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Abstract	
	

Cell	 death	 is	 an	 important	 process	 during	 embryogenesis	 as	 well	 as	 tissue	

homeostasis	 in	 the	 adult.	 Apoptosis,	 pyroptosis	 and	 necroptosis	 are	 three	 of	 the	

major	programmed	cell	death	pathways.	Dysregulation	of	either	of	these	cell	death	

pathways	can	promote	the	development	of	a	variety	of	diseases,	such	as	cancer	or	

autoimmune	pathologies.		

	

Cysteine-dependent	 aspartate-specific	 proteases,	 known	 as	 caspases,	 exert	 key	

functions	 in	all	of	 these	cell	death	pathways.	Of	note,	certain	caspases	have	been	

shown	to	play	a	role	in	more	than	one	cell	death	pathway.			

	

This	 thesis	 presents	 the	 functional	 analysis	 of	 different	 caspases,	 in	 particular	

caspase	activation	and	recruitment	domain	(CARD)	containing	caspases	and	their	

contributions	to	the	pyroptotic,	apoptotic	and	other	cell	death	pathways.	We	have	

generated	a	novel	triple	knockout	mouse	strain	deficient	for	the	CARD	containing	

caspases-1,	-11	and	-12.	We	initially	used	this	strain	to	improve	our	understanding	

on	the	contributions	of	caspases-1,	-11	and-12	to	sepsis	and	different	forms	of	cell	

death.	 Previous	 studies	 have	 suggested	 a	 role	 for	 caspase-12	 in	 endoplasmic	

reticulum	(ER)	stress-induced	cell	death.	However,	we	were	not	able	to	attribute	a	

role	of	caspase-12	to	sepsis	or	ER	stress-induced	apoptosis	in	vitro	and	in	vivo.		

In	Chapter	4	we	present	a	study	on	the	roles	of	different	caspases	as	well	as	RipK3	

during	Salmonella	infection	in	vitro	and	in	vivo.	There	is	evidence	for	a	substantial	

functional	overlap	between	different	cell	death	pathways	in	the	cellular	response	to	

pathogens,	such	as	Salmonella.	We	examined	this	functional	overlap	of	different	cell	

death	processes	in	the	organismal	and	cellular	response	to	infection	by	generating	

mice	 deficient	 for	 multiple	 caspases	 and	 also	 RipK3,	 an	 essential	 mediator	 of	

necroptotic	cell	death.		

Upon	 infection	with	 S.	 Typhimurium	 SL1344	 strain,	 primary	myeloid	 cells	 from	

caspase-1/11/12/8	 RipK3-/-	 mice	 showed	 marked	 resistance	 to	 cell	 death	 and	

survived	even	at	high	bacterial	loads	for	up	to	24	hours.	When	infecting	the	caspase-

1/11/12/8	 RipK3-/-	mice	with	 the	 vaccine	 Salmonella	 Typhimurium	 strain,	 they	

were	not	able	to	clear	the	bacteria	from	primary	organs.		



 v 

Collectively,	 these	 findings	 provide	 evidence	 that	 there	 is	 substantial	 functional	

overlap	between	the	different	cell	death	pathways	and	hence	the	caspases	involved	

in	these	processes	in	the	cellular	as	well	as	organismal	response	to	infection	with	S.	

Typhimurium	and	possibly	other	pathogens.		

Lastly,	I	generated	mice	lacking	all	murine	CARD	containing	caspases,	i.e.	caspase-1,	

-11,	 -12,	 -2	 and	 -9.	 These	 preliminary	 analyses	 revealed	 no	major	 defects	when	

comparing	the	embryonic	development	of	mice	lacking	caspases-1,	-11,	-12,	-2	and	

-9	to	wildtype.	

Furthermore,	we	isolated	haematopoietic	stem	and	progenitor	cells	(HSPCs)	from	

foetal	 livers	derived	 from	caspase-1/11/12/2/9	deficient	mice	and	reconstituted	

lethally	irradiated	wildtype	mice.	Surprisingly,	we	did	not	find	notable	defects	in	the	

lymphoid	and	myeloid	compartments	in	the	caspase-1/11/12/2/9	deficient	mice	at	

steady	 state.	 In	 thymocyte	 cell	 death	 assays,	 cells	 from	 the	 quintuple	 caspase	

knockout	 mice	 still	 could	 undergo	 cell	 death,	 induced	 by	 the	 cytotoxic	 agent	

ionomycin,	albeit	at	a	delayed	rate.		
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1.1	Introduction:	Caspases	and	their	roles	in	cell	

death	and	inflammation	
 

1.1.1	Caspases	

 

Cystein-dependent	ASpartate-specific	ProteASEs,	denoted	caspases,	are	a	family	of	

conserved	proteolytic	enzymes	that	are	involved	in	several	programmed	cell	death	

processes	and	inflammation.	Caspases	are	initially	synthesised	in	the	cell	as	inactive	

preforms,	the	so-called	zymogens	or	pro-caspases	1,	2.	

The	discovery	of	Interleukin-1β-Converting	Enzyme-1	(for	its	ability	to	cleave	IL-

1β),	 often	 called	 ICE	 and	 now	 caspase-1,	 marked	 the	 beginning	 of	 research	 on	

caspases.	 However,	 it	 was	 not	 until	 shortly	 afterwards,	 where	 studies	 in	 the	

nematode	Caenorhabditis	elegans	on	a	protein	called	CED-3	actually	revealed	the	

role	of	caspases	in	cell	death	3.	The	discovery	of	CED-3	sparked	interest	in	the	field	

and	 in	 the	 following	 years	 a	 large	 number	of	 related	 proteases	were	 cloned	 and	

characterised.	 These	 proteases	 were	 then	 termed	 caspases	 as	 their	 common	

function	as	Cysteine-dependent	ASPartate-specific	proteinASES	became	clearer.		

At	 first	 it	 was	 assumed	 that	 caspases	 are	 only	 involved	 in	 apoptosis	 and	 in	 the	

processing	 of	 pro-IL-1β	 in	 inflammation,	 however	 subsequent	 studies	 revealed	

broader	functions	for	caspases	in	various	cellular	processes,	including	the	control	of	

cell	cycling,	cell	motility	and	cell	differentiation	2,	4.		
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Mammalian	 caspases	 have	 often	 been	 clustered	 into	 different	 groups	 based	 on	

various	 criteria,	 such	as	based	on	amino	acid	 sequence	 similarity	 1,	 according	 to	

structural	similarities	or	based	on	similar/shared	functions	2.		

According	 to	 function	 caspases	 are	 often	 classified	 as:	 (1)	 initiator	 caspases	

(caspases-8,	-9	and	-10),	which	proteolytically	activate	the	effector	caspases	during	

apoptosis;	(2)	effector	caspases	(caspases-3,	-6	and	-7)	that	play	critical	roles	in	the	

dismantling	of	the	dying	cells	during	apoptosis,	(3)	and	the	inflammatory	caspases	

(caspase-1,	 -4,	 -5,	 -11	and	-12)	which	promote	 cytokine	 secretion	and/or	 trigger	

pyroptotic	cell	death	(see	below;	Figure	1-1)	5.		

	

However,	clustering	caspases	based	on	their	biological	function	can	be	misleading,	

suggesting	 the	 role	 of	 a	 certain	 caspase	 to	 be	 restricted	 to	 one	 category	 (i.e.	

apoptosis	or	inflammation).	Some	candidates,	such	as	caspase-8,	can	also	have	non-

apoptotic	 attributes.	 Caspase-8,	 known	 for	 its	 function	 in	 the	 extrinsic	 apoptotic	

pathway,	has	in	recent	years	been	shown	to	also	be	involved	in	inflammation	6,	7.	

Furthermore,	it	is	difficult	to	group	caspase-2	based	on	function,	since	this	caspase	

is	still	poorly	understood.	Both,	apoptotic	but	also	non-apoptotic	roles	for	caspase-

2	have	been	suggested,	such	as	in	maintaining	genome	integrity,	ageing,	cell	cycle	

regulation	and	tumour	suppression	8,	9,	10,	11.	

Also,	 the	 functional	 clustering	 strategy	 makes	 it	 difficult	 to	 group	 caspase-14,	

because	this	caspase	is	not	involved	in	apoptotic	processes	or	inflammation	but	has	

a	highly	specific	role	in	keratinocyte	differentiation	12.	

In	general,	the	functions	of	caspases-2,	-12	and	-14	are	still	only	relatively	poorly	

understood	5.		

	

Understandably,	 the	 functional	 clustering	 was	 often	 applied	 for	 simplicity;	

nevertheless	a	different,	more	accurate	approach	should	be	applied	 in	 the	 future	

taking	into	account	the	emerging	data	on	caspase	function	in	the	recent	years	(e.g.	

the	newly	emerging	functions	of	caspase-8	in	inflammation	6,	7	).	

Conceivably	 a	more	 accurate	 approach	 of	 classifying	 caspases	 is	 by	 their	overall	

structure.	
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According	to	structure,	caspases	can	first	be	divided	into	those	that	have	a	short	pro-

domain,	including	caspases-3,	-6,	-7	-14	(Figure	1-1)	and	those	that	have	long	pro-

domains,	including	caspases-1,	-2,	-4,	-5,	-8,	-9,	-10,	-11	and	-12	13.	

There	are	two	types	of	pro-domains	 in	caspases	that	are	related	to	each	other	 in	

structure,	the	CARD	domain	that	is	present	in	caspases-1,	-2,	-4,	-5,	-9,	-11	and	-12,	

and	the	DED	domain	that	is	present	in	caspases-8	and	-10	13.	Thus,	one	could	further	

sub-divide	 the	members	 of	 the	 caspase	 family	with	 long	 pro-domains	 into	DED-

containing	(caspase-8	and	-10)	and	CARD	containing	(caspase-1,	-2,	-4,	-5,	9,	-11,	-

12)	members.	

The	CARD	and	DED	domains	play	critical	roles	in	the	activation	of	the	caspases	with	

long	 pro-domains	 (see	 also	 below)	 14,	 15.	 Human	 caspases-8	 and	 -10	 show	 high	

homology	in	their	protein	sequence	16.	

It	is	also	noteworthy	that	there	are	differences	in	the	nomenclature	and	numbers	of	

caspases	between	humans	and	mice.	In	humans,	12	caspases	have	been	identified	

so	far:	caspases-1	to	10,	caspase-12	and	caspase-14	17,	18.	Mice	encode	for	caspases-

1,	-2,	-3,	-6,	-7,	-8,	-9,	-11,	-12	and	-14	13.The	human	caspases-4	and	-5	are	considered	

to	be	orthologues	of	mouse	caspase-11	19	and	caspase-10	 is	absent	 in	 the	murine	

genome	20.	

Mammalian	 caspase-13	 has	 been	 removed	 from	 the	 list	 of	 human	 and	 murine	

caspases	as	it	was	suggested	to	be	a	bovine-specific	gene	20,	21.	

	

All	caspases	are	synthesised	as	so-called	zymogens	that	have	no	or	only	marginal	

enzymatic	 activity.	 Producing	 an	 enzymatically	 inactive	 pro-form	 of	 a	 protease	

allows	 elaborate	 regulation	 of	 the	 activation	 of	 caspases	 in	 response	 to	 diverse	

stress	stimuli	and	signalling	pathways	22,	23,	24.	The	caspase	zymogens	are	comprised	

of	a	long	or	short	pro-domain	(see	above),	a	large	(p20;	i.e.	~20	kDa)	and	a	small	

(p10;	i.e.	~10	kDa)	subunit.	1,	2	(Figure	1-1).		

 

The	exact	mechanism	of	caspase	activation	in	apical	and	inflammatory	caspases	has	

not	been	fully	resolved	yet.	However,	it	is	widely	accepted	that	caspases	with	long	

pro-domains	(e.g.	 initiator	caspases	and	 inflammatory	caspases)	are	activated	by	

proximity-induced	dimerisation	5,	22,	23,	25.	
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Initiator	 caspases	exist	 as	monomers	and	 it	 is	 generally	accepted,	 that	 they	only	

require	dimerisation	(via	platforms)	to	assume	an	active	conformation	26,	27.	This	

model	 suggests	 that	 the	 increase	 in	 local	 monomer	 concentration	 drives	

dimerisation	 and	 thereby	 activation.	 Apical	 caspase	 activation	 requires	 large	

complexes	with	specific	adaptor	proteins,	which	recruit	the	pro-caspases	and	cause	

their	activation.	This	first	became	apparent	with	the	finding	of	the	apoptosome,	in	

which	 complexes	 between	 APAF-1	 and	 cytochrome	 C	 recruit	 and	 facilitate	 the	

activation	of	caspase-9	28.	The	binding	of	pro-caspase-9	to	APAF-1	is	mediated	by	

homotypic	interaction	of	CARD	domains	that	are	present	in	both	proteins	27,	29.	

 

The	more	 puzzling	 part	 of	 the	 apical	 caspase	 activation	 event	 appears	 to	 be	 the	

importance	 of	 the	 proteolytic	 cleavage	 that	 follows	 dimerisation	with	 some	data	

suggesting	that	the	cleavage	step	is	not	absolutely	essential	for	activation	25,	30,	31.	

	

Caspase-	8	is	responsible	for	triggering	the	extrinsic	apoptotic	pathway.	Consistent	

with	 the	 caspase-9	 activation	 model,	 the	 proximity-induced	 dimerisation	 is	 the	

commonly	 accepted	 key	 event	 for	 caspase-8	 activation	 5,	 27.The	 activation	 of	

caspase-8	(and	caspase-10)	is	driven	by	the	adaptor	protein	FADD	(sometimes	also	

TRADD)	through	homotypic	interactions	of	death	domains	(DD)	that	are	present	in	

both	proteins.	This	interaction	and	caspase-8	or	-10	activation	occurs	within	the	so-

called	death	inducing	signalling	complex	(DISC)	that	is	formed	upon	stimulation	of	

so-called	death	receptors,	i.e.	members	of	the	TNF	receptor	family	that	contain	an	

intracellular	death	domain	(e.g.	FAS,	TNF-R1,	TRAIL-R1)	5,	32,	33.However,	again,	the	

exact	implications	of	the	cleavage	event	remain	in	dispute.	25,	34,	35.	Once	fully	active,	

apical	caspases	can	provoke	effector	caspase	activity	22,	27,	36.		

Effector	caspases	(caspase-3,	-6	and	-7)	exist	as	preformed	dimers	in	the	cytosol	that	

are	being	held	inactive	by	a	linker	separating	the	large	and	small	chain.	To	become	

activated	a	cleavage	at	specific	aspartate	residues	in	the	linker	region	between	the	

p10	 and	 p20	 subunit	 has	 to	 occur	 followed	 by	 a	 rearrangement	 event.	 This	

proteolytic	 activation	 is	 carried	 out	 by	 an	 activated	 initiator	 caspase,	 such	 as	

caspase-8	or	-9	37,	38,	39.	The	p20	and	p10	fragments	assemble	into	active	tetrameric	

(p202p102)	effector	 caspases	 14,	40.	Once	effector	 caspases	are	 catalytically	active,	
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they	can	bind	and	cleave	hundreds	of	substrate	proteins,	and	thereby	cause	cellular	

demolition	41.	

	

The	 inflammatory	 caspases,	 caspases-1,	 -4,	 -5,	 -11	 and	 possibly	 -12,	 play	 critical	

roles	in	inflammation,	pyroptotic	cell	death	and	the	innate	immune	response	against	

microbes.	All	inflammatory	caspases	carry	a	large	N-terminal	CARD	domain	42.	The	

inflammatory	caspases	in	mammals	are	all	encoded	by	genes	clustered	on	a	single	

locus	encompassing	caspases-1,	-4,	-5	and-12	in	humans	and	caspases-1,	-11	and	-

12	in	mice	(see	Figure	1-2).	Based	on	amino	acid	sequence,	the	human	caspases-4	

and	-5	appear	to	be	the	orthologues	of	murine	caspase-11	and	must	have	resulted	

from	the	duplication	of	an	ancestral	gene	43.	The	major	(direct	or	indirect)	substrates	

of	 caspases-1,	 -4,	 -5,	 and	-11	are	 the	pro-forms	of	 the	 cytokines	 IL-1b	 and	 IL-18,	

which	both	play	critical	roles	in	inflammation	19,	44,	45,	46.	Caspase-1	can	also	cleave	

and	thereby	activate	gasdermin	D,	which	then	drives	pyroptotic	cell	death	47,	48.	

Caspase-1	 is	 activated	within	 the	 so-called	 inflammasome,	 a	structure	 containing	

several	 adaptor	 proteins,	 some	 of	 which,	 like	 caspase-1	 itself,	 contain	 a	 CARD	

domain	(described	in	more	detail	below)	49,	50.	Only	recently	it	was	shown	that	the	

murine	caspase-11	and	the	human	caspases-4	and	-5	can	directly	bind	cytosolic	LPS	

which	 triggers	 their	 oligomerisation	 and	 activation	 51.	 Of	 note,	 no	 interaction	

between	LPS	with	other	CARD	containing	caspases	was	detected	51.		

The	 processes	 underlying	 the	 activation	 of	 caspase-12	 are	 still	 only	 poorly	

understood	52.	

 

Interestingly,	certain	caspases	can	play	roles	 in	both	 inflammation	as	well	as	cell	

death.	 Therefore,	 the	 clustering	 of	 caspases	 based	 on	 a	 single	 function	might	 be	

misleading	and	thus	outdated.	As	mentioned	above,	caspases-1,	-4,	-5	and	-11	play	

roles	 in	both	 inflammation	 (processing	of	 the	pro-forms	of	 IL-1b	 and	 IL-18)	and	

pyroptotic	cell	death	(via	proteolytic	activation	of	gasdermin	D).	Moreover,	caspase-

8	is	critical	for	initiation	of	apoptosis	after	stimulation	of	so-called	death	receptors	

(e.g.	FAS,	TNF-R1)	but	it	is	also	critical	to	prevent	necroptotic	cell	death	and	it	can	

become	activated	during	inflammation	within	the	Nlrc4	inflammasome	and	thereby	

contributes	to	the	maturation	and	secretion	of	IL-1b	6,	53.	This	suggests	that	the	roles	

of	 certain	 caspases	 in	 immune	 defence	 against	 pathogens	 and	 possibly	 other	
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physiological	 processes	 may	 be	 highly	 complex.	 Therefore,	 a	 caspase	 clustering	

simply	by	function	should	be	avoided	in	the	future	and	a	more	accurate	approach,	

such	as	structural	grouping	should	be	applied.	

	

	

	

Different	domains	are	highlighted	with	the	CARD	domain	 in	green	boxes	and	the	

DED	domains	in	purple	ovals.	The	p10	subunit	indicated	in	orange,	large	p20	subunit	

depicted	as	blue	box.	

Figure	based	on	Shalini,	S.	et	al.	Old,	new	and	emerging	functions	of	caspases.	Cell	

Death	and	Differentiation	2015;	22	(4):	526-39.	

	

	

	

	

	

	

	

Figure	1-1:	Human	and	murine	caspases	grouped	according	 to	 their	domain	

structure.	
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1.1.2	 The	 functions	 of	 the	 long	 pro-domains	 in	 the	

activation	of	caspases	

 

As	mentioned	above,	different	albeit	structurally	related	motifs,	collectively	known	

as	the	death	domain	super-family,	can	be	found	in	pro-domains	of	distinct	caspases	

and	their	activators/adaptors.	The	death	domain	superfamily	comprises	the	death	

domain	(DD;	e.g.	 found	 in	FADD	and	the	death	receptors),	death	effector	domain	

(DED;	e.g.	 found	 in	FADD	and	caspase-8),	 the	 caspase-activation	and	recruitment	

domain	(CARD;	e.g.	found	in	APAF-1	and	caspase-9)	and	the	pyrin	domain	(PYD;	e.g.	

found	in	ASC)	54.	The	unifying	feature	of	all	members	of	the	death	domain	super-

family	 is	 a	 six	 helical	 bundle	 fold	 that	 is	 essential	 for	 their	 protein-protein	

interactions	33,	55.	

 

CARD	domains	are	found	in	caspases-1,	-2,	-4,	-5,	-9,	-11	and	-12	and	in	some	of	their	

activators/adaptors.	CARD	domains	are	interaction	motifs	that	play	a	role	in	signal	

transduction	 during	 apoptosis,	 pyroptosis	 and	 inflammation.	 These	 domains	

constitute	the	building	blocks	for	the	assembly	of	multimeric	protein	complexes.	As	

a	result	of	direct	interactions	mediated	by	CARD	domains	large	protein	complexes	

can	 be	 formed,	 such	 as	 the	 apoptosome	 or	 the	 inflammasome.	 This	 can	 lead	 to	

proximity-induced	activation	of	initiator	or	inflammatory	caspases	22,	49,	56.	In	regard	

to	CARD	domain	containing	caspases,	the	mechanisms	of	activation	of	caspase-12	is	

not	fully	understood	and	although	caspase-2	has	been	implicated	in	the	control	of	

mitosis	 and	 the	 response	 of	 cells	 to	 defects	 in	 the	 alignment	 of	 chromosomes	

interactions,	more	work	is	needed	to	fully	understand	its	function	and	regulation	9.		

 

Two	death	effector	domains	(DED)	are	present	in	caspases-8	and	-10	and	one	DED	

is	 present	 in	 their	 adaptor	 FAS-associating	 death	 domain-containing	 protein	

(FADD)	 33,	 54.	 The	 DED	 domain,	 similar	 to	 the	 CARD,	 functions	 as	 a	 homotypic	

interaction	module,	playing	a	crucial	role	during	death	receptor-induced	apoptosis	

signalling.	 Upon	 ligand	 (FAS	 ligand,	 FASL)	 binding,	 the	 surface	 receptor	 FAS	

becomes	aggregated	and	this	causes	recruitment	of	the	adaptor	proteins	FADD	(and	

in	the	case	of	TNFR1	stimulation	also	TRADD)	via	homotypic	interactions	of	the	DD	
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present	in	the	intracellular	region	of	the	death	receptors	and	the	DD	present	in	the	

adaptor	proteins	54.	The	aggregation	of	FADD	at	the	cytosolic	aspect	of	the	ligated	

death	receptors	promotes	recruitment	of	caspase-8	(and	in	humans	also	caspase-

10)	via	homotypic	interactions	of	death	effector	domains	(DED)	that	are	present	in	

both	FADD	and	the	pro-domains	of	these	caspases	33.	This	forces	a	conformational	

change	 in	caspase-8	(or	caspase-10)	that	causes	the	activation	of	 these	proteases	

and	this	can	be	followed	by	autocatalytic	processing	(see	above)	35.	

 

The	pyrin	domains	(PYD)	are	present	in	proteins	that	act	as	activators	or	regulators	

of	 the	 inflammasome.	 Inflammasomes	serve	as	multimeric	protein	platforms	and	

are	crucial	components	of	the	innate	immune	system	in	response	to	danger	signals	

and	pathogens.		

Pyrin	domains	are	present	in	many	AIM-like	receptors	(ALR)	or	Nod-like	receptors	

(NLR)	(e.g.	Nlpr1,	Nlrp2,	Nlrp3,	Aim2)	and	also	in	the	adaptor	protein	ASC	57.	The	

adaptor	protein	ASC	contains	both	a	CARD	and	a	PYD	domain	and	thereby	can	link	

CARD	 containing	 pro-caspase-1	 to	 the	 pyrin	 containing	 ALR	 or	 NLR	 58	 during	

inflammasome	assembly.	The	assembly	of	this	multi-protein	complex	is	critical	for	

inflammasome	formation	and	the	activation	of	caspase-1	57.		

Apart	 from	 its	 important	 roles	 in	 pattern	 recognition	 receptors	 (PRRs)	 and	 ASC	

during	 inflammasome	 assembly,	 some	 pyrin-containing	 NLRs,	 like	 Nlrp12	 and	

Nlrp4,	have	been	shown	to	act	as	regulators	during	NF-kb	signalling	59,	60.	

Furthermore,	 some	primate-specific	proteins	 exist,	 that	 consist	 of	 only	 the	pyrin	

domain	and	are	thus	termed	pyrin-only	proteins	(POPs)	61.	These	proteins	can	act	

as	 negative	 regulators	 in	 NF-kB	 signalling	 and	 inflammasomes	 assembly	 for	

example	by	binding	to	the	sensor,	thereby	inhibiting	inflammasome	assembly	and	

zymogen	activation	62,	63,	64,	65.		

However,	 the	 exact	 function	 of	 POPs	 is	 still	 poorly	 defined	 and	 requires	 further	

investigation.	 	
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1.1.3	Caspase-12	and	the	CARD-only	protein	family	(COP)	

	

Caspase-12	 is	 a	 CARD	 containing	 protein	 encoded	 on	 murine	 chromosome	 9	

downstream	of	the	caspase-1	and	-11	genes	and	in	the	human	genome	this	gene	is	

located	on	chromosome	11	together	with	the	genes	for	caspases-1,	-4	and	-5	(see	

Figure	1-2)	52.	 In	humans,	 two	different	 forms	of	caspase-12	exist:	 the	 full-length	

form	of	the	protein	(Casp12l),	and	a	truncated	short	form	(Casp12s)	that	is	caused	

by	a	single	nucleotide	change	that	gives	rise	to	an	early	stop	codon.	The	short	form	

is	found	in	the	Caucasian	and	Asian	(or	new	world)	populations,	whereas	the	full-

length	caspase-12	is	only	present	in	sub-Saharan	African	populations.	Overall	about	

20%	of	people	with	an	African	background	express	full-length	caspase-12	66,	67.	It	

has	 been	 proposed	 that	 the	 mutation	 preventing	 the	 expression	 of	 full-length	

caspase-12	must	have	occurred	before	the	migration	of	humans	out	of	Africa,	and	

that	 this	was	 followed	by	selective	pressure	either	 for	a	 function	that	 is	uniquely	

exerted	by	caspase-12	short	or	against	a	function	provided	by	full-length	caspase-

12.	 Expression	 of	 a	 proteolytically	 inactive	 form	 of	 this	 putatively	 inflammatory	

caspase	 was	 postulated	 to	 be	 advantageous	 as	 humans	 were	 confronted	 with	

different	pathogens	and	possibly	other	environmental	factors	when	entering	Asia	

and	Europe	67.		

The	 most	 frequent	 variant	 of	 caspase-12	 in	 Caucasians	 and	 Asians	 contains	 a	

premature	stop	codon	(TGA)	 instead	of	an	Arginine	(CGA)	at	amino	acid	position	

125	in	exon	4	66.	

	

The	short	form	of	caspase-12	consists	mainly	of	the	CARD	motif	and	can	therefore	

be	grouped	as	a	member	of	the	CARD-only	protein	(COP)	family	68.	Being	co-located	

with	the	genes	for	caspases-1	and	-11	in	mice	or	the	genes	for	caspases-1,	-4	and	-5	

in	humans,	a	function	of	caspase-12	in	inflammation	and	the	response	to	microbial	

infection	seems	likely.	Consistent	with	this	hypothesis,	regulated	expression	of	the	

gene	 for	 caspase-12	has	 been	 demonstrated	 in	 human	 retinal	 pigment	 epithelial	

cells	 when	 stimulated	 with	 pro-	 or	 anti-inflammatory	 stimuli	 69.	 One	 study	 has	

suggested	 that	 caspase-12	 acts	 as	 a	 caspase-1	 inhibitor	 thereby	 restricting	 the	

development	of	sepsis	70.	Since	most	humans	express	a	catalytically	inactive	form	of	
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caspase-12,	 (expressing	 the	 CARD	 domain	 but	 lacking	 the	 active	 centre)	 might	

suggest	 that	 they	 are	 more	 protected	 from	 sepsis,	 while	 sub-Saharan	 Africans	

express	 full-length	 caspase-12	 and	 hence	 have	 a	 stronger	 sepsis	 phenotype.	

However	this	inhibitory	function	of	caspase-12	on	caspase-1/inflammasome	could	

not	be	reproduced	by	an	independent	follow-up	study	71.	

As	mentioned	above,	the	short	form	of	caspase-12	that	is	expressed	in	most	humans	

shares	 structural	 similarities	 to	 other	 CARD-only	 proteins	 (COPs).	 To	 date	 this	

protein	 family	 is	 comprised	of	 five	members:	COP1/Pseudo-ICE,	 INCA,	 ICEBERG,	

Nod2-S	and	caspase-12s	68.	All	members	of	this	group	except	for	Nod2-S	are	found	

within	the	inflammatory	gene	locus	(Figure	1-2)	and	COP1/Pseudo-ICE,	INCA	and	

ICEBERG	share	a	high	amino	acid	identity	with	the	CARD	domain	in	caspase-1	65,	68,	

72.	Interestingly,	COPs	appear	to	be	a	recent	evolutionary	development,	since	these	

proteins	are	only	found	in	higher	primates	but	are	absent	in	mice	or	rats.	The	genes	

encoding	these	proteins	most	likely	emerged	by	gene	duplication	events	of	caspase-

1	72,	73.		

 

COPs	 lack	 enzymatic	 activity	 and	 are	 thought	 to	 function	 as	 dominant	 negative	

regulators	during	 the	 inflammatory	and	 innate	 immune	 response	 in	humans	and	

other	primates	65,	72,	73,	74.	Since	COPs	show	amino	acid	sequence	similarity	 to	 the	

CARD	domain	of	caspase-1,	these	proteins	have	the	ability	to	bind	to	pro-caspase-1	

thereby	 preventing	 inflammasome	 assembly	 and	 its	 activation	 65.	 Additionally,	

ICEBERG	and	COP/	Pseudo-ice	have	been	shown	to	interact	with	active	caspase-1	

and	thereby	block	IL-1β	production	74,	75.		

	

Even	 though	 the	 COPs	 are	 thought	 to	 have	 a	 role	 in	 regulating	 inflammatory	

responses	and	immune	responses	against	microbes,	only	very	few	studies	have	been	

reported	on	 their	 functions	within	 the	whole	animal,	 such	as	 through	analysis	of	

knockout	 mice.	 Should	 the	 COPs	 be	 confirmed	 to	 function	 as	 potent	 negative	

regulators	of	inflammation,	they	might	be	of	interest	for	the	development	of	novel	

therapies,	 for	 example	 by	 generating	 low	molecular	weight	 compounds	 that	 can	

mimic	the	function	of	these	proteins,	akin	to	the	BH3	mimetic	drugs	that	mimic	the	

function	of	BH3-only	proteins	 to	 inhibit	 the	pro-survival	BCL-2	proteins	and	are	
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showing	success	 in	 the	treatment	of	certain	cancers,	such	as	chronic	 lymphocytic	

leukaemia	(CLL)	72.	

	

	

	

Caspases-4	and	-5	in	the	human	genome	locus	are	thought	to	be	the	result	of	a	gene	

duplication	event	of	an	ancestral	gene	of	caspase-11	gene.	Purple	boxes	represent	

genes	coding	for	CARD-only	proteins.		

Figure	 adapted	 from	 Martinon	 F,	 Tschopp	 J.	 Inflammatory	 caspases	 and	

inflammasomes:	master	 switches	 of	 inflammation.	Cell	 Death	 and	 Differentiation	

2007;	14(1):	10-22.		

	  

Figure	1-2:	Comparison	of	the	inflammatory	gene	locus	in	mouse	and	human.	
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1.2	Major	programmed	cell	death	pathways		
	

1.2.1	Apoptosis	

 
Programmed	cell	death	(PCD)	is	an	evolutionary	conserved	process	important	for	

tissue	 homeostasis	 and	 the	 removal	 of	 unwanted	 cells	 76.	 When	 apoptosis	 was	

initially	discovered	by	Kerr,	Wyllie	and	Currie	in	1972,	it	was	thought	to	be	the	only	

form	of	PCD	77.	However,	in	recent	years	several	other	pathways	of	programmed	cell	

death,	such	as	pyroptosis,	necroptosis	and	autophagy	have	broadened	the	spectrum.		

Hallmarks	 of	 apoptosis	 include	 chromatin	 condensation,	 inter-nucleosomal	 DNA	

cleavage,	PARP	cleavage,	phosphatidylserine	exposure	and	eventually	cell	shrinkage	

and	 the	 formation	 of	 “apoptotic	 bodies”	 78.	 Two	 apoptotic	 pathways	 have	 been	

identified,	 the	 so-called	 BCL-2	 regulated	 (also	 called	 intrinsic,	 stress-induced	 or	

mitochondrial)	 and	 the	death	 receptor	activated	 (also	 called	extrinsic)	pathways	

(Figure	1-3a	and	b).	The	BCL-2	regulated	apoptotic	pathway	is	activated	in	response	

to	developmental	cues,	growth	factor/nutrient	deprivation,	DNA	damage,	ER	stress	

or	a	broad	range	of	cytotoxic	drugs.	The	death	receptor	apoptotic	pathway	can	be	

activated	by	certain	members	of	the	TNF	family	of	extracellular	ligands,	such	as	FAS	

ligand	(FASL),	TNF	or	TRAIL	79,	80.		

 

The	BCL-2	regulated	apoptotic	pathway	is	controlled	by	the	BCL-2	family	proteins	

that	 can	 be	 divided	 into	 three	 sub-groups:	 the	 pro-apoptotic	 BH3-only	 proteins	

(BIM,	BID,	PUMA,	NOXA,	BMF,	HRK,	BIK	and	BAD)	that	initiate	apoptosis	signalling,	

the	pro-apoptotic	effectors	of	apoptosis	(BAX,	BAK,	BOK),	which	have	4	BH	(BCL-2	

homology	domains)	and	the	anti-apoptotic	members	(BCL-2,	BCL-XL,	BCL-W,	MCL-

1,	A1/BFL-1	and	possibly	BCL-B)	that	are	critical	for	cell	survival	81,	82,	83.	In	healthy	

cells,	BAX	and	BAK	are	kept	in	check	by	the	pro-survival	BCL-2	family	members	84.	

In	response	to	cell	stress,	the	pro-apoptotic	BH3-only	proteins	become	upregulated	

(transcriptionally	 and/or	 post-transcriptionally)	 and	 initiate	 apoptosis	 signalling	

either	 indirectly	 by	 inhibiting	 the	 function	 of	 the	 anti-apoptotic	 BCL-2	 family	
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members,	 thereby	 liberating	 BAX	 and	 BAK,	 and/or	 by	 directly	 activating	 these	

effectors	 of	 apoptosis	 85,	 86.	 Once	 active,	 BAX	 and	 BAK	 form	 pores	 in	 the	 outer	

mitochondrial	 membrane	 (MOMP	 =	 mitochondrial	 outer	 membrane	

permeabilisation),	 thereby	 inducing	 the	 release	 of	 cytochrome	 C	 and	 other	

apoptogenic	 factors	(e.g.	SMAC/DIABLO)	 from	the	 inter-mitochondrial	space	 into	

the	cytosol.	Cytochrome	C	together	with	Apaf-1	form	a	protein	scaffold	known	as	

the	apoptosome	that	facilitates	the	activation	of	the	initiator	caspase-9,	through	a	

conformational	change	which	is	followed	by	auto-proteolysis	27,	87.	Active	caspase-9	

can	then	proteolytically	activate	the	effector	caspases,	caspases-3,	 -6	or	-7.	These	

effector	caspases	can	cleave	hundreds	of	cellular	proteins	and	thereby	unleash	the	

demolition	of	the	doomed	cells.	

 

The	death	receptor	pathway	is	initiated	when	ligands	of	the	tumour	necrosis	factor	

family	bind	to	their	cognate	receptors,	the	death	receptors	that	are	members	of	the	

TNF	receptor	family.	Ligation	of	death	receptors	causes	assembly	of	an	intracellular	

death	 inducing	 signalling	 complex	 (DISC)	 that	 drives	 activation	 of	 the	 initiator	

caspase-8.	Like	activate	caspase-9,	active,	caspase-8	can	proteolytically	activate	the	

effector	caspases-3,	-6	and	-7	88,	which	then	cleave	hundreds	of	cellular	proteins	to	

cause	cell	demolition.	 In	certain	cell	 types	(called	type	1),	such	as	 thymocytes	or	

mature	 lymphocytes,	 direct	 activation	 of	 the	 effector	 caspases	 by	 caspase-8	 is	

sufficient	 for	 efficient	 induction	 of	 apoptosis	 89.	 In	 so	 called	 type	 2	 cells	 (e.g.	

hepatocytes,	pancreatic	ß	cells)	this	extent	of	caspase	activation	is	insufficient	for	

cell	killing	and	efficient	induction	of	apoptosis	requires	an	amplification	loop	that	

involves	caspase-8	mediated	proteolytic	activation	of	 the	pro-apoptotic	BH3-only	

protein	BID.	Activated	BID,	called	tBID,	activates	 the	apoptosis	effectors	BAX	and	

BAK,	 either	 directly	 or	 indirectly	 by	 binding	 to	 the	 anti-apoptotic	 BCL-2	 family	

members,	thereby	unleashing	BAX	and	BAK	(see	above)	89.	This	causes	MOMP	and	

increased	 activation	 of	 the	 effector	 caspases	 by	 caspase-9	 (see	 above).	 Effector	

caspases	cleave	hundreds	of	cellular	proteins	and	this	causes	directly	or	indirectly,	

for	example	via	proteolytic	activation	of	the	DNAse	CAD,	the	dismantling	of	the	cells	

undergoing	apoptosis	80,	90,	91.	Throughout	this	killing	process,	the	integrity	of	the	

plasma	 membrane	 is	 maintained.	 The	 dying	 cells	 are	 broken	 down	 into	 small	

apoptotic	bodies	only	at	a	late	stage	and	this	probably	occurs	only	in	tissue	culture,	
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whereas	within	an	organism	cells	are	engulfed	by	phagocytes	at	an	early	stage	of	

apoptosis	 (prior	 to	 the	 formation	 of	 apoptotic	 bodies).	 Apoptotic	 cells	 are	

recognised	 and	 engulfed	 by	 phagocytes	 or	 other	 neighbouring	 cells	 after	 the	

exposure	 of	 so-called	 “eat	 me	 signals”,	 which	 includes	 the	 exposure	 of	

phosphatidylserine	(PS)	on	the	outer	leaflet	of	the	plasma	membrane	92.	Cells	dying	

via	 apoptosis	 are	 cleared	 rapidly	 and	 in	 a	 “clean	 manner”,	 thereby	 avoiding	 an	

inflammatory	response	93,	94,	95.		

	

1.2.2	Necroptosis	

	

Necroptosis	is	a	genetically	encoded	regulated	form	of	necrotic	cell	death,	whereby	

dying	cells	release	their	cell	content	and	in	doing	so	can	induce	an	innate	immune	

response	(Figure	1-3c).	The	key	players	in	necroptosis	are	the	kinases	RipK1	and	

RipK3	and	MLKL,	the	effector	of	cell	killing	in	this	pathway	96,	97,	98.	

Necroptosis	can	be	induced	by	the	ligation	of	death	receptors	(e.g.	TNF-R1,	FAS)	or	

pathogen	 recognition	 receptors	 (e.g.	 TLR3,	 TLR4)	 or	 stimuli	 that	 activate	

intracellular	 receptors	 that	 respond	 to	 constituents	 of	 intracellular	 pathogens.	

These	stimuli	cause	the	activation	of	the	kinase	activity	of	RipK1.	RipK1	can	then	

phosphorylate	RipK3	 causing	 its	 auto-phosphorylation	 and	oligomerisation	 98,	 99.	

This	is	followed	by	another	phosphorylation	step	by	which	RipK3	activates	MLKL	
100,	 101.	 Once	 phosphorylated,	 MLKL	 undergoes	 conformational	 changes	 and	

translocates	to	the	plasma	membrane	where	it	integrates	into	the	membrane	and	

causes	its	rupture	and	hence	cell	lysis	with	release	of	cellular	content	into	the	extra-

cellular	space,	thereby	causing	inflammation	102,	103,	104,	105,	106,	107,	108.	
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1.2.3	Pyroptosis	(and	inflammation)	

 
Organisms	have	evolved	multiple	processes	to	protect	themselves	against	harmful	

pathogens.	 These	 processes	 include	 responses	 of	 both	 the	 innate	 and	 adaptive	

immune	 systems	 that	 function	 to	 recognise	 and	 react	 to	 pathogens	 and	 tissue	

damage.	The	 formation	of	 inflammasomes	and	ensuing	pyroptotic	 cell	death	and	

production	of	the	inflammatory	cytokines	IL-1b	and	IL-18	in	innate	immune	cells	

has	been	described	as	a	frontline	response	of	the	host	immune	defence	that	is	crucial	

for	pathogen	clearance	and	wound	healing	109.	

	

The	pyroptotic	cell	death	pathway	is	activated	by	the	human	caspases-1,	-4	and	-5	

or	 the	 murine	 caspases-1	 and	 -11	 110,	 111	 (Figure	 1-3	 d	 and	 e).	 Upon	 sensing	

molecular	 constituents	 from	 microbes	 or	 infected	 neighbouring	 cells,	 caspase-1	

and/or	 caspases-4,	 -5	 and	 -11	 are	 activated.	 These	 caspases	 are	 capable	 of	

proteolytic	 processing	 of	 the	 inert	 precursors	 of	 the	 cytokines	 thereby	 cause	 an	

inflammatory	 response	 to	 attract	 other	 immune	 cells	 to	 the	 site	 of	 infection	 to	

promote	clearance	of	the	pathogens	and	infected	cells	19,	45,	110,	111.	Caspases-1,	-4,	-

5,	 and	 -11	 can	 also	 trigger	 pyroptotic	 cell	 death.	 This	 is	 achieved	 by	 proteolytic	

activation	 of	 gasdermin	D,	 the	N-terminal	 fragment	 of	which	 translocates	 to	 the	

plasma	membrane	to	cause	cell	lysis	via	pore-formation	47.	In	contrast	to	apoptosis,	

this	pyroptotic	cell	death	causes	inflammation	112,	113,	114.	

 

Inflammasomes	are	macromolecular	protein	scaffolds	that	facilitate	the	activation	

of	 inflammatory	 caspases,	 such	 as	 caspase-1.	 Inflammasomes	 contain	 any	 of	 the	

(NOD)-like	receptors,	NLRs	(e.g.	AIM2,	Pyrin,	Nlrp1,	Nlrp3,	Nlrc4),	caspase-1	and	in	

some	cases	the	adaptor	protein	apoptosis-associated	speck-like	protein	containing	

a	caspase-recruitment	domain	(ASC).	ASC	consists	of	an	N-terminal	pyrin	and	a	C-

terminal	 CARD	domain,	which	 are	 both	 necessary	 to	 form	 a	 link	 between	Pyrin-

containing	 NLRs	 and	 the	 CARD-domain	 of	 caspase-1	 in	 order	 to	 form	 the	

inflammasome	42,	111.	Specific	homotypic	protein-protein	interactions	between	the	

Pyrin	domains	as	well	as	homotypic	CARD	domain	interactions	are	crucial	for	the	

assembly	of	the	inflammasomes.	The	formation	of	this	complex	is	thought	to	serve	
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in	a	similar	function	to	the	“apoptosome”	(APAF-1,	cytochrome	C	and	caspase-9)	for	

the	 activation	 of	 caspase-9.	 The	 caspase	 zymogens	 are	 recruited	 via	 their	 CARD	

domains	and	activated	by	 induced	proximity	mediated	oligomerisation.	The	best	

studied	inflammasome	to	date	is	the	Nlrp3	inflammasome,	consisting	of	caspase-1,	

Nlrp3	and	adaptor	protein	ASC	49.	

	

Cells	 of	 the	 innate	 immune	 system	 are	 able	 to	 recognise	 so-called	 damage	 -

associated	 molecular	 patterns	 (DAMPS)	 and	 pathogen-associated	 molecular	

patterns	(PAMPs)	via	their	pattern	recognition	receptors	(PRRs)	49,	115.	PAMPs	are	

conserved	microbial	 signature	molecules,	 such	 as	 LPS	 as	 a	 component	 of	 Gram-

negative	bacterial	cell	walls	or	viral	RNA	116.	DAMP	specific	PRRs	become	activated	

upon	sensing	host	derived	danger	signals,	such	as	uric	acid,	ATP	or	cytokines	which	

are	released	upon	insults	to	the	host	(microbial	or	non-microbial)	116,	117,	118.		

 

The	 activation	 of	 caspases-1	 and	 -11	 (human	 caspase-4,	 -5)	 requires	 a	 two-step	

stimulation	process.	A	first	so-called	priming	signal	is	sensed	by	membrane	bound	

PRRs,	and	this	is	followed	by	a	second	cytosolic	signal	that	is	sensed	via	intracellular	

PRRs	(called	the	activation	step)	49,	117.	The	receptors	crucial	for	both	of	these	steps	

can	be	found	on	the	membrane	of	a	cell,	in	lysosomal	or	endosomal	compartments	

or	in	the	cytoplasm.	PRRs	can	be	divided	into	the	Toll-like	receptors	(TLRs),	RIG-I-

like	 receptors	 (RLRs),	 cytoplasmic	 DNA	 sensing	 AIM2-like	 receptors	 (ALR)	 and	

nucleotide-binding	oligomerisation	domain	(NOD)-like	receptors	(NLRs)	49,	119.	

These	sensor	proteins	differ	in	their	localisation	within	a	cell	120.	TLRs	are	found	in	

the	 plasma	 membrane	 of	 a	 cell	 or	 on	 endosomes	 and	 respond	 to	 extracellular	

stimuli,	whereas	RLRs,	ALRs	and	NLRs	reside	in	intracellular	compartments	49,	119.	

Once	a	priming	signal	(signal	1)	is	sensed	and	intracellular	signalling	pathways	are	

stimulated,	the	activation	signal	(signal	2)	causes	the	activation	of	either	caspase-1	

or	murine	 caspase-11	 (human	 caspases-4	 and	 -5).	 Pyroptosis	 can	 be	 caspase-1-

dependent,	via	the	so-called	canonical	pathway	or	caspase-1-independent,	via	the	

non-canonical	 pathway	 49,	 109,	 121,	 122	 (see	 Figure	 1-3).	 The	 non-canonical	

inflammasome	pathway	has	been	reported	to	be	activated	by	intracellular	LPS	121.	

The	 expression	 of	 pro-caspase-11	 and	 other	 components	 of	 the	 inflammasome	

components,	such	as	Nlrp3,	as	well	as	the	expression	of	the	inactive	precursors	of	



 17 

IL-1b	and	IL-18	are	induced	once	NF-kB	signalling	is	triggered	via	a	PRR	121,	123,	124.	

The	second	signal	in	the	non-canonical	pyroptotic	pathway	is	provided	by	cytosolic	

LPS	that	is	released	by	Gram-negative	bacteria	122,	125.	It	has	been	reported	that	LPS	

directly	 binds	 to	 the	 zymogen	of	 caspase-11.	This	 suggests	 that	 this	 caspase	 can	

function	both	as	a	cytosolic	sensor	of	a	pathogen	derived	signal	and	as	an	initiator	

caspase.	Once	active,	caspase-11	will	trigger	pyroptosis	via	cleavage	of	gasdermin	D	

(see	above)	and	promote	the	secretion	of	certain	cytokines	(IL-1a	and	HMGB1)	114,	

118,	121.	Moreover,	caspase-11	can	trigger	the	activation	of	the	caspase-1-dependent	

inflammasome	in	a	manner	yet	to	be	identified.		

	

The	expression	of	caspase-1	for	canonical	inflammasome	signalling	does	not	require	

a	priming	signal;	the	zymogen	of	this	caspase	is	constitutively	expressed	in	several	

cell	 types,	particularly	 those	of	myeloid	origin	126.	However,	 the	priming	signal	is	

necessary	 for	 the	 synthesis	 of	 other	 components	 of	 this	 pathway,	 such	 as	

intracellular	NLRs	and	the	precursors	of	the	cytokines,	IL-1b	and	IL-18	49.	Once	a	

second	DAMP	or	PAMP	is	sensed	inside	a	cell,	the	formation	of	an	inflammasome	is	

triggered.	 Such	 inflammasome	 assembly	 drives	 caspase-1	 activation	 via	

conformational	changes	that	are	often	followed	by	autocatalytic	cleavage	22,	111,	127.	

Active	caspase-1	can	directly	process	pro-IL-1b	128	and	pro-IL-18	into	their	active	

forms	 and	 thereby	 promote	 their	 secretion.	 Active	 caspase-1	 can	 also	 cleave	

gasdermin	D	129.	The	N-terminal	fragment	of	gasdermin	D	can	oligomerise	to	form	

pores	 in	 the	plasma	membrane	causing	 cell	 lysis	 and	a	 form	of	 cell	death	 that	 is	

highly	pro-inflammatory	47,	112,	130.	
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The	major	 cell	 death	 pathways,	 apoptosis,	 pyroptosis	 and	 necroptosis	 and	 their	

major	 components	 are	 shown.	 A	 feature	 shared	 by	 all	 these	 pathways	 is	 the	

requirement	 for	 caspases	 (initiator	 caspases	 depicted	 as	 grey	 circles,	 effector	

caspases	 as	 orange	 ovals	 and	 inflammatory	 caspases	 in	 purple).	 a,	 b	 BCL-2-

regulated	apoptosis	involves	caspase-9	activity;	death-receptor-mediated	apoptosis	

is	dependent	on	caspase-8	function.	c	Necroptosis	is	inhibited	by	caspase-8	and	is	

triggered	when	RipK1	and	RipK3	activate	MLKL.	d	Pyroptosis	requires	the	activity	

of	 either	 caspase-1	 (canonical	 inflammasome)	 or	 e	 caspase-11	 (non-canonical	

inflammasome)	to	become	activated.	

	

	

	  

Figure	 1-3:	 Overview	 of	 programmed	 cell	 death	 pathways	 and	 their	 main	

components.	
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1.3	Caspases	as	potential	therapeutic	targets	in	

inflammation	and	diseases	caused	by	defects	in	cell	

death	
 
As	mentioned	above,	caspases	play	 important	roles	 in	various	cellular	processes.	

Some	caspases	can	even	be	involved	in	more	than	one	process,	such	as	in	the	case	of	

caspase-8	which	plays	an	essential	role	in	death	receptor-induced	apoptosis,	in	the	

inhibition	of	necroptosis	and	in	the	processing	of	the	precursors	of	IL-1b	and	IL-18	

during	 inflammation	(Figure	1-3).	The	critical	role	of	caspases	 in	diverse	cellular	

processes	 and	 their	 abundance	 across	 species	 spanning	 from	 the	 nematode	 C.	

elegans	 to	 humans,	 highlights	 the	 necessity	 to	 tightly	 regulate	 their	 enzymatic	

activity	131.	

	

Abnormalities	 in	 caspase	 activation	 have	 been	 implicated	 in	 certain	 diseases	 56.	

Aberrant	 death	 of	 cells	 that	 should	 normally	 survive	 (e.g.	 long-lived	 neurons)	

associated	with	 abnormally	 increased	 caspase	 activation	 has	 been	 implicated	 in	

degenerative	disorders,	such	as	neurodegenerative	diseases.	Conversely,	given	that	

certain	 caspases	 are	 implicated	 in	 immune	 defence	 and	 the	 production	 of	

inflammatory	cytokines,	defects	in	their	activation	can	cause	immune-deficiency	132.	

An	adequate	immune	response	is	crucial	for	the	clearance	of	invading	pathogens	but	

after	 this	 threat	 has	 been	 overcome,	 immune	 responses	 must	 be	 terminated	 to	

prevent	 unwanted	 destruction	 of	 healthy	 tissues.	 Thus,	 insufficient	 caspase	

activation	may	 result	 in	 a	 failure	 of	 clearing	 a	 pathogen,	 causing	morbidity	 and	

possibly	mortality	in	the	host.	Conversely,	abnormally	increased	caspase	activation	

may	 cause	 excess	 inflammation	 with	 associated	 pathologies.	 For	 example,	

inflammatory	bowel	disease,	type	2	diabetes,	atherosclerosis,	Crohn’s	disease	and	

Alzheimer’s	 disease	 have	 all	 been	 linked	 to	 aberrations	 in	 the	 regulation	 of	 the	

inflammasome	118,	132,	133,	134,	135.	

The	search	 for	caspase	 inhibitors	began	with	the	discovery	of	caspase-1	(initially	

called	 ICE	 for	 interleukin-1b	 converting	 enzyme)	 as	 the	 critical	mediator	 of	 the	

release	of	bio-active	 IL-1b.	 IDUN,	Pfizer	and	Merck	have	developed	several	small	
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molecule	compounds	that	bind	to	the	active	sites	of	caspases	and	thereby	 inhibit	

their	enzymatic	activity,	either	in	an	irreversible	or	reversible	manner	136,	137.	

For	 example,	 the	 pan-caspase	 inhibitor	 Emricasan,	 originally	 identified	 by	 IDUN	

Pharmaceuticals,	 shows	 potent	 anti-apoptotic	 and	 anti-inflammatory	 properties	

and	was	initially	used	as	a	drug	for	treating	liver	disease	138.	Moreover,	recent	data	

suggests	that	its	applications	could	potentially	be	extended	in	the	future	for	cancer	

treatment	in	combination	with	other	drugs	(e.g.	SMAC	mimetics)	139.	

With	IL-1b	being	a	key	driver	of	inflammation,	inhibitors	of	caspase-1	appear	to	be	

attractive	 compounds	 for	 the	 treatment	 of	 diseases	 that	 are	 associated	 with	

abnormally	 increased	 levels	 of	 IL-1b,	 such	 as	 type	 2	 diabetes	 or	 cryopyrin-

associated	periodic	syndromes	(CAPS).	CAPS	and	other	inflammatory	diseases	are	

often	linked	to	mutations	in	the	Nlrp3	gene	causing	an	overproduction	of	IL-1β	132,	

135.	

Generally,	two	ways	are	used	today	in	inflammatory	drug	design:	designing	drugs	

that	 bind	 to	 the	 IL-1	 receptor	 (e.g.	 Anakinra)	 thereby	 blocking	 the	 signal	

transduction	 or	 binding	 of	 the	 drug	 directly	 to	 IL-1	 (e.g.	 Rilonacept	 and	

Canakinumab)	thereby	mediating	its	pro-inflammatory	effects	140.	In	1993	Anakinra	

was	released	as	the	first	IL-1	receptor	agonist	with	the	capacity	to	block	both,	IL-1a	

and	IL-1b	141.	However,	although	Anakinra	has	proven	successful	in	the	treatment	

of	gout	and	periodic	 fever	syndrome	patients,	inhibitors	of	caspase-1	have	yet	 to	

show	efficacy	 in	 these	or	any	other	inflammatory	diseases	142.	An	explanation	 for	

this	may	be	that	Anakinra	blocks	both	IL-1a	and	IL-1b	signalling,	whereas	inhibitors	

of	caspase-1	only	impact	Il-1b	(and	IL-18)	signalling.		

Two	IL-1β	neutralising	drugs	(Rilonacept	and	Canakinumab)	were	released	shortly	

after	Anakinra	was	accepted	for	treatment.	The	antibody	Rilonacept	acts	as	IL-1b	

inhibitor	and	was	designed	by	Regeneron	Pharmaceuticals	 and	approved	 for	 the	

treatment	of	CAPS	140.	Canakinumab	(by	Novartis)	is	a	human	monoclonal	antibody	

specifically	 targeting	 IL-1β,	 approved	 in	2009	for	 treatment	of	different	 forms	of	

cryopyrin-associated	periodic	syndromes	(CAPS)	140,	141,	142.	These	(and	other)	drugs	

are	 also	 in	 clinical	 trials	 for	 treatment	 of	 other	 conditions	 such	 as	 diabetes	 and	

cardiovascular	disease	143.	

Interestingly,	 in	 some	 cancer	 models,	 particularly	 models	 of	 AML,	 inhibitors	 of	

caspase-8	were	shown	to	kill	malignant	cells	in	vitro	and	even	 in	vivo	 139,	144.	The	



 21 

explanation	for	this	is	that	these	tumour	cells	produce	small	amounts	of	TNF	and	

when	 caspase-8	 is	 blocked	 this	 unleashes	MLKL	dependent	 necroptosis	 in	 these	

cells.		

However,	 there	 are	 a	 number	 of	 challenges	 that	 need	 to	 be	 considered	 for	 the	

deployment	of	caspase	inhibitors	for	the	treatment	of	disease,	in	particular	because	

there	exist	so	many	caspases	with	overlapping	functions	and	the	fact	that	several	

caspases	operate	in	several	cellular	processes.		

The	type	of	cell	death	to	be	inhibited	needs	to	be	identified	as	well	as	the	exact	time	

during	the	course	of	the	disease	when	caspase	inhibitors	should	be	administered.	

Aberrant	cell	death	and/or	inflammation	might	only	be	present	at	specific	stages	of	

disease;	thus,	treatment	with	caspase	inhibitors	should	be	restricted	to	these	stages.	

Of	note,	caspases	are	involved	in	a	number	of	processes;	therefore,	one	might	expect	

a	 number	 of	 on-target	 adverse	 side	 effects,	 such	 as	 unwanted	 induction	 of	

necroptosis	resulting	from	the	inhibition	of	caspase-8	136,	137,	145.	For	the	treatment	

of	degenerative	disorders,	the	aim	is	to	block	apoptosis	without	incurring	the	risk	

of	 inducing	 necroptosis	 instead,	 it	 might	 therefore	 be	 of	 interest	 to	 develop	

compounds	that	specifically	inhibit	several	caspases	but	not	caspase-8.	Conversely,	

to	develop	cancer	therapies	that	elicit	necroptosis	in	tumour	cells	but	do	not	inhibit	

apoptosis,	it	would	be	desirable	to	have	inhibitors	that	only	target	caspase-8	but	not	

other	caspases.		 	
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1.4	Open	questions	addressed	by	this	thesis	
 
Since	caspases	play	critical	roles	in	several	cell	death	processes	and	inflammation	it	

is	 not	 surprising	 that	 a	 vast	 number	 of	 bacteria,	 viruses	 and	 fungi	 have	 evolved	

inhibitors	of	caspases	or	inhibitors	of	components	of	their	upstream	activators	146.	

Since	 caspases	 play	 major	 roles	 in	 a	 broad	 range	 of	 cellular	 processes,	 there	 is	

substantial	interest	in	understanding	their	mechanisms	of	action	and	their	impact	

on	the	course	of	infection.		

	

The	 functions	 of	 certain	 caspases,	 in	 particular	 caspase-12,	 are	 still	 poorly	

understood.	 Moreover,	 the	 overlapping	 roles	 of	 the	 inflammatory	 caspases	

(caspases-1,	-11	and	-12)	in	cell	death	and	inflammation	and	the	innate	as	well	as	

adaptive	 immune	 systems	 have	 not	 yet	 been	 identified.	 Furthermore,	 there	 is	

unexplored	 potential	 of	 a	 wider	 functional	 overlap	 within	 the	 family	 of	 CARD	

containing	caspases	(i.e.	also	involving	caspases-2	and	-9)	or	all	initiator	caspases	

(i.e.	 also	 involving	 caspases-8	 and	 in	 humans	 -10).	 With	 the	 prospects	 of	 the	

development	 of	 drugs	 that	 inhibit	 select	 caspases	 or	 groups	 of	 caspases,	 these	

questions	need	to	be	answered.		

	

To	address	these	questions	through	experiments	in	vitro	as	well	as	in	vivo	a	mouse	

model	lacking	all	three	inflammation	associated	caspases,	caspases-1,	-11	and	-12,	

must	 be	 generated	 and	 thoroughly	 characterised.	 I	 addressed	 the	 above	 listed	

questions	using	a	novel	triple	knockout	mouse	strain	lacking	caspases-1,	-11	and	-

12.	I	characterised	this	novel	mouse	strain	and	utilised	it	to	generate	mice	lacking	

not	 only	 these	 inflammatory	 caspases	 but	 also	 additional	 caspases,	 such	 as	

caspases-2	and	-9	or	caspase-8	(the	latter	made	possible	by	the	additional	loss	of	

RipK3	 to	 prevent	 embryonic	 lethality	 due	 to	 aberrant	 necroptosis).	 With	 these	

newly	generated	strains	of	mice	I	was	able	to	study	the	functional	overlap	that	exists	

within	the	caspases,	with	particular	focus	on	their	roles	in	different	pathways	to	cell	

death,	inflammation	an	immune	defence	against	pathogens.	The	knowledge	gained	

from	these	investigations	may	be	useful	for	designing	novel	treatments	of	infections	

with	 pathogens,	 such	 as	 Salmonella	 Typhimurium,	 as	 well	 as	 diseases	 linked	 to	

caspase	dysfunction,	such	as	auto-inflammatory	diseases	or	cancer.	 	
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Generation	of	caspase-1/11/12/8	RipK3-/-	mouse	strain	

The	 caspase-1/11/12-/-	 mice	 described	 in	 Chapter	 2	 were	 inter-crossed	 with	

caspase-8	RipK3	deficient	mice	supplied	by	Prof.	John	Silke.	The	caspase-8	RipK3-/-	

strain	contains	two	mutations,	a	delcre	caspase-8	gene	and	a	knockout	mutation	for	

Rip	kinase	3	(RipK3)	147.	By	crossing	caspase-1/11/12-/-	triple	knockout	mice	with	

the	 caspase-8	RipK3-/-	strain,	we	obtained	mice	deficient	 for	 caspases-1,	 -11,	 -12	

and-8	as	well	as	RipK3.	Crossing	heterozygous	caspase-1/11/12/8	RipK3-/+	mice,	

we	generated	caspase-1/11/12	RipK3-/-ko	mice,	which	served	as	controls	lacking	

caspases-1,	-11	and	-12	as	well	as	Rip	kinase	3.		

The	caspase-2-/-/9-/+	mice	used	are	described	in	148,	these	mice	were	crossed	to	the	

caspase-1/11/12-/-	 strain	 and	 the	 generated	 heterozygous	 F1	 offspring	 was	

subsequently	inter-crossed	to	obtain	caspase-1/11/12/2-/-/9-/+	offspring.	

TRIF	mice	used	are	described	in	149.	

The	caspase-1/11-/-	mice	deficient	for	caspase-1	and	-11	are	described	in	150.	

	

Genotyping	of	mice	

Genotyping	was	performed	by	standard	PCR	technique	with	tail	clippings	from	the	

individual	mice	taken	at	weaning	age	(3-4	weeks	old).	The	tissue	was	digested	in	

200	 µL	 DirectPCR	 lysis	 buffer	 (Viagen	 Biotech)	 with	 0.4	 mg/mL	 Proteinase	 K	

(Sigma-Aldrich).	The	tails	were	incubated	shaking	at	54	°C	for	a	minimum	of	8	h	or	

overnight.	The	mix	was	incubated	for	45	min	at	86	°C	to	inactivate	the	Proteinase	K.		

1	µL	extracted	DNA	was	added	to	10	µL	GoTaq	Green	Master	Mix	(Promega)	for	the	

subsequent	 PCR	 reaction.	 PCR	 primers	 were	 added	 directly	 to	 the	 Master	 Mix.	

Primers	 (Integrated	 DNA	 Technologies)	were	 added	 to	 the	 Green	Mix	 to	 a	 final	

concentration	of	0.5	µM.	Primer	sequences	are	depicted	in	the	publication	(Material	

and	Methods).		

Genotyping	oligos	shown	in	Table	2.1	and	PCR	protocols	and	resulting	fragments	in	

Table	2.2.	Products	were	analysed	on	a	2%	agarose	gel	containing	0.002%	ethidium	

bromide	(run	for	40	minutes	at	110V).	 	
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Gene	of	

interest	
Oligo	sequences	

Expected	band	

size	

Caspase-8	

knock-in	

FWD:	ATAATTCCCCCAAATCCTCGCATC	

REV:	GGCTCACTCCCAGGGCTTCCT	

200	bp	(wt)	

300	bp	(knock	in-

lox)	

Caspase-8	

knockout	

FWD:	TCCTGTACCATATCTGCCTGAACGCT	

REV:	ATAATTCCCCCAAATCCTCGCATC	

600	bp	(wt)	

200	bp	(dec-

recombinant	

gene)	

800	bp	(knock	in-

lox)	

RipK3	

RipK3-1:	

CGCTTTAGAAGCCTTCAGGTTGAC	

RipK3-2:	GCCTGCCCATCAGCAACTC	

RipK3-3:	CCAGAGGCCACTTGTGTAGCG	

320	bp	(wt)	

485	bp	(ko)	

Caspase-

1/11/12	

FWD:	CACACCTAAAAACAGAGTAAAAGGC	

REV1:	GGGACTGTATGAAGAATGGATCC	

REV2:	CAGCACCTTGAATTATGAGTTGG	

413	bp	(ko)	

245	bp	(wt)	

Caspase-1	
FWD:	CTGCCCAGAGCACAAGACT	

REV:	CATGCCTGAATAATGATCACC	

197	bp	(wt)	

No	band	for	ko	

Neo	
Neo3:	CATTGAACAAGATGGATTGCAC	

REV:	GCATCAGCCATGATGGATAC 
354	bp	(neo	

cassette	in	ko)	

Caspase-2	

FWD:	GCAGTGAACAGAAGGAGGTGCC	

REV:	TCATCCAAGCATGTCGTGGAGG	

Neo:	TTAAGAAGGGTGAGAACAGAG	

150bp	(wt)		

250bp	(ko)	
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Caspase-9	

FWD:	AGGCCAGCCACCTCCAGTTCC	

REV:	CAGAGATGTGTAGAGAAGCCCACT	

Neo	FWD:	

TCTCCTCTTCCTCATCTCCGGGCC	

Neo	REV:	

GAACAGTTCGGCTGGCGCGAGCCC	

250bp	(wt)	

500bp	(ko)	

Table	2-1:	Oligo	sequences	and	resulting	PCR	fragments	for	genotyping	of	
knockout	mouse	strains. 
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Gene	of	interest	 PCR	Protocol		

Caspase-8	

Step	1:	95°C	3	min	

Step	2:	95	°C	1	min		

Step	3:	62	°C	1	min	

Step	4:	72	°C	90	sec;	

Step	5:	go	to	step	2	for	35	cycles	

Step	6:	72	°C	3	min	

Step	5:	25	°C	forever	

RipK3,	Caspase-2	

and	Caspase-9	

Step	1:	94°C	4	min	

Step	2:	94	°C	40	sec		

Step	3:	55	°C	30	sec	

Step	4:	72	°C	1	min;		

Step	5:	go	to	step	2	for	30	cycles	

Step	6:	72	°C	5	min	

Step	7:	25	°C	forever	

Caspase-1/11/12	

and	Caspase-1	

Step	1:	95°C	5	min	

Step	2:	95	°C	30	sec		

Step	3:	60	°C	30	sec	

Step	4:	72	°C	1	min;		

Step	5:	go	to	step	2	for	30	cycles	

Step	6:	72	°C	7	min	

Step	7:	25	°C	forever	

Table	2-2:	PCR	programs	to	genotype	knockout	mouse	strains.	
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Mice	and	ethics	

Experiments	 with	 mice	 were	 conducted	 according	 to	 the	 guidelines	 and	 with	

approval	from	the	Walter	and	Eliza	Hall	Institute	Animal	Ethics	Committee	as	well	

as	 the	 animal	 committee	 from	 the	 Peter	 Doherty	 Institute	 (Parkville,	 Victoria,	

Australia).		

 
Bacterial	strains	

Salmonella	 enterica	 serovar	 Typhimurium	 (S	 .Typhimurium)	 strains;	 SL1344,		

BRD509DaroA	 and	 SL1344	DfliCDfljB	were	 kindly	 obtained	 from	 frozen	 glycerol	

stocks	 provided	 by	 Dr.	 Paul	Whitney,	 A/Prof.	 Sammy	 Bedoui	 and	 Prof.	 Richard	

Strugnell	 (Department	 of	 Microbiology	 and	 Immunology,	 The	 University	 of	

Melbourne).	 For	 in	 vitro	 gentamycin	 assays	 performed	 in	 Cambridge,	 U.K.,	 the	S.	

Typhimurium	SL1344	strain	was	kindly	supplied	by	Prof.	Clare	Bryant	6.		

The	wildtype	SL1344	strain	and	SL1344	DfliCDfljB	mutant	strain	were	used	only	for	

in	vitro	infections.	For	in	vivo	assays	the	attenuated	Salmonella	Typhimurium	strain	

BRD509DaroA	was	used	exclusively.	

 
Salmonella	preparation	for	in	vitro	infections	

S.	Typhimurium	(either	SL1344	strain	or	SL1344	DfliCDfljB	strain)	was	cultured	on	

Luria-Bertani	Agar	plates	(LB	agar,	prepared	in-house)	at	37	°C	overnight.	A	single	

colony	was	selected	and	cultured	in	10	mL	Luria-Bertani	broth	(LB	broth,	made	in-

house)	at	37	°C	for	17.5	h	shaking	(180mph).	The	bacteria	were	sub-passaged	(500	

µL)	in	5	ml	fresh	pre-warmed	LB	broth	and	incubated	for	2	h	at	37	°C	shaking	at	180	

mph	to	obtain	log-phase	bacteria.	Bacteria	were	pelleted	at	4300	RCF	for	10	min	at	

room	 temperature.	 Supernatant	 was	 removed,	 and	 the	 bacterial	 pellet	 was	

resuspended	 in	 5	 mL	 fresh	 antibiotic-free	 supplemented	 cell	 culture	 medium	

(DMEM,	10%	FCS	(Sigma-Aldrich,	12003C),	20%	L929	(in-house	made))	and	then	

diluted	to	the	desired	concentration	for	in	vitro	infection.	

 
Gentamycin	protection	assay	

Primary	Bone	Marrow-Derived	Macrophages	(BMDM)	were	harvested	from	mouse	

tibia	and	femur	and	differentiated	in	Dulbecco’s	modified	Eagle’s	medium	(DMEM)	

containing	10%	foetal	calf	serum	(FCS	Sigma-Aldrich,	12003C),	100	U/mL	penicillin	

and	 100	 μg/mL	 streptomycin	 and	 supplemented	 with	 20%	 L929	 conditioned	
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medium	(complete	medium)	for	six	to	eight	days.	Differentiated	macrophages	were	

plated	 in	 triplicate	 at	 a	 concentration	 of	 200x105	 cells/well	 onto	 tissue	 culture	

treated	96-well	flat	bottom	plates	in	the	afternoon	proceeding	infection.	On	the	day	

of	 infection	cells	were	 infected	with	 log-phase	S.	Typhimurium	strain	SL1344	(or	

mutant	 strains	 as	 indicated)	 at	 the	 indicated	 Multiplicity	 of	 Infection	 (MOI).	

Following	1	h	of	 infection	the	supernatant	was	replaced	with	media	containing	a	

high	 dose	 of	 gentamycin	 (50	 μg/mL,	 Sigma)	 and	 incubated	 for	 a	 further	 1	 h.	

Subsequently,	the	media	was	replaced	with	a	low	dose	of	gentamicin	(10	μg/mL)	for	

the	6hr	and	24	h	time-points,	whilst	the	2	h	timepoint	was	analysed.		

	

Serum	cytokine	levels	

At	each	timepoint,	the	supernatant	was	removed	from	the	cells	and	transferred	into	

a	 fresh	 96	 well	 plate.	 Cytokine	 levels	 in	 supernatants	 of	 treated	 cells	 were	

determined	using	murine	enzyme-linked	immunosorbent	assay	system	(IL-1β	from	

R&D	IL-18	from	MBL	International	Corp.).	The	assay	was	carried	out	following	the	

manufacturer’s	 instructions.	For	wildtype	genotypes,	samples	were	diluted	1:5	 in	

supplemented	media.	

	

Lactate	dehydrogenase	assay	

At	each	timepoint,	cells	were	washed	twice	with	room	temperature	PBS	and	lysed	

in	40	μL	cold	0.5%	Triton	X-100	in	PBS	and	incubated	on	ice	for	20	minutes.	After	

incubation,	cells	were	scraped	off	the	plate	(using	a	p10	pipette)and	10	µL	of	lysed	

cells	were	added	to	105	µL	1.23%	Triton	X-100	(made	in	PBS	and	filtered	sterile)	

onto	a	new	96	well	plate	(Gibco)	and	incubated	for	1	hour	at	37	°C.	Following	this	

incubation	step,	10	µL	of	cell	lysate	was	transferred	into	a	new	96	well	plate	and	

diluted	further	into	40	µL	PBS.	Following	the	manufacturer’s	instructions	(CytoTox	

96®	 Non-Radioactive	 Cytotoxicity	 Assay	 (Promega)),	 50	 µL	 substrate	 mix	 was	

added	 to	 each	 well	 and	 the	 plate	 was	 incubated	 protected	 from	 light	 at	 room	

temperature	 for	30	mins.	Finally,	50	µL	 stop	solution	was	added	 to	 the	 lysate	 to	

inhibit	 further	 reaction	 to	 occur.	 Cell	 viability	 was	 determined	 by	 measuring	

absorbance	at	490	nm	(with	reference	at	620	nm)	on	the	Clario	Star	(BMG,	Labtech)	

as	per	instructions	using	a	standard	curve	as	reference.		
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To	determine	bacterial	viability	at	2,	6	and	24	h,	10	μL	of	the	cell	lysate	(lysed	in	40	

μL	 cold	0.5%	Triton	 X-100	 in	 PBS,	 see	 Lactate	 dehydrogenase	 assay	 above)	was	

further	serially	diluted	 into	PBS	up	to	10-4		dilution.	Dilutions	were	plated	out	on	

agar	plates	using	drop	plate	method	in	triplicates	for	each	dilution.	

	

In	vivo	Salmonella	infections		

For	in	vivo	infections,	the	attenuated	strain	BRD509DaroA	was	diluted	from	a	pre-

prepared	infectious	stock.	Mice	were	intravenously	(i.v.)	infected	with	200	colony	

forming	units	(CFU)	of	bacteria	in	200	µl	PBS.	

	

To	prepare	an	 infectious	 stock,	 a	 single	S.	Typhimurium	colony	was	prepared	as	

above	(in	vitro	infections)	but	following	sub-passage	the	5	ml	broth	was	mixed	at	a	

ratio	of	50:50	with	80%	(v/v)	sterile	glycerol,	aliquoted	and	stored	at	 -80oC.	The	

concentration	of	viable	S.	Typhimurium	was	estimated	by	culturing	serial	dilutions	

of	multiple	thawed	infectious	stock	vials.	

	

Sample	preparation	post-infection	

At	the	experimental	endpoint,	mice	were	euthanised	and	the	spleen,	liver	and	gall	

bladder	removed.	The	spleens	and	livers	were	transferred	into	a	clean	plastic	bag	

and	macerated	before	adding	5	mL	of	PBS.	Bags	were	placed	on	the	stomacher	80	

(Biomaster,	Lab	Systems)	for	10	min	at	room	temperature	on	the	high	instrument	

settings	“high”.	Gall	bladders	were	mixed	with	500	µL	PBS	and	passed	through	a	70	

µM	sieve.	The	organs	were	serially	diluted	and	20	µL	of	 each	organ	dilution	was	

plated	on	Luria	Agar	plates	supplemented	with	50	µg/mL	Streptomycin	Sulphate.	

Plates	were	incubated	at	37	°C	overnight	and	organ	colony	counts	determined.		

	

Cytokine	bead	array	assay	

Organs	were	collected	and	prepared	as	indicated	above.	Bead	array	flex	set	assays	

from	 BD	 bioscience	 were	 used	 following	manufacturer’s	 instructions	 (catalogue	

numbers:	 MCP-1	 558342;	 MIP-1a;	 558449;	 MIP-1b,	 558343;	 MIG	 558341;	 TNF	

558299;	 RANTES	 558345;	 IL-12	 p40	 560151;	 IL-10	 558300;	 IL-6	 558301;	 KC	

558340).	
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Samples	were	analysed	by	flow	cytometry	on	a	BD	Fortessa	analyser	and	data	was	

run	and	analysed	on	FlowJo	software.	

	

Generation	of	immortalised	bone	marrow-derived	macrophages	(iBMDMs)	

BMDMs	were	immortalised	as	described	in	151.	On	day	1,	both	tibiae	and	femora	of	

mice	were	collected	and	placed	into	70%	EtOH	for	30	seconds	to	kill	off	fibroblasts	

attached	to	the	outsides	of	the	bones.	Both	ends	of	each	bone	were	cut	and	bones	

were	 subsequently	 flushed	 using	 a	 precision	 needle	 (BD	 PrecisionGlide,	 26	 G	

0,45mm	x	13	mm)	with	PBS	containing	5%	foetal	calf	serum	(FCS)	and	bone	marrow	

was	strained	through	a	minisart	filter	unit	0.45	µm	(sartorius	stedim,	Biotech)	into	

a	50	mL	tube.	To	wash	the	bone	marrow,	tubes	were	topped	up	to	a	final	volume	of	

40	mL	with	PBS	containing	5%	FCS	before	 spin	 centrifugation	 (5	min	1500	 rpm	

using	 a	 Heraeus	 Multifuge	 3SR	 from	 Kendro	 laboratories	 or	 Rotofix	 32A	 from	

Hettich).	Supernatant	was	removed,	and	the	bone	marrow	pellet	was	resuspended	

in	10	mL	Dulbecco’s	modified	Eagle’s	medium	(DMEM)	containing	10%	foetal	calf	

serum	 (FCS	 Sigma-Aldrich,	 12003C)	 100	 U/mL	 penicillin	 and	 100	 μg/mL	

streptomycin	(complete	medium)	and	supplemented	with	20%	L929	conditioned	

medium	(a	source	of	M-CSF).	The	resuspended	cells	from	one	mouse	were	split	into	

two	15	cm	bacterial	petri-dishes	in	20-25	mL	complete	medium.	On	day	3,	cells	were	

collected	by	scraping	them	into	the	supernatant	and	spun	down	for	5	min	at	1500	

rpm.	Supernatant	was	removed,	and	pellet	was	resuspended	in	16	mL	CreJ2	viral	

supernatant	 supplemented	 with	 4	 mL	 pure	 L929	 (source	 of	 M-CSF,	 made	 in-

house)152.	 After	 48	 h	 of	 infection,	 on	 day	 5,	 the	 infection	 with	 CreJ2	 virus	 was	

repeated.	 Medium	was	 changed	 into	 complete	 medium	 (DMEM	 containing	 10%	

foetal	calf	serum	100	U/mL	penicillin	and	100	μg/mL	streptomycin)	every	3-4	days.	

Upon	reaching	confluency,	cells	were	split	into	DMEM	10%	FCS	15%	L929.	Splitting	

the	cells	was	repeated	while	reducing	L929	supplementation	slowly	(10%,	7%,	5%,	

2.5%,	1,25%,	0.75%)	until	L929	was	no	longer	added.		

	

Cells	containing	the	J2	recombinant	retrovirus,	derived	from	a	replication-defective	

3611-Moloney	 sarcoma	virus	 (MSV)	 carrying	 the	v-raf/v-myc	oncogenes	 )	 151,	152	

were	grown	on	a	15	cm	petri	dish	in	20	mL	DMEM	10&	FCS	medium	until	confluent.	

Supernatant	of	virus	was	used	for	infection,	2-3	days	after	reaching	confluency.	



 31 

T	cell	Blast	stimulation	

Per	 mouse	 strain	 14x106	 splenocytes	 were	 extracted	 and	 washed	 once	 in	 FMA	

(DMEM+	10%	FCS,	40	mM	sodium	bicarbonate,	1	mM	HEPES,	100	U/	mL	penicillin/	

streptomycin,	 0.0135	 folic	 acid,	 0.24	mM	 L-aspargine	monohydrate,	 0.55	mM	 L-

arginine	monohydrochloride,	 50	 µM	b-mercaptoethanol	 and	 100	 µM	 aspargine).	

After	 centrifugation,	 the	 cell	 pellet	 was	 resuspended	 in	 7	 mL	 FMA	 medium	

supplemented	with	2	µg/	mL	ConA	and	 in-house	made	 IL-2	 from	supernatant	of	

X63/0	 cells	 transduced	 with	 an	 IL-2	 expression	 vector	 used	 at	 a	 concentration	

established	by	titration	experiments	153.	

At	day	3	the	cytokines	were	removed	from	the	cells	by	adding	the	cell	suspension	

onto	1ml	FCS.	Cells	were	spun	down	at	1500	rpm	for	5	minutes	at	room	temperature	

and	1500	rpm	(using	a	Heraeus	Multifuge	3SR	from	Kendro	laboratories	or	Rotofix	

32A	 from	 Hettich)	 and	 supernatant	 was	 discarded.	 Subsequently	 the	 cells	were	

washed	twice	using	FMA	medium.	Next,	cells	were	resuspended	into	FMA	medium	

supplemented	with	IL-2.	On	day	4	cells	were	washed	again	in	FCS	once	followed	by	

2	FMA	washes	and	plated	out	at	a	concentration	of	2-3x104	cells	per	well	in	100	µL	

FMA	(supplemented	with	IL-2	and	without,	as	control)	on	a	96	well	plate.	At	 the	

indicated	timepoints,	cells	were	washed	once	in	PBS	and	resuspended	in	Annexin	V	

binding	buffer	(2.5	mM	CaCl2,	0.1	m	NaCl,	0.01	M	HEPES	in	H2O)	with	0.5	-1	μg/mL	

propidium	iodide	(made	in-house)	in	combination	with	Annexin	V-FITC	(produced	

in-house	or	Thermo	Fisher	catalog	number:	A13199	used	as	directed).	Cell	survival	

was	measured	 in	 a	 BD	 FACS	 Calibur	 flow	 cytometer	 and	 analysed	 using	 FlowJo	

software,	Build	number	10.4.2.	All	cell	survival	data	are	presented	as	normalised	to	

untreated	control	cells	unless	specified	differently.	

	

Thymocyte	death	assay		

Single	 cell	 suspensions	 of	 thymi	 isolated	 from	 Ly	 5.1	 mice	 at	 8-14	 weeks	 post-

reconstitution.	Cells	were	prepared	in	FMA	medium	medium	(DMEM+	10%	FCS,	40	

mM	sodium	bicarbonate,	1	mM	HEPES,	100	U/	mL	penicillin/	streptomycin,	0.0135	

folic	 acid,	 0.24	 mM	 L-aspargine	 monohydrate,	 0.55	 mM	 L-arginine	

monohydrochloride,	 50	 µM	 b-mercaptoethanol	 and	 100	 µM	 aspargine).	 5x	 104	

thymocytes	per	well	were	seeded	out	in	in	96-well	plates	in	FMA	medium.	Cells	were	

left	untreated	or	treated	with	ionomycin	(0.5	µg/	mL	or	1	µg/	mL)	diluted	in	FMA.	
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At	indicated	timepoints,	cells	were	washed	once	in	PBS	and	resuspended	in	Annexin	

V	binding	buffer	(2.5	mM	CaCl2,	0.1	m	NaCl,	0.01	M	HEPES	 in	H2O).	0.5	 -1	μg/mL	

propidium	 iodide	 in	 combination	 with	 Annexin	 V-FITC	 (produced	 in-house	 or	

Thermo	 Fisher	 catalog	 number:	 A13199	 used	 as	 directed).	 Cell	 survival	 was	

measured	on	a	BD	FACS	Calibur	flow	cytometer	and	analysed	using	FlowJo	software.	

All	cell	survival	data	are	presented	in	a	manner	normalised	to	untreated	control	cells	

unless	specified	differently.	

	

Foetal	liver	reconstitutions	

Foetal	livers	for	bone	marrow	reconstitutions	were	harvested	from	wt	or	caspase-

1/11/12/2/9-/-	embryos	at	embryonic	stage	E14.5	and	washed	in	PBS	once.	Foetal	

liver	cells	were	subsequently	frozen	in	FCS	supplemented	with	8-10%	DMSO	at	-80	

°C	until	the	day	of	reconstitution.	On	reconstitution,	2	foetal	livers	were	defrosted	

and	washed	in	PBS	once,	followed	by	filtration	through	a	70	µM	filter.	Cells	of	2	foetal	

livers	were	pooled	and	resuspended	 in	1200	µL	PBS.	2	 foetal	 livers	were	used	to	

reconstitute	a	total		of	5	recipient	mice	with	200	µL	per	mouse.	Recipient	Ly5.1	mice	

(6-	10	weeks	of	age)	were	lethally irradiated	(2	doses	of	550	rad)	and	then	received	

either	200	µL	wildtype	or	200	µL	caspase-1/11/12/2/9-/-	foetal	liver	cells	in	PBS	

suspension,	which	is	approximately	a	total	of	3	x	106	cells	per	recipient	mouse.	Mice	

were	sacrificed	and	analysed	8-14	weeks	post-reconstitution	and	donor	cells	were	

identified	 by	 labelling	 with	 anti-CD	 45.2	 marker	 clone	 104	 (purchased	 from	

Biolegend,	conjugated	to	brilliant	violet	or	Alexa	FluorÒ	700).	

	

Embryo	analysis	

Embryos	were	harvested	at	indicated	stages	and	analysed	using	a	Zeiss	Stemi	2000-

C	microscope.	Images	were	taken	at	10x	or	20x	magnification.	
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The	following	Materials	and	Methods	section	has	been	published	as	the	following	

paper	in	the	journal	Cell	Death	&	Differentiation,	2018	Aug	28,		

DOI	10.1038/s41418-018-0188-2	

	

R	Salvamoser,	K	Brinkmann,	LA	O’Reilly,	L	Whitehead,	A	Strasser,	MJ	Herold	(2018).	

Characterisation	 of	mice	 lacking	 the	 inflammatory	 caspases-1/11/12	 reveals	 no	

contribution	of	caspase-12	to	cell	death	and	sepsis	154.	

	

Generation	of	caspase-1/11/12	triple	ko	mice	

The	 caspase-1/11/12-/-	 mice	 were	 generated	 by	 Taconic	 Bioscience	 GmbH.	 The	

genomic	 region	 encompassing	 caspases-1,	 -11	 and	 -12	 was	 deleted	 using	 the	

targeting	strategy	in	C57BL/6	ES	cells	depicted	in	Figure	1a.	The	targeting	vector	

was	generated	using	BAC	clones	from	the	C57BL/6J	RPCIB-731	BAC	library	and	was	

transfected	 into	 the	 Taconic	 C57BL/6N	Tac	 ES	 cell	 line.	 The	 targeting	 construct	

contained	 a	 puromycin	 resistance	 cassette	 used	 for	 positive	 selection	 of	

recombinant	clones	as	well	as	a	thymidine	kinase	for	negative	selection.	The	positive	

selection	 cassette	 was	 subsequently	 excised	 using	 Flp-FRT	 mediated	

recombination.		

The	 heterozygous	 caspase-1/11/12+/-	 offspring	 were	 inter-crossed	 to	 obtain	

caspase-1/11/12-/-	mice.	Genotyping	(by	PCR)	confirmed	the	absence	of	the	caspase-

1/11/12	 locus.	Primer	 sets	used	 for	genotyping:	23:5’cacacctaaaaacagagtaaaaggc,	

24:	 5’gggactgtatgaagaatggatcc,	 25:	 5’cagcaccttgaattatgagttgg.	 PCR	program:	95	 °C	

for	5	min	followed	by	95	°C	(for	30	sec),	primer	annealing	at	60	°C	(30	sec)	then	72	

°C	 (1	 min).	 All	 three	 steps	 were	 repeated	 for	 a	 total	 of	 30	 cycles	 and	 this	 was	

followed	by	a	final	single	elongation	step	at	72	°C.	

 

Endotoxic	shock	model	

Experiments	 with	 mice	 were	 conducted	 according	 to	 the	 guidelines	 and	 with	

approval	 from	 the	Walter	 and	 Eliza	 Hall	 Institute	 (Parkville,	 Victoria,	 Australia)	

Animal	Ethics	Committee.	Mice	were	injected	intraperitoneally	(i.p.)	with	18	or	54	

mg/kg	body	weight	ultrapure	LPS	 (E.	 coli	O111:B4,	 InvivoGen,	 catalog	 code:	 tlrl-

eblps).	Some	treated	mice	were	sacrificed	after	4	h	 for	heart	bleeds	and	cytokine	

analysis.	Mice	 for	survival	studies	were	 taken	when	showing	physical	 signs	of	 ill	
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health	and/or	a	drop	in	body	temperature	below	33°C.	A	scoring	sheet	was	followed	

to	assess	the	overall	physical	condition	of	the	mice.	This	included	features,	such	as	

posture,	respiratory	rate,	responsiveness	and	eye	closure.	The	body	temperature	

and	physical	condition	of	each	mouse	were	checked	hourly	and	every	15	min	within	

the	first	hour	until	sacrifice.	Only	males	were	used	for	these	LPS	shock	experiments	

and	 all	 animals	 were	 between	 6-12	 weeks	 of	 age.	 The	 mice	 used	 in	 these	

experiments	were	 derived	 from	 independent	 colonies,	 namely	 the	 C57BL/6	 (wt	

control),	caspase-1/11	double	knockout	and	caspase-1/11/12	triple	knockout	lines.		

	

In	vivo	treatment	with	tunicamycin	

C57BL/6	(wt	control)	and	caspase-1/11/12	triple	knockout	mice	were	injected	with	

1	mg/kg	body	weight	tunicamycin	(Sigma-Aldrich,	product	code	T776)	dissolved	in	

DMSO	as	per	the	manufacturer’s	instructions	and	diluted	in	PBS	buffer.	Mice	were	

injected	 i.p.	 and	 sacrificed	 24	 or	 72	 h	 post-injection.	 The	 mice	 were	 monitored	

regularly	for	signs	of	discomfort	during	this	period.	At	sacrifice,	kidneys	and	livers	

were	harvested	for	histological	analysis	and	TUNEL	staining.	ALT	levels	in	the	sera	

were	measured	as	described	previously	89.		
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TUNEL	staining	

After	harvesting,	kidneys	(and	livers)	were	incubated	in	formalin	for	12	h	at	room	

temperature	followed	by	treatment	with	70%	EtOH.	Preparation	of	tissue	sections	

and	staining	with	haematoxylin	and	eosin	(H&E)	were	carried	out	in-house	by	the	

histology	 department.	 Dewaxed	 paraffin	 sections	 were	 incubated	 in	 20	 μg/mL	

proteinase	K	(Roche,	product	code	03115879001)	for	15	min	followed	by	three	2	

min	washes	in	PBS.		Endogenous	peroxidase	activity	was	blocked	by	treatment	with	

3%	H2O2	in	methanol	for	5	min	at	room	temperature.	Following	three	2	min	washes	

in	PBS,	each	section	was	incubated	in	TUNEL	reaction	mix	consisting	of	bio	dUTP	

(0.3	nmol/μL)	(Roche,	product	code	11093070910)	+	CoCl2	(25	mM)	+TdT	buffer+	

TdT	(25	U/μL)	(Promega,	product	code	M828C)	+	H2O	to	a	total	volume	of	50	μL	per	

section	for	1	h	at	37	°C	in	a	moist	chamber.	This	was	followed	by	further	washes	

with	 PBS	 (3x	 2	 min).	 The	 slides	 were	 then	 incubated	 with	 the	 ABC	 reagent	

(Vectastain	Elite	ABC	Kit,	Vector	labs,	product	code	PK-6100)	for	30	min	at	room	

temperature	 (as	 per	 the	 manufacturer’s	 instructions).	 After	 further	 washes,	 the	

sections	were	incubated	in	DAB	peroxidase	substrate	mix	for	5	min	(Vector	labs;	SK-

4100).	Finally,	slides	were	washed	with	H2O	and	counterstained	with	haematoxylin	

and	mounted	by	the	in-house	histology	department.	All	slides	were	scored	visually	

by	microscopy.	Additionally,	two	organ	sections	for	each	genotype	and	treatment	

were	 scanned	 and	 computationally	 analysed.	 The	 images	 were	 scanned	 using	 a	

3DHISTEC	slide	scanner	and	quantification	of	the	TUNEL+	cells	was	performed	using	

FIJI	155	with	a	custom	written	scoring	macro.	For	Figure	5,	the	image	contrast	and	

brightness	were	adjusted	using	Adobe	Photoshop	CS6	version	13.0.4.		

	

Measurement	of	cytokine	levels	in	the	serum	of	mice	

Blood	 from	mice	was	 taken	 at	 death	 or	 4	 h	 after	 treatment	with	 LPS	 by	 cardiac	

puncture.	The	levels	of	cytokines	were	determined	using	ELISA	(IL-1β	from	R&D;	

IL-18	 from	 MBL	 International	 Corp.).	 The	 levels	 of	 all	 other	 cytokines	 and	

chemokines	in	the	sera	from	mice	were	quantified	by	using	the	Bio-Rad	Bio-Plex	Pro	

mouse	cytokine	23-plex	assay	(product	code	M60-009RDPD).	

	

	

	



 36 

Flow	cytometric	analysis	

Mice	were	euthanised	and	organs	harvested	into	sterile	BSS	supplemented	with	5%	

foetal	 calf	 serum	 (FCS,	 Sigma-Aldrich,	 12003C).	 For	 the	 detection	 of	 cell	 surface	

markers	 the	 following	 rat	 or	 hamster	 monoclonal	 antibodies	 that	 had	 been	

conjugated	 to	 FITC,	 APC,	 R-PE	 or	 biotin	 (made	 in-house	 or	 purchased	 from	

eBioscience)	were	used:	TER119	(TER119),	MAC-1	(M1/70),	NK1.1	(PK136),	B220	

(14.8	or	RA3-6B2),	CD3	(145-2C11),	CD4	(GK1.5,	H129	or	YTA3.2.1),	CD8	(53-6.7	or	

YTS169),	TCRβ	(H57-597),	CD44	(IM781),	CD25	(PC61),	 IgD	(11-26C),	 IgM	(5.1),	

CD62L	(MEL-14),	CD5	(53-7.3)	and	GR-1	(RB6-8C5).	Streptavidin	conjugates	to	PE-

Cy7	or	APC	(BioLegend)	were	used	for	the	detection	of	biotin-conjugated	antibodies.	

Cells	were	washed	in	BSS	supplemented	with	2%	FCS)	and	analysed	using	an	LSR-

II	flow	cytometer	(BD	Biosciences).	Dead	cells	(PI+)	were	excluded	from	analysis	by	

staining	with	propidium	iodide	(PI,	5	μg/mL;	Sigma-Aldrich).	Intracellular	staining	

for	 FoxP3	 (clone	 FJK-16s)	 was	 performed	 using	 the	 eBioscience	

FoxP3/transcription	factor	staining	buffer	set.	All	data	were	analysed	using	FlowJo	

9.9.4	software.	

	

Cell	death	assays	

Three	independent	mouse	dermal	fibroblasts	(MDF)	cell	lines	were	generated	from	

caspase-1/11/12	triple	knockout	and	wt	mice	each.	The	fibroblasts	were	isolated	

from	 the	dermis	of	mice	and	subsequently	 immortalised	by	 transfection	with	an	

expression	vector	encoding	the	SV40	large	T	antigen.	

Primary	bone	marrow	derived	macrophages	(BMDMs)	were	generated	(see	below)	

and	plated	on	non-coated	96-well	plates	over	night	with	1	x	104	cells	seeded	into	

each	 well	 containing	 100	 μL	 Dulbecco’s	 modified	 Eagle’s	 medium	 (DMEM)	

containing	10%	foetal	calf	serum	(FCS,	Sigma-Aldrich,	product	code	12003C),	100	

U/mL	penicillin,	100	μg/mL	streptomycin	(complete	medium)	and	supplemented	

with	 20%	L929	 cell	 conditioned	medium	 (a	 source	 of	M-CSF).	 For	 immortalised	

MDFs,	 1-2	 x104	 cells	 per	 well	 were	 plated	 out	 on	 regular	 96-well	 coated	 tissue	

culture	plates	in	complete	medium	the	night	before	treatment.	Immortalised	bone	

marrow-derived	macrophages	were	plated	out	at	a	density	of	1-2	x104	cells	per	well	

in	 100	 μL	 Dulbecco’s	 modified	 Eagle’s	 medium	 containing	 10%FCS,	 100	 U/mL	

penicillin,	100	μg/mL	streptomycin.	All	cell	 types	were	treated	with	the	drugs	as	



 37 

indicated.	The	treatments	used	in	these	assays	included	TNF	(100 ng/mL,	made	in-

house),	SMAC	mimetic	(CompA	from	Tetralogic,	500 nM),	the	caspase	inhibitor	QVD-

Oph	(10 μM,	MP	Biomedicals,	OPH109),	thapsigargin	(Sigma,	product	code	T9033),	

taxol	 (paclitaxel	 from	 Sigma-Aldrich,	 product	 code	 T7402),	 tunicamycin	 (Sigma,	

product	code	T7765)	and	etoposide	(Sigma,	product	code	T7402).	At	the	indicated	

timepoints,	 cells	were	 harvested	 and	 stained	with	 1-5	 μg/mL	 propidium	 iodide	

alone	or	in	combination	with	Annexin	V-FITC	(produced	in-house).	Cell	survival	was	

measured	in	a	BD	FACS	Calibur	flow	cytometer.	All	cell	survival	data	are	presented	

in	a	manner	normalised	to	untreated	control	cells	unless	data	for	untreated	cells	are	

shown	separately.	Untreated	cells	were	cultured	in	complete	medium.		

	

In	vitro	assays	with	BMDMs	

Primary	BMDMs	were	generated	from	single	cell	suspensions	of	bone	marrow	that	

had	been	flushed	with	PBS	containing	2%	foetal	calf	serum	(FCS)	from	mouse	tibiae	

and	 femora	 and	 cultured	 in	 Dulbecco’s	 modified	 Eagle’s	 medium	 (DMEM)	

containing	10%	foetal	calf	serum	(FCS	Sigma-Aldrich,	12003C)	100	U/mL	penicillin	

and	 100	 μg/mL	 streptomycin	 (complete	 medium)	 and	 supplemented	 with	 20%	

L929	 conditioned	medium	 (a	 source	 of	M-CSF)	 for	 6	 days	 before	 plating	 out	 on	

treated	 tissue	 culture	 plates.	 Approximately	 1x106	 cells	were	 plated	 per	well	 on	

coated	12-well	tissue	culture	plates	in	1	mL	of	complete	medium	plus	M-CSF.	On	day	

7	the	cells	were	stimulated	with	20	ng/mL	ultrapure	LPS	(LPS	from	E.	coli	O111:B4,	

InvivoGen,	catalog	code:	tlrl-eblps)	for	24	h	before	harvesting	the	supernatants	and	

cell	pellets	separately.	For	qRT-PCR	analysis	of	the	expression	of	caspases-1,	-11	and	

-12,	BMDMs	were	treated	with	20	ng/mL	or	500	ng/mL	LPS	for	3	h.	The	cell	pellet	

was	subsequently	washed	twice	with	ice	cold	PBS	and	lysed	in	1	mL	TRIzol	(Thermo	

Fisher	Scientific	product	code	1559-6018).	

	

Western	blot	analysis	

Cell	pellets	were	lysed	in	Onyx	buffer	(20	mM	Tris/HCL	pH	7.4,	135	mM	NaCl,	1.5	

mM	MgCl2,	 1	 mM	 EGTA,	 1%	 Triton	 X-100,	 10%	 Glycerol	 in	 H20)	 with	 protease	

inhibitor	 cocktail	 (Roche,	 4693159001)	 added	 fresh	 and	 samples	 of	 varying	

concentration	(between	10-30	μg,	depending	on	protein	abundance)	were	loaded	

onto	NuPAGE	Novex	10%	Bis-Tris	protein	gels	(Thermo	Fisher	Scientific)	for	size	
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fractioning	and	 run	 in	MES	buffer.	Transfers	were	 carried	out	on	the	 iBlot	2	dry	

blotting	system	(Invitrogen,	IB21001)	onto	nitrocellulose	membranes	(Invitrogen,	

IB23001	or	 IB23001).	Membranes	were	blocked	 in	5%	skim	milk	powder	in	PBS	

with	0.1%	Tween-20	and	then	probed	with	monoclonal	antibodies	against	caspase-

1	(clone	1H11;	made	 in-house;	see	below,	and	available	 from	Enzo	LifeSciences),	

caspase-11	(4E11;	made	 in	house;	see	below	available	 from	Adipogene	and	Enzo	

LifeSciences)	or	HSP70	(clone	N6,	a	gift	from	Dr	Robin	Andersson,	Peter	MacCallum	

Cancer	Centre,	Melbourne,	Australia),	the	last	one	used	as	a	loading	control.	Bound	

primary	 antibodies	 were	 detected	 by	 goat	 anti-rat	 IgG	 or	 goat	 anti-mouse	 IgG	

antibodies	conjugated	to	HRP	(Southern	Biotech).	The	ECL	reaction	was	used	for	

detection	and	blots	were	developed	using	 the	ChemiDoc	Touch	System	(Bio-Rad	

Laboratories).	 Protein	 concentrations	were	 determined	 by	 Bradford	 assay	 using	

Protein	Assay	Dye	Reagent	Concentrate	as	per	manufacturer’s	instructions	(product	

code	5000006).	

	

Generation	of	rat	monoclonal	antibodies	against	caspase-1	and	caspase-11		

Monoclonal	antibodies	against	caspase-1	and	caspase-11	were	produced	as	we	have	

described	 previously	 156,	 157.	 Briefly,	 Wistar	 rats	 were	 initially	 immunised	 by	

subcutaneous	 injection	 (s.c.)	 with	 the	 p20	 fragment	 of	 mouse	 caspase-1,	 a	 KLH	

conjugated	mouse	caspase-1	peptide	(aa	206-220)	or	 the	p20	fragment	of	mouse	

caspase-11	 dissolved	 in	 complete	 Freund’s	 adjuvant	 (Difco,	 Detroit,	 MI).	 Two	

subsequent	 boosts	 with	 each	 of	 the	 immunogens	 resuspended	 in	 incomplete	

Freund’s	adjuvant	(Difco)	were	given	3	and	6	weeks	 later.	A	 final	boost	with	the	

immunogen	dissolved	in	phosphate-buffered	saline	(PBS)	was	given	i.v.	and	i.p.	4	

weeks	 later.	Three	days	 later,	spleen	cells	 from	each	of	 the	 immunised	rats	were	

fused	with	 the	 SP2/0	myeloma	 cell	 line	 as	previously	 described	 157.	Hybridomas	

producing	 antibodies	 against	 either	 caspase-1	 or	 caspase-11	 and	 their	 isotypes	

were	identified	by	a	screening	strategy	that	we	have	previously	described.	Briefly,	

293T	cells	were	transiently	transfected	with	an	EE-tagged	inactive	cysteine	mutant	

of	either	mouse	caspase-1	(to	screen	for	antibodies	against	casapse-1)	or	caspase-

11	 (to	 screen	 for	 antibodies	 against	 casapse-11),	 fixed	 in	 1%	

paraformaldehyde/PBS,	permeabilised	with	0.3%	saponin	(Sigma)	and	stained	with	

hybridoma	 supernatants.	 Bound	 antibodies	 were	 revealed	 with	 fluorescein	
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isothiocyanate	 (FITC)-conjugated	 goat	 anti-rat	 Ig	 antibodies	 (Southern	

Biotechnology)	 and	 analysed	 by	 flow	 cytometry.	 A	 single	 peak	 of	 low	

immunofluorescence	indicated	that	a	particular	antibody	did	not	recognise	caspase-

1	or	caspase-11.	A	single	peak	of	high	intensity	indicated	binding	to	molecules	other	

than	caspase-1	or	caspase-11.	A	double	peak	histogram	of	low	and	high	intensity	

staining,	 due	 to	 the	 presence	 of	 both	 non-transfected	 and	 transfected	 cells,	

identified	hybridomas	producing	antibodies	specific	to	either	caspase-1	or	caspase-

11.	Antibodies	against	the	EE	epitope	tag	(BabCO)	were	used	as	a	positive	control	

and	hybridomas	producing	antibodies	against	KLH	were	eliminated.	Hybridomas	

producing	antibodies	of	the	desired	specificity	were	cloned	twice	and	adapted	for	

growth	in	low	serum	medium.	The	caspase-1	antibody	producing	hybridoma	clone	

1H11	and	the	caspase-11	antibody	producing	hybridoma	clone	4E11	were	selected	

for	 further	use.	For	production	of	 large	amounts	of	 antibodies,	hybridomas	were	

cultured	for	several	weeks	in	the	miniPERM	classic	12.5-kd	production	and	nutrient	

modules	 (Heraeus).	 Antibodies	 were	 purified	 on	 protein	 G-sepharose	 columns	

(Pharmacia)	according	to	the	manufacturer’s	instructions.	

	

In	vitro	stimulation	with	LPS	and	ELISA	to	detect	IL-18	

For	in	vitro	stimulation	of	caspase-1,	primary	BMDMs	were	primed	with	20	ng/mL	

ultrapure	LPS	(LPS	from	E.	coli		O111:B4,	InvivoGen,	catalog	code:	tlrl-eblps)	for	3	h	

and	subsequently	activated	using	5	mM	ATP	(Sigma,	product	number	A	2383)	for	1	

h	after	which	cells	and	supernatants	were	harvested	 individually.	For	caspase-11	

activation,	cells	were	primed	with	500	ng/mL	ultrapure	LPS	for	3	h	before	activation	

with	2	μg/mL	ultrapure	LPS	that	was	transfected	into	the	cells	using	lipofectamine	

(LPS	 :	 lipofectamine	 was	 used	 at	 a	 ratio	 of	 1:1.3).	 Priming	 and	 activation	 were	

performed	in	reduced	serum	opti-MEM	medium	(Gibco).	After	6	h,	this	medium	was	

replaced	with	 complete	medium	 supplemented	with	 20%	 L929	 cell	 conditioned	

medium	 (a	 source	 of	 M-CSF)	 and	 after	 an	 additional	 16	 h	 incubation	 the	

supernatants	 as	well	 as	 cell	 pellets	were	 harvested.	 The	 levels	 of	 cytokines	 and	

chemokines	 in	 the	 cell	 supernatants	 were	 determined	 by	 ELISA	 (IL-1β	 and	

Rantes/CCL5	from	R&D,	lL-18	from	MBL	International	Corp.).		
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qRT-PCR	analysis	

For	measuring	the	levels	of	mRNA	expression,	total	RNA	was	isolated	from	organs	

or	cultured	cells	and	cDNA	was	synthesised	by	using	the	SuperScript	III	first-strand	

synthesis	 system	 (ThermoFisher).	 qRT-PCR	 was	 performed	 in	 triplicates	 using	

TaqMan	 assay	 from	 ThermoFisher	 Scientific,	 with	 primers	 for	 mouse	 caspase-1	

(Mm00438023_m1),	 caspase-11	 (Mm00432304_m1),	 caspase-12	

(Mm00438038_m1),	 β-actin	 (Mm02619580_g1)	 and	 hmbs	 (Mm01143545_m1)	

(loading	 control).	 qRT-PCR	 was	 run	 using	 Viia7	 real-time	 PCR	 and	 an	 ABI7900	

machine.	β-actin	was	chosen	as	an	 internal	control	gene	and	DCt	calculation	was	

performed	as	fallows:	DCt	=	(Ct	gene	of	interest	–	Ct	internal	control).	2-DDCt		values	

were	calculated	as	described	in	158	using	the	equation:	2-DDCt		=	D	Ct	(treated	sample)-	

D	Ct	(untreated	sample).		

To	set	a	threshold	qRT-PCR	cycle	number	for	each	gene	of	interest	(considered	as	

background	noise),	we	tested	Ct	values	for	caspase-1,	caspase-11	and	caspase-12	in	

cells	from	caspase-1/11/12	triple	knockout	mice	(data	not	shown).	For	caspase-1	

expression,	 the	maximum	cycle	 threshold	was	 set	 at	35	 cycles,	 anything	over	37	

cycles	 in	 the	 case	 of	 caspase-11	 and	 higher	 Ct	 than	 39	 for	 caspase-12	 were	

considered	as	no	RNA	detected.		

	

Statistical	analysis	

Mouse	 survival	 curves	 were	 generated	 and	 analysed	 with	 GraphPad	 Prism	

(GraphPad	Software	Inc,	La	Jolla,	CA,	USA).	Mouse	survival	cohorts	were	compared	

using	the	log-rank	Mantel–Cox	test.	P-values	of	<0.05	were	considered	significant.	

In	vitro	cell	survival	data	were	plotted	and	analysed	with	GraphPad	Prism	using	one-

way	or	2way	ANOVA	statistical	test.	For	ELISA	data	on	cytokine	levels	in	sera	from	

mice,	graphs	were	plotted	using	Prism	software	and	examined	by	using	the	ordinary	

one-way	ANOVA	test.	ELISA	data	on	the	 levels	of	cytokines	 in	supernatants	 from	

cultured	cells	were	evaluated	by	using	Prism	applying	a	2-way	ANOVA	tests.	Data	

are	presented	as	standard	error	of	the	mean	(±S.E.M.).	
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Abstract
Caspases exert critical functions in diverse cell death pathways, including apoptosis and pyroptosis, but some caspases also
have roles in the processing of cytokines into their functional forms during inflammation. The roles of many caspases have
been unravelled by the generation of knockout mice, but still very little is known about the overlapping functions of caspases
as only a few studies report on double or triple caspase knockout mice. For example, the functions of caspase-12 in cell death
and inflammation, on its own or overlapping with the functions of caspase-1 and caspase-11, are only poorly understood.
Therefore, we generated a novel mutant mouse strain lacking all three inflammatory caspases, caspases-1, -11 and -12.
Analysis under steady state conditions showed no obvious differences between caspase-1/11/12−/− and wildtype (WT) mice.
Since caspases-1 and -11 are involved in endotoxic shock, we analysed the response of caspase-1/11/12−/− mice to high-
dose LPS injection. Interestingly, we could not detect any differences in responses between caspase-1/11/12−/− mice vs.
caspase-1/11 double knockout mice. Furthermore, cell lines generated from caspase-1/11/12−/− mice showed no differences
in their apoptotic or necroptotic responses to a diverse set of cytotoxic drugs in vitro when compared to WT cells.
Importantly, these drugs also included ER stress-inducing agents, such as thapsigargin and tunicamycin, a form of cell death
for which a critical pro-apoptotic function of caspase-12 has previously been reported. Additionally, we found no differences
between caspase-1/11/12−/− and WT mice in their in vivo responses to the ER stress-inducing agent, tunicamycin.
Collectively, these findings reveal that caspase-12 does not have readily recognisable overlapping roles with caspases-1 and
-11 in the inflammatory response induced by LPS and in necroptosis and apoptosis induced by diverse cytotoxic agents,
including the ones that elicit ER stress.

Introduction

Inflammatory caspases play a crucial role in the innate
immune response and are therefore an important part of
defence against pathogenic attack [1]. The murine

inflammatory caspase locus on chromosome 9 encodes
for caspases-1, -11 and -12 [1]. Humans have four
inflammatory caspases (encoded by genes located on
chromosome 11), namely caspases-1, -4, -5 and -12 [1].
Caspases-4 and -5 in humans are thought to be
the orthologues of mouse caspase-11 and probably
arose from the duplication of an ancestral gene [1]. The
inflammatory caspases have N-terminal CARD (caspase
activation and recruitment domains) pro-domains,
and because they can proteolytically activate the effector
caspases (i.e. caspases -3, -6 and -7) they are classified
as initiator caspases [1–3]. This places them alongside
the CARD-containing caspase-9, which plays a role in
the intrinsic apoptotic pathway [4, 5] and the DED-
containing caspase-8, which is essential for death
receptor-induced apoptosis [6] and the prevention of
necroptosis [7, 8]. The CARD and DED pro-domains
function as protein–protein interaction motifs serving
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as activation platforms to convert inactive zymogens into
fully active initiator caspases [1, 9]. This results in the
assembly of multimeric protein complexes, such as the
apoptosome (APAF-1, cytochrome c plus pro-caspase-9)
or inflammasome (NLRP1, NLRC4, or ASC plus pro-
caspase-1) [10, 11].

CARD-containing caspases, such as caspases-1 and −11,
promote inflammation by driving the secretions of func-
tional IL-1β and IL-18 [1]. Upon infection or injury, cas-
pases are required to destroy and rapidly clear the cells.
These processes must be tightly regulated because too much
or too little cell death or inflammation can lead to failure of
clearing an infection, cause auto-inflammatory diseases, or
cancer [12, 13].

Caspase-1, formerly known as ICE (Interleukin-1 Con-
verting Enzyme) was discovered through its ability to
generate the biologically active form of the pro-
inflammatory cytokine IL-1β by cleavage [14, 15].
Caspase-1 becomes activated via two signals: an initial
‘priming’ stimulus provided by the membrane-bound
receptors and an ‘activation’ signal produced by cytosolic
pattern recognition receptors (PRRs) [16]. Stimulation of
membrane receptors by pathogen-associated molecular
patterns (PAMPs), such as TLR4 being activated by bac-
terial LPS or host-derived danger-associated molecular
patterns (DAMPs), triggers signalling cascades that promote
the transcription of the genes encoding pro-interleukin-1β
(pro-IL-1β), intracellular PRRs (i.e. NOD-like receptors,
NLRs) and other mediators of inflammation [10]. Upon
sensing cytosolic DAMPs or PAMPs, the newly expressed
NLRs prime the assembly of a multi-protein scaffold,
termed as inflammasome [17–19]. This structure recruits
and thereby facilitates the activation of caspase-1. This
causes proteolytic activation of the cytokines pro-IL-1β and
pro-IL-18, and induction of pyroptosis. This lytic form of
cell death is driven by caspase-1 or caspase-11mediated
proteolytic activation of gasdermin D, which permeabilises
the plasma membrane [2, 9, 17, 20].

Caspase-11 was shown to function as a cytosolic sensor
for Gram-negative bacteria, such as directly binding the
LPS from Escherichia coli, and like caspase-1, it is
involved in the induction of pyroptosis [21–23]. Further-
more, caspase-11 has been shown to initiate the canonical
NLRP3 inflammasome to support the caspase-1driven
release of IL-1β and IL-18 and it also promotes the secre-
tion of the pro-inflammatory factors IL-1α and high-
mobility group box 1 protein (HMGB1) [22, 24]. Exactly
how caspase-11 triggers inflammasome activation is still
unclear and, as mentioned above, in humans caspases-4 and
-5 are thought to be the orthologues of murine caspase-11
and perform these functions [22].

Only limited insight is available on the other member
of this family, caspase-12. Apart from having two caspase-

11like genes, another difference between mice and humans
is that due to an early stop codon (TGA), all humans of
Asian and Caucasian descent can only express a truncated
version of caspase-12 that contains the CARD, but lacks the
domains critical for proteolytic activity [25, 26]. The
expression of full-length caspase-12 is confined to 20–25%
of people of African descent. A role for caspase-12 in
inflammation in mice (and possibly other species) appears
likely, given its gene is clustered closely with the genes for
caspases-1 and −11 within the inflammatory caspase locus
[25]. Caspase-12 is only expressed in certain cell types and
can be upregulated in response to certain inflammatory
stimuli [27]. Caspase-12 has been implicated in apoptosis
triggered by ER stress in one study [28], but this was not
substantiated by follow-up investigations [27, 29].

To examine the overall roles of all inflammatory cas-
pases, we generated mice deficient for caspase-1/11/12.
Analysis of these animals reveals that additional loss of
caspase-12 does not further diminish the septic shock
response beyond the attenuation afforded by the combined
loss of caspases-1 and -11. Moreover, we found no evi-
dence for an overall role for these three inflammatory cas-
pases in the response of cells to diverse inducers of
apoptosis or necroptosis in vitro or to inducers of ER stress
in vitro and in vivo.

Results

Generation and validation of caspase-1/11/12 triple
deficient mice

To determine the overall role of inflammatory caspases-1,
-11 and -12 in inflammation and cell death, we generated
mice deficient for these three CARD-containing caspases.
Therefore, the entire locus spanning the coding regions of
caspases-1, −11 and −12 was constitutively deleted in
C57BL/6 ES cells (Fig. 1a). The genomic region encom-
passing caspase-1 including 1.7 kb of genomic sequence
upstream of caspase-1 exon 1 (promoter region), caspase-
11 and caspase-12 (total of 76.3 kb) was replaced with a
FRT-flanked puromycin resistance (PuroR) cassette that
was subsequently removed using site-directed Flp-FRT-
mediated recombination. This resulted in a constitutive
caspase-1/11/12 knockout (ko) allele. Intercrossing cas-
pase-1/11/12+/− mice generated caspase-1/11/12−/− off-
spring at the expected mendalian frequency. The caspase-1/
11/12−/− mice displayed no overt abnormalities, appeared
healthy up to at least 18 months of age and were fertile (data
not shown).

The loss of the three caspase genes was verified by PCR,
amplifying a 413 bp band for the mutant allele and a 245 bp
band for the WT allele (Fig. 1b). To further validate the
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knockout mice, we stimulated primary bone marrow-
derived macrophages (BMDMs) derived from these ani-
mals with LPS and analysed the expression of caspases-1
and -11 by western blotting. This revealed steady state

expression of caspase-1 and LPS-induced upregulation of
caspase-11 in BMDMs from WT mice, while as predicted,
both caspases-1 and -11 were absent in the cells from cas-
pase-1/11/12 triple knockout mice (Fig. 1c). Due to the lack
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of suitable caspase-12 antibodies, we verified the loss of
caspase-12 expression by qRT-PCR (Fig. 1d). As pre-
viously reported [27], we detected caspase-12 mRNA in the
lungs and brain from unchallenged WT mice but, as
expected, this mRNA was absent from the corresponding
tissues from the caspase-1/11/12−/− mice (Fig. 1d).

Next, we conducted a functional assay for caspases-1 and
-11. Both of these caspases are known to be critical for the
production of IL-1β during pyroptosis [22]. BMDMs were
primed with LPS, and caspases-1 or -11 were activated by
the further addition of ATP or transfection of cells with
LPS, respectively (Fig. 1e, f). Substantial levels of IL-1β
were detected in the supernatants of stimulated BMDMs
from wt mice, but no IL-1β was produced by BMDMs from
the caspase-1/11/12 knockout mice (Fig. 1e, f). BMDMs
from caspase-1/11 double knockout mice served as a con-
trol and, as predicted, these cells also did not produce IL-1β
(Fig. 1e, f). Collectively, these findings demonstrate that we
have successfully generated a novel strain of mice deficient
for all three inflammatory caspases-1/11/12.

Caspase-12 mRNA expression is upregulated to a
similar extent in wildtype and caspases-1/
11 deficient cells upon treatment with LPS in vitro

It is possible that the deletion of caspases-1 and -11 may
interfere with caspase-12 gene expression. To investigate
this possibility and determine the expression of caspases-1,
-11 and -12, we treated primary BMDMs with 20 ng/mL or
500 ng/mL LPS and analysed the expression of these genes
using qRT-PCR.

Upon LPS stimulation, the expression of caspase-11
increased ~20-fold in BMDMs from WT mice, but was not
detected in BMDMs from the caspase-1/11−/− mice

(Figure S1). Stimulation with LPS increased the levels of
caspase-1 mRNA in wt BMDMs approximately threefold.
The caspase-1 gene in the caspase-1/11−/− mice lacks parts
of exons 6 and 7 and therefore no functional caspase-1
protein can be produced. However, a shortened caspase-1
transcript that can be recognised by the PCR primers can be
generated in cells from these animals, which explains why a
qRT-PCR signal was obtained in the BMDMs from cas-
pase-1/11−/− mice (Figure S1).

The levels of caspase-12 mRNA were not significantly
different between untreated BMDMs from WT vs. those
from the caspase-1/11−/− mice. Upon LPS stimulation, the
levels of caspase-12 mRNA rose to a similar extent in
BMDMs of either genotype (Figure S1). This reveals that
loss of caspases-1/11 does not affect the levels of caspase-
12 mRNA expression.

Caspase-1/11/12−/− mice do not exhibit noticable
defects in the haematopoietic system

To study the roles of caspases-1, -11 and -12 in the haema-
topoietic system, we performed flow cytometric analysis to
compare the myeloid and lymphoid cell subset composition
between the caspase-1/11/12 knockout and WT mice. In the
thymus no differences were found in the frequencies and
numbers of double-negative (CD4−CD8−; including all
DN1-4 subsets), double-positive (CD4+CD8+) or single-
positive (CD4+ or CD8+) T cells (Fig. 2a and S2a). More-
over, the caspase-1/11/12 knockout mice had normal num-
bers of CD4+ as well as CD8+ mature T cells in their spleens,
with normal distributions of naïve (CD62LhiCD44−), acti-
vated (CD62LloCD44+) and memory (CD62hiCD44+) sub-
sets found in both the CD4+ and CD8+ T cell lineages
(Fig. 2b and S2b). Finally, the caspase-1/11/12 knockout
mice had similar numbers of CD4+FOXP3+ T regulatory
cells (Treg) as WT controls (Fig. 2c and S2c).

We also found no abnormalities in the B-lymphocyte
compartment of the caspase-1/11/12 knockout mice. They
contained normal frequencies and numbers of pro-B/pre-B
(B220+IgM−), immature B (B220+IgMhiIgDlo) and mature
B cells (B220+ IgMloIgDhi) in the bone marrow and normal
frequencies, and numbers of follicular (B220+IgD+IgMlo),
marginal zone and B-1 B cells in the spleen and lymph
nodes (Fig. 2d, e and S2d, e).

Next, we examined the impact of the combined loss of
caspases-1, -11 and -12 in myeloid cells. At steady state, the
numbers of neutrophils (GR-1+MAC-1+) and monocytes
(GR-1loMAC-1+) were found to be normal in the bone
marrows and spleens of the caspase-1/11/12 knockout mice
(Fig. 2f and S2f). Collectively, these results demonstrate
that the combined loss of caspases-1, -11 and -12 does not
cause detectable abnormalities in the haematopoietic system
of mice under steady state.

Fig. 1 Generation and validation of caspase-1/11-12 triple knockout
mice. a Targeting strategy to generate mice constitutively deficient
(KO) for caspases-1, -11 and -12. b Genotyping of caspase-1/11/12−/−

mice. DNA from WT mice or H2O served as controls. Band sizes, WT:
245 bp, KO: 413 bp. c Western blot analysis to detect caspases-1 and
-11 in BMDMs of the indicated genotypes after 24 h of stimulation
with 20 ng/mL LPS. Left panel: blot probed for caspase-1; right panel:
blot probed for caspase-11. Both membranes were also probed for
HSP70 (loading control) and the left membrane was additionally
probed for pro-IL-1ß. The western blot shown is representative of two
independent experiments. d Raw Ct values from qRT-PCR analysis of
mRNA expression for caspase-12 and HMBS (loading control) in
extracts from the lung (left panel) and brain (right panel) from caspase-
1/11/12 triple knockout and WT control mice. n.d. indicates no RNA
was detected. n= 3. Graphs show the mean ± S.E.M. of triplicate tests.
e, f IL-1ß release from LPS-primed BMDMs of the indicated geno-
types that had been stimulated with e 5 mM ATP or f 2 μg/mL LPS,
that had been transfected into cells using lipofectamine. (Cont., med-
ium alone). All graphs show mean ± S.E.M. of n ≥ 4. Adjusted p values
in Supplementary Table 1 a and b
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The additional loss of caspase-12 does not provide
further protection against LPS-induced septic shock

beyond the protection afforded by combined loss of
caspase-1 and caspase-11

It has previously been shown that mice lacking caspase-11
or both caspases-1 and -11 are resistant to LPS-induced
septic shock [22, 30]. Since caspase-12 is a CARD-
containing caspase encoded by a gene that is co-located in
the inflammatory caspase locus together with the genes
encoding caspases-1 and -11, we hypothesised that it might
play a role overlapping with the functions of these two
caspases in the septic shock response. To test this idea, we
injected WT, caspase-1/11 knockout and caspase-1/11/12
knockout mice with intermediate or high doses of LPS (18
or 54 mg/kg body weight, respectively). As previously
reported [22], the caspase-1/11 knockout mice survived
the septic shock longer than the control WT animals

(Fig. 3a, b). Of note, the caspase-1/11/12 knockout mice did
not show further extended survival compared with the
caspase-1/11 double knockout animals (Fig. 3a, b).

Caspases-1 and -11 exert important functions in the
maturation and secretion of several cytokines. It has been
postulated that caspase-12, as a CARD-containing caspase
being located in the inflammatory caspase locus, may also
play a role in cytokine production. To test this hypothesis,
we measured the cytokine levels 4 h post injection of high-
dose LPS in the blood of mice (Fig. 3b and S3d, e). IL-18
levels were highly elevated in WT mice upon LPS treatment
and this was abrogated in the caspase-1/11 double knockout
mice. Thus, no further reduction in the levels of IL-18 was
possible in the LPS-treated caspase-1/11/12 knockout mice.
Generally, for all cytokines tested, the levels were similar
between the caspase-1/11/12 triple knockout and the cas-
pase-1/11 double knockout mice, both before and after the
treatment with LPS.

At both concentrations of LPS used, there was a trend
towards a reduction in IFN-γ in the WT mice compared
with the caspase-1/11/12 knockout and caspase-1/11
knockout animals (Figure S3c and Figure S3d). This may be
explained by the observation that IFN-γ can be proteolysed
by caspase-1 [31]. Furthermore, multiplex analysis sug-
gested an abnormal increase in the levels of chemokine
Rantes/CCL5 in the caspase-1/11/12 knockout mice after
LPS treatment, but this could not be confirmed in a single
cytokine ELISA (Figure S3e). Collectively, these findings
demonstrate that caspase-12 does not play a major role in
septic shock alongside caspases-1 and -11.

The combined deletion of caspases-1, -11 and -12
does not confer cells with protection against
cytotoxic drugs in vitro

Caspase-12 has been implicated in cell death elicited by
diverse cytotoxic agents [27, 28, 32, 33]. For example, loss
of caspase-12 was shown to protect mouse embryonic
fibroblasts (MEFs) from killing induced by several ER
stress-inducing agents [28]. However, this finding was
challenged in subsequent studies using B16 [27] and several
myeloma-derived cell lines [29]. To examine the overall
roles of all three inflammatory caspases in cell death, we
generated mouse dermal fibroblasts (MDFs) from caspase-1/
11/12 knockout and WT mice, and exposed them to a variety
of cytoytoxic agents, including the ER stressors thapsigargin
and tunicamycin, the microtubule inhibitor taxol and the
DNA-damage-inducing drug etoposide. Furthermore, we
generated primary BMDMs from caspase-1/11/12 knockout
as well as WT mice and treated them with the combinations
of TNF plus a SMAC mimetic (CompA) (T+ S) or TNF,
SMAC mimetic plus caspase inhibitor QVD-OPH (T+ S+
Q), to cause apoptosis or necroptosis, respectively [34]. In

Fig. 2 Normal haematopoietic cell subset composition in the bone
marrow (both tibia and femur), lymph nodes (axial, brachial and
inguinal), thymus and spleen of caspase-1/11/12 triple knockout mice.
a (Left) Representative flow cytometry plots to examine T cell
development in the thymus. Cell populations during development
defined as CD8+, CD4+ and DP for CD4+CD8+ double-positive
T cells. Additional analysis on double-negative (CD8−CD4−) pro-
genitor cells, denoted DN, using antibodies against CD25 and CD44.
Gating strategy on DN progenitor cells depicted in second flow
cytometry plot from the left to further subdivide into DN1–4 stages
as follows: DN1 (CD44+CD25−), DN2 (CD44+CD25+), DN3
(CD44−CD25+) and DN4 (CD44−CD25−). a (Right) Percentages for
each of these T cell populations in the thymus of caspase-1/11/12
knockout and WT control mice. b (Left) Representative gating strategy
for CD4+ T-cell activation. Naïve T cells that have not yet encountered
an antigen do not express CD44 on the cell surface (top left quadrant).
Upon activation by an antigen, T cells upregulate the CD44 expression
(right panels). T cells with upregulated CD62L expression are con-
sidered memory T cells, whereas the so-called activated CD4+ T cells
circulating in the periphery express low levels of CD62L. b (Right)
Quantification of percentages of naïve, memory and activated CD4+

T cells in the spleen and lymph nodes from caspase-1/11/12 triple
knockout and WT control mice. c (Left) Representative flow cyto-
metry plots of T-cell populations in the lymphoid organs.
Gating on regulatory T cells (Tregs) (CD4

+CD25+FOXP3+). c (Right)
Treg cell percentages in the thymus, lymph nodes and spleen. d (Left)
Representative plots of B cell populations defined as B-1 (IgM
+CD5+B220−) or marginal zone (IgM+B220+CD5−) B cells.
d (Right) Percentages in lymph nodes and spleen are shown for each of
these B-cell populations. e (Left) B-cell development using flow
cytometric analysis. Representative plots showing pro-B/pre-B
(B220+IgM−), immature B (B220+IgMlo), transitional B (B220
+IgMhi) and mature B cells (B220hiIgMlo) in the bone marrow.
e (Right) Quantitative analysis of these B cell populations. f (Left)
Representation of myeloid cell populations analysed by flow cyto-
metry. Top right represents neutrophils (GR-1+MAC-1+) and bottom
right the monocyte population (GR-1−MAC-1+). f (Right) Percentages
of these cells found in the bone marrow and lymph nodes. Graphs
show means ± S.E.M. Cell numbers are presented in Supplementary
Figure 2. n ≥ 5. Symbols represent individual mice. Results tested with
two-way ANOVA or unpaired two-tailed Student's t test
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general, the combined loss of caspases-1/11/12 afforded no
significant protection against any of the cytotoxic agents
tested in either of the two cell types examined (Fig. 4). These
findings reveal that caspases-1, -11 and -12 do not exert
significant roles in the intrinsic or death receptor apoptotic
pathways or in necroptotic cell death.

Caspase-1/11/12 triple deficient mice show a normal
ER stress response in vivo

Caspase-12 has been implicated in ER stress-induced cell
killing in vivo [28]. To examine the overall roles of the
inflammatory caspases in ER stress responses in vivo, we
injected caspase-1/11/12−/− mice and WT controls with
sublethal doses of tunicamycin. Histological analysis revealed
similar damage to the kidneys at 72 h post treatment (Fig. 5a).
Untreated caspase-1/11/12 triple knockout mice exhibited
normal architecture of their kidneys (Fig. 5a). At 72 h post
injection of tunicamycin, the overall architecture was
damaged, especially in the outer medullary areas, and there
were no differences in severity of damage between the cas-
pase-1/11/12 triple knockout and WT mice (Fig. 5a). TUNEL
staining revealed increased numbers of apoptotic cells pre-
dominantly in the outer medullary areas (Fig. 5a, b). Com-
putational analysis of TUNEL+ cells revealed that there were
no consistent differences between the caspase-1/11/12
knockout vs. control WT mice at 72 h post injection of
tunicamycin (Fig. 5b and S4a). Moreover, WT animals treated
with vehicle (DMSO) presented negligible numbers of

TUNEL+ cells in their kidneys (Figure S4a). Untreated
WT and caspase-1/11/12 knockout mice had normal serum
levels of ALT (marker of liver damage) (Supplementary
Figure 4b), demonstrating that the loss of caspases-1, -11 and
-12 had no deleterious impact on these organs. After treatment
with tunicamycin for 24 h, caspase-1/11/12 knockout and
WT mice showed comparable but minor increases in the
serum levels of ALT (Supplementary Figure 4b).

Finally, we examined the expression of the caspase-1,
-11 and -12 genes in the organs examined for ER stress-
induced damage, i.e. the kidneys and liver. In the liver and
kidneys, unstressed mice express the caspase-1, -11 and -12
genes at low levels (Supplementary Table 5; relative
expression compared to actin, depicted as 2−ΔCt values in
Supplementary Figure S5).

Collectively, these results demonstrate that the inflam-
matory caspases overall, and hence caspase-12, have no
discernible role in tunicamycin-induced cell killing as well
as renal or liver damage in vivo.

Discussion

Here, we describe the characterisation of a novel mouse
strain lacking the three murine inflammatory caspases-1, -11
and -12. Loss of these three caspases had no impact on the
general health of the mice. Moreover, extensive flow cyto-
metric analysis revealed that the caspase-1/11/12 knockout
mice had a normal haematopoietic system at steady state.

Fig. 3 Loss of caspase-12 does not provide additional protection
against LPS-induced lethal septic shock above the protection afforded
by combined loss of caspases-1 and -11. a Survival of mice of the
indicated genotypes after i.p. injection with 18 mg/kg LPS (left panel).
Serum levels of IL-18 at 4 h after i.p. injection of 18 mg/kg LPS (Cont.

represents no treatment). b Similar presentation of data as in a, but
mice were injected i.p. with 54 mg/kg LPS. Symbols represent indi-
vidual mice. Data are presented as mean ± S.E.M. Adjusted p values
are supplied in Supplementary Table 2. Results of the levels of cyto-
kines were analysed by one-way ANOVA
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It is well known that caspases-1 and -11 have critical roles
in pyroptotic cell death, the production of IL-1β and IL-18 and
in sepsis [18, 22, 30]. We and others have hypothesised
that caspase-12, closely related and encoded in the same locus
as caspases-1 and -11, may have overlapping functions with
caspases-1 and -11. Therefore, we investigated whether the
additional loss of caspase-12 might further increase the resis-
tance to LPS-induced septic shock that is afforded by the
combined loss of caspases-1 and -11. However, the caspase-1/
11/12 knockout mice were no more resistant to LPSinduced
septic shock than the caspase-1/11 double knockout animals.
The overall condition and body temperature were monitored
until the LPStreated mice reached the ethical endpoint. Upon
LPS injection, signs of morbidity and poor health appeared

later and with reduced severity (at least at early time points) in
the caspase-1/11 knockout and the caspase-1/11/12 knockout
mice compared with the LPStreated WT animals. Since no
significant differences were observed between the caspase-1/
11/12 knockout vs. the caspase-1/11 knockout mice, this
suggests that caspase-12 does not play a significant role in this
septic shock model.

Caspase-12 has also been implicated in ER stress-
induced apoptosis [25, 28, 32, 35]. Moreover, caspases-1
and -11 have recently been implicated in the death of certain
cancer cells by chemotherapeutic drugs [36]. However, we
found that combined loss of caspases-1, -11 and -12 did not
protect several types of haematopoietic cells and fibroblasts
in vitro against a diverse range of cytotoxic drugs. It has

Fig. 4 Combined loss of caspases-1/11/12 does not confer protection against treatment with a broad range of cytotoxic insults to cells in vitro.
a Mouse dermal fibroblasts (MDF) from caspase-1/11/12 triple knockout or WT control mice were treated with thapsigargin (123 nM), taxol
(10 μM), etoposide (300 μM), tunicamycin (1 μM), TNF (100 ng/mL)+ SMAC mimetic (500 nM) and TNF (100 ng/mL)+ SMAC mimetic (500
nM)+ caspase inhibitor Q-VD-Oph (10 μM), and cell survival was measured at the indicated time points by flow cytometry. Graphs shown are for
one representative experiment with n= 3 cell lines per genotype. Data are normalised to untreated control cells. Cell viability was measured by PI
and Annexin V staining, followed by flow cytometric analysis. Data are presented as mean ± S.E.M. and were analysed using two-way ANOVA.
b, c Primary BMDMs from caspase-1/11/12 triple knockout and WT control mice were treated with b TNF+ SMAC mimetic+ caspase inhibitor
QVD-OPH (T+ S+Q) to induce necroptosis or c TNF+ SMAC mimetic (T+ S) to induce apoptosis. Cell viability was measured at the indicated
time points by Annexin V or Annexin V plus PI staining in the case of T+ S+Q treatment, followed by flow cytometric analysis. All data were
analysed using one-way ANOVA test. n ≥ 3. Data are presented as mean ± S.E.M.
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also been reported that caspase-12 deficiency renders mice
resistant to tunicamycin-induced renal damage in vivo that
is associated with induction of apoptosis in this tissue [28].
However, we did not detect any differences in renal damage
and the frequency of apoptotic cells in the kidneys between
caspase-1/11/12 knockout and WT mice. These findings

may indicate that inflammatory caspases are only critical for
cytotoxic drug-induced cell killing in selected cell types.
Moreover, it remains possible that we have not yet tested a
cell death inducer for which caspases-1/11/12 collectively
play critical roles. Activation of the murine inflammatory
caspases-1 and -11 requires a two-step process, namely a

Fig. 5 Combined loss of
caspases-1, -11 and -12 does not
protect mice against ER stress-
induced renal damage.
a Immunohistochemical staining
of kidneys from tunicamycin-
treated (1 mg/kg body weight,
harvested after 72 h) and
-untreated mice to detect
TUNEL+ (dead) cells of
WT mice are shown in the left
panels, and for caspase-1/11/12
triple knockout mice in the right
right panels. One representative
image shown per genotype and
treatment. n ≥ 3. Sections: cortex
(1), outer medulla (2) and inner
medulla (3). Scale bar represents
1 mm, total magnification of
kidney ×20. b Bar graphs
showing quantification of results
from a n ≥ 3 mice per genotype,
two kidney sections per mouse
were scored computationally
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priming signal and a secondary stimulus, called the acti-
vation step [11, 22, 37, 38]. While caspase-1 can be acti-
vated by a broad range of stimuli, caspase-11 is only
induced in cells and therefore capable of being activated
upon sensing Gram-negative bacteria [22, 39]. It is possible
that caspase-12 activation may similarly need specific
priming and activation signals, that have not been identified
yet. In BMDMs as well as in the kidney and liver, the
absence of caspase-1/11 had no impact on the levels of
caspase-12 mRNA.

The substantial LPSinduced increase in the levels of
caspase-12 mRNA suggests a role of caspase-12 in
response to bacterial infection and sepsis. Potential reg-
ulatory effects of caspase-12 on caspases-1 and -11 (ser-
ving as possible effectors) cannot be revealed in our mice
since they lack all three inflammatory caspases.

Moreover, similar to caspase-1, the caspase-12 zymogen
may have to bind to an adaptor protein to undergo the con-
formational changes required for activation. An adaptor for
caspase-12 has not yet been identified and it is possible that
the expression of such an activator of caspase-12 may also
need a specific signal. Furthermore, it is possible that caspase-
12 acts as a regulator upstream of caspases-1 and -11. Due to
an early stop codon in one of the human caspase-12 genes,
only a short, truncated version of this protein can be generated
in people of Asian and Caucasian descent as well as in most
Africans. This non-proteolytic form of human caspase-12 is
structurally similar to the so-called CARD-only proteins
(COPs), including ICEBERG and COP/pseudo-ICE. These
proteins that contain a CARD, but lack the domains for
enzymatic activity have previously been shown to have reg-
ulatory functions that impact cytokine secretion, NF-κB sig-
nalling and certain other signalling pathways [40, 41]. It is
therefore possible that caspase-12, particularly the truncated
form expressed in most humans, might fulfil a regulatory
function or serve as a non-catalytic scaffolding platform
in some signalling pathways, similar to the COPs. To
rule out the possibility of upstream regulation, a single
caspase-12deficient mouse strain would be useful for
future studies. Our newly generated caspase-1/11/12 triple
knockout mice will serve as a valuable tool in such investi-
gations and we will make them available to the scientific
community.

In conclusion, we have generated a strain of caspase-
1/11/12 triple knockout mice. The analysis of these
animals failed to identify a critical role of caspase-12,
overlapping with the functions of caspases-1 and -11, in
septic shock induced by LPS or the response of cells to a
broad range of cytotoxic insults. Our caspase-1/11/12
triple knockout mice are expected to help identify
important functions that are safeguarded by extensive
functional overlap between many caspases, such as the
ones operating in the fight against pathogens.

Materials and methods

Generation of caspase-1/11/12 triple knockout mice

The caspase-1/11/12−/− mice were generated by Taconic
Bioscience GmbH. The genomic region encompassing cas-
pases-1, -11 and -12 was deleted using the targeting strategy
in C57BL/6 ES cells depicted in Fig. 1a. The targeting vector
was generated using BAC clones from the C57BL/6J RPCIB-
731 BAC library and was transfected into the Taconic
C57BL/6N Tac ES cell line. The targeting construct contained
a puromycin resistance cassette used for positive selection of
recombinant clones as well as a thymidine kinase for negative
selection. The positive selection cassette was subsequently
excised using Flp-FRT-mediated recombination.

The heterozygous caspase-1/11/12+/− offspring were
intercrossed to obtain caspase-1/11/12−/− mice. Genotyping
(by PCR) confirmed the absence of the caspase-1/11/12
locus. Primer sets used for genotyping: 23:5′cacacctaaaaa-
cagagtaaaaggc, 24: 5′gggactgtatgaagaatggatcc, 25:5′cag-
caccttgaattatgagttgg. PCR programme: 95 °C for 5 min
followed by 95 °C (for 30 s), primer annealing at 60 °C
(30 s) then 72 °C (1 min). All three steps were repeated for a
total of 30 cycles and this was followed by a final single
elongatation step at 72 °C.

Endotoxic shock model

Experiments with mice were conducted according to the
guidelines and with approval from the Walter and Eliza Hall
Institute (Parkville, Victoria, Australia) Animal Ethics
Committee. The caspase-1/11 mice used in these (and other
following) experiments were derived from a caspase-1/11
double knockout colony published previously [42, 43] and
were not littermates from the caspase-1/11/12 triple
knockout mice. Mice were injected intraperitoneally (i.p.)
with 18 or 54 mg/kg body weight ultrapure LPS (E. coli
O111:B4, InvivoGen, catalogue code: tlrl-eblps). Some
treated mice were sacrificed after 4 h for heart bleeds and
cytokine analysis. Mice for survival studies were taken
when showing physical signs of ill health and/or a drop in
body temperature below 33 °C. A scoring sheet was fol-
lowed to assess the overall physical condition of the mice.
This included features, such as posture, respiratory rate,
dehydration, responsiveness and eye closure. The body
temperature and physical condition of each mouse were
checked hourly and every 15 min within the first hour until
sacrifice. Only males were used for these LPS shock
experiments, and all animals were between 6 and 12 weeks
of age. The mice used in these experiments were derived
from independent colonies, namely the C57BL/6 (WT con-
trol), caspase-1/11 double knockout and caspase-1/11/12
triple knockout lines.
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In vivo treatment with tunicamycin

C57BL/6 (WT control) and caspase-1/11/12 triple knockout
mice were injected with 1mg/kg body weight tunicamycin
(Sigma-Aldrich, product code T776) dissolved in DMSO as
per the manufacturer’s instructions and diluted in PBS buffer.
Mice were injected i.p. and sacrificed 24 or 72 h post injection.
The mice were monitored regularly for signs of discomfort
during this period. At sacrifice, kidneys and livers were har-
vested for histological analysis and TUNEL staining. ALT
levels in the sera were measured as described previously [44].

TUNEL staining

After harvesting, the kidneys (and livers) were incubated in
formalin for 12 h at room temperature, followed by treat-
ment with 70% EtOH. Preparation of tissue sections and
staining with haematoxylin and eosin (H&E) were carried
out in-house by the histology department. Dewaxed paraffin
sections were incubated in 20 μg/mL proteinase K (Roche,
product code 03115879001) for 15 min, followed by three
2-min washes in PBS. Endogenous peroxidase activity was
blocked by treatment with 3% H2O2 in methanol for 5 min
at room temperature. Following three 2-min washes in PBS,
each section was incubated in the TUNEL reaction mix
consisting of bio dUTP (0.3 nmol/μL) (Roche, product code
11093070910)+ CoCl2 (25 mM)+ TdT buffer+ TdT (25
U/μL) (Promega, product code M828C)+H2O to a total
volume of 50 μL per section for 1 h at 37 °C in a moist
chamber. This was followed by further washes with PBS
(3 × 2 min). The slides were then incubated with the ABC
reagent (Vectastain Elite ABC Kit, Vector labs, product
code PK-6100) for 30 min at room temperature (as per the
manufacturer’s instructions). After further washes, the sec-
tions were incubated in DAB peroxidase substrate mix for
5 min (Vector labs; SK-4100). Finally, slides were washed
with H2O, counterstained with haematoxylin and mounted
by the in-house histology department. All slides were
scored visually by microscopy. Additionally, two organ
sections for each genotype and treatment were scanned and
computationally analysed. The images were scanned using a
3DHISTEC slide scanner, and quantification of the
TUNEL+ cells was performed using FIJI [45] with a custom
written scoring macro. For Fig. 5, the image contrast and
brightness were adjusted using Adobe Photoshop CS6
version 13.0.4.

Measurement of cytokine levels in the serum of the
mice

Blood from mice was taken at death or 4 h after treatment
with LPS by cardiac puncture. The levels of cytokines were
determined using ELISA (IL-1β from R&D; IL-18 from

MBL International Corp.). The levels of all other cytokines
and chemokines in the sera from the mice were quantified
by using the Bio-Rad Bio-Plex Pro mouse cytokine 23-plex
assay (product code M60-009RDPD).

Flow cytometric analysis

Mice were euthanised and organs were harvested into sterile
BSS supplemented with 5% foetal calf serum (FCS, Sigma-
Aldrich, 12003C). For the detection of cell surface markers,
the following rat or hamster monoclonal antibodies that had
been conjugated to FITC, APC, R-PE or biotin (made in-
house or purchased from eBioscience) were used: TER119
(TER119), MAC-1 (M1/70), NK1.1 (PK136), B220 (14.8 or
RA3-6B2), CD3 (145-2C11), CD4 (GK1.5, H129 or
YTA3.2.1), CD8 (53-6.7 or YTS169), TCRβ (H57-597),
CD44 (IM781), CD25 (PC61), IgD (11-26C), IgM (5.1),
CD62L (MEL-14), CD5 (53-7.3) and GR-1 (RB6-8C5).
Streptavidin conjugates to PE-Cy7 or APC (BioLegend) were
used for the detection of biotin-conjugated antibodies. Cells
were washed in BSS supplemented with 2% FCS and ana-
lysed using a LSR-II flow cytometer (BD Biosciences). Dead
cells (PI+) were excluded from analysis by staining with
propidium iodide (PI, 5 μg/mL; Sigma-Aldrich). Intracellular
staining for FoxP3 (clone FJK-16s) was performed using the
eBioscience FoxP3/transcription factor staining buffer set. All
data were analysed using FlowJo 9.9.4 software.

Cell death assays

Three independent MDF cell lines were generated from
caspase-1/11/12 triple knockout and WT mice each. The
fibroblasts were isolated from the dermis of mice and sub-
sequently immortalised by transfection with an expression
vector encoding the SV40 large T antigen. Primary
BMDMs were generated (see below) and plated on non-
coated 96-well plates over night with 1 × 104 cells seeded
into each well containing 100 μL Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% FCS (Sigma-
Aldrich, product code 12003C), 100 U/mL penicillin,
100 μg/mL streptomycin (complete medium) and supple-
mented with 20% L929 cell conditioned medium (a source
of M-CSF). For immortalised MDFs, 1–2 × 104 cells per
well were plated out on regular 96-well coated tissue culture
plates in complete medium the night before the treatment.
All cell types were treated with the drugs as indicated. The
treatments used in these assays included TNF (100 ng/mL,
made in-house), SMAC mimetic (CompA from Tetralogic,
500 nM), the caspase inhibitor QVD-Oph (10 μM, MP
Biomedicals, OPH109), thapsigargin (Sigma, product code
T9033), taxol (paclitaxel from Sigma-Aldrich, product code
T7402), tunicamycin (Sigma, product code T7765) and
etoposide (Sigma, product code T7402). At the
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indicated time points, cells were harvested and stained with
1–5 μg/mL propidium iodide alone or in combination with
Annexin V-FITC (produced in-house). Cell survival was
measured in a BD FACS Calibur flow cytometer. All cell
survival data are presented in a manner normalised to
untreated control cells unless data for untreated cells are
shown separately. Untreated cells were cultured in complete
medium.

In vitro assays with BMDMs

Primary BMDMs were generated from single-cell suspen-
sions of bone marrow that had been flushed with PBS
containing 2% FCS from mouse tibiae and femora and
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% FCS (Sigma-Aldrich, 12003C), 100 U/mL
penicillin and 100 μg/mL streptomycin (complete medium)
and supplemented with 20% L929 conditioned medium (a
source of M-CSF) for 6 days before plating out on treated
tissue culture plates. Approximately 1 × 106 cells were
plated per well on coated 12-well tissue culture plates in
1 mL of complete medium plus M-CSF. On day 7, the cells
were stimulated with 20 ng/mL ultrapure LPS (LPS from E.
coli O111:B4, InvivoGen, catalogue code: tlrl-eblps) for 24
h before harvesting the supernatants and cell pellets sepa-
rately. For qRT-PCR analysis of the expression of caspases-
1, -11 and -12, BMDMs were treated with 20 ng/mL or
500 ng/mL LPS for 3 h. The cell pellet was subsequently
washed twice with ice-cold PBS and lysed in 1 mL TRIzol
(Thermo Fisher Scientific product code 1559-6018).

Western blot analysis

Cell pellets were lysed in Onyx buffer (20 mM Tris/HCL
pH 7.4, 135 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 1%
Triton X-100, 10% glycerol in H2O) with protease inhibitor
cocktail (Roche, 4693159001) added fresh, and samples of
varying concentration (between 10 and 30 μg, depending on
protein abundance) were loaded onto NuPAGE Novex 10%
Bis–Tris protein gels (Thermo Fisher Scientific) for size
fractioning and run in MES buffer. Transfers were carried
out on the iBlot 2 dry blotting system (Invitrogen, IB21001)
onto nitrocellulose membranes (Invitrogen, IB23001 or
IB23001). Membranes were blocked in 5% skim milk
powder in PBS with 0.1% Tween-20 and then probed with
monoclonal antibodies against caspase-1 (clone 1H11;
made in-house; see below, and available from Enzo Life-
Sciences), caspase-11 (4E11; made in house; see below
available from Adipogene and Enzo LifeSciences) or
HSP70 (clone N6, a gift from Dr. Robin Andersson, Peter
MacCallum Cancer Centre, Melbourne, Australia); the
last one used as a loading control. Bound primary
antibodies were detected by goat anti-rat IgG or goat

anti-mouse IgG antibodies conjugated to HRP (Southern
Biotech). The ECL reaction was used for detection, and
blots were developed using the ChemiDoc Touch System
(Bio-Rad Laboratories). Protein concentrations were deter-
mined by Bradford assay using Protein Assay Dye Reagent
Concentrate as per the manufacturer’s instructions (product
code 5000006).

Generation of rat monoclonal antibodies against
caspase-1 and caspase-11

Monoclonal antibodies against caspase-1 and caspase-11
were produced as we have described previously [46, 47].
Briefly, Wistar rats were initially immunised by sub-
cutaneous injection (s.c.) with the p20 fragment of mouse
caspase-1, a KLH conjugated mouse caspase-1 peptide (aa
206–220) or the p20 fragment of mouse caspase-11 dis-
solved in complete Freund’s adjuvant (Difco, Detroit, MI).
Two subsequent boosts with each of the immunogens
resuspended in incomplete Freund’s adjuvant (Difco) were
given 3 and 6 weeks later. A final boost with the immu-
nogen dissolved in phosphate-buffered saline (PBS) was
given i.v. and i.p. 4 weeks later. Three days later, spleen
cells from each of the immunised rats were fused with the
SP2/0 myeloma cell line as previously described [47].
Hybridomas producing antibodies against either caspase-1
or caspase-11 and their isotypes were identified by a
screening strategy that we have previously described.
Briefly, 293T cells were transiently transfected with an EE-
tagged inactive cysteine mutant of either mouse caspase-1
(to screen for antibodies against casapse-1) or caspase-11
(to screen for antibodies against casapse-11), fixed in 1%
paraformaldehyde/PBS, permeabilised with 0.3% saponin
(Sigma) and stained with hybridoma supernatants. Bound
antibodies were revealed with fluorescein isothiocyanate
(FITC)-conjugated goat anti-rat Ig antibodies (Southern
Biotechnology) and analysed by flow cytometry. A single
peak of low immunofluorescence indicated that a particular
antibody did not recognise caspase-1 or caspase-11. A
single peak of high intensity indicated binding to molecules
other than caspase-1 or caspase-11. A double peak histo-
gram of low and high intensity staining, due to the presence
of both non-transfected and transfected cells, identified
hybridomas producing antibodies specific to either caspase-
1 or caspase-11. Antibodies against the EE epitope tag
(BabCO) were used as a positive control and hybridomas
producing antibodies against KLH were eliminated.
Hybridomas producing antibodies of the desired specificity
were cloned twice and adapted for growth in low serum
medium. The caspase-1 antibody producing hydridoma
clone 1H11 and the caspase-11 antibody producing hybri-
doma clone 4E11 were selected for further use. For pro-
duction of large amounts of antibodies, hybridomas were
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cultured for several weeks in the miniPERM classic 12.5-kd
production and nutrient modules (Heraeus). Antibodies
were purified on protein G-sepharose columns (Pharmacia)
according to the manufacturer’s instructions.

In vitro stimulation with LPS and ELISA to detect
IL-18

For in vitro stimulation of caspase-1, primary BMDMs were
primed with 20 ng/mL ultrapure LPS (LPS from E. coli O111:
B4, InvivoGen, catalogue code: tlrl-eblps) for 3 h and sub-
sequently activated using 5mM ATP (Sigma, product number
A 2383) for 1 h, after which the cells and supernatants were
harvested individually. For caspase-11 activation, the cells
were primed with 500 ng/mL ultrapure LPS for 3 h before
activation with 2 μg/mL ultrapure LPS that was transfected
into the cells using lipofectamine (LPS: lipofectamine was
used at a ratio of 1:1.3). Priming and activation were per-
formed in reduced serum opti-MEMmedia (Gibco). After 6 h,
this medium was replaced with complete medium supple-
mented with 20% L929 cell conditioned medium (a source of
M-CSF), and after an additional 16 h incubation the super-
natants as well as cell pellets were harvested. The levels of
cytokines and chemokines in the cell supernatants were
determined by ELISA (IL-1β and Rantes/CCL5 from R&D,
lL-18 from MBL International Corp.).

qRT-PCR analysis

For measuring the levels of mRNA expression, total RNA
was isolated from the organs or cultured cells and cDNA
was synthesised by using the SuperScript III first-
strand synthesis system (ThermoFisher). qRT-PCR was
performed in triplicates using TaqMan assay from Ther-
moFisher Scientific with primers for mouse caspase-1
(Mm00438023_m1), caspase-11 (Mm00432304_m1),
caspase-12 (Mm00438038_m1), β-actin (Mm026195
80_g1) and hmbs (Mm01143545_m1) (loading control).
qRT-PCR was run using Viia7 real-time PCR and an
ABI7900 machine. β-actin was chosen as a internal control
gene and ΔCt calculation was performed as fallows: ΔCt=
(Ct gene of interest−Ct internal control). 2−ΔΔCt values
were calculated as described in ref. [48] using the equation:
2−ΔΔCt=ΔCt (treated sample)−ΔCt (untreated sample).
The relative difference of gene expression was calculated
using β-actin as a reference for comparison. To set a
threshold qRT-PCR cycle number for each gene of interest
(considered as background noise), we tested Ct values for
caspase-1, caspase-11 and caspase-12 in cells from cas-
pase-1/11/12 triple knockout mice (data not shown). For
caspase-1 expression, the maximum cycle threshold was set
at 35 cycles, anything over 37 cycles in the case of caspase-

11 and higher Ct than 39 for caspase-12 were considered as
no RNA detected.

Statistical analysis

Mouse survival curves were generated and analysed with
GraphPad Prism (GraphPad Software Inc., La Jolla, CA,
USA). Mouse survival cohorts were compared using the
log-rank Mantel–Cox test. P values of <0.05 were con-
sidered significant. In vitro cell survival data were plotted
and analysed with GraphPad Prism using one-way or two-
way ANOVA statistical test. For ELISA data on cytokine
levels in the sera from the mice, graphs were plotted using
Prism software and examined by using the ordinary one-
way ANOVA test. ELISA data on the levels of cytokines in
the supernatants from cultured cells were evaluated by using
Prism, applying a two-way ANOVA tests. Data are pre-
sented as standard error of the mean (±S.E.M.).
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3.2	Supplementary	Figures	

Supplementary	Figure	1	
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Supplementary	Figure	5	
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Table 1 a: Caspase-1 assay IL-1β  secretion 
    adjusted p values 
WT vs. C1/11-/- Activated 0.0001 
WT vs. C1/11/12 -/- Activated 0.0002 

 
 

   
Table 1 b: Caspase-11 assay IL-1β  secretion 
    adjusted p values 
WT vs. C1/11-/- Activated 0.001 
WT vs. C1/11/12 -/- Activated 0.001 
	

    
 Table 2 a: Survival statistics of mice post injection of 18 mg/kg 
   adjusted p values 
 WT vs.  C1/11 -/- p=0.009 
 WT vs. C1/11/12 -/- p=0.001 
 C1/11 -/- vs. C1/11/12 -/- p=0.1 
    

    
 Table 2 b: IL-18  secretion upon injection of 18 mg/kg 
   adjusted p values 
 Cont. WT vs. WT 0.002 
 Cont. C1/11/12 -/- vs. WT 0.0002 
 WT vs.  C1/11 -/- <0.0001 
 WT vs. C1/11/12 -/- <0.0001 
    

    
    
 Table 2 b: Survival statistics of mice post injection of 54 mg/kg 
   adjusted p values 
 WT vs.  C1/11 -/- p=0.02 
 WT vs. C1/11/12 -/- p=0.02 
    

  
    
 Table 2 c: IL-18  secretion upon injection of 54 mg/kg 
   adjusted p values 
 Cont. WT vs. WT <0.0001 
 Cont. C1/11/12 -/- vs. WT <0.0001 
 WT vs.  C1/11 -/- <0.0001 
 WT vs. C1/11/12 -/- <0.0001 
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Table 3: Mean Ct values after indicated LPS treatment in BMDMs 

  

β-actin HMBS Caspase-1 

WT  Caspase-
1/11-/-  WT  Caspase-

1/11-/-  WT  Caspase-
1/11-/- 

Untreated 16 16.2 23.85 24.4 22.3 22.5 
20 ng LPS 16.4 16.2 24.87 25.37 21.1 22.3 
500 ng LPS 16.4 17.1 25.21 26 21.1 22.4 

         
         
Table 3: Mean Ct values after indicated LPS treatment in 
BMDMs   

  

Caspase-11 Caspase-12 

WT  Caspase-
1/11-/-  WT  Caspase-

1/11-/-  
Untreated 24.8 36.8 33.3 32.8 
20 ng LPS 21 32.2 28.4 28 
500 ng LPS 20.9 34.9 27.3 27.3 

           
           

 
   
Table 4 a: INF-ɣ secretion, 18 mg/kg LPS I.P  
  adjusted p values 
WT vs.  C1/11 -/- 0.0206 
WT vs. C1/11/12 -/- 0.0226 

   
   
   
Table 4 b: Rantes/ CCL5 secretion, 54 mg/kg LPS I.P  
  adjusted p values 
WT vs.  C1/11 -/- 0.0428 
WT vs. C1/11/12 -/- 0.0318 
C1/11 -/- vs. C1/11/12 -/-  0.0009 
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Table 5: Mean Ct expression values of caspase-1, -11,-12 and β-actin in liver and 
kidney 

  

β-actin HMBS Caspase-12  

WT  Caspase-
1/11-/-  WT  Caspase-

1/11-/-  WT  Caspase-
1/11-/-   

Liver 24.45 25.33 28.79 28.82 31.26 30.66  
Kidney 23.19 22.75 27.05 26.72 29.6 29.27  
            
	

	

Table 5: Mean Ct expression values of caspase-1, -11,-12 and β-actin in liver and 
kidney 

  

Caspase-1 Caspase-11 Caspase-12  

WT  Caspase-
1/11-/- WT  Caspase-

1/11-/-  WT  Caspase-
1/11-/-   

Liver 31.6 30.93 30.9 n.d. 31.26 30.66  
Kidney 31.44 29.98 29.96 n.d. 29.6 29.27  
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The following data was not included in the manuscript:  

 

3.3	Additional	results	and	discussion	

Death	assays	on	immortalised	bone	marrow-derived	macrophages	(iBMDMs)	from	

wildtype	and	caspase-1/11/12-/-	mice	treated	with	indicated	drugs	(thapsigargin	at	

123	nM,	taxol	at	10	µM	and	etoposide	at	300	µM).		

Graphs	show	mean	±	SEM,	analysed	using	2way	ANOVA.	P	values	in	Table	6.	N=3	

independent	experiments.	

 

Figure	3-1:	Caspase-1/11/12-/-	iBMDMs	show	no	survival	advantage	over	

wildtype	cells	when	treated	with	different	cytotoxic	drugs.	
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3.3.2	Additional	Results	

Lastly,	we	tested	whether	the	deletion	of	caspases-1,	-11	and	-12	convey	a	survival	

advantage,	 for	 immortalised	 BMDMs	 (iBMDMs)	 in	 response	 to	 various	 cytotoxic	

drugs.		Cells	were	treated	with	the	indicated	drug	concentrations	over	the	course	of	

three	days,	but	no	significant	differences	could	be	observed	between	the	wildtype	

and	caspase-1/11/12	deficient	iBMDMs	(Figure	3-1).		

	

3.3.3	Additional	discussion	

In	our	additional	experiments	we	analysed	the	effects	of	deleting	all	inflammatory	

caspases		on	cell	death	induced	by	different	cytotoxic	drugs	in	iBMDMs	.	Although	

there	was	a	trend	of	the	wildtype	cells	to	be	more	resistant	to	the	different	drugs,	it	

was	 not	 significant.	 However,	 this	 trend	 can	 possibly	 be	 explained	 by	 the	

immortalisation	process	and	hence	selection	of	clones	with	higher	survival	capacity.	

Since	we	only	tested	one	immortalised	cell	line	per	genotype,	more	wt	and	caspase-

1/11/12	triple	knockout	cell	lines	need	to	be	immortalised	to	obtain	a	conclusive	

result.	
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Thapsigargin	123nM	 Significant?	 Adjusted	p	value	
WT	vs.	C1/11/12	-/-	 0.0236	 *	

	

Taxol	10	µM	 Significant?	 Adjusted	p	value	
WT	vs.	C1/11/12	-/-	 0.0039	 **	

	

Etoposide	300	µM	 Significant?	 Adjusted	p	value	
WT	vs.	C1/11/12	-/-	 0.0005	 ***	
Table	3-1	Adjusted	p	values	for	cell	death	assays	depicted	in		Figure	3-1.	
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4.1	Introduction	
	

Salmonella	 species	 are	 a	 leading	 bacterial	 cause	 of	 foodborne	 acquired	 acute	

gastroenteritis	 and	 typhoid	 fever	 causing	 a	 substantial	 burden	 on	 global	 human	

health	159.	Salmonella	enterica	is	a	Gram-negative	facultative	intracellular	bacterium	

and	 is	 the	 major	 cause	 of	 salmonellosis	 in	 humans	 worldwide	 160.	 The	 clinical	

manifestations	 following	 Salmonella	 infection	 vary	 depending	 on	 the	 serovar.	

Typhoid	 fever	 caused	by	Salmonella	 serovar	Typhi	 is	 regarded	as	a	severely	 life-

threatening	infection	161.	In	typhoidal	infections,	the	bacteria	adhere	to	the	mucosal	

cells	 of	 the	 intestine	 and	 penetrate	 the	 mucosal	 epithelium,	 gaining	 access	 to	

lymphoid	tissues	such	as	the	lymph	nodes,	spleen	and	liver	162.	The	bacteria	are	able	

to	evade	 the	host	 immune	 response	by	 remaining	within	a	modified	phagosome,	

known	 as	 the	 Salmonella-containing	 vacuole	 (SCV),	 which	 provides	 a	 suitable	

environment	 for	 bacterial	 survival	 and	 replication	 163.	 Non-typhoidal	 serovars	

(NTS),	most	commonly	Salmonella	Typhimurium,	presents	as	a	localised	infection	

of	the	host’s	gut	epithelia	with	the	innate	immune	system	limiting	access	to	deeper	

tissues	162.	However,	NTS	may	also	cause	invasive	NTS	(iNTS)	infections,	that	occurs	

mainly	 in	 immunocompromised	 people,	 such	 as	 those	 with	 acquired	

immunodeficiency	 syndrome	 (AIDS)	 164.	 The	 facultative	 intracellular	 nature	 of	

Salmonella	 means	 that	 only	 a	 few	 antibiotics	 can	 be	 used	 to	 control	 infections.	

Combined	with	the	ever-increasing	number	of	multi-drug-resistant	strains	arising	

this	 is	 leading	 to	 a	 diminished	 efficacy	 of	 drug	 treatments	 161,	 165.	 This	 can	 have	

especially	 detrimental	 outcomes	 in	 places	 with	 a	 higher	 bacterial	 burden	 (i.e.	
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hospitals)	and	countries	with	 lower	hygiene	standards	(i.e.	developing	countries)	
159,	166.	Consequently,	a	better	understanding	of	Salmonella	virulence	and	infection	

mechanisms	is	crucial	to	identify	better	suited	targets	for	improved	drug	design.	

Infection	with	Salmonella	induces	inflammasome	assembly	and	pyroptosis	via	the	

activation	of	caspases	167.	Salmonella	Typhimurium	triggers	pyroptosis	by	activating	

caspases-1	and	-11,	 in	part	via	 the	Nlrp3	and	Nlrc4	 inflammasomes	168.	 It	 is	well	

understood	 that	 the	 inflammatory	 caspases-1	 and	 -11	 are	 crucial	 during	 host	

invasion	 and	 inflammation	 111,	 121.	 A	 growing	 number	 of	 reports	 are	 implicating	

additional	 roles	 for	 caspase-8	 (and	 possibly	 additional	 caspases)	 in	 the	

inflammatory	response	and	 immune	defence	against	bacteria	6,	169.	Caspase-8	has	

been	shown	to	be	recruited	to	an	ASC-caspase-1	inflammasome	during	Salmonella	

infection	6.	This	finding	suggests	a	degree	of	functional	overlap	within	the	caspase	

family,	indicating	that	caspase-8	which	functions	as	an	essential	initiator	in	death	

receptor-induced	 apoptosis	 and	 a	 brake	 on	 necroptosis,	 can	 also	 play	 a	 role	

overlapping	with	 inflammatory	 caspases.	 Defects	 in	 individual	 programmed	 cell	

death	pathways	 (e.g.	 apoptosis,	necroptosis,	pyroptosis)	often	 cause	 surprisingly	

minor	defects	upon	infection	with	an	intracellular	pathogen	in	vitro	as	well	as	in	in	

vivo	170.	This	can	possibly	be	explained	by	substantial	redundancy	between	different	

cell	death	pathways	in	the	cellular	response	to	pathogens,	which	allows	the	host	to	

compensate	for	the	loss	or	deregulation	of	an	individual	cell	death	pathway	through	

the	activation	of	another	170,	171.		

	

To	investigate	the	functional	overlap	between	the	different	cell	death	pathways,	i.e.	

the	overall	contributions	of	caspase-1,	-11,	-12	and	-8	during	bacterial	infection,	we	

generated	mice	 deficient	 for	 three	 established	 forms	 of	 programmed	 cell	 death,	

namely	 death	 receptor-induced	 apoptosis	 (loss	 of	 caspase-8),	pyroptosis	 (loss	 of	

caspases-1/11/(12))	and	necroptosis	(loss	of	RipK3).	

	

Receptor-interacting	serine/threonine-protein	kinase	3,	RipK3,	is	a	regulator	of	cell	

death	and	inflammation	171.	It	is	best	known	for	its	activity	during	necroptotic	cell	

death	 172.	 More	 recently,	 RipK3	 has	 been	 implicated	 during	 inflammasome	

activation	 following	host	 invasion	and	cytokine	production	 7,	53,	173.	However,	 the	

exact	role	of	RipK3	and	caspase-8	during	inflammation	are	still	poorly	understood.	
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Salmonella	virulence	and	TLR	signalling	

TLRs	are	crucial	for	pathogen	recognition	and	induction	of	immune	responses.	Each	

TLR	 has	 a	 distinct	 specificity	 for	microbial	molecules,	 such	 as	 bacterial	 flagellin	

recognised	by	TLR5,	bacterial	lipoproteins	recognised	by	TLR2,	LPS	bound	by	TLR4	

and	 single-stranded	 RNA	 bound	 by	 TLR7	 174,	 175.	 Recognition	 of	 pathogen	

components	by	TLRs	results	 in	cytokine	production	and	 initiation	of	 the	 immune	

response	 49.	 TLR2,	 TLR4	 and	 TLR5	 are	 key	 receptors	 for	 mediating	 Salmonella	

virulence	174,	176,	177.	However,	the	exact	mechanisms	of	Salmonella	virulence	are	not	

fully	 understood;	 particularly	 which	 bacterial	 components	 are	 important	 for	

infection	or	the	activation	of	the	immune	response.	One	bacterial	component,	the	

flagella	are	important	for	the	coordinated	movement	and	invasiveness	of	Salmonella	

and	 other	 intracellular	 pathogens,	 but	 also	 play	 a	 role	 in	 activating	 the	 innate	

immune	response	175.	The	Salmonella	Typhimurium	genome	contains	two	flagellin	

genes,	namely	fliC	and	fljB	which	encode	the	flagella	filament	structural	proteins	FliC	

and	FljB	that	are	interlaced	in	an	alternating	manner	178.	We	used	a	flagella	deficient	

strain,	SL1344	DfliCDfljB	that	lacks	both,	FliC	and	FljB	flagellin	subunits,	allowing	to	

study	 the	 growth	 of	 Salmonella	 in	 vitro	 in	 the	 absence	 of	 this	 TLR	 ligand-	 TLR	

interaction.		

	

TRIF-	a	master	regulator?	

Upon	the	binding	of	ligand	(pathogen	associated	molecular	patterns,	PAMPs)	to	a	

membrane-associated	TLR,	TIR	domain-containing	adaptor-inducing	IFN-b	protein	

(TRIF)	 recruitment	 to	 the	 receptor	 is	mediated	 via	 its	TIR	 domain.	 This	 adaptor	

molecule	 engages	 with	 the	 TLR	 receptor	 to	 trigger	 IFN	 production	 and	 NF-kB	

signalling	179,	180.	TRIF	engagement	has	been	shown	to	be	involved	in	TLR-induced	

apoptosis	via	FADD-caspase-8	engagement	181,	182,	183.	TRIF	was	also	shown	to	play	

a	role	in	inflammation	through	its	involvement	in	the	TLR4-TRIF-caspase-8-FADD	

dependent	 inflammasome	 formation	 in	 human	 monocytes	 which	 has	 been	

suggested	 to	 drive	 IL-1b	 secretion	 184.	 In	 response	 to	 microbial	 molecules	 the	

activation	 of	 TLR3	 and	 TLR4	 TRIF	 can	 trigger	 necroptosis	 via	 RipK3	 and	mixed	

lineage	 kinase	 domain	 like	 pseudokinase	 (MLKL)	 7,	 185.	 Furthermore,	 it	 has	 been	

shown	that	TRIF	can	drive	Nlrp3-mediated	pyroptosis	in	response	to	Gram-negative	

bacteria	186.	Collectively,	these	findings	raise	an	interesting	question	as	to	whether	
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the	 adaptor	 protein	 TRIF	 can	 act	 as	 a	 master	 regulator,	 switching	 between	

programmed	cell	death	pathways	during	pathogenic	infections.	To	investigate	this	

notion,	we	included	mice	deficient	for	TRIF	in	our	analysis.		 	
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4.2	Results	

4.2.1	Combined	deletion	of	caspases-1,	-11,	-12,	-8	and	the	

necroptotic	mediator	RipK3	renders	cells	highly	resistant	

to	cell	death	induction	by	intracellular	pathogens	in	vitro	

It	 has	 been	 proposed	 that	 different	 cell	 death	 pathways	 are	 induced	 upon	 the	

infection	 with	 intracellular	 pathogens	 110,	 175,	 187.	 In	 order	 to	 test	 the	 relative	

contribution	of	each	individual	pathway,	we	generated	single	and	compound	mutant	

mice	 lacking	the	ability	 to	undergo	pyroptosis	(caspase-1/11/12	deletion),	death	

receptor-mediated	 apoptosis	 (caspase-8	 deletion)	 and	 necroptosis	 (RipK3	

deletion).	We	generated	primary	BMDMs	from	these	mice	and	infected	them	with	

various	 concentrations	 (multiplicity	 of	 infections,	 MOI)	 of	 the	 Salmonella	

Typhimurium	strain	SL1344	 in	 vitro.	As	controls	we	used	BMDMs	 from	caspase-

1/11/12-/-,	 caspase-8	 RipK3-/-	 and	 wildtype	 mice.	 After	 2,	 6	 and	 24	 h,	 the	

supernatant	of	the	infected	cells	was	collected	and	assessed	for	IL-1b	production	by	

ELISA	(Figure	4-1b).	In	parallel	we	lysed	the	infected	cells	and	determined	viability	

by	 measuring	 lactate	 dehydrogenase	 (LDH)	 levels.	 Moreover,	 the	 supernatants	

obtained	 from	 the	 lysed	 cells	were	 plated	 onto	 Luria	 agar	 plates	 containing	 100	

µg/mL	 streptomycin	 to	 determine	 the	 number	 of	 viable	 intracellular	 S.	

Typhimurium	SL1344	strain.	The	loss	of	the	pyroptotic	caspases-1	and	-11	resulted	

in	a	delay	 in	cell	death	(Figure	4-1a)	compared	to	wildtype	and	caspase-8	RipK3	

double	deficient	BMDMs.	Interestingly,	the	combined	deletion	of	caspase-8,	RipK3	

plus	caspases-1,	-11	and	-12	resulted	in	a	significant	survival	advantage	in	BMDMs	

upon	 the	 infection	 with	 S.	 Typhimurium	 SL1344	 strain	 (Figure	 4-1a).	 This	 was	

evident	even	after	24	h	and	upon	infection	with	very	high	MOIs	(500/	cell)	(Figure	

4-1a,	bottom	panel).	The	wildtype	cells	had	mostly	succumbed	as	early	as	2	h	after	

infection	at	an	MOI	of	50	or	500	with	S.	Typhimurium	SL1344	strain.	Cells	lacking	

the	inflammatory	caspases-1,	-11	and	-12,	showed	a	slight	delay	in	their	cell	death	

response	upon	infection	with	S.	Typhimurium	SL1344	strain	at	an	MOI	of	50	or	500,	

indicating	 that	 pyroptosis	 contributes	 to	 but	 is	 not	 absolutely	 essential	 for	 the	
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bacteria	to	kill	the	host	cells	(Figure	4-1a,	middle	and	bottom	panel).	In	contrast,	the	

caspase-1/11/12/8	 RipK3	 quintuple	 knockout	 BMDMs	 were	 almost	 completely	

resistant	to	cell	death	induced	by	the	infection	with	S.	Typhimurium	SL1344	strain.	

At	6	h	post-infection,	80-100%	of	quintuple	knockout	BMDMs	were	still	alive	even	

at	an	MOI	as	high	as	500	(Figure	4-	1a,	bottom	panel).		

Next,	we	analysed	the	 levels	of	cytokines	released	 into	the	supernatant	 following	

bacterial	 infection	of	 the	BMDMs	derived	 from	 the	various	knockout	and	control	

wildtype	 mice	 (Figure	 4-1b).	 As	 expected,	 and	 in	 agreement	 with	 previously	

published	data	showing	that	caspases-1	and	-11	are	essential	for	the	secretion	of	IL-

1b	and	IL-18	upon	Gram-negative	bacterial	infection	121,	IL	-1b	in	the	supernatant	of	

cells	lacking	caspase-1	and	-11	was	significantly	reduced,	especially	at	timepoints	6	

and	24	h	and	at	MOI	10	and	50	(Figure	4-1b,	top	panels).	Furthermore,	the	deletion	

of	 caspases-8	 and	 RipK3	 significantly	 reduced	 cytokine	 secretion	 upon	 S.	

Typhimurium	 SL1344	 strain	 infection,	 but	 IL	 -1b	 could	 still	 be	 detected	 at	 later	

timepoints	 and	 at	 higher	MOIs,	which	 is	 in	 accordance	with	 published	 literature	

(Figure	4.-1b)	6,	188.		

Additionally,	the	deletion	of	caspase-8	and	RipK3	showed	lower	IL-1b	production	at	

24	hours	compared	to	the	levels	detected	in	the	caspase-1/11/12	triple	knockout	

cells	(Figure	4.-1b).	Surprisingly,	infection	of	caspase-1/11/12/8	RipK3	quintuple	

BMDM	 cells	 with	 S.	 Typhimurium	 SL1344	 strain	 completely	 ablated	 IL-1ß	

production	in	these	quintuple	BMDM	cells	at	any	bacterial	concentration	(MOI	10,	

MOI	50	or	MOI	500)	or	at	any	timepoint	(2,	6,	24	h)	(Figure	4-1b).		

	

In	order	to	determine	the	number	of	Salmonella	in	the	infected	BMDMs	derived	from	

mice	of	the	various	genotypes,	cell	lysates	were	plated	onto	agar	plates	and	1-3	days	

later	 the	 number	 of	 grown	 bacterial	 colonies	 were	 counted.	 At	 all	 MOIs	 and	

timepoints	 the	wildtype	as	well	 as	 the	 caspase-8	RipK3	double	deficient	BMDMs	

harboured	 fewer	 intracellular	 S.	 Typhimurium	 bacteria	 (from	 SL1344	 strain)	

compared	 to	 the	 caspase-1/11/12	 triple	 knockout	 and	 the	 caspase-1/11/12/8	

RipK3	 quintuple	 knockout	 BMDMs	 (Figure	 4-1c).	 The	 lowest	 overall	 bacterial	

counts	were	observed	in	the	wildtype	and	caspase-8	RipK3	BMDMs.	Generally,	the	

caspase-1/11/12	 and	 caspase-1/11/12/8	 RipK3	 knockout	 BMDMs	 contained	
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between	10	to	100-fold	higher	numbers	of	bacteria	compared	to	the	wildtype	and	

caspase-8	RipK3	double	knockout	BMDMs	(Figure	4-1c).		 	
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Figure	 4-1:	 Combined	 loss	 of	 caspases-1,	 -11,	 -12,	 -8	 and	 RipK3	 impairs	

cytokine	 secretion	 and	 cell	 death	 in	 BMDMs	 following	 Salmonella	

Typhimurium	infection	in	vitro.	
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a	 Infection	 of	 BMDMs	 from	 indicated	 genotypes	 with	 10,	 50	 and	 500	 MOI	 of	 S.	

Typhimurium	SL1344	 in	 vitro.	Caspase-1/11/12/8	RipK3-/-	 show	higher	viability	

compared	to	BMDMs	of	the	other	genotypes.	b	The	levels	of	IL-1b	were	measured	

by	ELISA	in	the	supernatants	of	the	BMDMs	of	the	indicated	genotypes	after	2,	6	and	

24	 h	 after	 infection	 with	 S.	 Typhimurium	 SL1344.	 c	 Intracellular	 numbers	 of	 S.	

Typhimurium	(SL1344	strain)	were	determined	from	lysed	infected	BMDMs	of	the	

indicated	genotypes	following	plating	on	selective	Luria	agar.	Time	represents	the	

length	of	incubation	after	addition	of	S.	Typhimurium	SL1344	to	the	cells.	Adjusted	

p	 values	 in	 Table	 6.	 	 *p<0.05,	 **p<0.01,	 ***p<0.001,	 ****p<0.0001,	 Graph	 shows	

mean	±	SEM,	triplicate	wells,	2way	ANOVA.	Graphs	show	N≥2	sets	of	independent	

experiments.	 	
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Figure	4-1	continued:	
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Figure	4-1	continued:		
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4.2.2	The	combined	loss	of	caspases-1,	-11,	-12,	-8	and	the	

necroptotic	mediator	RipK3	severely	 impairs	Salmonella	

Typhimurium	clearance	in	mice	

We	 next	 aimed	 to	 address	 whether	 the	 increased	 expansion	 of	 S.	Typhimurium	

caused	by	the	absence	of	caspases-1,	-11,	-12,	-8	and	RipK3	observed	with	BMDMs	

in	 vitro	 (described	 in	 4.2.1)	would	 translate	 into	 impaired	 clearance	 of	 bacteria	

within	 the	whole	mouse.	 Specifically,	we	were	 interested	 to	 determine,	whether	

there	was	a	defect	in	the	clearance	of	the	pathogen	in	mice	deficient	for	pyroptosis,	

death	 receptor-induced	 apoptosis	 and	 necroptosis.	 Following	 intravenous	 (i.v.)	

infection	 of	 the	 various	 knockout	 mice	 with	 the	 S.	 Typhimurium	 vaccine	 strain	

BRD509∆aroA,	the	mice	were	monitored	daily	for	signs	of	distress	and	weight	loss	

(Figure	4-3).	The	attenuated	S.	Typhimurium	vaccine	strain	BRD509∆aroA	was	used	

for	all	in	vivo	infections.	

S.	Typhimurium	∆aro	mutant	vaccine	strains	are	useful	in	the	studies	of	Salmonella	

infection	in	vivo,	as	they	cause	an	immune	response	without	affecting	the	survival	of	

wildtype	mice.	

Overall,	all	mice	appeared	healthy	and	no	weight	loss	was	observed	(Figure	4-3).	

However,	around	19-21	days	post-infection	the	caspase-1/11/12/8	RipK3	deficient	

mice	began	to	show	signs	of	sickness	with	a	few	mice	meeting	the	ethical	end-point	

(day	21).	The	 caspase-1/11/12/8	RipK3	deficient	mice	 infected	with	 the	vaccine	

strain	were	not	able	 to	clear	 the	bacteria	efficiently	as	evidenced	by	a	1000-	and	

10,000-fold	higher	bacterial	load	in	the	spleen	and	liver	or	gall	bladder,	respectively,	

compared	to	the	wildtype	controls	(Figure	4-2).	It	is	known	that	the	loss	of	caspases-

1	and	-11	leads	to	an	increased	susceptibility	to	S.	Typhimurium	infection	189	which	

we	 were	 able	 to	 reproduce	 in	 our	 experiments.	 We	 found	 a	 10-fold	 increase	 in	

bacterial	burden	in	the	livers	and	gall	bladder	of	caspase-1/11	double	deficient	mice	

compared	to	wildtype	controls.	Interestingly,	the	additional	deletion	of	caspase-12	

in	the	caspase-1/11/12	ko	mice	resulted	in	a	significant	(approximately	100-fold)	

increase	of	bacterial	load	in	the	gall	bladder	of	these	mice	when	compared	to	the	

caspase-1/11	double	deficient	mice	(Figure	4-2).	
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Furthermore,	 the	 additional	 absence	 of	 caspase-8	RipK3	 in	 the	 caspase-1/11/12	

triple	ko	mice	increased	the	bacterial	burden	in	all	organs	compared	to	the	wildtype,	

caspase-1/11	 double	 deficient	 and	 the	 caspase-1/11/12	 triple	 deficient	 mice	

(Figure	4-2).	Collectively,	these	findings	demonstrate	that	the	caspase-1/11/12/8	

RipK3	ko	mice	have	a	striking	defect	in	their	ability	to	control	the	spread	of	a	vaccine	

strain	(BRD509∆aroA	)	of	S.	Typhimurium	into	various	organs.		

Lastly,	 cytokine	 levels	 in	 the	 liver	 and	 spleen	 of	 S.	 Typhimurium	

strain	BRD509∆aroA	infected	mice	were	examined	using	cytokine	bead	arrays	and	

flow	 cytometry	 (Figure	 4-4).	 Levels	 of	 IFN-g,	 IL-6,	MIG,	MCP-1,	MIP-1a,	 MIP-1b,	

RANTES,	TNF	and	IL-12	p40	of	wt	and	caspase-1/11/12/8	RipK3-/-	were	compared	

in	liver	and	spleen.	In	both	organs	(liver	and	spleen),	both,	MIP-1a	and	MIP-1b	levels	

were	increased	in	the	caspase-1/11/12/8	RipK3	knockout	mice	after	infection	with	

S.	 Typhimurium	 BRD509∆aroA,	 however	 this	 was	 not	 significant.	 All	 cytokines	

analysed	 showed	 elevated	 levels	 in	 the	 spleens	 of	 caspase-1/11/12/8	 RipK3	

knockout	 mice	 with	 MIG	 and	 IL-12	 p40	 levels	 being	 significantly	 increased	

compared	to	infected	wildtype	mice.		
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Figure	4-2:	The	caspase-1/11/12/8	RipK3-/-	mice	are	severely	defective	in	

their	ability	to	clear	Salmonella	Typhimurium	infection.		
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Bacterial	counts	in	the	spleen,	liver	and	gall	bladder	of	mice	of	indicated	genotypes	

following	infection	with	S.	Typhimurium	vaccine	strain	BRD509∆aroA,	200	CFU	i.v.	

The	indicated	organs	were	harvested	3	weeks	post-infection.	Graph	shows	mean	±	

SEM,	 2way	 ANOVA.	 Significances	 shown	 for	 the	 strains	 of	 interest:	 caspase-

1/11/12/8	 RipK3-/-.	 All	 other	 adjusted	 p	 values	 in	 Table	 9.	 *p<0.05,	 **p<0.01,	

***p<0.001,	****p<0.0001.	n≥3,	symbols	represent	individual	mice.	

	

	

	

	

	

Weights	of	the	mice	of	the	indicated	genotypes	were	taken	daily	after	i.v.	infection	

with	S.	Typhimurium	strain	BRD509∆aroA,		at	200	CFU	i.v.	n³6.	

	

	  

Figure	 4-3:	 Infection	 of	 mice	 with	 Salmonella	 Typhimurium	 vaccine	 strain	

BRD509∆aroA	does	not	cause	weight	loss.	
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IFN-g,	IL-6	MIG,	MCP-1,	MIP-1a,	MIP-1b,	RANTES,	TNF	and	IL-12	p40	levels	were	

measured	 in	 tissue	homogenates	of	 liver	and	 spleen	 from	wt	 (depicted	WT)	and	

caspase-1/11/12/8	RipK3-/-	mice.	 *p<0.05,	 Graph	 shows	mean	 ±	 SEM,	 statistical	

analysis	performed	with	2way	ANOVA.	n=3	mice	per	genotype.	

Figure	4-4:	Increased	cytokine	levels	in	mice	deficient	for	caspase-1/11/12/8	

and	RipK3	upon	Salmonella	Typhimurium	BRD509∆aroA	infection.	
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Figure	4-4	continued.	
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4.2.3	 Deficiency	 of	 the	 adaptor	 protein	 TRIF	 has	 only	

relatively	 minor	 impact	 on	 Salmonella	 Typhimurium	

clearance	

In	 an	 approach	 to	 identify	 a	 master	 regulator	 capable	 of	 switching	 the	 cellular	

response	 between	necroptosis,	 apoptosis	 and	pyroptosis	 during	S.	 Typhimurium	

infection,	we	tested	TRIF	as	a	potential	candidate.	As	in	section	4.2.1	the	caspase-

1/11/12/8	 RipK3	 ko	 BMDMs	 showed	 substantially	 increased	 survival	 capacity	

compared	 to	 the	 wildtype	 and	 caspase-1/11/12	 deficient	 cells	 following	 S.	

Typhimurium	SL1344	infection	at	all	timepoints	and	all	MOIs	tested	(Figure	4-5).	

However,	when	the	TRIF	ko	cells	were	assessed	they	had	a	similar	phenotype	to	the	

wildtype	cells	and	exhibited	no	increased	survival	capacity,	in	striking	contrast	to	

the	caspase-1/11/12/8	RipK3	ko	cells	(Figure	4-5).		

To	exclude	a	role	for	TRIF	as	a	master	regulator	during	S.	Typhimurium	infection,	

we	conducted	in	vivo	infection	experiments	with	the	vaccine	strain	BRD509∆aroA.	

The	bacterial	counts	in	the	spleen,	liver	and	gall	bladder	revealed	no	overwhelming	

defect	 in	bacterial	clearance	of	TRIF	ko	mice	(Figure	4-2).	However,	 the	bacterial	

burden	 in	 the	 spleen,	 liver	 and	 gall	 bladder	 was	 approximately	 10-fold	 higher	

compared	to	the	wildtype	animals	but	did	not	reach	the	levels	seen	for	the	caspase-

1/11/12/8	RipK3	knockout	mice	(Figure	4-2).		
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Infection	 of	 BMDMs	 derived	 from	 mice	 of	 the	 indicated	 genotypes	 with	 S.	

Typhimurium	SL1344	at	MOI	of	50.	Cell	survival	was	analysed	at	2,	6	and	24	h	post-

infection.	Graphs	show	one	experiment,	triplicate	wells.	2way	ANOVA.	

	  

Figure	4-5:	A	minor	role	for	TRIF	during	Salmonella	Typhimurium	infection.	
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4.2.4	 The	 flagella	 mutant	 DfliCDfljB	 Salmonella	

Typhimurium	strain	can	still	induce	cell	death	in	BMDMs	

in	vitro	

To	 investigate	 which	 bacterial	 components	 can	 activate	 cell	 death	 during	 S.	

Typhimurium	infection	we	assessed	the	impact	of	a	non-flagellated	mutant	on	the	

viability	of	BMDMs.	Using	the	S.	Typhimurium	mutant	DfliCDfljB	strain	we	infected	

wildtype,	 caspase-1/11/12/2-/-,	 caspase-8	 RipK3	 and	 caspase-1/11/12/8	 RipK3	

knockout	BMDMs.	Since	the	exact	 functions	of	caspase-2	alone	or	in	combination	

with	 inflammatory	 caspases-1,	 -11	 and	 12	 are	 poorly	 understood,	 we	 crossed	

caspase-2-/-	 mice	 with	 our	 caspase-1/11/12-/-	 triple	 knockout	 mice	 to	 obtain	

caspase-1/11/12/2	quadruple	knockout	mice.	In	the	following	assay	we	included	

primary	myeloid	cells	from	these	mice	to	screen	for	any	crucial	functions	of	caspase-

2	 in	 combination	with	 caspases-1,	 -11	 and	 -12	 during	S.	 Typhimurium	 infection.	

There	was	no	difference	in	cell	viability	between	cells	infected	with	either	SL1344	

or	the	DfliCDfljB	mutant	assessed	for	the	BMDMs	derived	from	the	various	knockout	

mice	 (Figure	 4-6).	 Furthermore,	 the	 caspase-1/11/12/2-/-	 cells	 showed	 no	

difference	in	cell	survival	when	compared	to	caspase-1/11/12	triple	knockout	mice	

from	previous	assays	(see	Figure	4-1a	and	4-6).	Only	the	MOI	of	10	was	used	for	the	

DfliCDfljB	infections.	Possibly	higher	(MOI	50	and	MOI	500)	infections	are	required,	

as	a	low	MOI	such	as	MOI	10	may	mask	a	role	played	by	flagella	in	the	induction	of	

inflammasome	driven	cell	death.	
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Infection	of	BMDMs	of	the	indicated	genotypes	with	S.	Typhimurium	SL1344	or	the	

flagellin	 mutant	 DfliCDfljB	 (labelled	 FLAG)	 at	 an	 MOI	 of	 10.	 Cell	 survival	 was	

analysed	at	2,	6	and	24	h	post-infection.	Data	shown	represent	one	experiment	with	

n=1	mouse	per	strain,	triplicate	wells.	 	

Figure	4-6:	The	flagella	mutant	Salmonella	Typhimurium	strain	DfliCDfljB	can	

kill	BMDMs	in	vitro.	

6 h 
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4.3	Discussion	
 
This	 chapter	 focused	on	 the	hypothesis	 that	 a	 large	degree	of	 functional	overlap	

exists	amongst	the	caspase	family,	and	hence	amongst	different	cell	death	pathways,	

in	 the	 response	 of	 cells	 to	 pathogen	 infection.	 To	 examine	 individual	 and	

overlapping	roles	of	the	different	cell	death	pathways	involved	in	the	clearance	of	

pathogens,	 we	 generated	 a	 mouse	 strain	 deficient	 for	 three	 major	 cell	 death	

pathways,	namely	death	 receptor-induced	apoptosis,	necroptosis	 and	pyroptosis.	

By	generating	mice	lacking	caspases-1,	-11,	-12	and	-8	as	well	as	RipK3	we	aimed	to	

determine	 if	 any	 other	 cell	 death	 mediators	 play	 a	 role	 during	 S.	Typhimurium	

clearance	and	if	further	cell	killing	mechanisms	are	involved	to	ensure	adequate	the	

removal	of	infected	cells.		

	

We	 infected	primary	BMDMs	derived	from	the	caspase-1/11/12/8	RipK3-/-	mice,	

caspase-1/11/12-/-,	 caspase-8	RipK3	 knock	 out	 as	well	 as	wildtype	 control	mice	

with	S.	Typhimurium	SL1344	strain	and	analysed	cell	survival,	cytokine	secretion	

and	 bacterial	 counts.	 Interestingly,	 BMDMs	 lacking	 caspases-1,	 -11,	 -12,	 -8	 and	

RipK3	were	highly	resistant	to	infection	with	the	S.	Typhimurium	SL1344	strain	in	

vitro,	even	at	MOIs	as	high	as	500	(Figure	4-1a).	Consistent	with	previous	reports	on	

the	caspase-1/11	double	knockout	BMDMs,	our	caspase-1/11/12-/-	BMDMs	showed	

increased	 survival	 compared	 to	S.	Typhimurium	SL1344	strain	 infected	wildtype	

BMDMs	 189,	 but	 their	 survival	 was	 still	 much	 less	 impressive	 compared	 to	 the	

caspase-1/11/12/8	 RipK3	 BMDMs.	 This	 reveals	 that	 death	 receptor-induced	

apoptosis,	necroptosis	and	pyroptosis	have	major	functional	overlap	in	the	killing	

of	S.	Typhimurium	SL1344	infected	cells.	

	

Caspases-1	and	-11	are	well	established	mediators	of	pyroptosis	with	caspase-11	

sensing	Gram-negative	bacteria	121.	However,	deleting	the	inflammatory	caspases-

1,	 -11	and	-12	only	showed	a	delay,	albeit	significant,	 in	S.	Typhimurium	SL1344	

strain-induced	cell	killing	compared	to	wildtype	cells,	but	no	full	protection	(Figure	

4-1a).	 Furthermore,	 the	 cytokine	 production	 in	 the	 caspase-1/11/12/8	 RipK3	

knockout	cells	was	completely	absent	(Figure	4-1b).	In	the	caspase-1/11/12-/-	cells,	

the	cytokine	secretion	was	significantly	reduced	but	still	detectable	at	low	levels,	as	
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expected	from	previous	reports	on	caspase-1/11-/-	BMDMs	121.	It	has	been	shown	

previously	 that	 the	 deletion	 of	 caspase-8	 causes	 a	 significant	 reduction	 in	 IL-1b	

production	after	infection	with	Salmonella	or	LPS	stimulation	6,	190.	Interestingly,	Il-

1b	 production	 in	 caspase-8	RipK3	deficient	 cells	was	 even	 lower	 than	 the	 levels	

detected	in	caspase-1/11/12	triple	knockout	cells	at	24	hours	post-infection	(Figure	

4-1b).	One	possible	explanation	for	this	observation	could	be	due	to	low	n	numbers	

of	caspase-8	RipK3	deficient	BMDMs	or	potential	inaccuracy	of	the	ELISA	assay	at	

these	low	concentrations.	However,	the	difference	in	IL-1b	levels	between	caspase-

8	 RipK3-/-	 and	 caspase-1/11/12-/-	 are	 not	 statistically	 significant.	 To	 be	 able	 to	

further	 address	 this	 observation,	 more	 biological	 repeats	 with	 caspase-8	 RipK3	

deficient	BMDMs	are	necessary.		

Interestingly,	 deleting	 caspase-8	 and	 RipK3	 in	 combination	 with	 the	 pyroptotic	

mediator’s	caspase-1	and	-11	prevented	IL-1b	production	entirely	(Figure	4-1b).	It	

is	possible	that	the	secretion	of	other	cytokines	additional	to	IL-1b	are	eliminated	

or	 at	 least	 reduced	 in	 the	 caspase-1/11/12/8	 RipK3	 knockout	 cells	 which	 can	

impact	on	inflammation.	Cytokines	are	key	components	during	inflammation	and	

cell	death	191.	

Interfering	with	cytokine	secretion	and	consequently	the	cross	talk	between	cells	

upon	insult	can	have	an	impact	on	the	inflammatory	response,	thus	it	is	probable	

that	 a	 reduced	 cytokine	 secretion	 in	 the	 caspase-1/11/12/8	 RipK3	 quintuple	

knockout	 cells	 contributes	 to	 the	 higher	 resistance	 to	 cell	 death	 upon	 S.	

Typhimurium	SL1344	strain	infection.	

	

These	results	indicate	that	the	combined	absence	of	caspases-1,	-11,	-12	and	-8	in	

conjunction	 with	 the	 loss	 of	 RipK3	 is	 able	 to	 almost	 completely	 abrogate	 S.	

Typhimurium	 SL1344	 strain-induced	 cell	 death	 and	 abolish	 IL-1b	 secretion.	

Moreover,	these	results	highlight	that	other	mechanisms	appear	to	play	only	a	very	

minor	 role	 or	 no	 role	 at	 all	 in	 S.	Typhimurium-induced	 killing.	 Three	major	 cell	

killing	pathways	are	deleted	 in	caspase-1/11/12/8	RipK3-/-	cells:	death	receptor-

induced	 apoptosis	 (caspase-8	 dependent),	 necroptosis	 (RipK3	 dependent)	 and	

pyroptosis	 (caspase-1/11/(12)	 dependent)	 (Figure	 4-1a).	 Thus,	 these	 three	 cell	

death	pathways	appear	to	account	for	most	of	S.	Typhimurium	SL1344-induced	cell	

killing.	The	reason	why	some	caspase-1/11/12/8	RipK3-/-	cells	can	die	in	response	
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to	infection	with	S.	Typhimurium	SL1344	strain	at	high	MOI	at	later	timepoints	is	

not	 clear.	 This	 may	 involve	 other	 programmed	 cell	 death	 pathways,	 such	 as	

BAX/BAK-dependent	 intrinsic	 apoptotic	 pathway	 or	 it	 could	 be	 due	 to	 non-

programmed	 (catastrophic)	 death	 due	 to	 the	 bacteria	 shutting	 down	 essential	

cellular	processes.	

	

To	investigate	how	the	intracellular	growth	of	the	Gram-negative	bacteria	is	affected	

by	 defects	 in	 the	 diverse	 cell	 death	 pathways,	 we	 analysed	 the	 lysed	 cells	 for	

intracellular	bacteria	by	plating	the	contents	of	cellular	lysates	on	agar	plates.	This	

analysis	 revealed	 higher	 bacterial	 numbers	 in	 both	 the	 caspase-1/11/12-/-	 and	

caspase-1/11/12/8	RipK3-/-	BMDMs	compared	 to	wildtype	or	 caspase-8	RipK3-/-	

BMDMs	 (Figure	 4-1c).	 This	 indicates	 that	 the	prolonged	survival	of	 the	 caspase-

1/11/12/8	RipK3-/-	BMDMs	facilitates	increased	replication	of	intracellular	bacteria	

(Figure	 4-1c).	However,	 further	 investigation	 is	 required	 to	 fully	understand	 the	

relationship	between	the	number	of	live	BMDMs	and	the	numbers	of	intracellular	

bacteria.	For	the	reason	that	there	are	generally	less	viable	cells	remaining	in	each	

well	(after	2,	6	or	24	h	post-infection)	for	the	wildtype	and	caspase-8	RipK3	cells	

(Figure	4-1a)	it	is	plausible	that	there	are	consequently	less	cells	for	the	bacteria	to	

replicate	in.	Thus,	the	protocol	used	might	not	be	the	most	appropriate	to	quantitate	

intracellular	bacterial	numbers	because	it	does	not	account	for	the	number	of	dying	

cells	 in	each	 individual	genotype.	To	address	this	issue,	an	assay	quantitating	the	

viable	cell	count	remaining	at	a	specific	timepoint	as	well	as	bacterial	count	for	each	

well	and	genotype	will	be	set	up	in	the	future;	in	this	way	the	bacterial	load	can	be	

measured	per	surviving	cell.	Additionally,	we	were	only	able	to	obtain	2	biological	

repeats	for	the	caspase-8	RipK3-/-		BMDMs	due	to	limited	availability	of	caspase-8	

RipK3	deficient	mice	at	the	time.	More	repeats	and	an	improved	assay	to	measure	

intracellular	bacterial	counts	are	required	to	fully	resolve	this	issue.	

	

Next,	we	investigated	how	the	loss	of	caspases-1,	-11,	-12,	-8	together	with	the	loss	

of	 RipK3	 affects	 S.	 Typhimurium	 clearance	 in	 vivo.	 When	 infecting	 caspase-

1/11/12/8	RipK3-/-	mice	with	 the	vaccine	 S.	Typhimurium	strain	BRD509∆aroA,	

these	animals	showed	very	high	(up	to	1000-fold	 increase	compared	to	wildtype	

animals)	bacterial	burdens	 in	 their	 livers,	spleens	and	gall	bladders	(Figure	4-2),	
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suggesting	 severe	 defects	 in	 bacterial	 clearance.	 S.	Typhimurium	 can	 establish	 a	

systemic	infection	by	crossing	the	epithelial	barrier	in	the	gastrointestinal	tract	and	

spread	to	the	liver	and	successively	infect	other	major	organs,	such	as	the	spleen	

and	gall	bladder.	In	our	systemic	infection	model,	all	the	major	organs	targeted	by	S.	

Typhimurium	BRD509∆aroA	during	infection	(spleen,	 liver,	gall	bladder)	showed	

substantially	 higher	 bacterial	 counts	 in	 the	 caspase-1/11/12/8	 RipK3-/-	 mice	

compared	 to	 wildtype	 controls	 (Figure	 4-2).	 Caspase-8	 RipK3-/-	 mice	 as	 well	 as	

caspase-1-/-	and	caspase-1/11-/-	mice	have	been	reported	to	be	more	susceptible	to	

pathogens	than	wildtype	animals	170.		

As	 expected,	 the	 caspase-1/11-/-	 mice	 show	 a	 comparatively	 minor	 increase	 in	

bacterial	burden	in	the	organs	tested	with	the	highest	burden	of	around	5-fold	in	

liver	and	gall	bladder	(Figure	4-2).	

However,	 in	our	study,	 the	combined	deletion	of	caspases-1,	 -11,	 -12,	 -8	 together	

with	RipK3	increased	the	clearance	defect	up	to	1000-fold	compared	to	that	of	the	

already	known	knockout	phenotypes	(for	caspase-1-/-,	caspase-1/11-/-	or	caspase-8	

RipK3-/-	mice)	170.	This	reveals	that	disabling	all	three	cell	death	pathways,	namely	

death	receptor-induced	apoptosis,	necroptosis	and	pyroptosis	impairs	the	ability	to	

clear	S.	Typhimurium	infection	much	more	severely	than	the	loss	of	only	one	or	even	

two	of	these	cell	death	pathways	(Figure	4-2).	

Interestingly,	the	absence	of	caspase-12	appears	to	affect	the	ability	of	mice	to	clear	

bacteria	 from	 the	 gall	 bladder;	 since	 higher	 numbers	 of	 S.	 Typhimurium	 were	

observed	 in	the	gall	bladders	of	 the	caspase-1/11/12	triple	knockout	mice	when	

compared	to	caspase-1/11	double	ko	animals	even	though	the	bacterial	counts	in	

the	other	tissues	tested	were	comparable	between	these	two	strains	(Figure	4-2).	

This	suggests	a	role	for	caspase-12	in	the	clearance	or	release	of	bacteria	from	the	

gall	 bladder	 (Figure	 4-2).	 Our	 data	 might	 show	 a	 role	 for	 caspase-12	 in	 an	

inflammatory	process,	which	agrees	with	previous	reports,	that	suggest	a	role	for	

the	human	caspase-12s	gene	in	the	inflammatory	response	in	human	retinal	cells	69.	

Also,	 another	 study	 suggested	 caspase-12	 functions	 as	 a	 dominant	 negative	

regulator	of	the	inflammasome	70,	however	this	was	in	dispute	with	other	published	

results	71.		

Therefore,	 our	 findings	 are	 in	 line	 with	 reports	 of	 caspase-12	 functions	 during	

inflammation.	Additionally,	to	this	previously	proposed	role,	for	the	first	time,	our	
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data	might	indicate	a	novel	role	for	caspase-12	(and	potentially	other	caspases)	in	

bacterial	sequestering	in	the	gall	bladder	and	bacterial	shedding.		

As	mentioned	above,	the	caspase-12	gene	contains	a	premature	stop	codon	in	most	

humans,	making	it	non-functional	52.	Thus,	this	function	may	exist	in	humans	only	

in	those	people	of	African	descent	who	can	express	full-length	caspase-12.	

One	may	speculate	that	during	the	course	of	human	evolution	and	their	migration	

out	 of	 Africa,	 humans	 encountered	 a	 variety	 of	 different	 pathogens	 in	 Asia	 and	

Europe	that	needed	to	be	dealt	with	in	a	new	manner	67.	It	is	conceivable	that	the	

shedding	 of	 certain	 bacteria	 (e.g.	Salmonella)	 from	 the	 gall	 bladder	 and	 possibly	

other	tissues	may	have	been	disadvantageous	to	humans,	because	in	this	manner	

the	pathogen	could	be	passed	on	 to	offspring	and	others	 in	 the	 community.	This	

could	have	engendered	 a	 selective	 advantage	 for	 individuals	 that	 lack	 full-length	

(enzymatically	active)	caspase-12.	However,	further	investigations	are	required	to	

fully	understand	the	roles	of	caspase-12.		

Furthermore,	we	quantified	the	cytokine	levels	in	liver	and	spleen	of	wildtype	and	

caspase-1/11/12/8	 RipK3	 knockout	 mice	 on	 day	 21	 post	 S.	 Typhimurium	

BRD509∆aroA	 strain	 infection	 (Figure	 4-4).	 We	 analysed	 an	 array	 of	 major	

cytokines	 including	IFN-g	MIG,	 IL-12	p40	and	TNF.	Nearly	all	cytokines	showed	a	

slight	increase	in	both,	liver	and	spleen	of	the	caspase-1/11/12/8	RipK3	knockout	

mice	 (Figure	 4-4).	 The	 organs	 were	 harvested	 at	 the	 ethical	 endpoint	 of	 the	

experiment	(day	21).	At	this	timepoint	the	bacteria	already	established	a	systemic	

infection	 in	 the	 major	 organs	 of	 the	 mouse	 (Figure	 4-2).	 Since	 the	 caspase-

1/11/12/8	RipK3	knockout	mice	are	unable	to	clear	the	infection	in	these	organs	

(Figure	4-2),	it	appears	that	the	organs	are	secreting	high	levels	of	cytokines	in	an	

attempt	 to	 combat	 the	 infection.	 This	 cytokine	 storm	 is	 indicative	 of	 a	 potential	

septic	shock	building	up	due	to	an	overload	of	bacterial	burden	thus	resulting	in	an	

overaction	of	the	body’s	immune	response.	

	

We	further	investigated	the	role	of	the	multifunctional	adaptor	protein	TRIF	in	S.	

Typhimurium	 infection	 as	 it	 has	 been	 implicated	 in	 the	 induction	 of	 apoptosis,	

necroptosis	 and	 pyroptosis.	 TRIF	 is	 required	 during	 TLR3	 and	 TLR4	 receptor-

mediated	 necroptosis	 192	 but	 can	 also	 cause	 cellular	 apoptosis	 via	 caspase-8	

activation	 182	 and	additionally	has	 indirect	 functions	during	pyroptosis	 186.	Thus,	
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TRIF	was	a	 likely	candidate	to	serve	as	a	potential	master	regulator	 that	decides	

between	the	three	programmed	cell	death	pathways	(i.e.	apoptosis,	necroptosis	and	

proptosis).		

We	infected	TRIF	deleted	myeloid	cells	in	vitro	and	TRIF	deficient	mice	in	vivo	with	

S.	Typhimurium	to	investigate	its	role.	Infecting	TRIF	deficient	BMDMs	at	an	MOI	of	

50	with	the	S.	Typhimurium	strain	SL1344	showed	no	protection	 from	cell	death	

(Figure	4-5).	The	levels	of	cell	death	after	24	h	were	similar	to	those	seen	in	wildtype	

BMDMs	(Figure	4-5).	If	TRIF	was	essential	for	the	coordination	of	all	three	cell	death	

pathways	 (death	 receptor-induced	 apoptosis,	 necroptosis	 and	 pyroptosis),	 one	

would	expect	similar	protection	from	S.	Typhimurium	SL1344	strain-induced	cell	

killing	compared	with	the	caspase-1/11/12/8	RipK3-/-	BMDMs.	We	also	tested	the	

consequence	 of	 TRIF	 deficiency	 on	 the	 response	 of	 mice	 to	 infection	 with	 S.	

Typhimurium	 vaccine	 strain	 BRD509∆aroA.	 We	 did	 not	 observe	 significant	

differences	in	the	clearance	of	bacteria	from	any	of	the	organs	tested	compared	to	

wildtype	mice	(Figure	4-2).	However,	it	remains	possible	that	TRIF	has	a	regulatory	

role	in	these	cell	death	pathways	during	bacterial	infection,	but	these	functions	can	

also	 be	 executed	 by	 additional	 (yet	 to	 be	 identified)	 adaptor	 protein.	 Such	

redundancy	in	the	regulation	of	cell	death	pathways	might	well	be	advantageous,	

since	activation	of	these	three	pathways	upon	infection	or	cellular	damage	is	crucial	

for	 the	survival	and	wellbeing	of	 the	host.	Based	on	our	results	 it	 is	unlikely	 that	

TRIF	acts	on	 its	own	as	a	master	regulator	of	different	cell	death	pathways	upon	

pathogen	infection.	

	

To	clear	an	infection,	signaling	cascades	have	to	be	triggered	by	PAMPs	or	DAMPs.	

Some	of	the	major	PAMPs	are	LPS,	flagellin	or	proteins	from	the	type	III	secretion	

system	 49.	Salmonella	 derived	 flagellin	 is	 one	 of	 the	major	 PAMPs	 recognised	 by	

TLR5	in	host	cells	193.	S.	Typhimurium	expresses	two	major	flagellin	proteins,	fljB	

and	 fliC	 194.	 To	 investigate	 the	 implications	 of	 this	 ligand-TLR	 system	 in	 S.	

Typhimurium-induced	cell	killing,	we	tested	the	impact	of	the	loss	of	these	PAMPs	

on	a	cellular	immune	response.	For	this,	we	used	a	S.	Typhimurium	mutant	DfliCDfljB	

(labelled	 FLAG)	 that	 lacks	 the	 two	 flagellin	 proteins	 fljB	 and	 fliC,	 which	 are	

expressed	in	S.	Typhimurium.	
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One	could	predict	 that	 the	 loss	of	 fliC	and	 fljB,	 two	major	 flagellum	components,	

could	 reduce	 detection	 of	 intracellular	 S.	 Typhimurium	 and	 thereby	 reduce	 cell	

death	 induction.	However,	 there	was	no	difference	 in	 cell	 viability	 between	cells	

infected	with	flagellin	deficient	S.	Typhimurium	vs	those	infected	with	the	SL1344	

strain,	at	least	at	MOI	of	10	(Figure	4-6).	However,	additional	experiments	with	the	

DfliCDfljB	 using	 also	 infections	 at	 higher	 MOI	 are	 required	 to	 draw	 definitive	

conclusions.		

In	conclusion,	our	findings	provide	evidence	that	multiple	cell	death	pathways	(i.e.	

apoptosis,	necroptosis,	pyroptosis)	are	 involved	 in	the	response	to	 infection	with	

Gram-negative	 bacteria	 and	 possibly	 other	 pathogens.	 The	 findings	 also	 show	

substantial	 extents	 of	 functional	 overlap	 between	 several	 caspases	 in	 bacterial	

clearance.	It	appears	likely	that	this	extensive	functional	overlap	has	been	selected	

for	to	ensure	survival	of	the	host	in	case	one	process	is	dysfunctional.	This	would	

ensure	adequate	clearance	even	if	an	effector	in	one	signaling	pathway	is	defective	

or	 a	 pathway	 has	 been	 disabled	 by	 a	 pathogen.	 This	 insight	 is	 interesting	 in	 the	

context	 of	 future	 drug	 design.	 A	 better	 understanding	 of	 the	 host’s	 signaling	

networks	 in	 response	 to	 infection	 might	 be	 exploited	 therapeutically.	

Understanding	these	complex	molecular	networks	and	trying	to	understand	how	

the	switching	between	the	pathways	is	controlled	could	be	used	to	take	advantage	

of	these	mechanism	in	dealing	with	infections.		

For	 example,	 one	 could	design	drugs	 to	 activate	 a	 back-up	 cell	 death	 pathway	 if	

another	 one	 is	 dysregulated,	 thereby	 initiate	 bacterial	 clearance.	 By	 targeting	

specific	caspases,	such	as	caspase-8,	if	pyroptosis	is	defective	for	example,	one	could	

switch	on	caspase-8	dependent	clearance	upon	infection.	Since	a	lot	of	anti-cancer	

drugs	already	are	targeted	at	programmed	cell	death,	these	could	theoretically	be	

repurposed,	 and	 also	 be	 used	 as	 antimicrobials	 by	 activating	 specific	 cell	 death	

pathways	in	order	to	clear	an	infection.	

Thus,	we	aim	to	use	the	caspase-1/11/12/8	RipK3	deletion	model	to	explore	if	we	

can	pre-treat	these	mice	with	cell	death-inducing	drugs,	so-called	BH3	mimetics,	to	

test,	whether	we	can	reduce	the	bacterial	burden	in	the	organs	upon	infection.	
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Furthermore,	a	better	understanding	of	caspase	functions,	utilisation	and	activation	

during	clearance	will	give	us	a	better	understanding	about	the	complex	system	of	

redundancy	that	hosts	employ	to	deal	with	pathogens.		

Interestingly,	our	studies	 suggest	 a	novel	 and	 thus	 far	not	yet	described	 role	 for	

caspase-12	 in	the	dissemination	of	bacteria	 from	the	gall	bladder	and	a	potential	

explanation	 for	 the	 selective	 mutation	 of	 human	 caspase-12l	 as	 a	 protective	

mechanism	 against	 certain	 microbial	 burdens	 during	 the	 course	 of	 human	

evolution.	

Here,	we	generated	and	described	a	novel	mouse	model	deficient	for	three	major	

cell	 death	 pathways	 (apoptosis,	 pyroptosis	 and	 necroptosis)	 by	 the	 deletion	 of	

caspases-1,	-11,	-12	-8	and	RipK3;	which	will	be	useful	to	study	different	cell	death	

pathways	and	their	role	upon	pathogen	clearance.	 	
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5.1	Introduction	
	

The	apoptotic	machinery	and	some	of	its	key	players,	such	as	proteins	belonging	to	

the	 death	 domain	 (DD)	 superfamily,	 are	 highly	 conserved	 from	 the	 nematode	

Caenorhabditis	elegans	to	mammals	33,	94.	One	subgroup	of	the	DD	superfamily	is	the	

CARD	subfamily,	which	contains	amongst	other	proteins	the	caspases-1,	-2,	-4,	-5,	-

9,	-11,	and	-12.	

In	C.	elegans,	the	caspase	CED-3	is	required	for	developmentally	programmed	cell	

death,	apoptosis,	acting	as	both,	initiator	as	well	as	effector	caspase	195,	196.	CED-3	

carries	an	N-terminal	domain	with	extensive	sequence	homology	to	the	mammalian	

CARD	domain	195,	197,	198.		

DD	superfamily	members	are	found	in	many	species;	however,	generally	a	smaller	

number	 of	 members	 are	 found	 in	 simpler	 organisms,	 such	 as	 Drosophila	 or	

nematodes,	 compared	 to	 mammals	 54.	 The	 fact	 that	 mammals	 have	 many	 DD	

superfamily	members,	including	many	CARD	containing	caspases	could	indicate	a	

degree	 of	 functional	 redundancy.	 Given	 that	 all	members	 of	 the	 DD	 superfamily	

share	 the	 death	 fold	 motif,	 it	 is	 interesting	 to	 speculate	 about	 the	 potential	

evolutionary	 relationship	 among	 the	 subfamilies	within	 the	 DD	 superfamily	 and	

whether	 their	 similarities	 imply	 similar	 functions;	 i.e.	 such	 as	deleting	 the	 CARD	

member	CED-3	in	C.	elegans	having	the	same	effect	as	deleting	all	CARD	containing	

caspases	in	mammals.		

	

It	was	shown	that	mice	deficient	for	caspase-9	die	around	embryonic	day	15/16	due	

to	 exencephaly	 that	 resulted	 from	 reduced	 apoptosis	 of	 neuronal	 cells	 during	

development	 87,	 199,	 200.	 However,	 it	 is	 important	 to	 note,	 that	 even	 though	 this	
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abnormality	in	caspase-9	deficient	mice	is	prominent	on	a	mixed	C57BL/6	x	129SV	

background,	it	is	much	less	pronounced	on	an	inbred	C57BL/6	background	where	

many	caspase-9-/-	mice	make	it	to	birth	and	even	beyond	196	(our	own	unpublished	

data).	

	

The	loss	of	caspase-9	was	shown	to	only	delay	apoptosis	of	haematopoietic	cells	and	

fibroblasts	after	cytokine	withdrawal	or	treatment	with	cytotoxic	stimuli	but	does	

not	 prevent	 cell	 death	 148.	 Furthermore	 the	 loss	 of	 caspase-9	 did	 not	 result	 in	

accumulation	of	haematopoietic	cells	87,	148,	 in	striking	contrast	to	the	loss	of	BIM,	

combined	loss	of	BAX	and	BAK	or	BCL-2	overexpression	87,	201.	

The	programmed	death	of	caspase-9	deficient	cells	does	not	efficiently	dispose	of	

cellular	constituents	during	cell	demolition.	This	leads	for	example	to	the	egress	of	

mitochondrial	DNA	into	the	cytoplasm	202	that	drives	a	type	1	interferon	response	

that	causes	defects	in	haematopoietic	stem	and	progenitor	cells	203,	204.		

A	plethora	of	single	caspase	knockout	mice	(including	caspase-1,	-2,	-11	and	-12)	

have	been	generated	and	haematopoiesis	in	these	mice	appeared	normal	19,	87,	205,	

206.	Apart	from	the	important	roles	of	caspase-9	during	brain	development	and	the	

indirect	impact	of	its	loss	on	haematopoietic	stem/progenitor	cells,	little	is	known	

about	 the	 roles	 of	 caspases,	 especially	 their	 overlapping	 functions,	 during	

embryonic	development	and	adult	life	19,	87,	148,	204,	205,	206.	Since	caspases	play	key	

roles	in	various	processes,	it	seems	likely	that	redundancy	exists	to	ensure	correct	

embryonic	 development,	 immunity	 and	 haematopoiesis.	We	 therefore	 generated	

mice	deficient	for	all	CARD	containing	caspases,	i.e.	lacking	caspases-1,	-11,	-12,	-2	

and	 -9.	 To	 be	 able	 to	 generate	 such	 animals	we	 had	 to	 deal	with	 the	 embryonic	

lethality	caused	by	the	loss	of	caspase-9.	We	did	this	by	analysing	embryos	at	day	

E14.5,	thus	prior	to	the	death	of	caspase-9	deficient	mice.	To	investigate	the	impact	

of	the	combined	loss	of	caspases-1,	-11,	-12,	-2,	-9	on	haematopoiesis	and	apoptotic	

cell	 death,	 we	 lethally	 irradiated	wt	 recipient	mice	 and	 reconstituted	 them	with	

haematopoietic	 stem/progenitor	 cells	 from	 the	 foetal	 livers	 of	 caspase-

1/11/12/2/9-/-	E14.5	embryos.	
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5.2	Results	

5.2.1	 The	 role	 of	 CARD	 containing	 caspases	 during	

embryonic	development.		

To	assess	whether	the	additional	deletion	of	caspases-1,	-11,	-12	an	-2	would	impact	

embryonic	development	even	more	 than	 loss	of	 caspase-9	alone,	we	crossed	our	

caspase-1/11/12-/-	mice	 described	 in	 Chapter	3	with	 caspase-2-/-/	9+/-	mice.	 The	

caspase-1/11/12/2-/-/9+/-	mice,	 which	 are	 viable	 and	 fertile,	 resulting	 from	 two	

backcrosses	 were	 inter-crossed	 to	 obtain	 quintuple	 knockout	 mice	 deficient	 for	

caspases-1,	-11,	-12,	-2	and	-9.	Mice	lacking	caspase-9	die	perinatally	as	a	result	of	

reduced	 apoptosis	 during	 brain	 development	 causing	 exencephaly	 (enlargement	

and	protrusion	of	the	forebrain)	87,	199,	200.		

To	 confirm	 a	 caspase-1/11/12/2/9-/-	 quintuple	 ko	 deletion,	 embryos	 were	

harvested	at	day	E14.5	and	genomic	DNA	from	digested	tail	clippings	was	examined	

by	PCR	(Figure	5-1).	Successful	deletion	of	the	caspase-1/11/12	 locus	results	in	a	

knockout	band	of	413	bp.	The	caspase-2	ko	PCR	product	runs	at	500	bp	and	deletion	

of	caspase-9	results	in	a	band	of	around	500	bp	in	size.	The	genotyping	for	all	three	

loci	of	a	caspase-1/11/12/2/9-/-	embryo	(denoted	KO3)	is	shown	in	Figure	5-1.		

Embryos	were	harvested	and	analysed	at	embryonic	day	E14.5.	The	two	caspase-

1/11/12/2/9-/-	 embryos	 depicted	 appear	 normal	 and	 display	 no	 obvious	

deformities	 (Figure	 5-2).	However,	 these	 results	 are	 very	 preliminary,	 and	more	

mouse	crosses	are	required	to	increase	the	numbers	of	embryos	for	analysis.	For	

comparison,	a	caspase-1/11/12+/-2-/-/9+/+	embryo	is	shown	since	caspase-1/11/12-

/-	and	caspase-2-/-	mice	develop	normally	205	(see	Chapter	3)	and	unfortunately	no	

image	of	a	wt	embryos	was	taken	at	the	time.	
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Top	agarose	gel:	For	the	caspase-1/11/12	locus,	a	knockout	band	is	amplified	by	PCR	

at	413	bp	whereas	the	wildtype	fragment	runs	at	245	bp.	Bottom	agarose	gel,	left	

lanes:	PCR	for	caspase-2	gene	amplifies	a	wildtype	band	of	150	bp	and	a	knockout	

band	at	250	bp.	Bottom	agarose	gel,	right	lanes:	Caspase-9	genotyping	results	in	a	

band	of	250	bp	for	the	wildtype	allele	and	500	bp	for	the	knockout	allele.	A	caspase-

1/11/12/2/9-/-quintuple	 ko	 embryo	 is	 denoted	 KO3	 and	 the	 results	 from	 its	

genotyping	 are	 highlighted	 with	 red	 boxes	 for	 each	 locus.	 The	 genotyping	 data	

shown	are	representative	of	all	genotyping	analyses	performed	for	the	generation	

of	caspase-1/11/12/2/9-/-	embryos.	H2O	served	as	a	negative	control,	KO	indicates	

knockout	controls	(if	available)	and	WT	is	a	wildtype	control.	

	

	  

Figure	5-1:	Genotyping	of	embryos	to	confirm	deletion	of	caspases-1,	-11,	-12,	

-2	and	-9.	
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Embryos	 taken	 at	 E14.5.	 One	 caspase-1/11/12+/-	 2-/-	 /9+/+	 embryo	 is	 shown	 as	

control	 and	 two	 caspase-1/11/12/2/9-/-	 embryos	 (labelled	 #1	 and	 #2,	

respectively).	Images	taken	at	a	Zeiss	Stemi	2000-C	microscope.	Caspase-1/11/12+/-	

2-/-	 /9+/+	 embryo	 is	 shown	 for	 comparison	 as	 they	 are	 developmentally	 like	 wt	

embryos.	

	  

Figure	5-2:	Deletion	of	all	murine	CARD	containing	caspases	(-1,	-11,	-12,	-2	

and	-9)	does	not	affect	embryonic	development	up	to	day	E14.5.	
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5.2.2	 Impact	 of	 combined	 loss	 of	 caspases-1,	 -11,	 -12,	 -2	

and	-9	on	the	haematopoietic	system	

To	 investigate	 the	 impact	 of	 the	 combined	 loss	 of	 all	 murine	 CARD	 containing	

caspases,	namely	caspase-1,	-11,	-12,	-2	and	-9,	on	haematopoiesis,	we	reconstituted	

lethally	 irradiated	 wildtype	 mice	 with	 HSPCs	 derived	 from	 the	 foetal	 liver	 of	

caspase-1/11/12/2/9-/-	 E14.5	 embryos,	 using	 mice	 reconstituted	 with	 wt	 foetal	

liver	derived	HSPCs	as	controls	(Figure	5-3	and	5-4).	After	8-10	weeks,	we	analysed	

the	 different	 haematopoietic	 cell	 subsets	 of	 the	 caspase-1/11/12/2/9-/-	 or	 wt	

haematopoietic	system	reconstituted	mice	using	flow	cytometry	(Figures	5-3	and	5-

4).	Analysis	of	the	T	cell	subsets	in	the	thymus,	spleen	and	lymph	nodes	showed	no	

significant	 defects	 in	 the	 CD4	 single	 positive	 (CD4+),	 CD8	 single	 positive	 (CD8+),	

CD4/CD8	 double	 positive	 (CD4+CD8+)	 or	 double	 negative	 (DN,	 CD4-CD8-)	 T	

lymphocyte	subsets	in	the	thymus	between	the	caspase-1/11/12/2/9-/-	vs	the	wt	

reconstituted	mice	(Figures	5-3a	and	5-4a).	Furthermore,	we	did	not	observe	any	

differences	 in	 the	 frequencies	 of	 the	 peripheral	 naïve	 (CD44low)	 or	

activated/memory	T	cells	(CD44high)	between	the	caspase-1/11/12/2/9-/-	vs	the	wt	

HSPC	reconstituted	mice	(Figures	5-3b	and	5-4b).		

Interestingly,	however,	we	found	increased	numbers	of	peripheral	CD4+	T	cells	in	

the	 lymph	nodes	of	 the	caspase-1/11/12/2/9-/-	reconstituted	mice	(Figure	5-4b),	

which	 is	 probably	 due	 to	 an	 increase	 in	 the	 naïve	 CD4+	 T	 cells.	 There	 was	 no	

difference	in	the	regulatory	T	cell	populations	(Tregs),	defined	as	CD4+CD25+FOXP3+,	

in	 the	 lymph	 nodes	 and	 spleen	 between	 mice	 reconstituted	 with	 caspase-

1/11/12/2/9-/-	or	wt	HSPCs.	Interestingly,	we	observed	a	marked	increase	in	the	

percentages	of	thymic	Treg	cells	in	mice	reconstituted	with	caspase-1/11/12/2/9-/-	

HSPCs	compared	to	those	reconstituted	with	wt	HSPCs	(Figures	5-3c).	

The	follicular	(IgD+IgDlo),	B-1	(IgM+CD5+B220-)	and	marginal	zone	(IgM+B220+CD5-

)	B	cell	populations	were	comparable	in	percentages	and	total	cell	numbers	between	

mice	reconstituted	with	caspase-1/11/12/2/9-/-	or	wildtype	HSPCs	(Figure	5-3d,	5-

4d).	 Furthermore,	 the	 pro-B/pre-B	 (B220+IgM-),	 immature	 B	 (B220low	 IgM+),	

transitional	B	(B220+IgMhigh),	and	mature	B	(B220highIgM+),	cells	in	the	bone	marrow	

were	not	affected	by	the	combined	loss	of	caspases-1,	-11,	-12,	-2	and	-9	(Figures	5-
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3e	 and	 5-4e).	We	 observed	 a	 trend	 towards	 increased	 numbers	of	 B	 cells	 in	 the	

lymph	nodes	of	the	caspase-1/11/12/2/9-/-	reconstituted	mice,	but	the	difference	

to	 mice	 reconstituted	 with	 a	 wt	 haematopoietic	 system	 was	 not	 statistically	

significant.	

Quantifying	 neutrophil	 (Mac1+/GR1+)	 and	 monocyte/macrophage	 (Mac1+)	 cell	

numbers	 and	 percentages	 in	 the	 lymph	 nodes	 and	 bone	 marrow	 revealed	 no	

differences	 between	 the	 mice	 reconstituted	 with	 caspase-1/11/12/2/9-/-	 HSPCs	

compared	to	control	mice	reconstituted	with	wt	HSPCs	(Figures	5-3f	and	5-4f).		

	

Admittedly,	 the	 data	 shown	 are	 preliminary	 and	we	will	 need	 to	 examine	more	

reconstituted	mice	but	based	on	the	findings	so	far,	we	conclude	that	the	combined	

loss	 of	 all	 CARD	 containing	 caspases	 does	 not	 cause	major	 abnormalities	 in	 the	

haematopoietic	system	of	mice	under	steady	state	conditions.		

	

	  



 106 
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Flow	cytometric	analysis	of	the	haematopoietic	system	of	mice	reconstituted	with	

caspase-1/11/12/2/9-/-	or	control	(wt)	HSPCs.	Gating	strategies	of	cell	subsets	are	

depicted	in	the	left	column;	the	percentages	of	cells	are	shown	in	the	right	panels.	a	

T	cell	development	in	the	thymus.	Depicted	populations	are	CD8+,	CD4+	and	DP	for	

CD4+CD8+	double	positive	T	cells.	The	double	negative	(CD8-CD4-)	progenitor	cells	

(DN)	were	further	subdivided	using	staining	for	CD25	and	CD44.	The	gating	strategy	

for	DN	progenitor	cells	is	depicted	in	the	second	plot	down	from	the	top	on	the	left.	

Cells	are	defined	as:	DN1	(CD44+CD25-),	DN2	(CD44+CD25+),	DN3	(CD44-CD25+)	and	

DN4	 (CD44-CD25-).	 a	 (bottom	 right)	 wt	 and	 caspase-1/11/12/2/9	 quintuple	

knockout	 DN	 1-4	 stages	 shown	 as	 percentages.	 b	 (left	 column)	 Representative	

gating	strategy	for	the	activation	status	of	CD4+	T	cells.	T	cells	that	do	not	express	

the	CD44	surface	marker	are	considered	naïve	T	cells,	gate	in	top	left	quadrant.	Upon	

Figure	5-3:	The	deletion	of	caspases-1,	-11,	-12,	-2	and	-9	has	no	major	

impact	on	haematopoiesis	in	mice.	
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activation,	T	cells	upregulate	CD44	expression	(right	panels).	These	activated	T	cells	

can	 be	 further	 sub-divided	 into	 memory	 (upregulated	 CD62L	 expression)	 and	

activated	CD4+	T	cells	(CD44hi	CD62Llo).	Percentages	 in	 the	spleen	(bottom	right)	

and	lymph	nodes	(top	right)	of	naïve,	memory	and	activated	CD4+	T	cells	from	mice	

reconstituted	with	caspase-1/11/12/2/9-/-	or	wt	HSPCs.	c	The	top	left	plot	shows	

representative	flow	cytometry	gating	strategy	for	T	cell	populations	in	the	different	

lymphoid	 organs.	 c	 (top	 right	 and	 two	 bottom	 panels)	 Determination	 of	 the	

percentages	 of	 regulatory	 T	 cells	 (Tregs)	 (CD4+CD25+FOXP3+)	 in	 the	 thymus	 (top	

right),	lymph	nodes	(bottom	left)	and	spleen	(bottom	right)	using	flow	cytometry.	d	

(left)	Representation	of	 flow	cytometric	gating	of	B	cell	populations	 in	 the	lymph	

nodes	(top	right)	and	spleen	(bottom	right).	d	(right)	The	percentages	are	shown	

for	follicular	B	cells	(IgD+IgDlo),	B-1	B	cells	(IgM+CD5+B220-)	and	marginal	zone	B	

cells	(IgM+B220+CD5-).	e	(left)	Representative	gating	strategy	used	to	analyse	B	cell	

development.	Representative	plots	showing	pro-B/pre-B	(B220+IgM-),	immature	B	

(B220+IgMlo),	 transitional	B	(B220+IgMhi)	and	mature	B	cells	(B220hiIgMlo)	 in	 the	

bone	marrow.	e	(right)	Percentages	of	B	cell	populations	in	the	bone	marrow	of	mice	

reconstituted	with	caspase-1/11/12/2/9-/-	or	wt	HSPCs.	f	(left)	Gating	strategy	for	

myeloid	cell	populations	analysed	by	 flow	cytometry.	Neutrophils	(GR-1+MAC-1+)	

are	 shown	on	 the	 top	 right,	monocytes	 (GR-1-MAC-1+)	are	 shown	on	 the	bottom	

right.	f	(right)	Percentages	of	these	cell	populations	in	the	bone	marrow	and	lymph	

nodes	 (axial,	 brachial	 and	 inguinal)	 of	 mice	 reconstituted	 with	 caspase-

1/11/12/2/9-/-	or	wt	HSPCs	are	shown.	Each	symbol	represents	one	reconstituted	

mouse.	 n≥4.	 Graphs	 show	 mean	 ±	 SEM.	 Results	 tested	 with	 2-way	 ANOVA	 or	

unpaired	two-tailed	Students	t-test.		
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Subsets	analysed	and	depicted	the	same	as	 in	Figure	5-3.	Cell	subsets	 from	bone	

marrow	(both	tibia	and	femur),	lymph	nodes	(axial,	brachial	and	inguinal),	thymus	

and	spleen	of	caspase-1/11/12/2/9	quintuple	knockout	and	wt	control	mice.		

a-f	 Cell	 subsets	 are	 shown	 and	 quantified	 in	 total	 numbers	with	 gating	 strategy	

representations	in	left	column.	Graphs	show	means	±	SEM.	n≥4.	Symbols	represent	

individual	mice.	Results	tested	with	2way	ANOVA	or	unpaired	two-tailed	Students	

t-test.	 	

Figure	5-4 :	Caspase-1/11/12/2/9-/-	mice	show	normal	overall	numbers	of	

haematopoietic	cell	subsets.	
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5.2.3	T	lymphoid	cells	deficient	for	caspases-1,	-11,	-12,	-2	

and	 -9	 show	 similar	 susceptibility	 as	 wildtype	 cells	

towards	different	apoptotic	stimuli.	

	

In	order	to	determine	whether	the	deletion	of	all	murine	CARD	containing	caspases	

(caspases-1,	 -11,	 -12,	 -2	and	-9)	had	an	effect	on	apoptosis,	we	 isolated	 caspase-

1/11/12/2/9	 deficient	 thymocytes	 (or	 as	 a	 control	 wt	 thymocytes)	 from	 the	

reconstituted	 animals	 and	 examined	 their	 spontaneous	 death	 and	 ionomycin-

induced	apoptosis.	The	percentages	of	live	and	dead	cells	were	determined	over	3	

days	 using	 staining	 for	 Annexin	 V	 plus	 PI	 followed	 by	 flow	 cytometric	 analysis	

(Figure	 5-5).	 As	 depicted	 in	 Figure	 5-5,	 the	 untreated	 wildtype	 and	 caspase-

1/11/12/2/9-/-	thymocytes	underwent	spontaneous	apoptosis	at	a	similar	rate	with	

approximately	50%	of	cells	remaining	alive	after	72	h	of	culture.	Upon	treatment	

with	 ionomycin,	 a	 delay	 in	 the	 apoptosis	 of	 the	 caspase-1/11/12/2/9	 deficient	

thymocytes	compared	to	the	wt	thymocytes	was	observed	(Figure	5-5,	right	panel).	

However,	 the	 death	 of	 the	 caspase-1/11/12/2/9	 deficient	 thymocytes	 was	 not	

prevented	but	only	delayed,	and	at	72	h	all	ionomycin	treated	caspase-1/11/12/2/9	

deficient	thymocytes	were	dead.	These	data	reveal	that	the	apoptosis	of	thymocytes	

is	only	delayed,	but	not	prevented	in	the	absence	of	all	CARD	containing	caspases.		

	

Upon	infection,	T	lymphocytes	will	expand	and	differentiate	into	activated	T	cells	to	

fight	pathogenic	infection.	Once	the	infection	is	resolved,	large	number	of	immune	

cells	 (especially	 effector	 type	 cells)	 are	 no	 longer	 required	 and	 are	 therefore	

removed	 by	 apoptosis	 207.	 To	 investigate	 whether	 the	 loss	 of	 all	 murine	 CARD	

containing	caspases	impacts	on	the	apoptosis	of	activated	T	cell	blasts,	we	isolated	

spleen	cells	from	mice	reconstituted	with	caspase-1/11/12/2/9-/-	or	wt	(control)	

HSPCs	and	stimulated	them	with	ConA	plus	IL-2.	After	4	days	of	culture	we	detected	

~80	%	 T	 cell	 blasts	 (Figure	 5-5b,	 0	 h	 timepoint),	 with	 no	 differences	 apparent	

between	wildtype	and	caspase-1/11/12/2/9	deficient	cells	(Figure	5-5b).	As	these	

T	cell	blasts	depend	on	IL-2	for	their	survival	and	proliferation,	we	wanted	to	test	

whether	the	absence	of	all	CARD	containing	caspases	might	reduce	the	apoptosis	
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caused	by	IL-2	withdrawal	from	the	medium.	To	this	end,	we	washed	the	T	cell	blasts	

to	remove	IL-2,	plated	these	cells	in	simple	medium	(no	added	IL-2)	and	measured	

their	survival	over	time	using	PI	plus	Annexin	V	staining	followed	by	flow	cytometric	

analysis.	Interestingly,	we	observed	no	difference	in	the	rate	of	cell	death	between	

the	caspase-1/11/12/2/9-/-	vs	the	wt	T	cell	blasts	(Figure	5-5b).		

These	 experiments	 demonstrate	 that	 cells	 lacking	 all	 CARD	 containing	 caspases	

have	 no	 long-term	survival	 advantage	 over	wildtype	 cells,	with	 only	 a	 relatively	

minor	delay	in	ionomycin-induced	apoptosis	seen	in	thymocytes	and	no	protection	

in	activated	T	cell	blasts	deprived	of	IL-2.		
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a:	Unsorted	thymocytes	isolated	from	mice	reconstituted	with	HSPCs	derived	from	

wt	 or	 caspase-1/11/12/2/9-/-	 E14.5	 foetal	 liver	 cells.	 Left	 panel:	 Untreated	

thymocytes	 grown	 in	 medium	 for	 3	 days.	 Right	 panel:	 Ionomycin-treated	

thymocytes	 (1	 µg/mL),	 (%	 survival	 normalised	 to	 untreated).	 Cell	 viability	 was	

quantified	by	measuring	PI-	Annexin	V-	(live)	cells	at	a	flow	cytometer.	b	Unsorted	T	

cells	 from	 spleen	 isolated	 from	mice	 reconstituted	with	 HSPCs	 derived	 from	wt	

(control)	or	caspase-1/11/12/2/9-/-	E14.5	foetal	liver	cells.	Cells	were	stimulated	

with	 ConA	 plus	 IL-2	 for	 4	 days.	 On	 day	 4,	 cells	were	 washed	 and	 subsequently	

cultured	in	the	presence	or	absence	of	IL-2	for	the	indicated	timepoints.	Cell	survival	

was	measured	by	PI	plus	Annexin	V	staining	followed	by	flow	cytometric	analysis.	

n=4	across	2	independent	experiments,	statistical	analysis:	2way	ANOVA,	p	value	as	

indicated.	 	

Figure	5-5: The	combined	loss	of	all	murine	CARD	caspases-1,	-11,	-12,	-2	and	-

9	does	not	protect	lymphocytes	from	cell	death	in	vitro.	
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5.2	Discussion	
	

Although	 the	 essential	 roles	 of	 the	 caspase	 family	 of	 proteases	 during	

embryogenesis,	inflammation	and	cell	death	in	general	have	long	been	recognised	
22,	110,	there	are	still	many	unanswered	questions	about	their	exact	and	potentially	

overlapping	functions.	The	question	of	functional	overlap	within	the	caspase	family	

has	not	yet	been	rigorously	addressed.	One	reason	for	the	limited	data	on	this	topic	

might	 be	 explained	 by	 the	 lack	 of	mouse	 strains	 deficient	 for	multiple	 caspases	

(more	than	2)	or	even	deleted	for	an	entire	caspase	sub-family	(e.g.	the	CARD	sub-

family).	It	is	undisputed	that	the	initiator	caspase,	caspase-9,	plays	an	important	role	

in	the	intrinsic	apoptotic	pathway	25.	However,	caspase-9	deficient	cells	and	even	

cells	deficient	 for	both	 caspase-9	and	caspase-2	 still	die	 in	 response	 to	 cytotoxic	

insults	that	are	known	to	induce	the	intrinsic	apoptotic	pathway	(Figure	5-5)	87,	148.		

How	is	this	cell	killing	achieved	even	with	the	lack	of	this	key	initiator	caspase?	The	

BCL-2-regulated	or	mitochondrial	apoptotic	pathway	leads	to	the	destruction	of	the	

outer	mitochondrial	membrane,	which	is	considered	the	point	of	no	return	in	the	

apoptotic	 pathway	 80,	 94.	 It	 would	 be	 possible	 that	 downstream	 of	 MOMP	 other	

factors,	such	as	other	proteases,	lead	to	the	activation	of	executioner	caspases	and	

hence	 demolition	 of	 the	 cell.	 Also,	 the	 existence	 of	 a	 completely	 caspase-

independent,	yet	to	be	discovered	cell	demolition	cannot	be	excluded.		

An	interesting	explanation	might	be	that	in	the	absence	of	caspase-9	(or	absence	of	

both	caspase-9	and	caspase-2)	other	CARD	containing	caspases	can	compensate	and	

mediate	the	activation	of	the	effector	caspases.	It	is	interesting	to	contemplate	that	

all	CARD	containing	caspases	may	have	overlapping	roles	in	the	intrinsic	apoptotic	

pathway	upstream	of	the	effector	caspases.	Notably,	the	function	of	caspase-2	is	not	

yet	fully	resolved	although	a	role	in	mitotic	cell	division	has	recently	been	reported	
9,	208,	209,	210,	211.	Given	that	caspase-2/9	double	deficient	cells	remained	sensitive	to	

apoptosis	triggered	by	diverse	cytotoxic	stimuli	148,	we	wondered	whether	all	CARD	

containing	 caspases	 (i.e.	 caspases-1,	 -11,	 -12,	 -2	and	 -9)	might	have	 substantially	

overlapping	roles	in	apoptosis.		We	therefore	generated	a	mouse	strain	lacking	all	

murine	 CARD	 containing	 caspases.	 In	 preliminary	 studies	 we	 were	 unable	 to	

identify	obvious	abnormalities	in	the	embryos	lacking	caspases-1,	-11,	-12,	-2	and	-

9	(Figure	5-2).	This	may	appear	to	be	an	unexpected	finding	given	that	caspase9-/-	
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embryos	were	shown	to	exhibit	exencephaly	with	high	incidence.	However,	it	must	

be	noted	that	this	high	incidence	in	exencephaly	was	seen	in	caspase-9-/-	embryos	

only	on	a	mixed	C57BL/6	x	129SV	background	199,	200,	whereas	this	developmental	

abnormality	was	 less	prevalent	on	a	pure	C57BL/6	background	 196	 (unpublished	

observations	 from	our	own	work).	Of	note,	 the	 caspase-1/11/12/2/9-/-	 embryos	

analysed	in	the	present	study	are	on	a	C57BL/6	background,	which	may	explain	why	

we	have	not	seen	any	cases	with	exencephaly	so	far.	In	any	case,	we	have	not	yet	

screened	 sufficient	 numbers	 of	 embryos	 (thus	 far	 we	 only	 obtained	 2	 caspase-

1/11/12/2/9-/-	embryos)	to	provide	conclusive	insight	into	the	impact	of	the	loss	of	

all	CARD	containing	 caspases	on	embryonic	development.	 It	 is	 also	possible	 that	

abnormalities	 in	 embryonic	 development	 could	 only	 become	 apparent	 at	 later	

stages,	such	as	E16.5	or	E18.5.	Conversely,	 it	 is	possible	 that	 the	 loss	of	all	CARD	

containing	caspases	causes	lethal	defects	at	earlier	stages	of	embryogenesis	with	all	

affected	embryos	having	disappeared	before	E14.5	the	stage	of	development	when	

we	performed	our	analysis.	Thus,	many	more	embryos	need	to	be	generated	and	

examined	 at	 various	 stages	 of	 development	 to	 gain	 an	 understanding	 of	 the	

overlapping	functions	of	caspases-1,	-11,	-12,	-2	and	-9	in	embryogenesis.	It	is	also	

interesting	 to	 contemplate	 that	 all	 initiator	 caspases,	 i.e.	 all	 CARD	 containing	

caspases	and	the	DED	containing	caspase,	caspase-8,	have	critical	overlapping	roles	

in	embryogenesis.	Thus,	it	will	also	be	of	interest	to	generate	embryos	deficient	for	

caspases-1,	-11,	-12,	-2	and	-9	as	well	as	caspase-8	(plus	loss	of	MLKL	or	RipK3	to	

prevent	the	embryonic	lethality	at	E10.5	that	is	caused	by	the	aberrant	necroptosis	

arising	from	the	absence	of	caspase-8).	

The	BCL-2	regulated	apoptotic	pathway	plays	a	crucial	role	in	the	development	and	

functioning	of	 the	haematopoietic	system	212.	Abrogation	of	apoptosis,	due	to	the	

combined	 loss	of	BAX	and	BAK	 213,	 214,	 215	 the	 combined	 loss	of	 several	BH3-only	

proteins	(e.g.	BIM	and	PUMA)	216,	217,	218	or	the	over-expression	of	BCL-2	219,	220,	221	

cause	 substantial	 increases	 in	 lymphoid	or	myeloid	 cells.	 Interestingly,	we	 found	

that	the	loss	of	all	CARD	containing	caspases	(using	a	haematopoietic	reconstitution	

system)	 did	 not	 cause	 a	 notable	 increase	 in	 any	 lymphoid	 or	 myeloid	 cell	

populations	 examined.	 This	 is	 consistent	 with	 the	 previous	 finding	 that	 the	

combined	 loss	 of	 caspases-2	 and	 -9	 does	 not	 cause	 a	 notable	 accumulation	 of	

lymphoid	or	myeloid	cells	148.	This	suggests	that	the	activation	of	MOMP	in	the	cells	
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programmed	to	die,	for	example	lymphocytes	lacking	antigen	receptors	due	to	failed	

Tcr	or	Ig	gene	rearrangement,	the	induction	of	MOMP,	even	in	the	complete	absence	

of	all	CARD	containing	caspases,	is	sufficient	for	cell	killing.	It	will	still	be	interesting	

to	generate	mice	 lacking	 in	 their	haematopoietic	compartment	not	only	all	CARD	

containing	 caspases,	 but	 also	 the	 DED	 containing	 initiator	 caspase-8	 (with	

additional	 loss	 of	 MLKL	 or	 RipK3	 to	 prevent	 aberrant	 necroptosis).	 This	 would	

reveal	whether	developmentally	programmed	death	of	lymphoid	and	myeloid	cells	

can	proceed	in	the	absence	of	all	initiator	caspases.	Ultimately,	it	would	be	exciting	

to	generate	cell	lines	or	mice	lacking	in	their	haematopoietic	system	all	caspases.	

This	would	allow	to	rigorously	address	the	postulated	roles	of	caspases	in	processes	

other	than	apoptosis,	pyroptosis,	inflammation	and	prevention	of	necroptosis,	such	

as	cell	division	222,	223,	224.	

Interestingly,	 it	 has	 been	 reported	 that	 the	 absence	 of	 caspase-9	 impairs	 the	

normally	 “neat”	demolition	of	 cells	undergoing	apoptosis	 and	 that	 the	 leakage	of	

mitochondrial	 DNA	 into	 the	 cytoplasm	 causes	 aberrant	 activation	 of	 type	 1	

interferon	 signalling.	 This,	 in	 turn,	 causes	 a	mobilisation	 of	 haematopoietic	 stem	

cells	 203,	 225.	 It	 will	 be	 interesting	 to	 determine	 whether	 the	 loss	 of	 all	 CARD	

containing	caspases	will	cause	even	more	severe	defects	in	the	dismantling	of	cells	

undergoing	 apoptosis,	 resulting	 in	 greater	 inflammatory	 signalling	 with	 further	

impact	 on	 haematopoietic	 stem	 and	 progenitor	 cells.	 Following	 on	 from	 this,	 it	

would	also	be	interesting	to	determine	whether	the	loss	of	all	initiator	caspases	(i.e.	

loss	of	 all	CARD	containing	 caspases	plus	 loss	of	 caspase-8)	would	 cause	greater	

aberrations	in	the	dismantling	of	cells	undergoing	apoptosis,	than	loss	of	caspase-9	

alone,	and	whether	this	might	result	in	greater	inflammatory	signalling	with	impact	

on	the	haematopoietic	stem	and	progenitor	cells.		

To	 investigate	 the	 impact	 of	 the	 combined	 loss	 of	 all	 murine	 CARD	 containing	

caspases	on	apoptosis	of	 cells	 in	 vitro,	we	analysed	 spontaneous	and	 ionomycin-

induced	 apoptosis	 of	 thymocytes	 and	 the	 IL-2	 deprivation-induced	 apoptosis	 of	

mitogen	activated	T	 cell	blasts	derived	 from	lethally	 irradiated	wt	mice	 that	had	

been	reconstituted	with	caspase-1/11/12/2/9-/-	or	wt	HSPCs	from	foetal	livers	of	

E14.5	embryos.	These	studies	showed	that	the	caspase-1/11/12/2/9-/-	cells	still	die	

to	 the	 same	 extent	 as	 wt	 cells,	 although	 some	 delay	 in	 cell	 killing	 was	 seen	 in	

thymocytes	 treated	with	 ionomycin.	This	delayed	 cell	 death	was	 not	 unexpected	



 119 

given	 that	 previous	 analysis	 revealed	 a	 similar	 delay	 in	 cytokine	 deprivation-

induced	apoptosis	in	cells	lacking	caspase-9	87	or	both	caspase-2	and	-9	148.	Thus,	

the	 additional	 loss	 of	 caspases-1,	 -11,	 -12	 plus	 caspase-2	 provides	 no	 further	

protection	 against	 cytokine	 deprivation	 or	 ionomycin-induced	 apoptosis	 beyond	

the	minor	delay	in	apoptosis	afforded	by	the	loss	of	caspase-9.	

Taken	together,	our	results	show	that	caspase-1/11/12/2/9-/-	cells	can	still	undergo	

a	form	of	cell	death	that	appears	to	resemble,	at	least	in	certain	aspects,	apoptosis.	

Whether	this	suggests	a	fully	caspase-independent	way	of	cell	killing,	or	activation	

of	 downstream	 effector	 caspases	 (caspase-3,	 -6	 and	 -7)	 in	 an	 atypical	 initiator	

caspase-independent	 manner	 remains	 to	 be	 elucidated.	 Since	 caspase-8	 also	

functions	as	an	initiator	caspase,	traditionally	in	response	to	the	ligation	of	death	

receptors	within	an	activation	platform,	called	DISC,	one	could	hypothesise	that	it	

acts	redundantly	with	caspases-1,	-11,	-12,	-2	and	-9	to	activate	the	effector	caspases	

and	 initiate	 apoptosis.	 Of	 note,	 recent	 reports	 suggested	 a	 role	 for	 caspase-8,	

downstream	of	death	 receptors,	 in	apoptosis	 triggered	by	DNA	damage	 inducing	

agents	 226	or	ER	stress	 inducing	agents	 227.	Although	 these	 findings	 could	not	be	

reproduced	 in	a	 follow-up	study	 228,	 it	will	be	 interesting	 to	examine	 the	overall	

impact	 of	 the	 loss	 of	 all	 initiator	 caspases	 (i.e.	 caspases-1,	 -11,	 -12,	 -2,	 -9	 plus	

caspase-8)	on	cytokine	deprivation	as	well	as	cytotoxic	drug-induced	cell	killing	in	

vitro.	 It	 will	 be	 particularly	 exciting	 to	 investigate	 the	 morphological	 and	

biochemical	 changes	 of	 cells	 undergoing	 apoptosis	 in	 the	 absence	 of	 all	 of	 these	

caspases.			

Certain	pathogens	express	inhibitors	of	caspases,	such	as	CrmA.	The	ability	of	cells	

to	undergo	cell	death	that	still	resembles	apoptosis	in	at	least	certain	aspects,	may	

be	related	to	this;	i.e.	the	death	of	pathogen	infected	cells,	even	when	caspases	are	

disabled,	will	be	advantageous	for	the	host,	enabling	it	to	clear	the	infection.	

In	conclusion,	the	studies	presented	in	this	chapter	reveal	that	there	appears	not	to	

be	substantial	functional	overlap	between	the	different	CARD	containing	caspases	

in	embryonic	development,	development	and	function	of	the	haematopoietic	system	

and	apoptotic	death	of	cells	triggered	by	developmental	cues,	cytokine	deprivation	

or	cytotoxic	insults.	However,	the	work	presented	here	is	only	a	starting	point	and	

much	 more	 exciting	 work	 can	 be	 done	 to	 investigate	 the	 overlapping	 roles	 of	

initiator	caspases	or	all	caspases	in	these	processes.		 	
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Programmed	 cell	 death	 (PCD)	 is	 pivotal	 during	 embryonic	 development,	

inflammation	and	the	fight	against	invading	pathogens.	Over	the	past	three	decades,	

the	 key	 regulators	 and	 executioners	 of	 both	 PCD	 and	 inflammation	 have	 been	

discovered	and	the	latter	include	the	superfamily	of	caspases.		

	

The	three	major	PCD	pathways	are	apoptosis,	necroptosis	and	pyroptosis.	Caspases	

play	critical	roles	in	all	of	these	pathways,	in	the	case	of	apoptosis	and	pyroptosis	as	

critical	executioners	of	cellular	demolition	and	in	the	case	of	necroptosis	as	critical	

inhibitors	(caspase-8)	of	pathway	activation.	Caspases	are	highly	conserved	across	

the	entire	metazoan	lineage	consistent	with	their	critical	roles	in	diverse	biological	

processes	1,	229.	Even	though	some	caspases	are	known	to	exert	critical	functions	in	

the	regulation	of	life	vs	death	decisions	of	cells	and	inflammation;	the	roles	of	some	

other	 caspases,	 such	 as	 caspases-2	 and	 -12,	 are	 still	 only	 poorly	 understood.	

Moreover,	 the	overlapping	 roles	of	 the	many	caspases	and	 the	 complexity	of	 the	

connections	 between	 the	 different	 cell	 death	 pathways	 in	 which	 the	 caspases	

function	need	to	be	dissected	carefully.	This	may	seem	surprising,	considering	how	

fundamentally	important	the	correct	regulation	of	cell	death	and	inflammation	are	

for	multicellular	organisms,	but	the	generation	of	mice	deficient	for	three	or	more	

caspases	must	have	been	a	significant	deterrence	from	conducting	relevant	studies	

in	this	area.	

	

The	 work	 of	 my	 thesis	 focused	 on	 unravelling	 the	 overlapping	 functions	 of	 the	

different	CARD	containing	caspases,	caspases-1,	-11,	-12,	-2	and	-9,	and	the	greater	

overlapping	functions	of	all	initiator	(i.e.	long	pro-domain	containing)	caspases,	i.e.	

caspases-1,	-11,	-12,	-2,	-9	and	-8.	My	work	aimed	to	explore	the	complex	interplay	

and	possible	overlapping	 functions	in	embryogenesis,	 inflammation	and	different	

cell	 death	 pathways,	 including	 apoptosis,	 pyroptosis	 and	 necroptosis.	 Such	

knowledge	is	essential	to	fully	understand	the	underlying	causes	of	many	diseases	

that	 are	 thought	 to	be	 caused,	 at	 least	 in	part,	by	defects	 in	 cell	death,	 including	

neurodegenerative	disorders,	cancer,	aberrant	inflammation,	infection	and	sepsis.	
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Additionally,	 the	 knockout	mouse	 strains	 lacking	 3	 or	 more	 caspases	 generated	

during	my	PhD	can	be	used	in	the	future	for	further	investigations	in	developmental	

biology,	cancer,	infectious	diseases	or	general	immunology.	

	

In	my	PhD	studies	 I	 characterised	a	mouse	 strain	deficient	 for	 the	 inflammatory	

caspases-1,	-11	and	-12	and	I	found	that	the	absence	of	these	three	caspases	had	no	

major	impact	on	haematopoiesis	or	embryonic	development.	Interestingly,	caspase-

12	did	not	appear	to	contribute	to	the	septic	shock	response	in	mice,	as	the	caspase-

1/11/12	 triple	 knockout	 mice	 did	 not	 display	 additional	 protection	 from	 LPS	

injection-induced	septic	shock	compared	to	the	caspase-1/11	double	knockout	mice	

that	had	previously	been	reported	121.	Additionally,	we	 failed	to	confirm	a	role	of	

caspase-12	during	endoplasmic	reticulum	stress-induced	cell	death	in	contrast	to	

what	was	previously	published	206,	but	consistent	with	other	studies	52.	However,	

we	did	discover	a	potentially	novel	role	for	caspase-12	in	the	clearance	of	Salmonella	

Typhimurium	 vaccine	 strain	 BRD509∆aroA	 from	 the	 gall	 bladder.	 Mice	 lacking	

caspase-12	on	 top	of	 either	 caspases-1	and	 -11	or	 caspases-1,	 -11,	 -8	and	RipK3	

showed	an	increased	number	of	bacteria	in	their	gall	bladder	upon	S.	Typhimurium	

vaccine	 strain	 BRD509∆aroA	 infection	 compared	 to	 the	 relevant	 control	 mice	

containing	caspase-12.	This	provides	the	first	indication	for	a	role	for	caspase-12	in	

the	clearance	of	bacterial	infections.	Therefore,	in	the	future	we	aim	to	generate	and	

study	 caspase-12	 single	 knockout	mice	 to	 determine	 precisely	 the	 indispensable	

function	 of	 caspase-12	 during	 infection	 with	 Gram-negative	 bacteria	 and	 other	

pathogens	(e.g.	viruses).	

Furthermore,	 I	 generated	 mice	 deficient	 for	 caspases-1,	 -11,	 -12	 and-8	 with	

additional	 loss	 of	 RipK3,	 which	 is	 necessary	 to	 prevent	 the	 embryonic	 lethality	

(E10.5)	that	is	caused	by	the	loss	of	caspase-8.	These	quintuple	knockout	animals	

were	subjected	to	Salmonella	Typhimurium	vaccine	strain	BRD509∆aroA	infection	

and,	 interestingly,	 this	 revealed	 severe	 defects	 in	 bacterial	 clearance	 from	major	

organs,	such	as	the	liver,	spleen	and	gall	bladder.	This	indicates	that	the	deficiency	

in	 these	 caspases	 and	 hence	 the	 loss	 of	 death	 receptor-induced	 apoptosis,	

necroptosis	and	pyroptosis	causes	severe	defects	 in	 the	clearance	of	 intracellular	

bacteria.	 It	 remains	 open,	 whether	 this	 is	 a	 specific	 feature	 for	 infection	 with	
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Salmonella	Typhimurium	or	whether	the	lack	of	these	cell	death	pathways	also	leads	

to	defects	in	the	clearance	of	other	pathogens.		

In		my	final	chapter,	I	show	preliminary	data	describing	a	mouse	strain	in	which	we	

have	deleted	all	CARD	containing	caspases,	namely	caspases-1,	-11,	-12,	-2,	-9.	As	

caspase-9	 deficient	 animals	 display	 developmental	 abnormalities	 (with	 severity	

greatly	affected	by	genetic	background),	 I	was	 investigating	whether	other	CARD	

containing	caspases	could	have	overlapping	functions	with	caspase-9	in	embryonic	

development;	i.e.	I	predicted	that	mice	lacking	all	CARD	containing	caspases	might	

have	 more	 pronounced	 developmental	 abnormalities	 than	 mice	 lacking	 only	

caspase-9.	Surprisingly,	the	mice	lacking	all	CARD	containing	caspases	displayed	no	

additional	 overt	 phenotypes	 during	 embryogenesis	 compared	 to	 the	 caspase-9-/-	

mice,	 at	 least	 as	 shown	 in	 preliminary	 experiments	 at	 embryonic	 day	 E14.	

Additionally,	we	used	HSPCs	 from	E14	 foetal	 livers	 from	caspase-1/11/12/2/9-/-	

mice	to	reconstitute	lethally	irradiated	wt	mice	to	determine	the	overlapping	roles	

of	all	CARD	containing	caspases	in	haematopoietic	development	and	the	response	

of	 haematopoietic	 cells	 to	 diverse	 apoptotic	 stimuli.	 I	 found	 no	 significant	

abnormalities	in	the	haematopoietic	subsets	analysed	in	the	mice	lacking	all	CARD	

containing	 caspases.	 Furthermore,	when	 subjecting	 thymocytes	 lacking	 all	 CARD	

containing	caspases	to	different	apoptotic	stimuli	in	vitro,	I	observed	only	a	delay	in	

the	 rate	 of	 cell	 death	 but	 no	 long-term	 survival	 phenotype,	 comparable	 to	 that	

observed	for	the	cells	lacking	only	caspase-9.	This	suggests	that	the	cells	must	die	

by	a	CARD	caspase	independent	cell	death	pathway,	which	likely	involves	BAX/BAK	

mediated	 permeabilisation	 of	 the	 outer	 mitochondrial	 membrane	 (MOMP),	 just	

without	full	activation	of	the	downstream	caspase	cascade.			
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MOI	10	 Significant?	 Adjusted	p	value	  

2	h	 		 		  
WT	vs	Caspase-1/11/12-/-	 **	 0.0014	  

WT	vs	Caspase-1/11/12/8	RipK3-/-	 ****	 <0.0001	  

		
6	h	 		 		  
WT	vs	Caspase-1/11/12/8	RipK3-/-	 ***	 0.0001	  
Caspase-1/11/12-/-	vs	Caspase-
1/11/12/8	RipK3-/-	 *	 0.0443	  

		
24	h	 		 		  
WT	vs	Caspase-1/11/12/8	RipK3-/-	 *	 0.0319	  
Caspase-1/11/12-/-	vs	Caspase-
1/11/12/8	RipK3-/-	 *	 0.0138	  

	 	 	 	  
MOI	50	 Significant?	 Adjusted	p	value	  

2	h	 		 		  
WT	vs	Caspase-1/11/12-/-	 ****	 <0.0001	  

WT	vs	Caspase-1/11/12/8	RipK3-/-	 ****	 <0.0001	  

Caspase-8	RipK3-/-	vs	Caspase-
1/11/12-/-	 ****	 <0.0001	  

Caspase-8	RipK3-/-	vs	Caspase-
1/11/12/8	RipK3-/-	 ****	 <0.0001	  

		
6	h	 		 		  
WT	vs	Caspase-1/11/12-/-	 *	 0.0154	  

WT	vs	Caspase-1/11/12/8	RipK3-/-	 ****	 <0.0001	  
Caspase-8	RipK3-/-	vs	Caspase-
1/11/12/8	RipK3-/-	 ****	 <0.0001	  

Caspase-1/11/12-/-	vs	Caspase-
1/11/12/8	RipK3-/-	 ****	 <0.0001	  

		
24	h	 		 		  

WT	vs	Caspase-1/11/12/8	RipK3-/-	 ****	 <0.0001	  

Caspase-8	RipK3-/-	vs	Caspase-
1/11/12/8	RipK3-/-	 **	 0.0058	  

Caspase-1/11/12-/-	vs	Caspase-
1/11/12/8	RipK3-/-	 ****	 <0.0001	  
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MOI	500	 Significant?	 Adjusted	p	value	
2	h	 		 		
WT	vs	Caspase-1/11/12-/-	 ****	 <0.0001	
WT	vs	Caspase-1/11/12/8	RipK3-/-	 ****	 <0.0001	
Caspase-8	RipK3-/-	vs	Caspase-
1/11/12-/-	 ****	 <0.0001	

Caspase-8	RipK3-/-	vs	Caspase-
1/11/12/8	RIPK3-/-	 ****	 <0.0001	  

  
6	h	 		 		
WT	vs	Caspase-1/11/12/8	RipK3-/-	 ****	 <0.0001	
Caspase-8	RipK3-/-	vs	Caspase-
1/11/12/8	RipK3-/-	 ****	 <0.0001	

Caspase-1/11/12-/-	vs	Caspase-
1/11/12/8	RipK3-/-	 ****	 <0.0001	

  
24	h	 		 		
WT	vs	Caspase-1/11/12/8	RipK3-/-	 **	 0.0025	
Caspase-8	RipK3-/-	vs	Caspase-
1/11/12/8	RipK3-/-	 **	 0.0084	

Caspase-1/11/12-/-	vs	Caspase-
1/11/12/8	RipK3-/-	 *	 0.0125	

     
Table	7-1:	Adjusted	p	values	and	statistical	significances	of	cell	viability	

shown	in	Figure	4-1	a.	Cell	viability	of	BMDMs	measured	by	GPA	assay	after	

infection	with	S.	Typhimurium	SL1344	strain	of	the	indicated	MOI.	Viability	

measured	at	indicated	timepoints	post-infection.	C1/11/12-/-	depicts	BMDMs	from	

caspase-1/11/12-/-	mice,	C8	RipK3	represents	caspase-8	RipK3	deficient	BMDMs	

and	C1/11/12/8	RipK3	depicts	BMDMs	taken	from	caspase-1/11/12/8	and	

RipK3-deficient	mice.	
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MOI	10	 Significant?	 Adjusted	p	value	
6	h	 		 		
WT	vs	Caspase-8	RipK3-/-	 *	 0.0146	
WT	vs	Caspase-1/11/12-/-	 **	 0.0019	
WT	vs	Caspase-1/11/12/8	RipK3-/-	 ****	 <0.0001	

	

24	h	 		 		
WT	vs	Caspase-8	RipK3-/-	 *	 0.0135	
WT	vs	Caspase-1/11/12-/-	 *	 0.02	
WT	vs	Caspase-1/11/12/8	RipK3-/-	 ***	 0.0002	

		
MOI	50	 Significant?	 Adjusted	p	value	

6	h	 		 		
WT	vs	Caspase-1/11/12/8	RipK3-/-	 *	 0.0153	

		
24	h	 		 		  
WT	vs	Caspase-1/11/12/8	RipK3-/-	 **	 0.002	  

	 	 	 	  

Table	7-2:	Adjusted	p	values	for	IL-1b	secretion	data	shown	in	Figure	4-1b.	

Cytokines	measured	in	supernatant	of	BMDMs	upon	S.	Typhimurium	SL1344	

strain	infection	of	the	indicated	MOIs.	Cytokines measured at indicated timepoints 

after infection. C1/11/12-/-	depicts	BMDMs	from	caspase-1/11/12-/-	mice,	C8	RipK3	

represents	caspase-8	RipK3	deficient	BMDMs	and	C1/11/12/8	RipK3	depicts	

BMDMs	taken	from	caspase-1/11/12/8	and	RipK3-deficient	mice. 
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MOI	10	 Significant?	 Adjusted	p	value	
24	h	 		 		
C8	RipK3-/-	vs	C1/11/12-/-	 *	 0.0319	

		
MOI	50	 Significant?	 Adjusted	p	value	

24	h	 		 		
C8	RipK3-/-	vs	C1/11/12-/-	 *	 0.0486	

		
MOI	500	 Significant?	 Adjusted	p	value	

2	h	 		 		
WT	vs	C1/11/12/8	RipK3-/-	 *	 0.0304	
C8	RipK3-/-	vs	C1/11/12-/-	 *	 0.0359	
C8	RipK3-/-	vs	C1/11/12/8	RipK3	-/-	 *	 0.0209	

		
6	h	 		 		
WT	vs	C1/11/12/8	RipK3	-/-	 *	 0.0213	

	    
Table	7-3:	Adjusted	p	values	for	CFUs	depicted	in	Figure	4c.		

C1/11/12-/-	depicts	BMDMs	from	caspase-1/11/12-/-	mice,	C8	RipK3	represents	

caspase-8	RipK3	deficient	BMDMs	and	C1/11/12/8	RipK3	depicts	BMDMs	taken	

from	caspase-1/11/12/8	and	RipK3	deficient	mice.	
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Spleen	 Significant?	 Adjusted	p	value	
WT	vs	C1/11/12/8	RipK3-/-	 ****	 <0.0001	
C1/11/12/8	RipK3-/-	vs	C1/11-/-	 ****	 <0.0001	
C1/11/12/8	RipK3-/-	vs	C8	RipK3-/-	 **	 0.0038	
C1/11/12/8	RipK3-/-	vs	C1/11/12-/-	 ***	 0.0003	
C1/11/12/8	RipK3-/-	vs	TRIF	 ***	 0.0001	

		
Liver	 Significant?	 Adjusted	p	value	
WT	vs	C1/11/12/8	RipK3-/-	 ****	 <0.0001	
WT	vs	C8	RipK3-/-	 **	 0.0013	
WT	vs	C1/11/12	-/-	 **	 0.0083	
WT	vs	C1/11/12	RipK3-/-	 *	 0.0453	
WT	vs	TRIF	 *	 0.0413	
C1/11/12/8	RipK3-/-	vs	C1/11-/-	 ****	 <0.0001	
C1/11/12/8	RipK3-/-	vs	C8	RipK3-/-	 ***	 0.0003	
C1/11/12/8	RipK3-/-	vs	C1/11/12	-
/-	 ****	 <0.0001	

C1/11/12/8	RipK3-/-	vs	C1/11/12	
RipK3-/-	 *	 0.0122	

C1/11/12/8	RipK3-/-	vs	TRIF	 ***	 0.0002	
	

Gall	bladder	 Significant?	 Adjusted	p	value	
WT	vs	C1/11/12/8	RipK3-/-	 ****	 <0.0001	
WT	vs	C8	RipK3-/-	 ****	 <0.0001	
WT	vs	C1/11/12-/-	 **	 0.0017	
C1/11/12/8	RipK3-/-	vs	C1/11-/-	 ****	 <0.0001	
C1/11/12/8	RipK3-/-	vs.	C8	RipK3-/-	 *	 0.0215	
C1/11/12/8	RipK3-/-	vs	C1/11/12-/-	 ****	 <0.0001	
C1/11/12/8	RipK3-/-	vs	C1/11/12	
RipK3-/-	 **	 0.0022	

C1/11/12/8	RipK3-/-	vs	TRIF	 ****	 <0.0001	
C1/11-/-	vs	C8	RipK3-/-	 **	 0.0017	
C8	RipK3-/-	vs	TRIF	 *	 0.0112	

	    
Table	7-4:	Adjusted	p	values	and	statistical	significances	for	indicated	organ	

CFUs	in	mice	of	the	indicated	genotypes	after	injection	with	S.	Typhimurium	

vaccine	strain	BRD509	∆aroA	depicted	in	Figure	4-2.	C1/11/12-/-	depicts	

BMDMs	from	caspase-1/11/12-/-	mice,	C8	RipK3	represents	caspase-8	RipK3	

deficient	BMDMs	and	C1/11/12/8	RipK3	depicts	BMDMs	taken	from	caspase-

1/11/12/8	and	RipK3-deficient	mice.	
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