	data	points	correspond	
to	the	individual	values	of	the	HTRF	signal	(A)	or	to	the	apparent	cytokine	concentrations	calculated	for	
each	of	the	triplicate	samples	(B).	
	
Supplementary	Figure	S38:	

	
Supplementary	 Figure	 S38:	 Influence	 of	 the	 UPRmt	 agonists	 CDDO,	 CDDO-Me,	 and	 GTPP	 on	 the	
inflammasome	responses	to	m-3M3FBS	and	thapsigargin	in	NLRP10mCherry/ASCmCerulean	HEK	cells	
A-C:	NLRP10mCherry/ASCmCerulean	HEK	 cells	were	 treated	 for	 10	min	with	 CDDO	 (0,	 10,	 25,	 or	 50	µM;	A),	
CDDO-Me	(0,	10,	25,	or	50	µM;	B),	or	GTPP	(0,	5,	10,	or	50	µM;	C)	and	then	subjected	to	the	inflammasome	
activators	m-3M3FBS	(85	µM)	or	thapsigargin	(20	µM)	in	an	extracellular	medium	consisting	of	(in	mM)	
123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	untreated	(‘no	activator’)	 controls	
were	subjected	to	medium	alone.	Immediately	after	addition	of	inflammasome	activators,	the	plates	were	
centrifuged	 at	 340	 ´	 g	 for	 5	 min	 (RT).	 After	 30	 min,	 the	 cells	 were	 fixed	 with	 4%	 formaldehyde,	
counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	 imaged	 using	 a	 widefield	 fluorescence	
microscope.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S39:	

	
Supplementary	 Figure	 S39:	 Influence	 of	 the	 Cl-	 channel	 blockers	 DIDS	 and	 IAA-94	 on	 the	
inflammasome	responses	to	m-3M3FBS	and	thapsigargin	in	NLRP10mCitrine/ASCTagBFP	HEK	cells	
A,	B:	NLRP10mCitrine/ASCTagBFP	HEK	cells	were	treated	for	10	min	with	DIDS	(0,	10,	25,	50,	100,		250,	500,	or	
1000	µM;	A)	or	IAA-94	(0,	25,	50,	or	100	µM;	B)	and	then	subjected	to	the	inflammasome	activators	m-
3M3FBS	(85	µM)	or	thapsigargin	(20	µM),	nigericin	(10	µM)	in	an	extracellular	medium	consisting	of	(in	
mM)	 123	 NaCl,	 5	 KCl,	 2	 MgCl2,	 1	 CaCl2,	 10	 glucose,	 10	 HEPES,	 pH	 7.4.	 The	 untreated	 (‘no	 activator’)	
controls	were	 subjected	 to	medium	 alone.	 Immediately	 after	 addition	 of	 inflammasome	 activators,	 the	
plates	 were	 centrifuged	 at	 340	 ´	 g	 for	 5	 min	 (RT).	 After	 30	 min,	 the	 cells	 were	 fixed	 with	 4%	
formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	 imaged	 using	 a	 widefield	
fluorescence	microscope.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	
Supplementary	Figure	S40:	

	
Supplementary	 figure	 S40:	 Influence	 of	 the	 phosphatidylcholine-PLC	 inhibitor	 D609	 on	 the	
inflammasome	responses	to	m-3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	
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3A-C:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	 (A),	NLRP3/ASCmCerulean	 reporter	 iMac	cells	(B),	and	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(C)	were	treated	for	10	min	with	D609	(0,	10,	25,	or	50	µM).	Then,	the	
cells	were	subjected	to	the	inflammasome	activators	m-3M3FBS	(85	µM),	thapsigargin	(20	µM),	nigericin	
(10	µM)	or	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	medium	
consisting	of	 (in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	LPS	(A)	and	
unprimed	(A-C)	controls	were	subjected	 to	medium	alone.	 Immediately	after	addition	of	 inflammasome	
activators,	the	plates	were	centrifuged	at	340	´	g	 for	5	min	(RT).	After	30	min	(C)	or	60	min	(A,	B),	 the	
supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF	(A)	or	the	cells	were	fixed	
with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	
fluorescence	microscope	(B,	C).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	
Supplementary	Figure	S41:	

	
Supplementary	Figure	S41:	Influence	of	the	pan-caspase	inhibitor	emricasan	on	the	inflammasome	
responses	to	m-3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-D:	 LPS-primed	 (200	 ng/mL,	 2	 h)	 WT	 iMac	 cells	 (A),	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (B),	
NLRP10mCitrine/ASCTagBFP	HEK	cells	 (C),	 and	NLRP10mCherry/ASCmCerulean	HEK	cells	 (D)	were	 treated	 for	10	
min	with	emricasan	(0,	5,	10,	or	25	µM).	Then,	the	cells	were	subjected	to	the	inflammasome	activators	m-
3M3FBS	(85	µM),	thapsigargin	(20	µM),	nigericin	(10	µM)	or	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	
Lipofectamine	2000)	in	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	
10	glucose,	10	HEPES,	pH	7.4.	The	LPS	(A)	and	unprimed	(A-D)	controls	were	subjected	to	medium	alone.	
Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	
(RT).	After	30	min	(C,	D)	or	60	min	(A,	B),	the	supernatants	were	collected	and	IL-1b	concentrations	were	
measured	by	HTRF	(A)	or	the	cells	were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	
DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope	(B-D).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S42:	

	
Supplementary	 Figure	 S42:	 Influence	 of	 the	 pan-caspase	 inhibitor	 Q-Vd-OPh,	 the	 caspase-8	
inhibitor	 Z-IETD-FMK,	 and	 the	 caspase-2	 inhibitor	 ICH-1	 on	 the	 inflammasome	 responses	 to	m-
3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-I:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A,	D,	G),	NLRP3/ASCmCerulean	reporter	iMac	cells	(B,	E,	H),	
and	NLRP10mCitrine/ASCTagBFP	HEK	cells	(C,	F,	I)	were	treated	for	10	min	with	Q-Vd-OPh	(QVD;	0,	5,	10,	or	
50	µM;	A-C),	Z-IETD-FMK	(IETD;	0,	10,	25,	or	50	µM;	D-F),	or	ICH-1	(0,	5,	10,	or	50	µM;	G-I).	Then,	the	cells	
were	subjected	to	the	inflammasome	activators	m-3M3FBS	(85	µM),	thapsigargin	(20	µM),	nigericin	(10	
µM)	 or	 poly-(dA:dT)	 (2	 µg/mL	 complexed	with	 5	 µL	 Lipofectamine	 2000)	 in	 an	 extracellular	medium	
consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	LPS	(A,	D,	G)	and	
unprimed	 (A-I)	 controls	were	 subjected	 to	medium	alone.	 Immediately	 after	 addition	of	 inflammasome	
activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	(C,	F,	I)	or	60	min	(A,	B,	D,	E,	
G,	H),	the	supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF	(A,	D,	G)	or	the	
cells	were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	
using	a	widefield	fluorescence	microscope	(B,	C,	E,	F,	H,	I).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S43:	

	
Supplementary	 Figure	 S43:	 Influence	 of	 the	 MLKL/necroptosis	 inhibitors	 necrostatin-1	 and	
necrosulfonamide	and	the	lytic	cell	death	inhibitor	glycine	on	the	inflammasome	responses	to	m-
3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-I:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A,	D,	G),	NLRP3/ASCmCerulean	reporter	iMac	cells	(B,	E,	H),	
and	NLRP10mCitrine/ASCTagBFP	HEK	cells	(C,	F,	I)	were	treated	for	10	min	with	necrostatin-1	(NS-1;	0,	5,	10,	
or	50	µM;	A-C),	necrosulfonamide	(NSFM;	0,	5,	10,	or	50	µM;	D-F),	or	glycine	(Gly;	0,	2.5,	5,	or	10	mM;	G-I).	
Then,	the	cells	were	subjected	to	the	inflammasome	activators	m-3M3FBS	(85	µM),	thapsigargin	(20	µM),	
nigericin	(10	µM)	or	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	
medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	LPS	(A,	
D,	 G)	 and	 unprimed	 (A-I)	 controls	 were	 subjected	 to	 medium	 alone.	 Immediately	 after	 addition	 of	
inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	(C,	F,	I)	or	60	
min	(A,	B,	D,	E,	G,	H),	the	supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF	
(A,	D,	G)	or	 the	cells	were	 fixed	with	4%	formaldehyde,	counterstained	with	 the	nuclear	dye	DRAQ5	(5	
µM)	and	imaged	using	a	widefield	fluorescence	microscope	(B,	C,	E,	F,	H,	I).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S44:	

	
Supplementary	Figure	S44:	Influence	of	the	lytic	cell	death	inhibitor	glycine	on	the	inflammasome	
responses	to	m-3M3FBS	and	thapsigargin	in	NLRP10mCherry/ASCmCerulean	HEK	cells	
NLRP10mCherry/ASCmCerulean	HEK	cells	were	treated	for	10	min	with	glycine	(Gly;	0,	2.5,	5,	or	10	mM).	Then,	
the	cells	were	subjected	to	the	inflammasome	activators	m-3M3FBS	(85	µM)	or	thapsigargin	(20	µM)	in	an	
extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	
7.4.	The	untreated	(‘no	activator’)	controls	were	subjected	to	medium	alone.	Immediately	after	addition	of	
inflammasome	activators,	 the	plates	were	centrifuged	at	340	´	g	 for	5	min	(RT).	After	30	min,	 the	cells	
were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	
widefield	fluorescence	microscope.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S45:	

	
Supplementary	 Figure	 S45:	 Influence	 of	 the	 chemical	 chaperone	 4-phenylbutyrate	 and	 the	 tBid	
inhibit	 BI-6C9	 on	 the	 inflammasome	 responses	 to	m-3M3FBS,	 thapsigargin,	 nigericin,	 and	 poly-
(dA:dT)	
A-F:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A,	D),	NLRP3/ASCmCerulean	reporter	iMac	cells	(B,	E),	and	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(C,	F)	were	treated	for	10	min	with	4-phenylbutyrate	(4-PB;	0,	5,	10,	or	
25	mM;	A-C)	or	BI-6C9	 (0,	10,	25,	or	50	µM;	D-F).	Then,	 the	cells	were	subjected	 to	 the	 inflammasome	
activators	 m-3M3FBS	 (85	 µM),	 thapsigargin	 (20	 µM),	 nigericin	 (10	 µM)	 or	 poly-(dA:dT)	 (2	 µg/mL	
complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	
KCl,	 2	MgCl2,	 1	CaCl2,	 10	 glucose,	 10	HEPES,	pH	7.4.	The	LPS	 (A,	D)	 and	unprimed	 (A-F)	 controls	were	
subjected	 to	 medium	 alone.	 Immediately	 after	 addition	 of	 inflammasome	 activators,	 the	 plates	 were	
centrifuged	at	340	´	g	 for	5	min	(RT).	After	30	min	(C,	F)	or	60	min	(A,	B,	D,	E),	 the	supernatants	were	
collected	 and	 IL-1b	 concentrations	 were	 measured	 by	 HTRF	 (A,	 D)	 or	 the	 cells	 were	 fixed	 with	 4%	
formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	 imaged	 using	 a	 widefield	
fluorescence	microscope	(B,	C,	E,	F).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S46:	

	
Supplementary	Figure	S46:	Influence	of	the	GCN2	kinase	inhibitor	A-92	and	the	PKR	inhibitor	C16	
on	the	inflammasome	responses	to	m-3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-H:	LPS-primed	 (200	ng/mL,	 2	 h)	WT	 iMac	 cells	 (A,	 E),	NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (B,	 F),	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(C,	G),	and	NLRP10mCherry/ASCmCerulean	HEK	cells	(D,	H)	were	treated	for	
10	min	with	A-92	(0,	5,	10,	or	50	µM;	A-D)	or	C16	(0,	5,	10,	or	25	µM;	E-H).	Then,	the	cells	were	subjected	
to	 the	 inflammasome	 activators	m-3M3FBS	 (85	µM),	 thapsigargin	 (20	µM),	 nigericin	 (10	µM)	 or	 poly-
(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	medium	consisting	of	(in	
mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	LPS	(A,	E)	and	unprimed	(A-H)	
controls	were	 subjected	 to	medium	 alone.	 Immediately	 after	 addition	 of	 inflammasome	 activators,	 the	
plates	were	 centrifuged	at	340	´	 g	 for	5	min	 (RT).	After	30	min	 (C,	D,	G,	H)	or	60	min	 (A,	B,	E,	 F),	 the	
supernatants	were	collected	and	 IL-1b	 concentrations	were	measured	by	HTRF	(A,	E)	or	 the	cells	were	
fixed	with	 4%	 formaldehyde,	 counterstained	with	 the	 nuclear	 dye	 DRAQ5	 (5	µM)	 and	 imaged	 using	 a	
widefield	fluorescence	microscope	(B-D,	F-H).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S47:	

	
Supplementary	Figure	S47:	Influence	of	the	PERK	inhibitors	AMG	PERK	44	and	GSK2606414	on	the	
inflammasome	responses	to	m-3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-H:	LPS-primed	 (200	ng/mL,	 2	 h)	WT	 iMac	 cells	 (A,	 E),	NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (B,	 F),	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(C,	G),	and	NLRP10mCherry/ASCmCerulean	HEK	cells	(D,	H)	were	treated	for	
10	min	with	AMG	PERK	44	(AMG;	0,	5,	10,	or	20	µM;	A-D)	or	GSK2606414	(GSK;	0,	5,	10,	or	25	µM;	E-H).	
Then,	the	cells	were	subjected	to	the	inflammasome	activators	m-3M3FBS	(85	µM),	thapsigargin	(20	µM),	
nigericin	(10	µM)	or	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	
medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	LPS	(A,	
E)	 and	 unprimed	 (A-H)	 controls	 were	 subjected	 to	 medium	 alone.	 Immediately	 after	 addition	 of	
inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	(C,	D,	G,	H)	
or	60	min	(A,	B,	E,	F),	the	supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF	
(A,	E)	or	the	cells	were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	
and	imaged	using	a	widefield	fluorescence	microscope	(B-D,	F-H).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S48:	

	
Supplementary	 Figure	 S48:	 Influence	 of	 the	 SGK	 inhibitors	 CkI	 7	 and	 GSK650394	 on	 the	
inflammasome	responses	to	m-3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-F:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A,	D),	NLRP3/ASCmCerulean	reporter	iMac	cells	(B,	E),	and	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(C,	F)	were	treated	for	10	min	with	CkI7	(0,	10,	25,	or	50	µM;	A-C)	or	
GSK650394	(GSK;	0,	10,	25,	or	50	µM;	D-F).	Then,	the	cells	were	subjected	to	the	inflammasome	activators	
m-3M3FBS	(85	µM),	thapsigargin	(20	µM),	nigericin	(10	µM)	or	poly-(dA:dT)	(2	µg/mL	complexed	with	5	
µL	 Lipofectamine	 2000)	 in	 an	 extracellular	medium	 consisting	 of	 (in	mM)	 123	NaCl,	 5	 KCl,	 2	MgCl2,	 1	
CaCl2,	 10	 glucose,	 10	 HEPES,	 pH	 7.4.	 The	 LPS	 (A,	 D)	 and	 unprimed	 (A-F)	 controls	 were	 subjected	 to	
medium	alone.	Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	
´	g	for	5	min	(RT).	After	30	min	(C,	F)	or	60	min	(A,	B,	D,	E),	the	supernatants	were	collected	and	IL-1b	
concentrations	 were	 measured	 by	 HTRF	 (A,	 D)	 or	 the	 cells	 were	 fixed	 with	 4%	 formaldehyde,	
counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope	
(B,	C,	E,	F).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S49:	

	
Supplementary	Figure	S49:	Influence	of	the	Drp1/mitochondrial	fission	inhibitor	Mdivi-1	and	the	
sphingosine	 kinase	 1	 inhibitor	 PF-543	 on	 the	 inflammasome	 responses	 to	 m-3M3FBS,	
thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-F:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A,	D),	NLRP3/ASCmCerulean	reporter	iMac	cells	(B,	E),	and	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(C,	F)	were	treated	for	10	min	with	Mdivi-1	(0,	25,	50,	or	75	µM;	A-C)	or	
PF-543	 (0,	 10,	 25,	 or	 50	 µM;	 D-F).	 Then,	 the	 cells	 were	 subjected	 to	 the	 inflammasome	 activators	m-
3M3FBS	(85	µM),	thapsigargin	(20	µM),	nigericin	(10	µM)	or	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	
Lipofectamine	2000)	in	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	
10	 glucose,	 10	HEPES,	 pH	7.4.	 The	 LPS	 (A,	D)	 and	unprimed	 (A-F)	 controls	were	 subjected	 to	medium	
alone.	Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	
min	 (RT).	 After	 30	 min	 (C,	 F)	 or	 60	 min	 (A,	 B,	 D,	 E),	 the	 supernatants	 were	 collected	 and	 IL-1b	
concentrations	 were	 measured	 by	 HTRF	 (A,	 D)	 or	 the	 cells	 were	 fixed	 with	 4%	 formaldehyde,	
counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope	
(B,	C,	E,	F).	
The	results	are	plotted	as	means	from	3	(C-F)	or	4	(A,	B)	independent	experiments	performed	in	technical	
duplicate.	 Error	 bars	 represent	 SD.	 Individual	 data	 points	 represent	 means	 of	 the	 technical	 duplicate	
values	from	each	of	the	independent	experiments.	



Chapter	11	(Supplementary	Material)	
	

	 403	

Supplementary	Figure	S50:	

	
Supplementary	 Figure	 S50:	 Influence	 of	 the	 coenzyme	 Q	 synthetic	 analog	 idebenone	 on	 the	
inflammasome	responses	to	m-3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-C:	LPS-primed	 (200	 ng/mL,	 2	 h)	WT	 iMac	 cells	 (A),	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (B),	 and	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(C)	were	treated	for	10	min	with	idebenone	(Ideb;	0,	5,	10,	or	50	µM).	
Then,	the	cells	were	subjected	to	the	inflammasome	activators	m-3M3FBS	(85	µM),	thapsigargin	(20	µM),	
nigericin	(10	µM)	or	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	
medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	LPS	(A)	
and	 unprimed	 (A-C)	 controls	 were	 subjected	 to	 medium	 alone.	 Immediately	 after	 addition	 of	
inflammasome	activators,	 the	plates	were	centrifuged	at	340	´	g	 for	5	min	(RT).	After	30	min	(C)	or	60	
min	(A,	B),	the	supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF	(A)	or	the	
cells	were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	
using	a	widefield	fluorescence	microscope	(B,	C).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S51:	

	
Supplementary	Figure	S51:	Influence	of	diazoxide	and	metformin	on	the	inflammasome	responses	
to	m-3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-G:	LPS-primed	 (200	 ng/mL,	 2	 h)	WT	 iMac	 cells	 (A,	 E),	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (B,	 F),	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(C,	G),	and	NLRP10mCherry/ASCmCerulean	HEK	cells	(D)	were	treated	for	10	
min	with	diazoxide	(DZX;	0,	10,	50,	or	100	µM;	A-D)	or	metformin	(MF;	0,	25,	50,	or	100	µM;	E-G).	Then,	
the	 cells	 were	 subjected	 to	 the	 inflammasome	 activators	m-3M3FBS	 (85	 µM),	 thapsigargin	 (20	 µM),	
nigericin	(10	µM)	or	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	
medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	LPS	(A,	
E)	 and	 unprimed	 (A-G)	 controls	 were	 subjected	 to	 medium	 alone.	 Immediately	 after	 addition	 of	
inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	(C,	D,	G)	or	
60	min	(A,	B,	E,	F),	the	supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF	(A,	
E)	or	the	cells	were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	
imaged	using	a	widefield	fluorescence	microscope	(B-D,	F,	G).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S52:	

	
Supplementary	Figure	S52:	Influence	of	Bz-423	and	auranofin	on	the	inflammasome	responses	to	
m-3M3FBS	and	thapsigargin	in	immortalized	murine	macrophages	and	in	NLRP10mCitrine/ASCTagBFP	
HEK	cells	
A-F:	WT	iMac	cells	(A,	D),	NLRP3/ASCmCerulean	reporter	iMac	cells	(B,	E),	and	NLRP10mCitrine/ASCTagBFP	HEK	
cells	(C,	F)	were	stimulated	with	LPS	(200	ng/mL,	2	h)	and	then	either	kept	in	DMEM	supplemented	with	
10%	 FBS	 and	 200	 ng/mL	 LPS	 (the	 ‘LPS	 [180	min]’	 conditions)	 or	 shifted	 to	 an	 extracellular	 medium	
consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4	(all	 the	remaining	
conditions).	Then,	the	cells	were	treated	for	10	min	with	Bz-423	(0,	5,	10,	25,	50,	75,	or	100	µM;	A-C)	or	
auranofin	(Aur;	0,	5,	10,	25,	50,	75,	or	100	µM;	D-F)	and	either	stimulated	with	these	agents	for	a	further	
60	or	180	min	(for	the	180-min	stimulations,	 the	100-µM	concentrations	of	Bz-423	and	auranofin	were	
omitted),	or	subjected	for	60	min	to	the	inflammasome	activators	m-3M3FBS	(85	µM)	or	thapsigargin	(20	
µM).	Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	
min	 (RT).	 After	 the	 completion	 of	 the	 experiment,	 the	 supernatants	 were	 collected	 and	 IL-1b	
concentrations	 were	 measured	 by	 HTRF	 (A,	 D)	 or	 the	 cells	 were	 fixed	 with	 4%	 formaldehyde,	
counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope	
(B,	C,	E,	F).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S53:	

	
Supplementary	Figure	S53:	Influence	of	Bz-423	and	auranofin	on	the	inflammasome	responses	to	
nigericin	and	poly-(dA:dT)	in	immortalized	murine	macrophages	
A,	B:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A)	and	NLRP3/ASCmCerulean	reporter	iMac	cells	(B)	were	
shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	
HEPES	pH	7.4	and	then	left	untreated	(-)	or	treated	for	10	min	with	Bz-423	(5,	10,	25,	50,	75,	or	100	µM)	
or	auranofin	(Aur;	5,	10,	25,	50,	75,	or	100	µM).	Next,	the	cells	were	incubated	with	Bz-423	or	auranofin	
for	 further	 60	min	 (‘no	 activator’)	 or	 they	were	 stimulated	with	 nigericin	 (10	µM)	 or	 poly-(dA:dT)	 (2	
µg/mL	 complexed	 with	 5	 µL	 Lipofectamine	 2000).	 Immediately	 after	 addition	 of	 inflammasome	
activators,	 the	plates	were	 centrifuged	 at	 340	´	 g	 for	5	min	 (RT).	After	 60	min,	 the	 supernatants	were	
collected	 and	 IL-1b	 concentrations	 were	 measured	 by	 HTRF	 (A)	 or	 the	 cells	 were	 fixed	 with	 4%	
formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	 imaged	 using	 a	 widefield	
fluorescence	microscope	(B).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S54:	

	
Supplementary	Figure	S54:	Influence	of	lonidamine	on	the	inflammasome	responses	to	m-3M3FBS,	
thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-C:	LPS-primed	 (200	 ng/mL,	 2	 h)	WT	 iMac	 cells	 (A),	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (B),	 and	
NLRP10mCitrine/ASCTagBFP	HEK	 cells	 (C)	were	 treated	 for	10	min	with	 lonidamine	 (Lon;	0,	 25,	 50,	 or	100	
µM).	Then,	the	cells	were	subjected	to	the	inflammasome	activators	m-3M3FBS	(85	µM),	thapsigargin	(20	
µM),	 nigericin	 (10	 µM)	 or	 poly-(dA:dT)	 (2	 µg/mL	 complexed	 with	 5	 µL	 Lipofectamine	 2000)	 in	 an	
extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	
7.4.	The	LPS	(A)	and	unprimed	(A-C)	controls	were	subjected	to	medium	alone.	Immediately	after	addition	
of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	(C)	or	60	
min	(A,	B),	the	supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF	(A)	or	the	
cells	were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	
using	a	widefield	fluorescence	microscope	(B,	C).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S55:	

	
Supplementary	 Figure	 S55:	 Influence	 of	 the	 ezrin	 inhibitor	 NSC668394	 on	 the	 inflammasome	
responses	to	m-3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-D:	 LPS-primed	 (200	 ng/mL,	 2	 h)	 WT	 iMac	 cells	 (A),	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (B),	
NLRP10mCitrine/ASCTagBFP	HEK	cells	 (C),	 and	NLRP10mCherry/ASCmCerulean	HEK	cells	 (D)	were	 treated	 for	10	
min	with	NSC668394	 (NSC;	0,	25,	50,	or	100	µM).	Then,	 the	 cells	were	 subjected	 to	 the	 inflammasome	
activators	 m-3M3FBS	 (85	 µM),	 thapsigargin	 (20	 µM),	 nigericin	 (10	 µM)	 or	 poly-(dA:dT)	 (2	 µg/mL	
complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	
KCl,	 2	 MgCl2,	 1	 CaCl2,	 10	 glucose,	 10	 HEPES,	 pH	 7.4.	 The	 LPS	 (A)	 and	 unprimed	 (A-D)	 controls	 were	
subjected	 to	 medium	 alone.	 Immediately	 after	 addition	 of	 inflammasome	 activators,	 the	 plates	 were	
centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	(C,	D)	or	60	min	(A,	B),	the	supernatants	were	collected	
and	 IL-1b	 concentrations	were	measured	 by	 HTRF	 (A)	 or	 the	 cells	were	 fixed	with	 4%	 formaldehyde,	
counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope	
(B-D).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S56:	

	
Supplementary	Figure	 S56:	 Influence	of	3-methyladenine	on	 the	 inflammasome	responses	 to	m-
3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-C:	LPS-primed	 (200	 ng/mL,	 2	 h)	WT	 iMac	 cells	 (A),	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (B),	 and	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(C)	were	treated	for	10	min	with	3-methyladenine	(3-MA;	0,	1,	5,	or	10	
mM).	Then,	the	cells	were	subjected	to	the	inflammasome	activators	m-3M3FBS	(85	µM),	thapsigargin	(20	
µM),	 nigericin	 (10	 µM)	 or	 poly-(dA:dT)	 (2	 µg/mL	 complexed	 with	 5	 µL	 Lipofectamine	 2000)	 in	 an	
extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	
7.4.	The	LPS	(A)	and	unprimed	(A-C)	controls	were	subjected	to	medium	alone.	Immediately	after	addition	
of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	(C)	or	60	
min	(A,	B),	the	supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF	(A)	or	the	
cells	were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	
using	a	widefield	fluorescence	microscope	(B,	C).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S57:	

	
Supplementary	Figure	S57:	Influence	of	colchicine	on	the	inflammasome	responses	to	m-3M3FBS,	
thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-C:	LPS-primed	 (200	 ng/mL,	 2	 h)	WT	 iMac	 cells	 (A),	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (B),	 and	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(C)	were	treated	for	10	min	with	colchicine	(CCh;	0,	10,	25,	or	50	µM).	
Then,	the	cells	were	subjected	to	the	inflammasome	activators	m-3M3FBS	(85	µM),	thapsigargin	(20	µM),	
nigericin	(10	µM)	or	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000)	in	an	extracellular	
medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	LPS	(A)	
and	 unprimed	 (A-C)	 controls	 were	 subjected	 to	 medium	 alone.	 Immediately	 after	 addition	 of	
inflammasome	activators,	 the	plates	were	centrifuged	at	340	´	g	 for	5	min	(RT).	After	30	min	(C)	or	60	
min	(A,	B),	the	supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF	(A)	or	the	
cells	were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	
using	a	widefield	fluorescence	microscope	(B,	C).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S58:	

	
Supplementary	 Figure	 S58:	 Influence	 of	 increased	 osmolarity	 of	 the	 extracellular	milieu	 on	 the	
inflammasome	responses	to	m-3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-D:	 LPS-primed	 (200	 ng/mL,	 2	 h)	 WT	 iMac	 cells	 (A),	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (B),	
NLRP10mCitrine/ASCTagBFP	HEK	cells	 (C),	 and	NLRP10mCherry/ASCmCerulean	HEK	cells	 (D)	were	 treated	 for	10	
min	with	media	with	 supraphysiological	 concentrations	 of	 NaCl	 (0,	 15,	 30,	 or	 60	mM)	 to	 increase	 the	
osmolarity	 of	 the	 extracellular	 fluid.	 Then,	 the	 cells	were	 subjected	 to	 the	 inflammasome	 activators	m-
3M3FBS	(85	µM),	thapsigargin	(20	µM),	nigericin	(10	µM)	or	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	
Lipofectamine	2000)	in	an	extracellular	medium	consisting	of	(in	mM)	123,	138,	153,	or	183	NaCl,	5	KCl,	2	
MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	LPS	(A)	and	unprimed	(A-D)	controls	were	subjected	to	
medium	alone.	Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	
´	 g	 for	 5	 min	 (RT).	 After	 30	 min	 (C,	 D)	 or	 60	 min	 (A,	 B),	 the	 supernatants	 were	 collected	 and	 IL-1b	
concentrations	were	measured	by	HTRF	(A)	or	the	cells	were	fixed	with	4%	formaldehyde,	counterstained	
with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope	(B-D).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S59:	

	
Supplementary	Figure	S59:	Influence	of	CRT0066101	and	SC79	on	the	inflammasome	responses	to	
m-3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	
A-G:	LPS-primed	 (200	ng/mL,	 2	 h)	WT	 iMac	 cells	 (A,	D),	NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (B,	 E),	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(C,	F),	and	NLRP10mCherry/ASCmCerulean	HEK	cells	(G)	were	treated	for	10	
min	with	CRT0066101	(CRT;	0,	10,	25,	or	50	µM;	A-C)	or	SC79	(0,	5,	10,	or	50	µM;	D-G).	Then,	the	cells	
were	subjected	to	the	inflammasome	activators	m-3M3FBS	(85	µM),	thapsigargin	(20	µM),	nigericin	(10	
µM)	 or	 poly-(dA:dT)	 (2	 µg/mL	 complexed	with	 5	 µL	 Lipofectamine	 2000)	 in	 an	 extracellular	medium	
consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES,	pH	7.4.	The	LPS	(A,	D)	and	
unprimed	(A-G)	controls	were	subjected	to	medium	alone.	 Immediately	after	addition	of	 inflammasome	
activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	(C,	F,	G)	or	60	min	(A,	B,	D,	
E),	the	supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF	(A,	D)	or	the	cells	
were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	
widefield	fluorescence	microscope	(B,	C,	E-G).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S60:	

	
Supplementary	 Figure	 S60:	 The	 inflammasome	 responses	 to	m-3M3FBS,	 thapsigargin,	 nigericin,	
and	poly-(dA:dT)	 in	 immortalized	murine	macrophages	and	 in	NLRP10mCitrine/ASCTagBFP	HEK	cells	
after	chemical	induction	of	hypoxia	using	overnight	incubations	with	CoCl2	
A:	Schematic	overview	of	the	experimental	protocol.	
B,	 C:	 WT	 iMac	 cells	 (left	 column),	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (central	 column),	 and	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(right	column)	were	treated	overnight	(~16	h)	with	CoCl2	 (0,	100,	or	
250	µM)	 in	 DMEM	 supplemented	with	 10%	 FBS.	 On	 the	 next	 day,	 the	 cells	were	 shifted	 to	 CoCl2-free	
media	 and	 primed	 with	 LPS	 (200	 ng/mL,	 2	 h;	 WT	 iMac	 cells)	 or	 left	 unprimed	 (NLRP3/ASCmCerulean	
reporter	iMac	cells	and	NLRP10mCitrine/ASCTagBFP	HEK	cells)	(B)	or	they	were	kept	in	CoCl2	(0,	100,	or	250	
µM)-containing	 media	 and	 LPS-primed	 (200	 ng/mL,	 2	 h;	 WT	 iMac	 cells)	 or	 left	 unprimed	
(NLRP3/ASCmCerulean	reporter	iMac	and	NLRP10mCitrine/ASCTagBFP	HEK	cells)	(C).	Next,	the	cells	were	shifted	
to	an	extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	
pH	7.4	without	(B)	or	with	(C)	CoCl2	(0,	100,	or	250	µM)	and	stimulated	with	the	inflammasome	activators	
m-3M3FBS	(85	µM),	thapsigargin	(20	µM),	nigericin	(10	µM)	or	poly-(dA:dT)	(2	µg/mL	complexed	with	5	
µL	 Lipofectamine	 2000).	 Immediately	 after	 addition	 of	 inflammasome	 activators,	 the	 plates	 were	
centrifuged	at	340	´	g	 for	5	min	(RT).	After	30	min	(NLRP10mCitrine/ASCTagBFP	HEK	cells)	or	60	min	(WT	
iMac	 cells,	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells),	 the	 supernatants	 were	 collected	 and	 IL-1b	
concentrations	were	measured	by	HTRF	(WT	iMac	cells)	or	the	cells	were	fixed	with	4%	formaldehyde,	
counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope	
(NLRP10mCitrine/ASCTagBFP	HEK	cells	and	NLRP3/ASCmCerulean	reporter	iMac	cells).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	triplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	triplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S61:	

	
Supplementary	 Figure	 S61:	 Influence	 of	 short	 (5	 min	 -	 2h)	 incubations	 with	 CoCl2	 on	 the	
inflammasome	responses	to	m-3M3FBS,	thapsigargin,	nigericin,	and	poly-(dA:dT)	in	immortalized	
murine	macrophages	
A-L:	WT	iMac	cells	(B-F)	and	NLRP3/ASCmCerulean	reporter	iMac	cells	(H-L)	were	treated	for	2	h	with	DMEM	
supplemented	with	10%	FBS,	200	ng/mL	LPS	and	CoCl2	 (0,	100,	250,	or	500	µM;	 ‘CoCl2	during	priming	
and	activation’).	The	cells	under	conditions	designated	as	‘CoCl2	during	activation	only’	were	subjected	to	
DMEM	with	10%	FBS	and	200	ng/mL	LPS	without	addition	of	CoCl2.	The	unprimed	(A,	G)	controls	were	
subjected	 to	 the	 same	 conditions	 but	 without	 addition	 of	 LPS.	 Next,	 the	 cells	 were	 shifted	 to	 an	
extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4	
supplemented	 with	 0,	 100,	 250,	 or	 500	 µM	 CoCl2,	 and	 stimulated	 with	 the	 following	 inflammasome	
activators:	m-3M3FBS	(85	µM;	E,	K),	thapsigargin	(20	µM;	F,	L),	nigericin	(10	µM;	C,	I)	or	poly-(dA:dT)	(2	
µg/mL	complexed	with	5	µL	Lipofectamine	2000;	D,	J).	The	unprimed	(A,	G)	and	LPS	controls	(B,	H)	were	
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subjected	 to	 medium	 alone.	 Immediately	 after	 addition	 of	 inflammasome	 activators,	 the	 plates	 were	
centrifuged	 at	 340	 ´	 g	 for	 5	 min	 (RT).	 After	 60	 min,	 the	 supernatants	 were	 collected	 and	 IL-1b	
concentrations	 were	 measured	 by	 HTRF	 (A-F)	 or	 the	 cells	 were	 fixed	 with	 4%	 formaldehyde,	
counterstained	with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope	
(G-L).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
	
Supplementary	Figure	S62:	

	
Supplementary	 Figure	 S62:	 Influence	 of	 short	 (5	 min	 -	 2h)	 incubations	 with	 CoCl2	 on	 the	
inflammasome	 responses	 to	 m-3M3FBS,	 thapsigargin,	 nigericin,	 and	 poly-(dA:dT)	 in	
NLRP10mCitrine/ASCTagBFP	HEK	cells	
A-F:	NLRP10mCitrine/ASCTagBFP	HEK	cells	 (B-F)	were	 treated	 for	2	h	with	DMEM	supplemented	with	10%	
FBS,	200	ng/mL	LPS	and	CoCl2	(0,	100,	250,	or	500	µM;	‘CoCl2	during	priming	and	activation’).	The	cells	
under	conditions	designated	as	‘CoCl2	during	activation	only’	were	subjected	to	DMEM	with	10%	FBS	and	
200	 ng/mL	 LPS	 without	 addition	 of	 CoCl2.	 The	 unprimed	 (A)	 controls	 were	 subjected	 to	 the	 same	
conditions	but	without	addition	of	LPS.	Next,	the	cells	were	shifted	to	an	extracellular	medium	consisting	
of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4	supplemented	with	0,	100,	250,	
or	 500	µM	 CoCl2,	 and	 stimulated	with	 the	 following	 inflammasome	 activators:	m-3M3FBS	 (85	µM;	 E),	
thapsigargin	 (20	 µM;	 F),	 nigericin	 (10	 µM;	 C)	 or	 poly-(dA:dT)	 (2	 µg/mL	 complexed	 with	 5	 µL	
Lipofectamine	 2000;	 D).	 The	 unprimed	 (A)	 and	 LPS	 controls	 (B)	 were	 subjected	 to	 medium	 alone.	
Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	
(RT).	 After	 30	 min,	 the	 cells	 were	 fixed	 with	 4%	 formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	
DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	
the	independent	experiments.	
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Supplementary	Figure	S63:	

	
Supplementary	Figure	S63:	IL-1b	secretion	from	and	ASC	speck	formation	in	immortalized	murine	
macrophages	 and	 NLRP10mCitrine/ASCTagBFP	 HEK	 cells	 treated	 with	 NaN3	 to	 mimic	 an	
ischemia/reperfusion	scenario	
A-C:	 LPS-primed	 (200	 ng/mL,	 2	 h)	WT	 iMac	 cells	 (A),	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (B),	 and	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(C)	were	shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	
NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4,	without		(LPS	controls	in	panel	A	and	untreated	
[UT]	controls	in	panels	B	and	C)	or	with	NaN3	(0.5,	1,	2.5,	5,	10,	or	20	mM).	The	cells	were	incubated	under	
these	conditions	 for	30	min	(the	 ‘one	wash’,	 ‘two	washes’,	and	 ‘three	washes’	conditions)	or	 for	90	min	
(the	 ‘no	washes’	conditions).	After	30	min,	NaN3	was	washed	away	(one,	 two,	or	 three	washes	with	the	
experimental	medium,	as	indicated),	and	the	cells	were	incubated	for	further	60	min	in	the	experimental	
medium	without	NaN3.	At	this	point,	the	positive	(m-3M3FBS)	control	cells	were	stimulated	with	85	µM	
m-3M3FBS.	 	 At	 the	 completion	 of	 the	 experiment,	 the	 supernatants	 were	 collected	 and	 IL-1b	
concentrations	were	measured	by	HTRF	(A)	or	the	cells	were	fixed	with	4%	formaldehyde,	counterstained	
with	the	nuclear	dye	DRAQ5	(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope	(B,	C).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	triplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	triplicate	values	from	each	of	
the	independent	experiments.	
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12.	Supplementary	Methods	Figures	SM1-SM4	

	

Supplementary	Methods	Figure	SM1:	

	
Supplementary	Methods	Figure	SM1:	Impact	of	the	extracellular	medium	choice	on	the	magnitude	
of	the	inflammasome	responses	to	m-3M3FBS	and	thapsigargin	
A-C:	NLRP10mCherry/ASCmCerulean	HEK	cells	(A),	NLRP10mCitrine/ASCTagBFP	HEK	cells	(B),	and	NLRP3/ASCmCerulean	
reporter	iMac	cells	(C)	were	stimulated	with	nigericin	(10	µM),	m-3M3FBS	(85	µM),	or	thapsigargin	(20	
µM)	in	DMEM	supplemented	with	10%	FBS	(pink	bars)	or	in	minimal	salt	solution	(MSS)	consisting	of	(in	
mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4.	The	untreated	(‘no	activator’)	alone	
were	subjected	to	media	alone.	After	30	min	(A,	B)	or	60	min	(C)	of	stimulation,	the	cells	were	fixed	with	
4%	 formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	 imaged	 using	 a	 widefield	
fluorescence	microscope.	
The	results	are	plotted	as	means	from	2	independent	experiments	performed	in	technical	quadruplicate.	
Error	bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	quadruplicate	values	from	
each	of	the	independent	experiments.	
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Supplementary	Methods	Figure	SM2:	

	
Supplementary	Methods	Figure	SM2:	Influence	of	fetal	bovine	serum	and	bovine	serum	albumin	in	
the	extracellular	milieu	on	the	inflammasome	responses	to	m-3M3FBS,	thapsigargin,	nigericin,	and	
poly-(dA:dT)	
A-F:	LPS-primed	 (200	 ng/mL,	 2	 h)	WT	 iMac	 cells	 (A,	 D),	 NLRP3/ASCmCerulean	 reporter	 iMac	 cells	 (B,	 E),	
NLRP10mCitrine/ASCTagBFP	HEK	cells	(C,	F)	were	shifted	to	an	extracellular	medium	consisting	of	(in	mM)	123	
NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4	supplemented	with	increasing	concentrations	of	
fetal	bovine	serum	(FBS;	0%,	0.1%,	1%,	or	10%;	A-C)	or	bovine	serum	albumin	 (BSA;	0,	0.05,	0.5,	or	5	
mg/mL;	D-F).	Of	note,	the	tested	BSA	concentrations	(D-F)	correspond	to	the	approximate	total	protein	
concentrations	in	the	tested	FBS	dilutions	(A-C).	After	a	10-min	pre-incubation,	the	cells	were	challenged	
with	the	following	inflammasome	activators:	m-3M3FBS	(85	µM),	thapsigargin	(20	µM),	nigericin	(10	µM),	
and	poly-(dA:dT)	(2	µg/mL	complexed	with	5	µL	Lipofectamine	2000).	The	LPS	(A,	D)	and	unprimed	(A-F)	
controls	were	 subjected	 to	medium	 alone.	 Immediately	 after	 addition	 of	 inflammasome	 activators,	 the	
plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	30	min	(C,	F)	or	60	min	(A,	B,	D,	E),	the	supernatants	
were	collected	and	IL-1b	concentrations	were	measured	by	HTRF	(A,	D)	or	the	cells	were	fixed	with	4%	
formaldehyde,	 counterstained	 with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	 imaged	 using	 a	 widefield	
fluorescence	microscope	(B,	C,	E,	F).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	the	
independent	experiments.	
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Supplementary	Methods	Figure	SM3:	

	

	
Supplementary	Methods	Figure	SM3:	Comparison	of	 the	magnitudes	of	 the	 immortalized	murine	
macrophage	 inflammasome	 responses	 to	m-3M3FBS	 and	 thapsigargin	 in	 several	 commercially	
available	cell	culture	media	
A-L:	LPS-primed	(200	ng/mL,	2	h)	WT	iMac	cells	(A-F)	and	NLRP3/ASCmCerulean	reporter	iMac	cells	(G-L)	
were	shifted	to	the	following	extracellular	media:	Dulbecco’s	PBS	(DPBS),	DMEM	(high	glucose,	that	is	4.5	
g/L,	with	 phenol	 red),	 DMEM	 (without	 glucose,	without	 phenol	 red),	 DMEM	 (without	 glucose,	without	
amino	acids,	with	phenol	red),	RPMI,	OptiMEM,	MEM,	or	to	the	extracellular	medium	consisting	of	(in	mM)	
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123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4	(minimal	salt	solution	[MSS]).	After	a	10-min	
pre-incubation,	the	cells	were	challenged	with	the	following	inflammasome	activators:	m-3M3FBS	(75	µM	
[B,	H]	or	85	µM	[C,	I]),	thapsigargin	(20	µM	[E,	K]	or	25	µM	[F,	L]),	or	nigericin	(10	µM	[D,	J]).	The	LPS	(A)	
and	 untreated	 (‘no	 activator’;	 G)	 controls	were	 subjected	 to	 the	 tested	media	 alone.	 Immediately	 after	
addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	(RT).	After	60	min,	
the	supernatants	were	collected	and	IL-1b	concentrations	were	measured	by	HTRF	(A-F)	or	the	cells	were	
fixed	with	 4%	 formaldehyde,	 counterstained	with	 the	 nuclear	 dye	 DRAQ5	 (5	 µM)	 and	 imaged	 using	 a	
widefield	fluorescence	microscope	(G-L).	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	the	
independent	experiments.	
	
	
Supplementary	Methods	Figure	SM4:	

	
Supplementary	Methods	Figure	SM4:	Comparison	of	the	magnitudes	of	the	NLRP10mCitrine/ASCTagBFP	
HEK	cell	inflammasome	responses	to	m-3M3FBS	and	thapsigargin	in	several	commercially	available	
cell	culture	media	
A-F:	NLRP10mCitrine/ASCTagBFP	HEK	cells	were	shifted	to	the	following	extracellular	media:	Dulbecco’s	PBS	
(DPBS),	DMEM	(high	glucose,	 that	 is	4.5	g/L,	with	phenol	red),	DMEM	(without	glucose,	without	phenol	
red),	 DMEM	 (without	 glucose,	without	 amino	 acids,	with	 phenol	 red),	 RPMI,	 OptiMEM,	MEM,	 or	 to	 the	
extracellular	medium	consisting	of	(in	mM)	123	NaCl,	5	KCl,	2	MgCl2,	1	CaCl2,	10	glucose,	10	HEPES	pH	7.4	
(minimal	salt	solution	[MSS]).	After	a	10-min	pre-incubation,	the	cells	were	challenged	with	the	following	
inflammasome	activators:	m-3M3FBS	(75	µM	[B]	or	85	µM	[C]),	thapsigargin	(20	µM	[E]	or	25	µM	[F]),	or	
nigericin	(10	µM	[D]).	The	untreated	(‘no	activator’;	A)	controls	were	subjected	to	the	tested	media	alone.	
Immediately	after	addition	of	inflammasome	activators,	the	plates	were	centrifuged	at	340	´	g	for	5	min	
(RT).	After	30	min,	the	cells	were	fixed	with	4%	formaldehyde,	counterstained	with	the	nuclear	dye	DRAQ5	
(5	µM)	and	imaged	using	a	widefield	fluorescence	microscope.	
The	results	are	plotted	as	means	from	3	independent	experiments	performed	in	technical	duplicate.	Error	
bars	represent	SD.	Individual	data	points	represent	means	of	the	technical	duplicate	values	from	each	of	the	
independent	experiments.	
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