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Chapter 1

“A	blind	watchmaker”,	 Richard	Dawkins1	 called	 the	 forces	 of	 evolution,	 in	 response	 to	
earlier	arguments	about	the	requirement	for	a	maker	of	the	delicately	designed	structures	
found	in	living	creatures.	Just	like	a	watch	with	all	its	cogwheels	and	springs	had	to	have	
been	made	by	someone,	a	structure	as	complex	as	the	eye	could	not	possibly	have	emerged	
without	 some	 kind	 of	 preconceived	 plan,	 it	 had	 been	 argued	 before	 Charles	 Darwin2	
changed	our	perspective	on	 this	matter.	According	 to	his	evolution	 theory,	 selection	 for	
small	 spontaneous	changes,	which	confer	selective	survival	advantage,	ultimately	allows	
for	 the	 development	 of	 the	 complexity	 of	 all	 life	 without	 the	 need	 for	 a	 preconceived	
plan.	 An	 important	 aspect	 of	 this	 process	 is	 the	 reuse	 of	 building	 blocks,	modules	 that	
have	proven	to	work	well	and	can	be	pulled	off	the	shelf	to	expedite	the	assembly	of	new	
structures.	Cogwheels	can	be	used	in	different	types	of	watches	to	keep	track	of	time,	but	
also	 in	a	slightly	different	form	for	 instance	 in	cars	to	transfer	rotations	of	the	engine	to	
the	wheels,	leading	to	locomotion	of	the	car.	In	a	similar	manner,	evolution	has	used	basic	
building	blocks	over	and	over	again	in	different	organisms,	different	organ	systems	in	the	
same	organism	and	sometimes	even	different	processes	in	the	same	organ	system.	In	this	
thesis,	it	is	described	how	two	such	building	blocks,	the	Notch	and	the	Wnt	pathways,	are	
used	for	a	variety	of	functions	in	T-cells,	to	make	the	clockwork	of	the	immune	system	run	
smoothly.

We	are	 challenged	daily	 by	 a	multitude	of	 pathogens,	 such	 as	 viruses,	 bacteria,	 fungi,	
protozoa	and	helminths.	Nevertheless,	due	to	the	protective	activity	of	the	immune	system,	
normal	individuals	only	occasionally	become	sick.	The	immune	system	is	equipped	with	a	
variety	of	 tools.	 First	anatomic/mechanical	barriers	preventing	pathogens	 from	entering	
the	body,	as	a	moat	does	with	invaders.	If	pathogens	breach	this	barrier,	they	meet	the	next	
line	of	defense,	the	so	called	innate	immune	system,	which	uses	both	preformed	soluble	
molecules	as	well	as	an	array	of	specific	cell	types	to	kill	and	remove	microbial	invaders.	Cells	
of	the	innate	immune	system	have	the	capacity	to	sense	pathogen-associated	molecular	
patterns	 (PAMPs)	 via	 conserved	 pattern	 recognition	 receptors	 and	 such	 recognition	
activates	them	to	attack	the	invaders.	The	innate	immune	system	is	limited	in	its	protective	
capacity	due	to	the	fact	that	it	only	recognizes	conserved,	common	features	of	pathogens	
and	 is	 incapable	of	 forming	 long	term	protective	memory.	The	adaptive	 immune	system	
overcomes	both	of	these	limitations.	Its	effector	cells	are	called	T-cells	and	B-cells,	which	
express	cell	surface	receptors	that	allow	them	to	specifically	recognize	a	defined	antigen.	

T-cells
Two	main	classes	of	T-cells	exist,	CD4+	and	CD8+	T-cells.	CD4+	T-cells	differentiate	into	Th-

cells,	which	activate	and	direct	other	cells,	like	B-cells	and	CD8+	T-cells,	as	well	as	cells	from	
the	 innate	 immune	 system.	Most	 Th-cells	 have	 little	or	no	direct	 cytolytic	 activity.	 CD8+	
T-cells	differentiate	into	cytotoxic	T-cells	upon	activation,	and	such	cytotoxic	T-cells	have	the	
capacity	to	kill	infected	cells.	T-cells	can	be	further	divided	into	subsets	or	lineages	according	
to	the	effector	molecules	they	produce,	such	as	cytokines.	These	different	lineages	of	CD4+	
and	CD8+	T-cells	derive	from	common	precursors,	naïve	CD4+	and	CD8+	T-cells.	Activation	
of	naïve	T-cells	depends	on	binding	of	the	T-cell	receptor	(TCR)	to	a	foreign	peptide	in	the	
context	 of	 a	 self	MHC	molecule	 on	 an	 antigen	 presenting	 cell	 (APC).	 CD8+	 T-cells	 react	
to	 antigenic	 peptides,	 derived	 mostly	 from	 cytoplasmic	 proteins,	 presented	 in	 MHC	 I	
molecules.	CD4+	T-cells	respond	to	peptides	derived	from	processed	exogenous	antigens	
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presented	in	MHC	II.	Multiple	cell	types	can	function	as	APC.	The	best	characterized	APCs	
are	dendritic	cells	(DCs),	macrophages	and	B-cells.	

As	Immunology	text	books	say,	APC	provide	at	least	three	signals	to	activate	and	differentiate	
T-cells	(Fig. 1, left).	The	first,	as	described	above,	derives	from	engagement	of	the	TCR	by	an	
antigen-MHC	complex3.	The	second	is	called	a	costimulatory	signal	and	can	be	generated	
by	binding	of	CD80/86	on	the	APC	to	CD28	on	the	T-cell4,	although	also	other	costimulatory	
molecules	exist5.	According	to	broadly	held	belief,	these	signals	induce	expression	of	IL-2	
and	the	IL-2Rα	chain	(CD25).	The	latter	forms	the	high	affinity	IL-2	receptor	together	with	
the	IL-2Rβ	and	the	common	γ-chain.	IL-2	functions	in	an	autocrine	and	paracrine	fashion	to	
induce	the	proliferation	and	survival	of	activated	T-cells6.	The	third	signal	can	derive	from	
cytokines,	secreted	by	the	APC7,8	and	bystander	cells	or	from	membrane	bound	molecules,	
like	Notch	ligands9,10,	on	the	APC.	This	third	signal	provides	information	about	the	type	of	
immune	response	needed	and	directs	the	differentiation	of	the	naïve	T-cells	into	specific	
lineages11.	The	requirement	for	the	delivery	of	multiple	signals	to	fully	activate	naïve	T-cells	
has	important	implications	for	immune	tolerance	as	well	as	for	our	ability	to	elicit	immune	
responses	 by	 vaccination.	 Expression	 of	 the	 ligands	which	 induce	 the	 second	 and	 third	
signals	depends	on	activation	of	APC	by	innate	receptor	mediated	recognition	of	PAMPs.	
This	helps	 to	ensure	 that	T-cell	 responses	are	only	mounted	when	microbes	are	around	
and	not	against	self	antigen.	At	the	same	time,	the	requirement	for	multiple	signals	creates	
a	hurdle	for	vaccination	with	protein	antigens.	 In	the	absence	of	microbial	context,	such	
antigens	are	very	weakly	antigenic.	For	this	purpose,	vaccines	with	protein	antigens	require	
the	 inclusion	 of	 so	 called	 adjuvants,	which	 engage	 innate	 pattern	 recognition	 receptors	
and	thus	elicit	expression	of	the	requisite	array	of	accessory	signals12.	Recently,	it	has	been	
recognized	that	a	fourth	signal,	distinct	from	classical	costimulation,	is	especially	important	
for	this	adjuvant	effect.	This	 fourth	signal	serves	to	prolong	the	 lifetime	of	the	activated	
T-cells	 and	 thereby	 allows	 the	 fully	 expanded	 antigen	 specific	 repertoire	 to	 persist	 long	
enough	 to	 achieve	 sterile	 cure.	 The	 identity	of	 these	 survival	 signals	 has	not	been	 fully	
determined.	We	have	addressed	this	issue	in	chapter 2 of	this	thesis.

The ever expanding universe of CD4+ Th-cell lineages
The	recognition	that	different	Th-cell	lineages	exist	emerged	in	1986	with	the	description	

of	 Th1	 and	 Th2	 cells13.	 Many	 lineages	 have	 been	 added	 over	 the	 years	 since,	 with	 an	
explosion	 in	 the	past	decade.	Presently,	we	know	at	 least	 the	 following	7	 lineages:	Th1,	
Th2,	Th9,	Th17,	Th22,	Tfh	and	Treg	(Fig.1, right).	

These	lineages	differ	in	their	production	of	effector	cytokines,	which	have	autocrine	and	
paracrine	functions	in	recruitment	and/or	activation	of	other	leukocytes	like	macrophages,	
mast	 cells,	 eosinophils,	 neutrophils,	 natural	 killer	 (NK)	 cells,	 and	 B-cells.	 The	 lineages	
express	 distinct	 cell-surface	 molecules,	 including	 adhesion	 molecules	 and	 chemokine	
receptors,	which	 determine	 their	 ability	 to	 home	 to	 and	within	 lymphoid	 or	 peripheral	
tissues.	Although	there	have	been	recent	discussions	about	potential	plasticity	between	
the	different	subsets,	in	general,	fully	differentiated	Th-cells	stably	maintain	their	lineage	
identity14.	The	action	of	lineage-specific	transcription	factors	is	required	to	differentiate	and	
maintain	these	lineages.	To	some	degree,	these	transcription	factors	function	as	classical	
transactivators	of	lineage	specific	genes.	In	addition,	they	act	by	inducing	both	positive	and	
negative	chromatin	modifications,	which	enhance	the	expression	of	lineage	specific	genes	
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and	extinguish	expression	of	genes	associated	with	alternative	lineages.	For	instance,	tri-
methylation	of	histone	3	lysine	4	(H3K4)	and	acetylations	of	histone	3	and	4	are	associated	
with	gene	activation,	whereas	di-	and	tri-methylation	of	H3K27	are	associated	with	gene	
repression14.	 As	 such	 modifications	 are	 maintained	 in	 daughter	 cells,	 these	 epigenetic	
mechanisms	 ensure	 stable	 inheritance	 of	 the	 differentiated	 states15.	 This	 is	 particularly	
important	 for	 T-cells,	 in	which	differentiation	occurs	 side	by	 side	with	extensive	 cellular	
proliferation.	 In	 general,	 high	 level	 lineage	 specific	 expression	 of	 effector	 genes	 is	 only	
obtained	when	activation	of	gene	promoters	is	combined	with	activity	of	lineage	specific	

Fig. 1. T-cell activation and cytokine driven T-cell differentiation
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enhancers14.	 The	major	 function	 of	 lineage	 specific	 transcription	 factors	 is	 therefore	 to	
activate	gene	enhancers,	which	can	be	more	 than	100kB	removed	 from	the	 transcribed	
parts	of	the	genes14.	Indeed,	such	enhancers	can	recognize	the	presence	of	lineage	specific	
histone	modifications	(as	described	above)	and	recruitment	of	general	transcription	factors	
such	as	the	p300	protein.		

Th1 cells
Th1	 cells,	 characterized	 by	 secretion	 of	 interferon-γ	 (IFNγ),	 are	 important	 in	 defense	

against	 intracellular	pathogens.	 IFNγ	mobilizes	a	 large	array	of	effector	mechanisms.	For	
instance,	 it	 induces	 class	 switch	 to	 IgG2a	 and	 IgG3	 and	 enhances	 antigen	 presentation	
by	up-regulating	MHCI	and	MHCII	on	all	 cells	 and	on	APCs,	 respectively16.	 Th1	 cells	 can	
secrete	 lymphotoxin-α	 (LTα),	 which	 induces	 changes	 in	 the	 expression	 of	 adhesion	
molecules	on	vascular	endothelial	cells,	allowing	phagocytes	to	attach.	IFNγ	together	with	
LTα	 stimulates	macrophages	 to	 produce	 toxic	 substances,	 like	 oxygen	 radicals	 and	 pro-
inflammatory	cytokines	such	as	TNF-α17.	IFNγ	stimulated	macrophages	express	more	MHCII	
and	are	therefore	more	effective	in	antigen-presentation.	Together	with	IL-2,	IFNγ	activates	
cytotoxic	T-cells	and	NK	cells.	All	these	effects	are	important	to	support	the	cellular	defense	
against	intracellular	pathogens,	but	‘out	of	control’	Th1	cells	can	cause	diseases	including	
multiple-sclerosis,	diabetes	and	rheumatoid	arthritis.	

Th1	cells	can	differentiate	from	naïve	CD4+	Th-cells	in	response	to	TCR	activation	in	the	
presence	of	IL-12	(Fig. 1, right).	Although	IL-12	is	a	major	inducer	of	Th1	cell	differentiation,	
not	all	Th1	cell	responses	require	the	presence	of	IL-12.	An	important	question	has,	therefore,	
been	which	 other	 signals	 instruct	 differentiation	of	 Th1	 cells.	 This	 issue	 is	 addressed	 in	
chapter 3.	 For	 that	 reason,	 a	 bit	more	 background	 on	 this	 lineage	 here.	 As	mentioned	
above,	 Th1	 cells	 promote	 cell	 mediated	 immunity	 to	 clear	 infections	 with	 intracellular	
micro-organisms,	such	as	certain	types	of	bacteria	and	viruses.	Detection	of	some	of	those	
infectious	agents	by	 cells	 of	 the	 innate	 immune	 system	 induces	Th1	 cell	 differentiation.	
Certain	viruses	and	bacteria	induce	IL-12	secretion	by	DC18	and	macrophages19	and/or	IFNγ	
production	by	NK	cells.	Both	 IL-12	and	 IFNγ	 can	promote	differentiation	of	proliferating	
CD4+	 T-cells	 into	 IFNγ	 producing	 Th1	 cells.	 IL-12	 is	 a	 heterodimeric	 cytokine20	 and	 its	
receptor	consists	of	two	subunits,	IL-12Rβ1	and	IL-12Rβ221,22.	Naïve	CD4+	T-cells	only	express	
IL-12Rβ1.	IL-12Rβ2,	the	signaling	component	of	the	receptor21,	is	weakly	expressed	upon	
stimulation	of	T-cells	via	the	TCR	and	gets	upregulated	once	IL-12	signals	are	received23.	IL-
12	receptor	signaling	results	in	phosphorylation	of	STAT424,	which	forms	dimers	and	higher	
order	complexes25	and	translocates	to	the	nucleus	where	it	activates	the	transcription	of		
target	genes,	 including	 Il12rb2,	Tbx21	 (encoding	T-bet,	 see	below)	and	 Ifng26.	Binding	of	
STAT4	 induces	epigenetic	changes,	which	make	the	chromatin	more	accessible	 for	other	
transcription	factors	and	limit	recruitment	of	methyltransferases27,	which	add	suppressive	
DNA	methylations.	

Binding	of	IFNγ	to	its	heterodimeric	receptor,	consisting	of	IFNγR1	and	IFNγR2,	leads	to	
activation	of	the	transcription	factors	STAT1	and	interferon	regulatory	factor	1	(Irf1)28.	The	
latter	factor	enhances	expression	of	the	constitutively	expressed	IL-12Rβ129.	STAT1	induces	
expression	of	the	Th1	specific	transcription	factor	T-bet	(encoded	by	Tbx21)30.	T-bet,	in	turn	
regulates	the	expression	of	IL-12Rβ231.	Expression	of	T-bet	has	been	shown	to	be	essential	
for	the	induction	of	Th1	cell	differentiation	by	IL-12	and	IFNγ32.	Retroviral	overexpression	
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of	T-bet	in	established	Th2	cells	induces	IFNγ	production	and	represses	the	production	of	
Th2	cytokines.	T-bet-/-	mice	 show	 impaired	 IFNγ	production	by	CD4+	T-cells,	 cannot	 clear	
Leishmania major (L. major)	infections	and	spontaneously	develop	airway	hyper-reactivity,	
pointing	towards	a	Th2	dominated	phenotype	in vivo33–35.	In	addition	to	STAT1,	also	STAT4	and	
nuclear	factor	of	activated	T-cells	(NFAT)	promote	expression	of	T-bet36,37.	NFAT	is	induced	
downstream	of	TCR	signaling	and	is	involved	in	the	initiation	of	chromatin	remodeling	at	
the	T-bet	locus.	Thus,	both	TCR	and	cytokine	signaling	control	the	epigenetic	modifications	
and	transcription	at	the	T-bet	locus30,38.	T-bet	directly	activates	the	expression	of	the	IFNγ	
gene	 by	 binding	 several	 regulatory	 elements	 in	 the	 Ifng	 locus	 and	 inducing	 chromatin	
remodeling14.	Moreover,	T-bet	induces	expression	of	Hlx,	a	homeobox	transcription	factor	
associated	with	Th1	cell	differentiation39.	Hlx	has	been	shown	to	synergize	with	T-bet	 to	
induce	 IFNγ	production	by	Th1	 cells	 	 and	 is	 thought	 to	 stabilize	 the	Th1	phenotype39–41.	
Another	transcription	factor	synergizing	with	T-bet	to	induce	IFNγ	production	is	Ets-1,	which	
was	shown	to	be	essential	both	 in vitro	 and	 in vivo	 to	mount	effective	Th1	 responses42.	
Furthermore,	T-bet	induces	expression	of	Runx343	and	these	two	factors	bind	cooperatively	
to	the	 Ifng	promoter	to	 induce	transcription	of	 IFNγ	and	to	a	silencer	 in	the	 Il4	gene,	to	
repress	transcription	of	IL-443.	Although	TCR	stimulation	is	a	potent	signal	for	production	of	
IFNγ	by	already	differentiated	Th1	effector	cells,	also	a	TCR	independent	mechanism	exists.	
Thus,	IL-18	synergizes	with	IL-12	to	induce	IFNγ	secretion	by	Th1	cells	independent	of	TCR	
stimulation	via	a	mechanism	involving	Gadd45β44.

Th2 cells
Th2	cells	are	involved	in	defense	against	extracellular	parasites	and	secrete	the	cytokines	

IL-4,	 IL-5,	 IL-6,	 IL-10	 and	 IL-13	 (Fig. 1, right).	 IL-4,	 IL-5	 and	 IL-10	 promote	 proliferation,	
differentiation	 and	 antibody	production	of	 B-cells.	 IL-4	 induces	 antibody	 class	 switch	 to	
IgG1	 (mouse),	 IgG4	 (human)	 and	 IgE.	 IL-5	 stimulates	 the	 eosinophil	 response	 towards	
large	extracellular	parasites.	Differentiation	of	Th2	cells	can	be	efficiently	elicited	 in vitro	
by	TCR	activation	in	the	presence	of	 IL-4.	Upon	binding	of	 IL-4	to	 its	receptor,	the	STAT6	
transcription	factor	 is	activated	and	translocates	to	the	nucleus	where	it	activates	target	
gene	expression	and	represses	genes	important	for	other	lineages.	Although	IL-4	is	widely	
believed	to	regulate	differentiation	of	Th2	cells,	it	should	be	noted,	that	the	requirement	for	
IL-4	in	differentiation	of	Th2	cells	in vivo	is	often	not	actually	IL-4	dependent45.	Especially	in	
the	context	of	parasitic	infections,	IL-4	receptor	signaling	is	dispensable	for	the	generation	
of	Th2	cells.	Other	signals,	which	have	been	implicated	in	Th2	cell	differentiation,	are	Notch	
and	OX40	ligands46.	The	key	transcription	factor	important	for	Th2	differentiation	is	Gata-3,	
which	directly	activates	expression	of	IL-4	and	other	Th2	genes.	Th2	cells	are	responsible	
for	allergy	and	atopy.	

Th17 cells
Th17	cells	take	part	in	the	defense	against	bacterial	and	fungal	infections.	They	maintain	

mucosal	 immunity	and	can	 recruit	 and	activate	neutrophils47.	 They	 secrete	 the	cytokine	
IL-17A/F,	as	well	as	IL-21	and	IL-22	(Fig. 1, right)48.	Multiple	cytokines	have	been	implicated	
in	 the	differentiation	of	 Th17	 cells:	 TGF-β,	 IL-6,	 IL-1β,	 IL-21	 and	 IL-23.	 IL-21	 secreted	by	
Th17	 cells	 promotes	 Th17	 commitment	 in	 an	 autocrine	 fashion.	 IL-23	 maintains	 and	
expands	Th17	cells.	Signaling	of	IL-6,	IL-21	and	IL-23	via	STAT3	induces	the	expression	of	the	
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lineage	specific	transcription	factors	Rorγt	and	Rorα.	Th17	cells	are	involved	in	a	variety	of	
autoimmune	and	inflammatory	diseases,	like	multiple	sclerosis	and	psoriasis49.	

Th9 and Th22 cells
The	Th9	 lineage	 is	a	 recent	addition	 to	 the	pantheon	of	Th-cell	 lineages.	Th9	cells	 can	

be	derived	from	the	Th2	lineage	as	well	as	from	naïve	CD4+	T-cells	in	the	presence	of	IL-4	
and	TGFβ	(Fig. 1, right).	These	cells	secrete	IL-9	and	IL-10	and	may	be	involved	in	asthma	
and	 tissue	 inflammation50.	 The	 exact	 requirements	 for	 the	 differentiation,	 necessary	
transcription	factors	and	specific	functions	of	Th9	cells	are	currently	under	investigation.	
However,	the	transcription	factor	PU.1	has	been	implicated	in	the	differentiation	of	naïve	
CD4+	T-cells	into	Th9	cells51.

Th22	cells	differentiate	 from	naïve	CD4+	T-cells	 in	 the	presence	of	 IL-6	and	TNFα.	They	
depend	 on	 the	 transcription	 factor	 AHR	 and	 secrete	 the	 cytokine	 IL-22.	 Th22	 cells	 are	
involved	 in	skin	homeostasis	and	pathology.	 IL-22	elicits	 innate	responses	from	epithelia	
and	promotes	wound	healing.

Tfh cells
T	follicular	helper	(Tfh)	cells	are	distinct	from	the	lineages	described	above	in	that	they	are	

not	dedicated	to	 immune	responses	against	specific	classes	of	micro-organisms.	 Instead,	
these	are	specialized	cells	for	providing	help	to	B-cells.	

	 B-cells	 secrete	 antibodies,	 which,	 if	 bound	 to	 their	 targets,	 activate	 the	 complement	
system	 and	 induce	 phagocytosis.	 Armed	 T	 helper	 (Th)	 cells	 recognize	 peptide:MHCII	
complexes	on	B-cells	and	 in	 turn	activate	the	B-cells	 to	proliferate	and	differentiate	 into	
antibody	producing	plasma	cells.	The	first	antibodies	produced	are	low	affinity	IgM,	which	
can	be	expressed	without	isotype	switching.	Isotype	class	switching	is	induced	by	cytokines,	
secreted	by	Th-cells.	In	mice,	IL-4	induces	class	switch	to	IgG1	and	IgE,	IFNγ	to	IgG2a	and	
IgG3	and	TGFβ	to	IgG2b	and	IgA.	IL-5	augments	the	production	of	IgA.	B-cells	expressing	
IgG,	IgA	and	IgE	have	undergone	so	called	affinity	maturation.	During	this	process,	random	
mutations	are	introduced	in	specific	regions	of	the	Immunoglobulin	genes,	which	alter	the	
affinity	 of	 the	 receptor	 for	 its	 antigen.	 B-cells,	whose	 antigen	 receptors	 have	 increased	
affinity	 for	 their	 cognate	 antigen,	 selectively	 survive,	 such	 that	 ultimately	 a	 repertoire	
of	 very	 high	 affinity	 receptors	 is	 generated.	 Both	 isotype	 class	 switching	 and	 affinity	
maturation	take	place	in	germinal	centers	and	involve	an	intricate	interplay	between	Tfh	
cells	and	B-cells.	Such	germinal	centers	are	maintained	by	the	crosstalk	of	Tfh	cells	with	
B-cells52,53.	 Tfh	cells	 support	B-cell	maturation,	 class	 switching	and	affinity	maturation	 in	
the	germinal	center53,54.	Naïve	CD4+	T-cells	can	differentiate	into	Tfh	cells	in	the	presence	of	
IL-6	and	IL-21	(Fig. 1, right).	They	are	characterized	by	expression	of	the	surface	molecules	
PD-1	and	ICOS	as	well	as	the	chemokine	receptor	CXCR5.	Expression	of	CXCR5	allows	Tfh	
cells	 to	migrate	 into	B-cell	areas	 in	 responses	 to	CXCL13.	Furthermore,	Tfh	cells	express	
the	transcription	factors	Bcl-6	and	STAT3.	Multiple	cytokines	can	be	produced	by	Tfh	cells,	
including	IL-21,	which	promotes	B-cell	responses.	Also,	IL-4	and	IFNγ	can	be	expressed	by	
Tfh	cells,	consistent	with	the	important	roles	of	these	cytokines	in	class	switching.	Tfh	cells	
can	develop	from	Th2	cells	in	response	to	helminths	antigens55	and	Th1	cells	go	through	a	
Tfh	like	transition56.	The	fact	that	many	markers	expressed	on	Tfh	cells	are	also	expressed	
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on	activated	CD4+	T-cells,	makes	the	analysis	difficult	and	it	still	is	under	debate	if	Tfh	cells	
form	a	distinct	lineage	or	not.	Being	a	rather	recently	identified	cell	type,	many	questions	
remain	 about	 the	mechanisms	 that	 induce	 the	 development	 and	 function	 of	 Tfh	 cells.	
Chapter 4	discusses	one	potential	signal	involved	in	this	process.

Regulatory T-cells
Regulatory	T-cells	(Tregs)	are	important	to	keep	immune	responses	in	check.	These	cells	

prevent	unwanted	 immune	responses	against	 self-antigens	and	commensal	bacteria	but	
can	 also	 limit	 responses	 against	 infectious	 agents	 and	 tumors57.	 This	 prevents	 damage	
which	 can	 be	 caused	 by	 uncontrolled	 immune	 responses.	Most	 Tregs	 are	 characterized	
by	expression	of	the	transcription	factor	FoxP358.	Loss-of-function	mutations	 in	the	gene	
encoding	 FoxP3	 cause	 highly	 aggressive,	 fatal	 systemic	 immune	mediated	disease,	 both	
in	mouse	and	human59–62.	FoxP3	is	encoded	on	the	X-chromosome	and	hence	only	males	
develop	disease,	known	as	scurfy	in	mouse	and	IPEX	in	human.	Heterozygous	females	do	
not	show	any	sign	of	disease63.	Tregs	can	develop	in	the	thymus.	These	cells	are	referred	
to	 as	 natural	 Tregs	 (nTreg)	 and	 it	 is	 believed	 that	 they	 respond	 to	 self	 antigens64.	 Tregs	
can	also	develop	from	naïve	CD4+	T-cells	 in	the	periphery,	 in	which	case	they	are	known	
as	 induced	 Tregs	 (iTreg)	 (Fig. 1, right).	 iTreg	 may	 for	 instance	 be	 induced	 by	 antigens	
from	commensal	bacteria65.	Many	Tregs	express	high	levels	of	CD25,	the	high	affinity	IL-2	
receptor	α-chain.	However,	Tregs	share	a	transcriptional	signature	and	potent	suppressor	
activity,	independent	of	CD25	expression58.	

Th-cell lineage plasticity
Differentiated	Th-cells	were	thought	to	be	fixed	in	their	differentiation	status	and	confer	

the	same	characteristics	to	their	daughter	cells	after	reactivation.	Recently,	however,	studies	
show	that	differentiated	cells	may	retain	flexibility	to	dedifferentiate	or	redifferentiate11,66,67.	
This	flexibility	is	reflected	by	the	fact	that	only	certain	lineage	specific	signature	loci	show	
clear	 epigenetic	marks	 (activating	 in	 one	 lineage	 and	 repressive	 in	 all	 others),	 whereas	
other	loci	show	both	modifications	(activating	and	repressing),	poising	them	for	expression,	
once	proper	stimuli	are	detected	by	 the	cell68.	The	Th1	associated	cytokine	 IFNγ	can	be	
produced	by	Th17	cells	in vivo69,70	and	in vitro	Th17	cells	stimulated	with	IL-12	or	IL-4	can	
convert	into	IFNγ	producing	Th1	cells	or	IL-4	producing	Th2	cells,	respectively71.	So	far,	no	
way	was	found	to	make	Th1	cells	express	Th17	characteristics,	but	they	can	express	the	Th2	
cytokine	 IL-1372.	Th2	cells	on	the	other	hand	can	produce	 IFNγ73.	Together,	 those	results	
suggest	the	existence	of	a	certain	degree	of	plasticity	in	cytokine	production	by	different	
Th-cell	 subsets.	 In	 other	words,	 the	distinction/separation	between	Th-cell	 subsets	may	
be	less	stringent	than	initially	believed	–	with	flexible	cytokine	production	dependent	on	
stimulation	conditions.

Differentiation of effector and memory CD8+ T-cells
CD8+	T-cells	are	important	in	defense	against	intracellular	pathogens	such	as	viruses.	They	

kill	infected	cells	by	releasing	cytotoxins,	like	perforin	and	granzymes.	Perforin	forms	pores	
in	the	cell	membrane	of	the	infected	cell,	thereby	allowing	granzymes	to	enter.	Granzymes,	
which	are	serine	proteases,	cleave	intracellular	substrates	and	activate	the	caspase	cascade,	
leading	 to	apoptosis	of	 the	target	cell.	Furthermore,	activated	cytotoxic	CD8+	T-cells	can	
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express	death	receptor	ligands	such	as	FasL,	TNF	and	TRAIL,	which	can	induce	apoptosis	in	
target	cells	expressing	the	relevant	receptors.	

During	 CD8+	 T-cell	 responses	 two	 populations	 of	 CD8+	 T-cells	 are	 generated	 to	 meet	
the	dual	demand	of	 immediate	and	 long	 lasting	protection.	The	first	 is	met	by	so	called	
short	 lived	effector	cells	(SLECs)	which	are	KLRG1+	and	CD127-.	Long	lasting	protection	is	
granted	by	the	generation	of	long	lived	memory	cells,	which	derive	from	memory	precursor	
cells	 (MPECs).	 These	 precursor	 cells	 are	 generated	 at	 the	 same	 time	 as	 the	 SLECs,	 are	
KLRG1-	 CD127+	 and	 survive	 the	 contraction	phase	 after	 the	peak	of	 the	 response	when	
most	 effector	 cells	 undergo	 apoptosis74,75.	 Upon	 reencounter	 with	 the	 same	 pathogen,	
memory	 CD8+	 T-cells	 rapidly	 expand	 and	 provide	 protection.	 Although	 both	 SLECs	 and	
MPECs	produce	effector	molecules	such	as	granzyme	B,	perforin,	IFNγ	and	TNFα,	the	cells	
are	 nonetheless	 quite	 different	 from	 one	 another.	 For	 instance,	 expression	 of	 effector	
molecules	 is	higher	 in	 SLECs76.	 Furthermore,	MPECs	and	SLECs	differ	 in	 their	 expression	
of	 chemokine	 and	 homing	 receptors	 allowing	 SLECs	 to	migrate	 to	 inflamed	 tissues	 and	
MPECs	 to	 home	 to	 areas	 in	 secondary	 lymphoid	 organs	 where	 the	 survival	 cytokine	
IL-7	 is	 abundant77.	As	with	differentiation	of	CD4+	Th-cell	 lineages,	 induction	of	 the	 two	
distinct	gene	expression	programs	associated	with	SLECs	and	MPECs	 is	 regulated	by	 the	
expression	 of	 specific	 transcription	 factors.	 Differentiation	 of	 SLECs	 requires	 T-bet	 and	
Blimp174,76,78,	 whereas	 MPEC	 differentiation	 is	 regulated	 by	 Eomes,	 Tcf1,	 Foxo1,	 Stat3	
and	Id379–83.	Both	SLEC	and	MPEC	differentiation	depend	on	signals	generated	during	the	
infection.	Generation	of	SLECs	is	linked	to	the	severity	of	the	infection	and	inflammatory	
cytokines	such	as	 IL-12	and	type	I	 interferon’s	are	 involved	 in	this74,84,85.	Additionally,	the	
help	 of	 CD4+	T-cells	 and	 strong	 IL-2	 receptor	 signaling	 promote	 generation	of	 SLECs86–88.	
Although	strong	inflammation	promotes	SLEC	generation,	MPECs	do	require	at	least	a	low	
degree	of	inflammatory	cytokines	as	well.	In	the	absence	of	IL-12	and	type	I	IFN	receptor,	
memory	cells	fail	to	survive	at	later	stages	of	the	response85.	MPEC	differentiation	is	further	
promoted	 by	 IL-21	 and	 IL-1079.	 Under	 certain	 conditions,	 fully	 functional	 CD8	 memory	
only	forms	if	CD4+	T-cell	help	and	IL-2	are	present89–92.	As	we	show	in	chapter 6,	we	have	
identified	Notch	is	a	critical	regulator	of	the	binary	decision	between	adoption	of	SLEC	and	
MPEC	fates.	Somewhat	surprisingly,	however,	we	found	that	Notch	is	also	required	for	the	
ability	of	MPECs	to	survive	the	contraction	phase,	thus	echoing	the	role	we	identified	for	
Notch	in	longevity	of	CD4+	T-cells	(chapter 2).	

Wnt signaling
One	building	block	evolution	has	used	repeatedly	to	direct	cell	fate	decisions	is	the	Wnt	

signaling	pathway.	Mutations	in	Wnt	genes	or	Wnt	signaling	pathway	components	cause	
developmental	defects	and	various	diseases,	including	cancer,	can	be	caused	by	aberrant	
Wnt	signaling93.	Furthermore,	Wnt	plays	an	important	role	in	the	development	of	T-cells	in	
the	thymus.	More	recently,	this	pathway	was	also	implicated	in	the	differentiation	of	Th2	
cells94	a	topic	we	addressed	in	chapter 7.

Canonical	Wnt	signaling	involves	the	transcription	factors	TCF-1	and	LEF-1.	Activation	of	
Wnt	target	genes	requires	binding	of	β-catenin	to	TCF-1/LEF-1.	However,	 in	the	absence	
of	Wnt	free	β-catenin	is	constantly	targeted	for	degradation	by	a	multiprotein	destruction	
complex	consisting	of	adenomatous	polyposis	coli	 (APC),	axin,	casein	kinase	1	(CK1)	and	
glycogen	synthase	kinase	3β	(GSK3)	(Fig. 2,	left).	GSK3	phosphorylates	β-catenin,	which	then	
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is	 recognized	 by	 β-TrCP,	
a	 component	 of	 an	 E3	
ubiquitin	 ligase.	 This	
ligase	 polyubiquitinates	
β-catenin,	 targeting	
it	 for	 degradation	 by	
the	 proteasome.	 Upon	
binding	 of	 the	 secreted	
Wnt	 ligands	 to	 the	
Frizzled	 receptors	 the	
destruction	 complex	
dissociates	 and	 free	
β-catenin	 accumulates	
(Fig. 2,	 right).	 β-catenin	
then	 translocates	 to	
the	 nucleus,	 where	 it	
interacts	 with	 TCF-1/
LEF-1	 to	 activate	 target	
gene	 expression95.	
Canonical	 Wnt	 signaling	
can	 be	 mimicked	 by	
expression	 of	 a	 non-
degradable	 β-catenin.	
On	 the	 other	 hand	 an	
inhibitor	of	β-catenin	and	T-cell	factor	(ICAT)	exists,	a	β-catenin	binding	protein	that	inhibits	
the	canonical	Wnt/β-catenin	signaling	pathway	(Fig. 2,	right)96.

In	contrast	 to	earlier	 reports,	our	 results	did	not	find	 that	Wnt	 is	 required	 for	Th2	cell	
differentiation.	Instead,	this	pathway	controls	viability	of	fully	mature	Th2	effector	cells	by	
regulating	expression	of	Fas	(Chapter 7).

Notch signaling
Another	building	block	used	over	and	over	to	direct	cell	fate	decisions	in	metazoans	is	the	
Notch	 signaling	module.	 In	 this	 thesis,	 the	 involvement	of	 this	 building	block	 in	 various	
fate	decisions	of	CD4+	and	CD8+	T-cells	was	investigated.	Four	Notch	genes	(Notch1-4)	exist	
in	mammals,	 all	 of	which	 encode	 cell	 surface	 receptors	with	 similar	 protein	 structures.	
The	greatest	difference	between	these	receptors	consists	of	a	C-terminal	transactivation	
domain,	which	 is	 found	only	 in	Notch1	and	297.	Five	Notch	 ligands	exist,	called	 Jagged1,	
Jagged2,	 Delta-like	 (DLL)1,	 DLL3	 and	 DLL497.	 Except	 for	 DLL3,	 all	 Notch	 ligands	 activate	
the	 same	 canonical	 signaling	 pathway98.	 Both	 Notch	 receptor	 and	 Notch	 ligand	 are	
membrane	bound	and	 thus	engage	 in	direct	 cell-cell	 signaling.	 The	Notch	 receptors	 are	
heterodimeric	cell-surface	receptors,	composed	of	an	extracellular	ligand	binding	domain	
and	a	non-covalently	associated	single-pass	transmembrane	polypeptide97.	Interaction	of	
a	Notch	receptor	with	a	ligand	leads	to	cleavage	of	the	Notch	receptor	by	an	ADAM-family	
metalloprotease	in	the	extracellular	part	of	the	receptor	(Fig. 3).	The	extracellular	portion	of	
the	receptor	remains	bound	to	the	ligand	and	is	trans-endocytosed	by	the	ligand	expressing	
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cell99.	The	effects	of	 this	 internalization	of	
the	 ligand-receptor	complex	by	the	 ligand	
expressing	 cell	 are	 currently	 unclear.	 The	
remaining	 part	 of	 the	 Notch	 receptor,	
is	 cleaved	 within	 the	 transmembrane	
region	 by	 a	 γ-secretase98.	 This	 cleavage	
releases	the	intracellular	domain	of	Notch	
(NICD),	which	 translocates	 to	 the	 nucleus	
and	 binds	 to	 the	 DNA	 binding	 protein	
recombination	 signal	 binding	 protein	 for	
immunoglobulin	 kappa	 J	 region	 (RBPJ).	
These	events	comprise	the	canonical	Notch	
signaling	 pathway.	 RBPJ	 is	 bound	 to	 DNA	
even	 in	 the	 absence	 of	 NICD.	 However,	
without	 NICD,	 it	 prevents	 target	 gene	
transcription	by	recruiting	co-repressors100.	
Interaction	 of	 NICD	 with	 RBPJ	 removes	
these	 co-repressors	 and	 recruits	 co-
activators,	 like	 mastermind-like	 (MAML),	
which	 in	 turn	 recruit	 DNA	 modifying	
enzymes	 and	 induce	 the	 transcription	 of	
Notch	 target	 genes101.	 Notch	 signaling	
can	 be	 mimicked	 by	 overexpression	 of	
NICD,	which	 is	 constitutively	 active102	 and	
inhibited	 by	 γ-secretase	 inhibitors,	 which	
prevent	 cleavage	 of	 Notch	 by	 γ-secretase	
and	thereby	the	release	of	the	NICD.	

Of	 note,	 activation	 of	 Notch	 can	 lead	 to	
non-canonical	 (RBPJ-independent)	 signaling	 as	 well103.	 NICD	 can	 cooperate	 with	 other	
transcription	factors	to	initiate	target	gene	expression103.	Alternatively,	Notch	can	activate	
other	signaling	pathways	like	PI3K-Akt-mTor103.	Non-canonical	Notch	signaling	was	found	to	
regulate	cytokine	production	by	DCs104.

Notch	 signaling	 plays	 an	 important	 role	 during	 the	 development	 of	many	 tissues	 and	
cell	types101.	This	often	involves	binary	cell	fate	decisions	and	positive	as	well	as	negative-
feedback	loops101,105.	Within	a	pool	of	cells	with	the	same	developmental	potential	some	
cells	may	adopt	a	certain	fate	and	inhibit	surrounding	cells	from	adopting	the	same	fate,	in	a	
process	known	as	lateral	inhibition106.	One	such	example	is	the	development	of	neuroblasts	
into	neurons	and	glial	cells.	Neuroblasts,	which	express	slightly	more	Delta	protein	(signal	
sending	 cells)	 than	 surrounding	 cells	 (signal	 receiving	 cells),	 prevent	 neighboring	 cells	
from	developing	 into	 neural	 cells	 by	 activating	Notch	 on	 them.	Notch	 signaling	 inhibits	
expression	of	neural	genes	and	as	a	consequence,	these	cells	develop	 into	glial	cells.	As	
Notch	signaling	also	inhibits	expression	of	Delta,	these	surrounding	cells	lose	the	ability	to	
“return	the	favor”	and	thereby	allow	the	signal	sending	cells	to	develop	into	neural	cells.	
In	a	fundamentally	different	mechanism,	Notch	can	directly	induce	the	expression	of	genes	
which	promote	lineage	differentiation	in	a	process	known	as	inductive	signaling.	
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Fig. 3. Canonical Notch signaling pathway.
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Notch	 has	many	 functions	 outside	 the	 realm	 of	 differentiation.	 Due	 to	 its	 role	 in	 the	
regulation	of	cell	cycle107	and	apoptosis108	(discussed	in	chapter 2)	aberrant	Notch	signaling	
can	cause	disease,	most	notably	cancer.	Mutations	in	genes	encoding	the	Notch	receptors	
are	found	 in	a	variety	of	cancers,	 including	T-cell	acute	 lymphoblastic	 leukemia	(T-ALL)	a	
malignancy	caused	by	expansion	of	immature	T-cells109.	

More than 480 million years ago, Notch created T-cells 
An	 important	 step	 in	 the	evolution	of	 the	adaptive	 immune	system	took	place	around	

450	million	years	ago	when	cartilaginous	fish	diverged	from	jawless	fish110.	Insertion	of	a	
retrotransposon	is	believed	to	have	created	the	Rag1	and	2	recombinase	genes	necessary	
for	 recombination	of	 immunoglobulin	 like	 genes,	 allowing	 for	 the	 emergence	of	 B-	 and	
T-cell	receptors110.	The	existence	of	B-	and	T-cells	seems	to	predate	this	event,	as	in	current	
day	jawless	fish,	such	as	the	lamprey,	cells	resembling	B-	and	T-cells	can	be	found.	These	
cells	 do	 not	 express	 B-	 and	 T-cell	 receptors	 as	 we	 know	 them	 in	mammals,	 but	 use	 a	
fundamentally	different	mechanism	to	generate	antigen	receptors.	Interestingly,	expression	
of	Notch	is	one	of	the	molecules	that	distinguish	the	cells	with	T-cell	characteristics	from	
those	looking	like	B-cells111.	Indeed,	Notch	has	turned	out	to	be	a	critical	molecule	for	the	
T-cell	lineage.	Thus,	hematopoietic	stem	cells	commit	to	the	T-cell	lineage	in	response	to	
Notch	activation	and	also	further	development	of	immature	T-cells	in	the	thymus	depends	
on	Notch	signaling112.	Given	this	central	and	conserved	role	of	Notch	in	T-cells,	it	is	perhaps	
no	surprise	that	Notch	signaling	also	plays	an	important	role	in	differentiation	of	mature	
CD4+	 and	CD8+	 T-cells,	 as	 evidenced	by	 the	up-regulation	of	Notch	 ligands	by	pathogen	
sensing	DCs9,10	and	Notch	receptors	by	activated	T-cells9,113,114.	Quite	a	bit	is	known	about	
the	specific	effects	of	Notch	signaling	on	differentiation	of	naïve	CD4+	Th-cells	into	distinct	
lineages	and	this	is	summarized	in	the	following	section.

Notch induced Th1 cell differentiation
Even	though	IL-12	is	an	important	factor	provided	by	APC	to	induce	Th1	differentiation18,	

Th1	responses	can	be	generated	in	IL-12-/-	mice115.	Several	stimuli,	known	to	promote	Th1	cell	
differentiation	mediated	by	DCs,	induce	expression	of	DLL	family	Notch	ligands	on	DCs9,10,116–
120. Multiple	 studies	 show	 that	 DLL1-Fc	 fusion	 proteins	 induce	 Th1	 cell	 differentiation	
in vitro121	 and	 in vivo121–123	 and	Th1	differentiation	 is	promoted	by	ectopic	DLL1	or	DLL4	
expression	on	artificial	APC	or	bone	marrow	derived	DCs9,118,119.	Moreover,	expression	of	
NICD1	 and	NICD3	 can	 induce	 Th1	 cell	 differentiation	 as	well121,124,125.	 The	 importance	 of	
the	 Notch	 pathway	 for	 Th1	 cell	 differentiation	 was	 confirmed	 by	 studies	 inhibiting	 the	
Notch	pathway.	In	these	studies,	in vivo	administration	of	either	a	blocking	DLL-Fc	fusion	
protein118,121	or	a	blocking	antibody	to	DLL1122	resulted	in	reduced	Th1	responses.	It	should	
be	noted	that	there	has	been	some	controversy	about	the	requirement	for	Notch	in	Th1	
cell	 responses.	 Thus,	 on	 the	 one	 hand,	 γ-secretase	 inhibitors	 blocked	 the	 ability	 of	 IL-
12 to	 induce	 Th1	differentiation	 124.	 In	 contrast,	 deficiencies	 for	 RBPJ,	Notch	1	 and	2	or	
Presenilin	1	and	2	did	not	affect	IL-12-induced	Th1	differentitation9,125,126.	These	seemingly	
discrepant	results	may	be	explained	by	the	fact	that	γ-secretase	does	not	only	target	Notch	
but	has	other	 substrates	 as	well127,128,	which	might	be	 responsible	 for	 the	 impaired	Th1	
differentiation	 in	 the	presence	of	 γ-secretase	 inhibitors.	Current	 consensus	 seems	 to	be	
that	Notch	is	mainly	required	for	Th1	differentiation	under	conditions	where	IL-12	is	absent	
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or	limited.	This	idea	is	supported	by	the	fact	that	IL-12-dependent	Th1	responses	to	L.major	
are	not	affected	by	dominant-negative	MAML1	transgene,	which	inhibits	RBPJ-dependent	
Notch	 signaling129.	Also,	blocking	DLL4-Fc	 fusion	proteins	did	not	affect	 IL-12-dependent	
Th1	differentiation	 in vitro	 or	 in vivo118.	On	 the	other	 hand,	 Th1	differentiation	 induced	
by	CD8α-	DCs	expressing	DLL4,	but	not	 IL-12,	 could	be	 inhibited	using	blocking	DLL4-Fc.	
Recently,	despite	the	fact	that	Th1	responses	to	L.major	infection	depend	on	IL-12,	it	was	
shown	that	mice	deficient	for	both,	Notch	1	and	Notch	2,	were	susceptible	to	infection	with	
this	pathogen130.	This	correlated	with	enhanced	production	of	Th2	cytokines	and	reduced	
production	of	IFNγ	by	draining	lymph	node	CD4+	T-cells.	In	this	study	deficiency	for	RBPJ	had	
no	effect	on	susceptibility	to	L.major	infection.	One	possible	explanation	for	this	could	be	
that	Notch	uses	RBPJ-independent	mechanisms	for	Th1	cell	induction.	

The	molecular	mechanisms	underlying	Notch	induced	Th1	cell	differentiation	are	under	
discussion.	One	report	claims	that	Notch	induces	Th1	differentiation	indirectly	by	inhibiting	
Th2	 differentiation119.	 Others	 suggest,	 that	NICD1	 and	NICD3	 can	 directly	 activate	 T-bet	
expression	via	a	 transcriptional,	RBPJ-dependent	mechanisms	 independent	of	 IL-12121,124.	
Binding	sites	for	RBPJ	are	present	1kb	upstream	of	the	transcriptional	start	site	of	Tbx21	and	
both	RBPJ	and	NICD1	could	be	immunoprecipitated	together	with	Tbx21	chromatin	from	
T-cell	hybridomas124.	This	could	not	be	shown	in	primary	T-cells	so	far131.	However,	T-bet	
seems	to	be	necessary	for	DLL	induced	Th1	differentiation,	despite	the	lack	of	an	effect	of	
DLL	on	T-bet	expression119.	

Notch induced Th2 cell differentiation
The	Notch	pathway	can	induce	Th2	cell	differentiation	from	naïve	CD4+	T-cells.	Microbial	

products	 (such	 as	 Schistosoma mansonii	 egg	 antigen	 (SEA)	 or	 vibrio cholerae	 toxin),	
allergens	 (house	 dust	mite	 extract)	 and	 pro-inflammatory	mediators	 (prostaglandin	 E2)	
induce	expression	of	Jagged2	on	DCs9,132,133.	Jagged	has	been	shown	to	be	able	to	induce	
Th2	 cell	 differentiation	 in vitro9	 and	all	 four	 intracellular	Notch	proteins	 can	 induce	Th2	
cell	differentiation9,125,129.	Th2	cell	responses	to	parasite	antigens	or	to	antigens	adsorbed	
to	 the	adjuvant	alum	were	abrogated	 in vivo	 in	 the	absence	of	RBPJ	or	 the	presence	of	
dominant-negative	MAML1125,129.	Both	RBPJ	and	MAML1	have	Notch	independent	functions	
as	 well134,135,	 but	 defective	 Th2	 cell	 responses	 in	 the	 absence	 of	 both	 Notch	 1	 and	 2	
confirmed	the	 importance	of	 the	Notch	pathway	for	Th2	cell	differentiation125.	Although	
Notch	was	required	for	Th2	cell	responses	to	parasite	antigens,	 it	was	not	needed	for	 in 
vitro	differentiation	of	Th2	cells	with	high	amounts	of	IL-4,	as	shown	in	the	absence	of	RBPJ,	
Notch	1	and	2	or	Presenilin	1	and	2125,126,129.	Since	Notch	 induced	Th2	cell	differentiation	
depends	on	RBPJ,	it	is	likely	to	involve	a	transcriptional	mechanism	and	indeed,	both	Il4	and	
Gata3	are	direct	targets	of	Notch-RBPJ	signaling.	A	3’enhancer	of	 Il4	 (also	known	as	HS5	
or	CNS2)	contains	several	RBPJ	binding	sites,	one	of	which	is	conserved	between	mice	and	
humans,	 suggesting	 functional	 importance9.	 Chromatin	 immunoprecipitation	 confirmed	
binding	of	endogenous	Notch1	and	RBPJ	to	HS5	in	CD4+	T-cells131	and	responsiveness	of	the	
region	has	been	shown	in vivo9,136.

Notch induced Th17 cell differentiation
It	 had	 been	 shown	 that	 DLL4	 induced	Notch	 signaling	 enhances	 the	 generation	 of	 IL-

17	 producing	 cells	 in	 the	 presence	 of	 the	 skewing	 cytokines	 IL-6	 and	 TGFβ	 by	 direct	
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transactivation	 of	 the	 Il17	 and	Rorγt	 gene137.	 Recently,	 it	 has	 been	 shown	 that	 in vitro	
differentiated	Th17	cells	have	increased	levels	of	active	Notch1	and	that	inhibition	of	the	
Notch	pathway	with	γ-secretase	inhibitors	reduced	the	production	of	IL-17A	and	IL-17F	by	
those	Th17	cells138.	Treatment	with	γ-secretase	inhibitors	affected	IL-17	production	only	at	
early	time	points	during	Th17	differentiation,	but	not	in	committed	Th17	cells138.	Moreover,	
transfection	with	siRNA	targeting	Notch1	reduced	IL-17A	and	IL-17F	levels	in	human	Th17	
cells	and	overexpression	of	NICD1	induced	Th17	differentiation	under	neutral	conditions	
and	 increased	IL-17	production	by	already	established	Th17	cells138.	 In vivo,	 inhibition	of	
Notch	 signaling	 reduced	 the	production	of	 IL-17	 and	 the	progression	 of	 Th17-mediated	
disease	 in	a	mouse	model	 for	multiple	sclerosis	 (Experimental	Autoimmune	Encephalitis	
-	EAE)138.

Notch induced Th9 cell differentiation
Recently,	it	has	been	shown	that	Notch	signaling	cooperates	with	TGFβ	signaling	to	induce	

the	expression	of	IL-9,	a	cytokine	known	to	promote	survival	of	Tregs	and	proliferation	of	
Th17	cells.	Induction	of	IL-9	by	Notch	was	dependent	on	Notch	1	and	Notch2	and	required	
the	 joint	action	of	 the	nuclear	effector	of	Notch	 signaling,	RBPJ	and	Smad3,	 induced	by	
TGFβ.	This	complex	directly	transactivated	the	Il9	promoter.	In	a	mouse	model	for	multiple	
sclerosis	 (EAE)	 it	 was	 shown	 that	 cooperation	 of	 Notch	 and	 Smad3	 regulates	 immune	
responses	by	inducing	IL-9139.

Notch induced Th22 cell differentiation
Finally,	 it	 has	 been	 shown	 that	 Notch	 signaling	 can	 induce	 IL-22	 production	 via	 a	

transcriptional	mechanism	involving	RBPJ140.	This	was	dependent	on	the	production	of	an	
endogenous	stimulator	of	AhR	signaling,	but	not	on	STAT3	or	up-regulation	of	Rorγt140.	

Notch in CD8+ T-cells
Notch	 signaling	 has	 been	 shown	 to	 control	 the	 expression	 of	 CD8	 effector	molecules	

and	 consequently	 to	modulate	 cytolytic	activity	of	CD8+	T-cells.	 In	particular,	Notch	was	
found	 to	 induce	 the	 expression	 of	 granzyme	 B	 and	 perforin141,142.	 The	 relevance	 of	 this	
was	 demonstrated	 in vivo	 in	 a	mouse	model,	where	deficiency	 for	Notch2	 reduced	 the	
anti-tumor	activity	of	CD8+	T-cells143.	 Induction	of	granzyme	B	may	depend	on	a	physical	
interaction	with	CEBP141.

As	 may	 be	 clear	 from	 the	 summary	 of	 the	 literature	 above,	 Notch	 is	 involved	 in	 the	
differentiation	of	many	different	Th-cell	 lineages,	and	does	not	seem	to	be	dedicated	to	
any	particular	effector	 cell	 fate.	However,	 there	 is	a	 strong	general	 connection	between	
Notch	and	effector	cell	differentiation,	linking	recognition	of	PAMPs	to	induction	of	effector	
responses.	 The	 direction	 of	 the	 effector	 differentiation	 is	 most	 likely	 determined	 by	
integration	of	Notch	with	other	signals.	Interestingly,	as	shown	in	chapter 3, Notch	seems	to	
make	cells	more	receptive	to	various	cytokines	through	upregulation	of	cytokine	receptors.	
It	is	conceivable	therefore,	that	Notch	promotes	general	effector	cell	differentiation,	with	
the	 cytokines	 present	 during	 the	 response	 determining	 the	 precise	 direction	 of	 Th-cell	
differentiation.	It	is	not	clear	whether	the	promotion	of	‘Th	effector	cell	fate’	by	Notch	fits	
into	a	binary	cell	fate	decision	model	as	it	is	not	clear	what	the	alternative	fate	to	effector	
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differentiation	would	be.	However,	as	discussed	in	chapter 6,	Notch	does	seem	to	induce	
binary	fate	decisions	during	effector	versus	memory	differentiation	of	CD8+	T-cells.
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