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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

Th17

Th1

Th2

Th9

Tfh

iTreg

CXCR3 CCR5
CXCR6

T-bet
STAT1/4

FoxP3
STAT5

IL-4

IL-12, IFNγ

IL-4 + TGFβ
PU.1

TGFβ, IL-6, IL-1β
IL-21, IL-23

IL-17A
IL-17F
IL-21
IL-22

IFNγ
LTα

IL-6 + IL-21

IL-4
IL-5
IL-13

IL-9
IL-10

IL-6
IL-21

IL-10
TGFβ

Rorγt
STAT3

CCR4 CCR6

Gata-3
STAT6

CCR3 CCR8
CCR4

Bcl-6
STAT3

CXCR5
PD1

ICOS

TGFβ, IL-2

Th22IL-22AhRIL-6 + TNFα

TCR

MHC
Antigen

CD80/86

CD28 Cytokines

CytokineR

APC

Tnaive



13

General Introduction

1

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	



14

Chapter 1

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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Abstract
Generation of effective immune responses requires expansion of rare antigen-specific CD4+ 
T-cells. The magnitude of the responding population is ultimately determined by proliferation 
and survival. Both processes are tightly controlled to limit responses to innocuous antigens. 
Sustained expansion occurs only when innate immune sensors are activated by microbial stimuli 
or by adjuvants, which has important implications for vaccination. The molecular identity of the 
signals controlling sustained T-cell responses is not fully clear. Here, we describe a prominent role 
for the Notch pathway in this process. Coactivation of Notch allows accumulation of far greater 
numbers of activated CD4+ T-cells than stimulation via T-cell receptor and classic costimulation 
alone. Notch does not overtly affect cell cycle entry or progression of CD4+ T-cells. Instead, Notch 
protects activated CD4+ T-cells against apoptosis after an initial phase of clonal expansion. Notch 
induces a broad antiapoptotic gene expression program that protects against intrinsic, as well as 
extrinsic, apoptosis pathways. Both Notch1 and Notch2 receptors and the canonical effector RBPJ 
(recombination signal binding protein for immunoglobulin kappa J region) are involved in this 
process. Correspondingly, CD4+ T-cell responses to immunization with protein antigen are strongly 
reduced in mice lacking these components of the Notch pathway. Our findings, therefore, show 
that Notch controls the magnitude of CD4+ T-cell responses by promoting cellular longevity. 

Introduction
The precursor frequency of naive CD4+ T-cells specific for individual peptide antigens is low, 

necessitating expansion for effective defense against microbial invaders. This process is tightly 
regulated to prevent harmful responses to noninfectious selfantigens. Efficient induction of 
proliferation requires ligation of the T-cell receptor (TCR), as well as costimulatory signals1, such as 
those generated by interaction of CD28 molecules on T-cells with CD80/CD86 molecules on antigen 
presenting cells (APCs). A major additional checkpoint lies in the ability to keep activated T cells alive 
after clonal expansion, as was shown by monitoring T-cell responses to isolated protein antigens1,2. 
Lacking signatures of microbial danger, such antigens elicit weak responses attributable to death of 
the responding T-cells after normal initial expansion. Responses to protein antigens can be boosted 
by the use of adjuvants, which induce signals that allow activated T-cells to survive. The nature of 
these signals is not fully known3, and their identification would improve our ability to rationally design 
vaccination strategies.

Death of activated CD4+ T-cells can be induced via an extrinsic pathway, via Fas/CD95-mediated 
activation of caspase 8, which, in turn, activates effector caspases4. An intrinsic apoptosis pathway 
also exists, in which release of cytochrome c from mitochondria into the cytosol leads to activation 
of effector caspases. Cytochrome c release depends on Bax and Bak proteins and is inhibited 
by antiapoptotic proteins, such as Bcl-2, Bcl-XL, and Mcl-15. These latter factors are themselves 
antagonized by proapoptotic molecules such as Bim (Bcl-2 interacting mediator of cell death), Puma 
(p53 upregulated modulator of apoptosis), and Noxa (also known as phorbol-12-myristate-13-acetate 
inducible protein). The relative levels of all these proteins determine the fate of the cell5. The intrinsic 
apoptosis pathway controls contraction of the antigen responsive CD4+ T-cell pool after clearance of 
infection4,6. Death of CD4+ T-cells activated in the absence of adjuvant also depends on this intrinsic 
pathway with critical roles for Bim and, to a lesser extent, Puma3,4,6. The extrinsic pathway may 
contribute to cell death under these conditions when antigen levels are high7. 

The Notch cell surface receptor controls proliferation and survival of many cell types. Signaling 
by Notch involves cleavage within its transmembrane region by a γ-secretase complex8. This 
allows the intracellular domain of Notch (NICD) to translocate to the nucleus, where it activates 
transcription together with the DNA binding factor RBPJ [recombination signal binding protein for 
immunoglobulin kappa J region, also known as CSL (CBF1, Suppressor of Hairless, Lag1)] and the 
MAML (mastermind-like) coactivator8. Five canonical ligands for Notch exist, called Jagged1, Jagged2, 
Delta1 (DLL1), Delta3 (DLL3), and Delta4 (DLL4), which (except for DLL3) activate the same Notch 
signaling pathway8. Expression of Notch ligands is induced on APCs by microbial products and by CD4+ 
T-cells, supporting a role for this pathway in control of T-cell responses9-11. Indeed, Notch regulates 
differentiation of CD4+ T helper cells12. Conflicting reports exist about the role of Notch in CD4+ T-cell 
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expansion. Some studies concluded that Notch stimulates proliferation of CD4+ T-cells; others found 
it to be inhibitory13–17. Notch may have distinct roles in CD4+ T-cells under different conditions, but 
some of the reported discrepancies might stem from experimental factors. For instance, some studies 
targeted the γ-secretase, which does not selectively affect cleavage of Notch only, but also of other 
substrates15–18. Also, antibody-mediated activation of Notch may not faithfully mimic the function of 
natural ligands15. Finally, high expression of the active intracellular domain of Notch or the use of high 
concentrations of recombinant ligands may activate pathways not normally regulated by Notch13, 14. 

Here, we have revisited the role of Notch on expansion of CD4+ T-cells. To avoid potential issues 
of specificity, we complemented gain of function with the use of genetic deficiencies in the Notch 
pathway. We found that activation of Notch strongly boosts CD4+ T-cell responses by inducing an 
antiapoptotic program after initial clonal expansion. Correspondingly, CD4+ T-cell responses to 
protein antigens in vivo are much reduced in mice with deficiencies in the Notch pathway. Thus, our 
results show that Notch promotes the size of the activated CD4+ T-cell response by extending cellular 
longevity.

Results
Notch Ligands Promote CD4+ T-Cell Responses. The consequences of Notch signaling on T-cells 

may depend on their developmental stage19. We, therefore, used purified naïve CD62L+ CD44− CD4+ 
T-cells (depleted of NK cells, NK T-cells, regulatory T-cells, and activated T-cells) for our experiments. 
Much greater numbers of viable activated CD4+ T-cells could be recovered from cultures using DLL4-
expressing APCs than from cultures using control APCs (Fig. 1A). This was true despite the presence 
of activating antibodies to CD28 in all cultures, suggesting that Notch signals complement classical 
costimulatory signals.

Ectopic expression of ligands for Notch may lead to lateral activation of Notch in the APC, leading to 
production of factors that promote expansion of CD4+ T-cells indirectly. To exclude this, we activated 
naive CD4+ T-cells with recombinant Notch ligands in the absence of APCs. DLL4-Fc strongly promoted 
recoveries of viable CD4+ T-cells compared with control-Ig cultures (Fig. 1B/C, right). DLL1-Fc also 
augmented the yields from CD4+ T-cell cultures, albeit less potently than DLL4- Fc (Fig. 1C). Thus, DLL 
ligands enhance CD4+ T-cell responses through direct effects on CD4+ T-cells. 

Notch Protects Activated CD4+ T-Cells Against Cell Death. Stimulation with DLL might enhance 
cell cycle entry, the rate of proliferation or survival. DLL4-Fc did not change the proportion of 
carboxyfluorescein diacetate succinimidyl ester (CFSE)-labeled CD4+ T-cells that failed to divide after 
2 d of culture, suggesting that Notch activation does not affect the threshold for cell cycle entry (Figs. 
2A and S1). Furthermore, similar populations had divided once or twice at this time point, regardless 
of the presence of DLL4-Fc (Figs. 2A and S1), and cell cycle distribution patterns of cells activated 
for 2 or 3 d in the presence of DLL4-Fc or control-Ig were indistinguishable (Fig. 2B). Production 

Fig. 1. Notch ligands increase recovery of activated CD4+ 
T-cells. (A) Naive CD4+ T-cells were stimulated with A20 
cells expressing DLL4 (black triangles) or empty vector 
(open circles) in the presence of 1 μg/mL anti-CD28 and 
different concentrations of anti-CD3. Shown is the number 
of viable cells recovered at day 4. (B) Naive CD4+ T-cells were 
stimulated with 10 μg/mL plate-bound anti-CD3, 1 μg/mL 
soluble anti-CD28, and 5 μg/mL plate-bound control-Ig or 
DLL4-Fc, and the number of viable cells was determined at 
day 5. (C) Naive CD4+ T-cells were stimulated and analyzed 
as in B with different concentrations of control-Ig, DLL1-Fc 
(Left), or DLL4-Fc (Right). Black triangles/bars represent 
DLL1/4-Fc and open circles/bars control-Ig samples in B and 
C. Results are representative of 3 (A), more than 10 (B), and 
2 experiments (C).

A B

C
Control-Ig DLL4-Fc

0

2

4

6

8

10

V
ia

bl
e 

Ce
lls

 (1
04 )

0.4 0.8 1.5 3
0

2

4

6 A20
A20-DLL4

V
ia

bl
e 

Ce
lls

 (1
04 )

µg/ml anti-CD3 

0.6 1.3 2.5 5 10
0

1

2

3

4

5

V
ia

bl
e 

Ce
lls

 (1
04 )

µg/ml Fc

Control-Ig
DLL4-Fc

Vi
ab

le
 C

el
ls

 (1
04 ) Control-Ig

DLL1-Fc

µg/ml Fc
0.6 1.3 2.5 5 10

0

1

2

3

4

5



32

Chapter 2

of IL-2 was also not affected by DLL4-Fc 
(Fig. S2). Thus, DLL4-Fc did not affect 
general T-cell activation or proliferation. 
Indeed, CD4+ T-cell expansion was similar 
during the first 3 d of culture (Fig. 2C). 
In sharp contrast, at later time points, 
DLL4-Fc promoted survival of cells that 
had already divided (Fig. 2A/C). After 5 
d, the majority of CD4+ T-cells in control 
cultures had died, whereas most cells stimulated with DLL4-Fc were still alive (Fig. 2A). Addition of 
Q-VD-OPh (QVD), a broad-spectrum caspase inhibitor, almost completely rescued survival of CD4+ 
T-cells activated with control-Ig to the levels obtained by DLL4-Fc (Fig. 2D), suggesting that DLL4-Fc 
protects activated CD4+ T-cells from apoptosis. Deficiency for Fas/CD95, the receptor involved in the 
extrinsic apoptosis pathway4, rescued a proportion of cells activated in the presence of control-Ig. 
Such deficiency did not, however, further increase the viable cell yields from DLL4-Fc cultures (Fig. 
2E). This suggests that DLL4-Fc protected cells that would have succumbed to Fas/CD95-mediated 
killing in the absence of Notch activation. Importantly, recoveries fromcultures of Fas/CD95-deficient 
CD4+ T-cells could still be enhanced twofold by stimulation with DLL4-Fc (Fig. 2E), demonstrating 
that this ligand also induces protection against cell death mediated by mechanisms not involving 
Fas/CD95. These results suggest that Notch induces protection against both extrinsic and intrinsic 
apoptosis pathways.

Elements of the Notch Pathway Involved. T-cell-specific genetic deficiency for Notch1 or Notch2 
resulted in decreased, but measurable responses to DLL4-Fc (Fig. 3A/B). Responsiveness was lost 
entirely when CD4+ T-cells lacked expression of both Notch1 and Notch2 (Fig. 3C), showing that 
these two receptors function redundantly to regulate longevity of CD4+ T-cells. Although expression 
of Notch3 and Notch4 is induced in CD4+ T-cells after activation9, 13, combined deficiency for these 
receptors did not affect survival in response to DLL4-Fc (Fig. 3D). Finally, DLL4-Fc-mediated survival 
was entirely dependent on RBPJ (Fig. 3E). Thus, both the Notch1 and the Notch2 receptors relay 
survival signals through the canonical Notch signaling pathway.

Notch Induces a Survival Program. Although activation of Notch induces protection against the 
extrinsic apoptosis pathway, neither expression of Fas (CD95) nor of its ligand (CD178) was reduced 
by stimulation with DLL4-Fc (Fig. 4A). DLL4-Fc did modestly increase cell surface expression of CD25, 
the high affinity IL-2 receptor α-chain (Fig. 4A), but not of the IL-2/IL-15 receptor β-chain (CD122), 
the common cytokine receptor γ-chain (CD132) or the IL-7 receptor α-chain (CD127) (Fig. 4A). The 

Fig. 2. DLL4-Fc promotes survival of activated 
CD4+ T-cells. Naive CD4+ T-cells were stimulated 
as in Fig. 1B. (A) Viability (7AAD) and 
proliferation (CFSE) were analyzed on different 
days. (B–E) Black bars represent DLL4-Fc and 
open bars control-Ig samples. (B) Cell cycle 
distribution on day 2 (Upper) and 3 (Lower). 
Shown is the mean of three independent 
experiments + SEM. (C) Recoveries of total 
(Left) and viable cells (Right) on different days 
after activation. (D) Cells were stimulated as 
in Fig. 1B in the presence or absence of 20 
μM QVD and analyzed at day 5. Percentages 
of viable cells are shown. Mean of three 
independent experiments + SEM is shown. 
(E) Naïve CD4+ T-cells from Faslpr and control 
mice were activated and analyzed at day 5 as 
in Fig. 1B. (A–D) are representative of three 
experiments, and E is representative of two 
experiments.
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elevated expression of CD25 in DLL4-Fc stimulated cells could allow stronger IL-2 receptor signaling 
and activate survival pathways. However, IL-2 can also increase the sensitivity of activated CD4+ T-cells 
to the extrinsic apoptosis pathway20. Indeed, addition of exogenous IL-2 to control cultures reduced 
viable CD4+ T-cell numbers (Fig. S3). Stronger IL-2 receptor signaling is, thus, unlikely to explain the 
superior survival induced by DLL4-Fc, suggesting the existence of other protective mechanisms. 
Because RBPJ is required to induce survival of CD4+ T-cells (Fig. 3E), a transcriptional mechanism is 
likely involved. We, therefore, prepared RNA from cells activated with control-Ig or DLL4-Fc. RNA 
was isolated just before cells started dying in control-Ig cultures (3d after activation; Fig. 2C, right) 
to minimize indirect effects caused by different viability between samples. Using a multiplex assay, 
we measured mRNA expression of members of the Bcl-2 family (which inhibit the intrinsic apoptosis 
pathway), c-FLIP (cellular FLICE-like inhibitory protein, an inhibitor of the extrinsic pathway, encoded 
by Cflar), and the inhibitor of apoptosis (IAP) family [X-linked (X)IAP, in particular, blocks apoptosis via 
both intrinsic and extrinsic pathways]4. Among these genes, only expression of Bcl-2 was significantly 
induced and this translated into elevated Bcl-2 protein  (Figs. 4B/C,  S4 and S5). Retroviral expression 
of Bcl-2 rescued CD4+ T-cells activated with control-Ig (Fig. 4D). However, protection was less strong 
than obtained by expression of NICD1 9,5retroviral expression of Bcl-3 rescued cells activated 
with control-Ig from death (Fig. 4 B/D). Again, however, this effect was less pronounced than the 
protection provided by expression of NICD1. Because neither Bcl-2 nor Bcl-3 expression achieved the 
strong antiapoptotic effects of Notch activation, we conducted genomewide transcriptional profiling. 
We made use of the rotation testing using mean ranks (ROMER) method for gene-set enrichment 
analysis22, using gene sets representing biological pathways (C2) or gene ontology categories (C5) 
from MSigDB (http://www.broadinstitute.org/gsea/msigdb/). DLL4-Fc stimulation led to enrichment 
of multiple gene sets related to apoptosis (Table S1 and Datasets S1, S2, S3, and S4). Furthermore, 
stimulation with DLL4-Fc resulted in enrichment for gene sets associated with metabolic, 
biosynthetic, and stress response pathways (Table S1 and Datasets S1, S2, S3, and S4), which may 
all impact cellular survival. DLL4-Fc induced expression of a number of genes, previously described 
to protect T-cells from apoptosis (Fig. 4E). For example, deficiency for the Ets-1 transcription factor23 
or the β-arrestin adaptor protein (encoded by Arrb1)24 compromised survival of mature CD4+ T-cells. 
Transgenic expression of IEX-1 (immediate early gene on X-radiation 1) (encoded by Ier3) protected 
CD4+ T-cells against superantigen-mediated depletion25, and both IEX-1 and Faim3 (Fas apoptotic 
inhibitory molecule 3) inhibited susceptibility of T-cells to CD95/Fas-mediated apoptosis induction25, 

26. The Pim1 (Proviral Integration site for the Moloney murine leukemia virus) kinase and the TNF 
receptor-associated factor (TRAF)5 adapter were found to control survival of activated CD8+ T-cells27, 28. 
Likewise, the GILZ (Glucocorticoid Induced Leucine Zipper) transcription factor (encoded by Tcs22d3) 
protected T-cell lines from apoptosis induced by cytokine withdrawal or TCR stimulation29, 30, and 
Ddit431 inhibited dexamethasone-induced death of thymocytes. Finally, costimulation with DLL4-Fc 
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elevated both mRNA and cell surface levels 
of ICOS (inducible T-cell costimulator) (Fig. 
4E/F), a receptor implicated in control of 
CD4+ effector cell survival32. In summary, 
Notch activates a broad gene expression 
program to protect activated CD4+ T-cells 
from cell death. Because of the diversity of protective mechanisms induced, ectopic expression of 
individual factors may never achieve the level of protection elicited by Notch. 

Notch Determines the Magnitude of CD4+ T-Cell Responses in Vivo. To test whether Notch protects 
activated CD4+ T-cells from cell death in the context of antigen presentation by genuine APC, we used 
TCR transgenic T-cells lacking expression of RBPJ or both Notch1 and 2. RBPJ-deficient CD4+ T-cells 
(expressing the OTII TCR, specific for ovalbumin peptide in I-Ab) expanded to the same degree as 
wild-type (WT) CD4+ T-cells in response to presentation of protein antigen by dendritic cells (Fig. 5). 
However, whereas most WT CD4+ T-cells were viable after 5d of culture, most RBPJ-deficient CD4+ 

Fig. 4. DLL4-Fc induces a broad survival 
program. Naive CD4+ T-cells (Thy1.2+) were 
stimulated as in Fig. 1B for 3d. (A) Surface 
expression of markers. Filled gray histograms 
represent staining controls; dark gray lines, 
specific staining control-Ig stimulated cells; black 
lines, specific staining DLL4-Fc stimulated cells. 
(B) Relative mRNA abundance for Bcl-2 (Left) 
and Bcl-3 (Right) was measured by quantitative 
RT-PCR and normalized against β-actin. Black 
bars represent DLL4-Fc samples and open 
bars control-Ig samples. Individual data points 
from six independent experiments are shown. 
Paired, two-tailed t test: **p = 0.0018 (Bcl-2) 
and **p = 0.003 (Bcl-3). (C) Western blot for Bcl-
2 (Lower) or β-actin (Upper) using lysates from 
cells generated as in A. (D) Activated cells were 
transduced with retroviral expression vectors 
encoding NICD1 (Left), Bcl-2 (Center), Bcl-3 
(Right) (all black bars) or control (open bars) 
linked to Thy1.1 via an IRES (internal ribosome 
entry site) sequence. The percentages of viable 
Thy1.1+ cells were determined after different 
periods of culture. Days indicate the time from 
the start of the culture. (E) Relative expression 
of selected genes as determined by Illumina 
mouse gene chip. All genes were significantly 
induced by DLL4-Fc (p < 0.01). (F) Surface 
expression of ICOS as in A.

Fig. 5. Notch signaling is required for optimal CD4+ 
T-cell responses in vitro. Naïve OTII transgenic CD4+ 
T-cells were stimulated with ovalbumin protein 
presented by splenic CD11c+ DCs for 5d. Viability 
was analyzed as in Fig. 1A. Black bars represent 
WT (RBPJfl/fl CD4-Cre−), and open bars represent 
RBPJ knock out (RBPJfl/fl CD4-Cre+) CD4+ T-cells from 
littermate mice. Results are representative of three 
experiments.
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T-cells had died by this time (Fig. 5). Similar findings were obtained with CD4+ T-cells deficient for both 
Notch1 and Notch2 (using the AND TCR specific for pigeon cytochrome c peptide in I-Ek) (Fig. S6). 
Therefore, also when activated by professional APCs, CD4+ T-cells depend on Notch for their survival 
after initial expansion. We reasoned that this requirement might result in reduced responses of CD4+ 
T-cells isolated from Notch-deficient mice at the peak of a primary response after immunization, 
because fewer antigen-specific cells would persist to be reactivated. To test this, we immunized mice 
with T-cell-specific deletions in both Notch1 and Notch2 genes with keyhole limpet hemocyanin 
(KLH) adsorbed to alum. Responses of Notch1/Notch2 double-deficient CD4+ T-cells were significantly 
weaker than those elicited in WT mice (Fig. 6A). Although alum is a clinically relevant adjuvant33, it is 
not a natural adjuvant associated with microbial pathogens. To test the role of Notch in the context 
of a natural adjuvant, we immunized mice with a mixture of KLH mixed and extract of the eggs of the 
helminth parasite Schistosoma mansonii (SEA). This extract elicits responses both to antigens present 
in the extract (Fig. 6B, right) as well as to the KLH model antigen (Fig. 6B, left). Importantly, responses 
to both types of antigens were markedly reduced in mice lacking expression of Notch1 and Notch2 
in T cells (Fig. 6B). On the other hand, no defect was observed upon immunization of mice lacking 
only Notch1 or Notch2 (Fig. 6C). Finally, CD4+ T-cell responses were strongly reduced in mice lacking 
expression of RBPJ (Fig. 6D). Thus, the magnitude of the CD4+ T-cell response after immunization with 
protein antigens and different adjuvants depends on Notch1, Notch2, and canonical Notch signaling.

Discussion
The ability of the immune system to combat large numbers of microbes, while limiting responses 

to innocuous antigens, requires tight regulation of the magnitude of antigen responsive CD4+ T-cell 
populations. Our findings show that Notch controls the size of this population, predominantly by 
protecting already expanded clones from apoptosis. The antiapoptotic activity of Notch in primary 
CD4+ T-cells depends on RBPJ, suggesting that a transcriptional mechanism is involved. Whether 
nontranscriptional mechanisms are also involved, based on reported physical interactions of the 
NICD with factors such as XIAP, Bax, Nur77, p56Lck, and PI3K remains to be tested34–36. Notch induces 
a transcriptional program, with protective activities against both extrinsic and intrinsic apoptosis 
pathways. Thus, the extrinsic pathway is inhibited by Faim3, IEX-1, and TRAF525–27. For Faim3, this 
may involve inhibition of caspase 8 recruitment and diversion of Fas/CD95 signaling toward survival 
pathways37. On the other hand, Bcl-2, Bcl-3, and β-arrestin inhibit the intrinsic apoptosis pathway 
by preventing Bax/Bak multimerization, release of Bim and inducing expression of the Bcl2 gene, 
respectively3, 6, 21, 24, 38. How other induced factors fit into this scheme is less clear. The leucine zipper 
transcription factor GILZ may inhibit the intrinsic as well as the extrinsic pathway by repressing 
the Bim, Fas, and FasL genes29, 30. The Pim1 kinase inhibits the intrinsic pathway by inactivating 
the proapoptotic Bad protein and stimulates cellular metabolism39, which helps cells cope with 
the metabolic demands during rapid proliferation. That Notch stimulates metabolic pathways is 
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Fig. 6. Notch signaling is required for optimal CD4+ T-cell responses in vivo. Mice were immunized s.c. with 
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restimulated in vitro with splenic APCs loaded with KLH or SEA. [3H]thymidine incorporation during the last 12 
of 72 h culture was measured and displayed as cpm. Mouse genotypes are as in Fig. 3. (A and B) WT represented 
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open squares. (D) WT, closed circles; RBP KO, open circles. Each symbol represents a single mouse. Results are 
representative of at least three experiments.
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supported further by the enrichment for gene sets associated with carbohydrate, lipid and glucose 
metabolism, glucose transport, biosynthesis, and generation of energy (Table S1 and Datasets S1, 
S2, S3, and S4). Although previous studies found Notch to induce expression of Bcl-XL36, 40, neither 
mRNA nor protein levels for this Bcl-2 family member were induced by DLL4-Fc (Figs. S4 and S7). 
Also, we did not find evidence for increased expression of Bmi1 (Fig. S8) or decreased expression 
of Noxa (Fig. S4)19. The requirement for specific signals that license CD4+ T-cell expansion helps 
restrict the generation of aggressive immune responses to those antigens that merit such potentially 
harmful activity. Adjuvants elicit the production of signals licensing the survival of activated CD4+ 
T-cells even to noninfectious protein antigens1, 2. Notch protects activated CD4+ T-cells at precisely the 
stage controlled by adjuvants, making it a candidate receptor for this licensing function. In support 
of this, microbial adjuvants induce expression of several Notch ligands on APCs9, 11 and Notch, like 
adjuvants, induces a protective program, which includes Bcl-33, 21, 38. Interestingly, Notch also promotes 
expansion of CD8+ T-cells, in part, by protecting these cells from cell death, although in these cells 
Notch also seems to enhance proliferation itself (Fig. S9). Thus, Notch has a general role in controlling 
the viability of activated T-cells. In conclusion, our results demonstrate that Notch activates multiple 
pathways that protect activated CD4+ T-cells against apoptosis. This function of Notch is essential 
for the generation of full-blown CD4+ T-cell responses upon immunization. Thus, Notch, a conserved 
decider of cell fate, has been adopted by the immune system to determine whether the presence of 
antigen deserves the generation of an aggressive immune response.

Materials and Methods
Reagents. Antibodies and cytokines are listed in Table S2. QVD was purchased from R&D (catalog no. OPH001). 
Human Fc-tagged DLL1 and DLL4 protein was produced in HEK293T cells transfected with expression plasmids 
for DLL1-Fc or DLL4-Fc41. For isolation procedure, see SI Materials and Methods. Isotype-matched control-Ig 
(palivizumab; Synagis no. 54874TF) was a gift from AIMM Therapeutics. Vectors and Constructs. Bcl-2 was cloned 
into the MSCV-Thy1.1 vector using BglII and SalI. Bcl-3-MSCV-Thy1.1 and NICD1-MSCV-Thy1.1 were described 
before9, 21. 

Cell Culture. Cells were grown in Iscove’s modified Dulbecco’s medium (IMDM) with 10% (vol/vol) FCS, 2 mM 
GlutaMAX (Invitrogen), 100 U/mL penicillin (Invitrogen), 100 μg/mL streptomycin (Invitrogen), and 50 μM 
β-mercaptoethanol. 

Mice. Six- to 8-wk-old C57BL/6NCrl mice were purchased from Charles River. Notch1 flox, Notch2 flox, Notch3 
null, Notch4 null, RBPJ flox, CD4-Cre transgenic, and Faslpr mice (for origins, see SI Materials and Methods) were 
backcrossed to C57BL/6 mice for over 10 generations. Littermate controls were used. Cre+ mice heterozygous for 
floxed alleles or homozygous WT behaved as Cre− mice. Mice were maintained in under specific pathogen free 
conditions. Animal experiments were in compliance with the European Union and national laws and approved by 
the local ethical committee.

CD4 T-Cell Activation. Naïve CD44− CD62L+ CD49b− CD25− (Thy1.2+) CD4+ T-cells were purified from spleen and 
peripheral lymph nodes using anti-CD4 microbeads (Miltenyi; catalog no. 130-049-201) and FACS. A total of 5 × 
104 naïve CD4+ T cells were cultured with 1 μg/mL anti-CD28 in 96-well flat bottom plates coated with 10 μg/mL 
anti-CD3 and 5 μg/mL DLL4-Fc, DLL1-Fc, or control-Ig or with 2.5 × 104 irradiated A20 cells (120 Gy) expressing 
DLL4 or empty vector, 1 μg/mL anti-CD28, and different amounts of anti-CD3. Also, 5 × 104 naïve CD4+ T-cells were 
cultured with 5 × 104 dendritic cells (DCs), purified from spleen by magnetic activated cell sorting (MACS) using 
anti-CD11c beads (Miltenyi 130–052-001), and ovalbumin protein (50 μg/mL). Viability and cell numbers were 
analyzed by flow cytometry using AnnexinV-APC (BD Biosciences; 550474) and 7-amino-actinomycinD (7AAD) 
(eBioscience; 00-6993-50). For labeling with CFSE (Sigma; 21888), naïve CD4+ T-cells were washed with cold PBS 
and stained for 5 min at room temperature with 5 μM CFSE at 2 × 106 cells/mL in PBS, followed by washing with 
PBS (1% BSA). 

Retroviral Transductions. Virus was produced in PlatE cells as described9. CD4+ T-cells (activated 36h earlier) were 
spin-infected (700 × g for 90 min at 37 °C) with viral supernatant (with 8 μg/mL polybrene), followed by 2.5 h at 
37 °C. 

Cell Cycle Analysis. Activated CD4+ T-cells were stained with 10 μM Draq5 (Biostatus) in medium for 30 min at 37 
°C and analyzed by flow cytometry. Cell cycle distribution was analyzed with the cell cycle tool (FlowJo) using the 
Watson (pragmatic) model.

Microarray Analysis and Quantitative RT-PCR. RNA was extracted using TRIzol, followed by RNeasy columns 
(Qiagen) from CD4+ T-cells 3d after activation. RNA was labeled and hybridized by the W. M. Keck Facility (Yale 
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Center for Genome Analysis) on Mouse BeadChip (Illumina) mouse whole-genome expression arrays (MouseRef-8 
v2.0). Two pairs of samples are replicates from one experiment, the third pair comes from an independent 
experiment. For statistical analysis, see SI Materials and Methods. cDNA was made with Oligo (dT) and random 
hexamers using the first Strand cDNA synthesis kit (Fermentas). Quantitative PCR using SYBRgreen (Bio-Rad) was 
performed using the C1000 Thermal Cycler (Bio-Rad). Relative concentrations were determined based on standard 
curves and normalization for β-actin using the Bio-Rad CFX Manager software. Melt curves ensured amplification 
of a single product. For PCR primers, see Table S3.

Immunization. Mice were immunized s.c. with 50 μg of KLH in alum, KLH with SEA (300 μg), or SEA alone. (For 
preparation of SEA, see SI Materials and Methods.) After 8d, CD4+ T-cells were isolated from draining lymph nodes 
and stimulated in vitro with splenic APCs and different concentrations of KLH or SEA. [3H]thymidine was added 
during the last 12h of a 72h culture period. 
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Supporting Information
Purification of DLL-Fc. DLL-Fc was purified to greater than 90% purity by affinity chromatography using MabSelect 
SuRe (GE Healthcare). Following elution fromMabSelect SuRe,DLL-Fc was transferred into storage buffer (1× PBS + 
20% glycerol + 1 mM EDTA) using a HiPrep 26/10 desalting column (GE Healthcare). The purity and integrity of the 
purified protein were determined with SDS/PAGE. Protein concentration was measured spectrophotometrically 
on a Nanodrop 1000 (ThermoScientific).

Antibodies, Reagents and PCR Primers. See Table S2 and S3, respectively. SEA was prepared as described8. 

Mice. Notch1 flox1, Notch2 flox2, Notch3 null3, Notch4 null4, RBPJ flox5, CD4-Cre transgenic (Taconic), AND TCR 
transgenic, OTII TCR transgenic, and Faslpr mice (The Jackson Laboratory) were all backcrossed to C57BL/6 for 
over 10 generations. 

Cell Lines. The cell lines used were A20-DLL4-Ig6 and PlatE7. 

Statistical Analysis Gene Chip and Gene Set Enrichment Analysis. Naive CD4+ T-cells from C57BL/6 mice 
were stimulated as in Fig. 1B. Three days after initiation of the culture, RNA was isolated and gene expression 
was measured by Illumina MouseRef-8 v2.0 mouse gene chip. Analyses were carried out with packages from 
Bioconductor9 in the statistical software package R. We performed normexp-by-control background correction, 
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quantile normalization, and log2 transformation10 on the Illumina sample and control probe profiles. Probes 
that were not expressed on any of the arrays were filtered out. The arrayQualityMetrics package was used to 
ensure that the microarray data were of good quality. The normalized intensities of technical replicate arrays 
were averaged. Differential expression between the DLL4-Fc activated and control-Ig samples was assessed via 
a paired moderated t-test using the limma package. The Bioconductor package illuminaMousev2.db was used to 
update the probe annotation provided by Illumina. We used the ROMER method for gene set enrichment analysis. 
ROMER uses rotation, a Monte Carlo method for multivariate regression. Because the number of rotations does 
not depend on sample size, ROMER gives useful results even for experiments with a small number of replicates. 
ROMER was applied using gene sets representing biological pathways (C2: BioCarta, KEGG, Reactome) or gene 
ontology categories representing biological processes, molecular functions, and cellular compartments (C5) from 
MSigDB (http://www.broadinstitute.org/gsea/msigdb). Each gene set was converted from human to mouse using 
the orthology mapping from The Jackson Laboratory and downloaded from http://bioinf.wehi.edu.au/software/
MSigDB. P values were calculated for each gene set for three possible alternative hypotheses. The alternative “up” 
tests whether the genes in a gene set tend to be up-regulated, the alternative “down” tests whether the genes 
in a gene set tend to be down-regulated, the alternative “mixed” tests whether the genes in the set tend to be 
differentially expressed, without regard for direction. Low-quality probes that according to the updated probe 
annotation match repeat sequences, intergenic or intronic regions, or are unlikely to provide specific signal for any 
transcript were filtered out in the ROMER analysis. 

Western Blots. CD4+ cells were harvested 3d after activation, lysed in Nonidet P-40 lysis buffer at a concentration 
of 1 × 106 cells/mL, and incubated 30 min on ice. Protein concentration was determined by Bradford assay (Serva). 
Lysates were resolved by electrophoresis on 13% SDS polyacrylamide gels and transferred to poly(vinylidene 
difluoride) (PVDF) membranes (Bio-Rad). After 1h blocking with 2% milk in TBS, the membranes were incubated 
over night at 4 °C with primary antibodies diluted in 0.5% milk in Tris-buffered saline (TBS) with Tween-20 (TBST). 
Primary antibodies used were directed against Bcl-2 (Alexis ALX-210-701; 1/1,000), Bcl-XL (BD Transduction; 
610211; 1/1,000), and β-actin (Santa Cruz; SC1616; 1/4,000). Subsequently, membranes were washed three 
times with TBST and incubated with fluorescently labeled secondary antibodies (IRDye; Licor) for 1h at room 
temperature at a dilution of 1/15,000 in 0.5% milk in TBST. Bands were visualized using the Odyssey infrared 
imaging system (Licor) and analyzed with the Odyssey software version 3.0.

Datasets S1-S4: http://www.pnas.org/content/suppl/2012/05/21/1206044109.DCSupplemental
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Fig. S1. DLL4-Fc does not affect the proportion 
of cells in different division peaks. Naive CD4+ 
T-cells were labeled with CFSE and stimulated as 
in Fig. 1B with control-Ig (open bars) or DLL4-Fc 
(closed bars). The number (Left) and percentage 
(Right) of cells in each CFSE peak was determined 
on day 2 after activation.
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Fig. S2. DLL4-Fc does not stimulate production of 
IL-2. Naive CD4+ T-cells from C57BL/6 mice were 
stimulated as in Fig. 1B. Supernatants were collected 
at 12, 16, and 21 h after initiation of the culture. IL-2 
concentrations were determined by ELISA using 
anti-IL-2 (JES6-1A12), recombinant mouse IL-2, and 
anti-IL-2-biotin (JES6-5H4).
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Fig. S3. Addition of IL-2 diminishes rather 
than promotes survival of activated CD4+ 
T-cells. A total of 5 × 104 naïve CD4+ T-cells 
were activated as in Fig. 1B. Recombinant 
mouse IL-2 was added from the start of the 
culture in concentrations as indicated. After 
5d, survival was determined as in Fig. 1B.
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Fig. S4. Bcl-2 is the only antiapoptotic factor found by multiplex 
ligation-dependent probe amplification (MLPA) to be up-regulated 
by DLL4 stimulation. Naive CD4+ T-cells from C57BL/6 mice were 
stimulated as in Fig. 1B. Three days after initiation of the culture, 
RNA was isolated. RNA was extracted using TRIzol (Invitrogen) 
and further purified with RNeasy columns (Qiagen). MLPA was 
performed as described earlier1. Three independent experiments 
were performed. Shown is the relative expression per gene of 
the DLL4-Fc sample divided by the control-Ig sample. Results are 
cumulative data from three independent experiments. Paired 
t-test (n = 3). Note that the change in expression of Bcl-G was not 
reproducible (see Fig. S5).

1. Eldering E, et al. (2003) Expression profiling via novel multiplex 
assay allows rapid assessment of gene regulation in defined 
signalling pathways. Nucleic Acids Res 31:e153.
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Fig. S6. CD4 T-cells activated by DC require Notch to survive after division. Naïve 
CD4+ T-cells from Notch1fl/fl Notch2fl/fl CD4-Cre− (WT) or Notch1fl/fl Notch2fl/fl CD4-Cre+ 
(N1/2ko) AND TCR transgenic mice on a C57BL/6 background1 were labeled with 
CFSE and cultured with B10BR (I-Ek+) splenic CD11c+ cells in the presence of 10μg/
mL cytochrome c. Five days after initiation of the culture, cells were analyzed by flow 
cytometry for viability and proliferation using 7AAD and CFSE.
1. Kaye J, et al. (1989) Selective development of CD4+ T cells in transgenic mice 
expressing a class II MHC-restricted antigen receptor. Nature 341:746–749.
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Fig. S7. Western blot for Bcl-XL. 
Naive CD4+ T-cells were activated 
as in Fig. 1B. After 3d, cells were 
lysed and protein lysates were 
analyzed by Western blot for Bcl-
XL and β-actin.
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Fig. S8. Bmi1 is not regulated by 
DLL4-Fc. Normalized expression 
data from samples obtained in 
three different experiments, 
measured by gene chip.
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Fig. S9. DLL4-Fc promotes survival 
of activated CD8 T-cells. Naïve CD8 
T-cells were stimulated and analyzed 
as in Fig. 1B. Paired t-test, two-tailed 
(n = 7 shown is the mean + SEM). *P 
= 0.014; **P = 0.0079.
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C2 UP N p-value

 KEGG_GLYCOSPHINGOLIPID_BIOSYNTHESIS_GLOBO_SERIES 7 1.00E-04
 REACTOME_GLYCOGEN_BREAKDOWN_GLYCOGENOLYSIS 11 1.00E-04
 REACTOME_GLUCOSE_METABOLISM 38 1.00E-04
 KEGG_GLYCOSPHINGOLIPID_BIOSYNTH._LACTO_AND_NEOLACTO_SER. 14 1.00E-04
 KEGG_PYRUVATE_METABOLISM 24 1.00E-04
 KEGG_GLUTATHIONE_METABOLISM 31 1.00E-04
 KEGG_GLYCOLYSIS_GLUCONEOGENESIS 34 1.00E-04
 REACTOME_GLYCOLYSIS 13 1.00E-04
 BIOCARTA_IL7_PATHWAY 12 1.00E-04
 KEGG_MTOR_SIGNALING_PATHWAY 38 1.00E-04
 KEGG_STARCH_AND_SUCROSE_METABOLISM 14 0.0066
 REACTOME_PEROXISOMAL_LIPID_METABOLISM 14 0.0115
 KEGG_GALACTOSE_METABOLISM 17 0.0159
 REACTOME_STEROID_METABOLISM 31 0.0392
 REACTOME_MTOR_SIGNALLING 21 0.05

 DOWN N p-value

 REACTOME_APOPTOSIS 102 1.00E-04
 BIOCARTA_STRESS_PATHWAY 24 0.0101
 REACTOME_DEATH_RECEPTOR_SIGNALLING 10 0.0152
 REACTOME_APOPTOSIS_INDUCED_DNA_FRAGMENTATION 7 0.0277

 MIXED N p-value

 KEGG_STARCH_AND_SUCROSE_METABOLISM 14 1.00E-04
 KEGG_GLYCOSPHINGOLIPID_BIOSYNTHESIS_GLOBO_SERIES 7 1.00E-04
 KEGG_GLYCOSPHINGOLIPID_BIOSYNTHESIS_GANGLIO_SERIES 11 1.00E-04
 KEGG_TERPENOID_BACKBONE_BIOSYNTHESIS 10 1.00E-04
 KEGG_METABOLISM_OF_XENOBIOTICS_BY_CYTOCHROME_P450 20 1.00E-04
 BIOCARTA_MITOCHONDRIA_PATHWAY 18 1.00E-04
 REACTOME_APOPTOSIS 102 1.00E-04
 REACTOME_FACILITATIVE_NA_INDEPENDENT_GLUCOSE_TRANSPORT. 6 1.00E-04
 REACTOME_GLYCOGEN_BREAKDOWN_GLYCOGENOLYSIS 11 1.00E-04
 REACTOME_INTRINSIC_PATHWAY_FOR_APOPTOSIS 24 1.00E-04
 REACTOME_METABOLISM_OF_CARBOHYDRATES 77 1.00E-04
 REACTOME_PYRUVATE_METABOLISM 13 1.00E-04
 REACTOME_TRIACYLGLYCERIDE_BIOSYNTHESIS 12 1.00E-04
 REACTOME_SYNTH._AND_INTERCONV._OF_NUCL._DI_AND_TRIPHOSPH. 14 1.00E-04
 KEGG_APOPTOSIS 66 0.0185
 REACTOME_PYRUVATE_METABOLISM_AND_TCA_CYCLE 29 0.0445

Table S1. ROMER analysis of genes regulated by DLL4-Fc. 
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Table S3. RT-PCR primers used
Gene of interest Forward primer Reverse primer

Bcl2 GGTCTTCAGAGACAGCCAGG GATCCAGGATAACGGAGGCT
Bcl3 GAGTAGGCAGGTTCAGCAGC CCGGAGGCCCTTTACTACC
Actin GAAGTCCCTCACCCTCCCAA GGCATGGACGCGACCA

Table S1. continued
C5 UP N p-value

 MITOCHONDRIAL_OUTER_MEMBRANE 16 1.00E-04
 GLYCOLIPID_METABOLIC_PROCESS 9 1.00E-04
 NEGATIVE_REGULATION_OF_APOPTOSIS 101 1.00E-04
 ENERGY_RESERVE_METABOLIC_PROCESS 9 1.00E-04
 STEROID_METABOLIC_PROCESS 35 1.00E-04
 MEMBRANE_LIPID_BIOSYNTHETIC_PROCESS 34 1.00E-04
 CELLULAR_CARBOHYDRATE_METABOLIC_PROCESS 75 1.00E-04
 GLYCOSPHINGOLIPID_METABOLIC_PROCESS 6 1.00E-04
 ANTI_APOPTOSIS 78 1.00E-04
 CARBOHYDRATE_METABOLIC_PROCESS 106 1.00E-04
 REGULATION_OF_APOPTOSIS 228 1.00E-04
 NEGATIVE_REGULATION_OF_PROGRAMMED_CELL_DEATH 102 1.00E-04
 REGULATION_OF_PROGRAMMED_CELL_DEATH 229 1.00E-04
 RESPONSE_TO_HYPOXIA 18 1.00E-04
 PROGRAMMED_CELL_DEATH 279 2.00E-04
 APOPTOSIS_GO 278 0.0016

 DOWN N p-value

 APOPTOTIC_MITOCHONDRIAL_CHANGES 9 1.00E-04

 MIXED N p-value

 GLYCOLIPID_METABOLIC_PROCESS 9 1.00E-04
 GLYCOSPHINGOLIPID_METABOLIC_PROCESS 6 1.00E-04
 CARBOHYDRATE_METABOLIC_PROCESS 106 1.00E-04
 RESPONSE_TO_HYPOXIA 18 1.00E-04
 OXYGEN_AND_REACTIVE_OXYGEN_SPECIES_METABOLIC_PROCESS 8 1.00E-04
 SUPEROXIDE_METABOLIC_PROCESS 5 1.00E-04
 GLYCEROPHOSPHOLIPID_BIOSYNTHETIC_PROCESS 22 1.00E-04
 PROTEIN_METABOLIC_PROCESS 781 1.00E-04
 GLUCOSE_CATABOLIC_PROCESS 7 1.00E-04
 GLUCOSE_METABOLIC_PROCESS 17 1.00E-04
 APOPTOTIC_PROGRAM 38 1.00E-04
 NEGATIVE_REGULATION_OF_METABOLIC_PROCESS 167 1.00E-04
 NEGATIVE_REGULATION_OF_CELLULAR_METABOLIC_PROCESS 166 1.00E-04
 RESPONSE_TO_STRESS 308 1.00E-04
 CELL_PROLIFERATION_GO_0008283 279 1.00E-04
 REGULATION_OF_METABOLIC_PROCESS 504 1.00E-04
 REGULATION_OF_CELLULAR_METABOLIC_PROCESS 495 1.00E-04
 GLUCAN_METABOLIC_PROCESS 6 0.0098
 GLYCOPROTEIN_BIOSYNTHETIC_PROCESS 42 0.0142

Table S2. Overview of reagents and antibodies used.
Gene of interest Clone Company Label Application

CD3ε 145-2C11 eBioscience unlabeled Cell culture
CD28 37.51 homemade unlabeled Cell culture
CD25 PC61.5 eBioscience PE Flow cytometry FACsorting
CD62L MEL-14 eBioscience FITC FACsorting
CD49b Dx5 eBioscience PE FACsorting
CD44 IM7 eBioscience PECy5 FACsorting
Icos 7E.17G9 eBioscience PE Flow cytometry
CD127 A7R34 eBioscience PerCPCy5.5 Flow cytometry
CD95 15A7 eBioscience biotin Flow cytometry
CD178 MFL3 BDPharmingen PE Flow cytometry
CD122 TM-b1 eBioscience FITC Flow cytometry
CD132 TUGm2 eBioscience biotin Flow cytometry
Thy1.1 HIS5.1 eBioscience FITC Flow cytometry
IL2 JES6-1A12 eBioscience unlabeled ELISA
IL2 JES6-5H4 eBioscience biotin ELISA
IL2 Recombinant eBioscience unlabeled ELISA / Cell culture
Bcl-2 ALX-210-701 Alexis Unlabeled Western Blot
Bcl-XL polyclonal BD Transduction Unlabeled Western Blot
Actin SC1616 Santa Cruz unlabeled Western Blot

Naive CD4+ T-cells from C57BL/6 mice were stimulated as in Fig. 1B. Three days after initiation of the culture, RNA was isolated 
and gene expression was assessed by Illumina mouse gene chip. ROMER was used for gene-set enrichment analysis. ROMER was 
applied using gene sets representing biological pathways (C2: BioCarta, KEGG, Reactome) or gene ontology categories representing 
biological processes, molecular functions, and cellular compartments (C5) from MSigDB (http://www.broadinstitute.org/gsea/
msigdb). Shown are significantly enriched gene sets affected by DLL4-Fc stimulation selected for association with apoptotic, 
metabolic, biosynthetic, and stress functions. Gene sets considered especially relevant for protection against apoptosis are 
highlighted in boldface. Lists of all significantly enriched gene sets can be found in Datasets S1 and S2.
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Abstract
T helper (Th)1 cells orchestrate immune responses against viruses and intracellular 
bacteria and are characterized by production of IFNγ. The classical pathway for Th1 
cell differentiation involves the cytokine IL-12, which activates the transcription factor 
STAT4. This factor then collaborates with the T-bet transcription factor to induce the Th1 
transcriptional program. Not all Th1 cell responses depend on IL-12/STAT4, however. 
Here we show that the Notch ligand Delta-like 4 (DLL4) induces differentiation of IFNγ 
producing CD4+ T-cells in a STAT4-independent manner. Furthermore, DLL4 does not 
elevate expression of T-bet and still elicits production of IFNγ in T-bet-deficient CD4+ 
T-cells. Thus, the mechanism used by DLL4 to induce production of IFNγ differs from 
the classical IL-12-induced pathway. Both Notch1 and Notch2 as well as the canonical 
Notch effector RBPJ are involved in this alternative mechanism. Induction of IFNγ by 
DLL4 requires autocrine signaling by the IFNγ receptor, as evidenced by both cytokine 
neutralization and genetic ablation of the Stat1 gene. Expression of the genes encoding 
IFNγ and its receptor is elevated in response to DLL4 at early time points after activation. 
Additionally, we identified phylogenetically conserved RBPJ binding sites in multiple 
regulatory regions of the Ifng as well as the Ifngr1 locus, suggesting that these genes 
may be direct transcriptional targets of Notch. Thus, our findings support a model in 
which Notch signaling directly activates expression of IFNγ and its receptor to initiate an 
autocrine feedback loop, resulting in IL-12-independent Th1 cell differentiation. 

Introduction
CD4+	T	helper	(Th)	cells	orchestrate	adaptive	immune	responses	by	secreting	cytokines,	

which	mobilize	other	immune	cells,	such	as	CD8+	T-cells,	B-cells	and	macrophages.	Various	
Th-cell	subsets	are	known,	which	each	control	defense	against	specific	types	of	pathogens	
by	production	of	distinct	cytokines1.	Th1	cells	secrete	the	cytokine	IFNγ	and	thereby	direct	
defense	against	 intracellular	pathogens	and	 tumors2.	Th2	cells	produce	 IL-4,	 IL-5	and	 IL-
13	and	are	important	for	defense	against	helminth	parasites3.	Immune	responses	against	
extracellular	bacteria	are	orchestrated	by	Th17	cells,	which	secrete	IL-17A,	IL-17F	and	IL-21.	
Additional	(less	well	characterized)	CD4+	Th-cell	subsets	include	Th9,	Th22	and	follicular	Th-
cells	(Tfh),	the	latter	of	which	specifically	provide	help	to	B-cells.	Apart	from	their	protective	
roles,	distinct	Th-cell	subsets	are	associated	with	specific	pathologies,	such	as	allergies	(Th2	
cells)	and	autoimmune	diseases	 (Th1,	Th17	cells)4.	Lineage	defining	transcription	factors	
have	been	identified,	which	coordinate	the	specific	gene	expression	profiles	defining	these	
Th-cell	types.	These	factors	include	T-bet	in	Th1,	Gata3	in	Th2,	Rorγt	in	Th17,	AhR	in	Th22	
and	Bcl6	in	Tfh	cells.

The	different	Th-cell	subsets	derive	from	a	common	precursor,	the	multi-potent	naïve	CD4+	
T-cell.	Naïve	CD4+	T-cells	proliferate	and	differentiate	upon	stimulation	by	pathogen-sensing	
antigen-presenting	 cells	 (APCs),	which	provide	 at	 least	 three	 signals:	 (i)	 TCR	 stimulation	
by	 cognate	 interaction	with	peptide-MHC	complexes,	 (ii)	 co-stimulation5	 and	 (iii)	 signals	
instructing	 the	 differentiation	 into	 the	 various	 Th-cell	 subsets6.	 The	 best-characterized	
differentiation	cues	for	CD4+	T-cells	are	cytokines.	One	of	these	cytokines	is	IL-12,	which	is	
produced	by	macrophages	and	CD8+	dendritic	cells	(DCs)	upon	Toll-like	receptor	ligation.	
IL-12	strongly	drives	naïve	CD4+	T-cells	to	differentiate	into	Th1	cells6,7.	Binding	of	IL-12	to	
its	receptor	on	CD4+	T-cells	leads	to	activation	of	the	STAT4	transcription	factor.	Together	
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with	the	lineage	specific	transcription	factor	T-bet,	STAT4	induces	expression	of	Th1	specific	
genes,	including	the	one	encoding	IFNγ8.	In	a	positive	feedback	loop,	auto/paracrine	IFNγ	
binds	 the	 IFNγ-receptor	 (IFNγR)	 on	 the	 activated	 CD4+	 T-cells	 and	 activates	 STAT1.	 This	
transcription	factor	further	induces	expression	of	T-bet	and	thereby	enhances	commitment	
to	the	Th1	cell	fate9–12.	Other	transcription	factors	involved	in	the	Th1	cell	program	are	Hlx,	
Runx3	and	Ets-family	members13–18.

Although	 IL-12	 is	 clearly	 a	major	 inducer	 of	 Th1	 cell	 responses19–22,	 Th1	 responses	 are	
not	completely	abrogated	in	mice	lacking	IL-12	or	STAT4	and	some	in vivo	Th1	responses	
are	 entirely	 independent	 of	 IL-1219–27.	 These	 findings	 show	 that	 additional	 signals	must	
exist	to	induce	differentiation	of	Th1	cells.		One	such	signal	involves	Notch	receptors28.	The	
Notch	pathway	is	involved	in	many	cell	fate	decisions	throughout	the	metazoan	kingdom,	
including	mammalian	Th-cell	differentiation29.	Notch	itself	 is	a	heterodimeric	cell	surface	
receptor.	It	consists	of	an	extracellular	ligand-binding	domain,	which	pairs	non-covalently	
with	 a	 single-pass	 trans-membrane	 poly-peptide.	 In	 mammals,	 four	 Notch	 receptors	
(Notch1-4)	exist.	Notch1	and	Notch2	are	closely	related	and	already	expressed	on	naïve	
CD4+	 T-cells30,	whereas	Notch3	and	Notch4	are	only	 expressed	upon	activation	of	 naïve	
CD4+	T-cells30,31.	Five	 ligands	exist,	called	Jagged1,	Jagged2,	Delta-like	 ligand	(DLL)1,	DLL3	
and	DLL4,	which	 (except	DLL3)	activate	 the	same	canonical	 signaling	pathway28,32,33.	This	
signaling	 pathway	 involves	 ligand-induced	 intramembranous	 cleavage	 of	 Notch	 by	 the	
γ-secretase	complex,	resulting	in	release	of	the	intracellular	domain	of	Notch	(NICD)	from	
the	 plasma	membrane.	 The	 NICD	 then	 translocates	 to	 the	 nucleus,	 where	 it	 creates	 a	
transcriptionally	active	complex	 together	with	 the	DNA	binding	 factor	RBPJ	 (also	known	
as	CSL)	and	the	MAML	co-activator33.	All	four	Notch	receptors	make	use	of	this	same	RBPJ-
dependent	signaling	mechanism.	Evidence	also	exists	for	RBPJ-independent	Notch	signaling	
mechanisms,	which	enhance	the	activities	of	NFκB	transcription	factors	as	well	as	of	the	Akt	
and	mTOR	kinases34,35.

Activation	of	Notch	by	ligands	of	the	DLL	family	induces	naive	CD4+	T-cells	to	differentiate	
into	 Th1	 cells30.	 Furthermore,	 expression	 of	 DLL	 is	 induced	 on	 APC	 by	 stimulation	with	
microbial	products	known	to	promote	Th1	cell	responses30,36,37.	Although	there	has	been	
controversy	about	the	 involvement	of	Notch	signaling	 in	Th1	differentiation38,39,	multiple	
studies	have	now	documented	a	role	for	this	pathway	in	Th1	responses	both,	in vitro	and	in 
vivo30,32,40–43.	This	controversy	likely	stems	from	the	fact	that	Notch	is	not	required	for	all	Th1	
cell	responses.	Indeed,	a	significant	role	for	Notch	maybe	confined	to	responses	in	which	IL-
12	levels	are	limiting44.	Somewhat	confusingly,	the	Notch	pathway	has	been	also	implicated	
in	differentiation	of	other	Th-cell	lineages,	including	the	Th2,	Th9	and	Th17	cell	lineages	as	
well	as	in	the	production	of	IL-10	by	Th1	cells28,30,45–48.	It	is	not	clear	how	this	pathway	can	
regulate	the	induction	of	such	diverse	CD4+	T-cell	fates.	Possible	explanations	include	the	
involvement	of	 different	Notch	 receptors,	 distinct	 roles	 for	 canonical	 and	non-canonical	
signaling	pathways,	differential	responses	to	variations	in	signal	strength	and	interplay	with	
other	signals.	

Here,	we	 specifcally	 examined	 the	mechanisms	 involved	 in	 the	 instruction	 of	 Th1	 cell	
differentiation	by	Notch.	Some	studies	concluded	that	Th1	cell	differentiation	is	independent	
of	RBPJ30,49,50.	 Such	RBPJ-independent	mechanisms	 could	perhaps	 rely	on	 interactions	of	
NICD	with	NFkB	family	members34.	In	contrast,	another	study	did	implicate	RBPJ	in	Th1	cell	
differentiation:	 RBPJ	 associated	with	 specific	 regions	 in	 the	Tbx21	 gene	 (which	 encodes	
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T-bet)	 in	 a	 T-cell	 hybridoma	 and	 expression	 of	 this	 gene	 could	 be	 induced	 by	 an	 NICD	
transgene.	It	was	not	determined,	however,	whether	Notch-induced	Th1	cell	differentiation	
requires	T-bet.	Finally,	one	study	suggested	that	Notch-induced	Th1	 induction	occurs	via	
an	 indirect	 mechanism,	 through	 inhibition	 of	 IL-4	 receptor	 signaling	 and	 thus	 allowing	
Th1	differentiation	by	default51.	The	apparent	inconsistencies	between	these	studies	may	
stem	from	non-specific	effects	due	to	supraphysiological	expression	of	the	NICD,	the	use	
of	 chemical	 inhibitors	 (which	 also	 affect	 other	 pathways	 than	 Notch)	 and	 the	 difficult	
mechanistic	 interpretation	 of	 in vivo	 studies,	 given	 their	 inherent	 complexity.	 Here,	we	
therefore	use	a	well-defined	in vitro	system	to	systematically	investigate	the	role	of	Notch	
in	the	differentiation	of	Th1	cell	differentiation.	In	this	system,	we	use	ligands	to	achieve	
physiological	activation	of	Notch	and	rely	on	genetic	models	to	probe	the	involvement	of	
various	 signaling	 components.	We	 find	 that	 induction	 of	 Th1	 cell	 differentiation	 by	 the	
Notch	ligand	DLL4	depends	on	RBPJ	as	well	as	the	Notch1	and	Notch2	receptors.	This	IFNγ	
induction	does	not	require	STAT4.	Surprisingly,	DLL4	does	not	increase	expression	of	T-bet	
and	 still	 elicits	 detectable	 production	 of	 IFNγ	 in	 T-bet	 deficient	 CD4+	 T-cells,	 suggesting	
that	Notch	uses	a	novel	pathway	for	induction	of	Th1	cell	differentiation.		Indeed,	we	find	
that	DLL4	induces	early	expression	of	both	the	Ifngr1	and	the	Ifng	genes	and	we	identify	
phylogenetically	 conserved	 RBPJ	 binding	 elements	 in	 several	 enhancers	 of	 the	 Ifng	 and	
Ifngr1	loci,	indicating	that	these	genes	constitute	direct	transcriptional	targets	of	Notch.	As	
we	find	that	IFNγ	receptor	signaling	is	necessary	for	DLL4-induced	Th1	cell	differentiation,	
these	results	suggest	that	Notch	activates	transcription	of	the	lineage	defining	 Ifng	gene	
and	initiates	a	positive	feedback	loop	resulting	in	stable	Th1	cell	induction.

Results
Notch ligands promote differentiation of naïve CD4+ T-cells into IFNγ secreting effector 

cells. Notch	may	regulate	differentiation	of	several	distinct	Th-cell	subsets28.	The	specific	
consequences	of	Notch	activation	may	depend	on	multiple	parameters,	including	the	mode	
and	strength	of	activation,	the	developmental	history	of	the	Th-cells	used	and	the	presence	
of	(often	undefined)	additional	signals52.	To	minimize	the	unpredictable	influences	of	these	
parameters,	we	developed	a	reductionist	in vitro	system	for	studying	the	consequences	of	
Notch	activation	on	Th-cell	differentiation.	Variation	caused	by	activation	history	or	signals	
from	other	cell	types	was	eliminated	by	the	use	of	purified	naïve	CD62L+	CD44−	CD4+	T-cells	
(depleted	of	NK	cells,	NK	T-cells,	regulatory	T-cells,	and	activated	T-cells).	Furthermore,	we	
prevented	influences	from	undefined	accessory	signals	derived	from	APC	by	activating	these	
naïve	CD4+	T-cells	with	antibodies	to	CD3	and	CD28.	Finally,	we	avoided	potential	artifacts	
from	overexpression	of	NICD	by	relying	on	recombinant	 ligands	to	activate	Notch.	Using	
this	system,	we	found	that	 the	presence	of	 recombinant	DLL4	 in	differentiation	cultures	
strongly	 induced	 the	 development	 of	 cells	 which	 produced	 IFNγ	 upon	 TCR-mediated	
restimulation	 in	 the	 absence	of	DLL4.	 Both,	 the	percentage	of	 IFNγ	producing	CD4+	 Th-
cells	as	well	as	the	amount	of	IFNγ	produced	per	cell	upon	restimulation	were	elevated	by	
differentiation	in	the	presence	of	DLL4	compared	to	C-Ig	cultures	(Fig. 1).	DLL4	elicited	a	
less	pronounced,	but	reproducible,	increase	in	the	percentages	of	IL-4	(Fig. 1)	and	IL-10	(Fig. 
1)	producing	CD4+	Th-cells.	A	small	number	of	IL-17A	producing	cells	was	induced	by	DLL4	
in	many	experiments	 (Fig. 1),	although	 this	did	not	 reach	statistical	 significance.	Clearly,	
DLL4	elicited	far	more	IFNγ	producing	cells	than	cells	producing	the	other	cytokines.	The	
majority	of	the	IFNγ	producing	cells	elicited	by	DLL4	did	not	co-produce	IL-4,	IL-10	or	IL-17A	



47

Notch Uses an Alternative Route to Induce Th1 Cell Differentiation

3

A

B

IF
N
γ+

 C
el

ls
 (%

)

IL
-4

+ 
C

el
ls

 (%
)

IL
-1

0+ 
C

el
ls

 (%
)

IL
-1

7A
+ 
C

el
ls

 (%
)

IF
N
γ+

 C
el

ls
 (M

FI
)

IL
-4

+ 
C

el
ls

 (M
FI

)

IL
-1

0+ 
C

el
ls

 (M
FI

)

IL
-1

7A
+ 
C

el
ls

 (M
FI

)

C-Ig DLL1 DLL4

*

**
***

0

30

60

90

120

C-Ig DLL1 DLL4

*

*
**

C-Ig DLL1 DLL4

*

ns
***

C-Ig DLL1 DLL4

ns

*

ns

C-Ig DLL1 DLL4
0

30

60

90

120

*

ns
ns

C-Ig DLL1 DLL4

*

**

ns

C-Ig DLL1 DLL4

**

ns

C-Ig DLL1 DLL4

ns

ns

0

20

40

60

0

20

40

60

0

20

40

60

0

20

40

60

0

30

60

90

120

0

30

60

90

120

(Fig. S1).	The	percentage	of	IL-4,	IL-10	or	IL-17A	producing	cells	was	comparable	between	
the	total	population	and	the	IFNγ	producers	(Fig. S1).	The	closely	related	Notch	ligand	DLL1	
was	less	potent	in	the	induction	of	IFNγ	producing	CD4+	Th-cells	and	failed	to	induce	IL-4,	
IL-10	or	IL-17A	at	the	concentration	used	(Fig. 1).	Since	stimulation	with	DLL4	yielded	more	
potent	effects,	all	experiments	presented	below	were	carried	out	with	this	ligand.	Cytokine	
induction	by	DLL4	was	independent	of	its	ability	to	promote	survival53:		Addition	of	QVD,	
a	broad	spectrum	caspase	inhibitor,	 increased	the	viability	of	C-Ig	stimulated	cells	to	the	
level	of	DLL4	stimulated	cells	 (Fig. S2A),	but	 increased	production	of	 IFNγ	was	observed	
only	in	cells	stimulated	with	DLL4	(Fig. S2B).	Likewise,	the	frequency	of	IL-4	(Fig. S2C),	IL-10	
(Fig. S2D)	and	IL-17A	(Fig. S2E)	producing	cells	was	unaffected	by	the	increased	viability	of	
C-Ig	stimulated	cells	in	the	presence	of	QVD,	demonstrating	that	the	induction	of	effector	
cytokine	production	by	DLL4	is	independent	of	its	ability	to	promote	cellular	survival.

The	fact	that	the	Notch	pathway	can	induce	a	variety	of	Th-cell	fates	(Th1,	Th2,	Th17,	and	
IL-10	in	Th1)	has	caused	confusion28.	The	Notch	pathway	is	well	known	for	its	sensitivity	to	
signal	strength54,55.	Thus,	one	explanation	could	be	that	different	levels	of	Notch	signaling	
elicit	different	responses.	As	the	use	of	recombinant	ligands	allows	titration	of	the	Notch	
stimulus,	we	tested	this	possibility.	Indeed,	different	amounts	of	DLL4	elicit	distinct	cytokines	
(Fig. 2).	Low	concentrations	of	DLL4	were	already	capable	of	eliciting	IFNγ	producing	Th-
cells	(Fig. 2),	but	did	not	induce	detectable	production	of	IL-4,	IL-10	or	IL-17A	(Fig. 2).		At	
intermediate	DLL4	concentrations	production	of	IL-4	and	IL-10	was	induced	and	yet	higher	

Fig. 1. Notch ligands increase the percentage of IFNγ producing CD4+ T-cells. Naïve	CD4+	T-cells	were	stimulated	
with	10μg/ml	plate-bound	anti-CD3,	1μg/ml	soluble	anti-CD28	and	5μg/ml	plate-bound	C-Ig,	DLL1	or	DLL4	for	
4	days.	Cells	were	restimulated	overnight	on	10μg/ml	plate-bound	anti-CD3	and	analyzed	by	 intracellular	flow	
cytometry.	Shown	are	the	average	percentages	of (A)	IFNγ,	IL-4	(DLL4	n=31,	DLL1	n=6),	IL-10	(DLL4	n=13,	DLL1	n=4)	
and	IL-17A	(DLL4	n=13,	DLL1	n=3)	producing	cells	of	independent	experiments	+	SEM.	Paired,	two-tailed	t-test	was	
performed	to	determine	p-values.	(B)	Mean	Fluorescence	Intensities	(MFI)	of	IFNγ,	IL-4,	IL-10	(n=4)	and	IL-17A	
(n=3)	producing	cells.	Mean	+	SEM	of	 independent	experiments	 is	shown.	MFI	of	the	cytokine	producing	cells	
were	normalized	to	MFI	of	cytokine	negative	cells.	Paired	two-tailed	t-test	was	performed	to	determine	p-values.	
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concentrations	resulted	in	the	generation	of	 low	
percentages	 of	 IL-17A	 producing	 cells	 as	 well.	
However,	at	none	of	the	DLL4	concentrations	did	
the	cells	switch	identity	from	Th1	to	Th2	or	Th17	
cells.	In	fact,	production	of	IFNγ	was	induced	at	all	
concentrations	of	DLL4,	even	at	the	very	highest	
ones,	 which	 prevented	 induction	 of	 the	 other	
cytokines	(Fig. 2).	Thus,	although	DLL4	can	induce	
production	 of	 IL-4,	 IL10	 and	 IL-17A	 at	 relatively	
high	 concentrations,	 production	 of	 IFNγ	 is	 the	
dominant	response	to	DLL4,	at	least	in	this	in vitro	
system.

Elements of the Notch pathway involved. 
Another	 possible	 explanation	 for	 the	 ability	 of	
Notch	 to	 induce	 different	 Th-cell	 fates	 could	 be	
that	 different	 Notch	 receptors	 activate	 distinct	
differentiation	 programs.	 Consistent	 with	 this,	
the	differentiation	of	Th2	cells	was	shown	to	be	
dependent	 on	 Notch1	 and	 Notch247,	 whereas	
Th1	 cell	 differentiation	 seemed	 to	 depend	 on	
Notch349.	 Thus,	 in	 one	 study,	 overexpression	 of	
NICD3	 promoted	 Th1	 cell	 differentiation	 and	
antisense	 oligos	 to	 Notch3	 prevented	 DLL1-
induced	differentiation	of	Th1	cells49.	As	specificity	
can	be	 an	 issue	when	using	overexpression	 and	
antisense	approaches,	we	tested	the	involvement	
of	 the	 individual	 Notch	 receptors	 using	 CD4+	
T-cells	with	genetic	deficencies	for	the	different	Notch	genes.	CD4+ T-cell-specific	deficiency	
for	Notch1	decreased,	but	did	not	abrogate,	 the	ability	of	DLL4	 to	 induce	production	of	
IFNγ	(Fig. 3),	suggesting	partial	redundancy	with	another	receptor.	By	itself,	deficiency	for	
Notch2	did	not	have	a	significant	effect	(Fig. 3).	However,	T-cells	lacking	both	Notch1	and	
Notch2	were	incapable	of	producing	IFNγ	in	response	to	stimulation	with	DLL4	(Fig. 3).	In	
contrast,	combined	deficiency	for	Notch3	and	Notch4	did	not	affect	the	ability	of	DLL4	to	
induce	IFNγ	expression	(Fig. 3).	Thus,	Th1	cell	differentiation	induced	by	DLL4	depends	on	
Notch1	and	Notch2	(Fig. 3).	Similarly	production	of	IL-4,	IL-10	and	IL-17A	was	abrogated	by	
combined	deletion	of	Notch1	and	Notch2,	but	not	by	deletion	of	Notch3	and	4	(Fig. S3).

Blockade	 of	 Notch	 receptor	 activation	 inhibited	 Th1	 cell	 responses	 in vivo,	 whereas	
genetic	 inhibition	of	RBPJ-mediated	transactivation	did	not30,41,49,50.	 It	has	 therefore	been	

Fig. 2. Induction of cytokine production by CD4+ T-cells 
depends on the concentration of Notch ligands used. Naïve	
CD4+	T-cells	were	stimulated	with	10μg/ml	plate-bound	anti-
CD3,	1μg/ml	soluble	anti-CD28	and	different	amounts	plate-
bound	 C-Ig	 (open	 symbols)	 or	 DLL4	 (closed	 symbols)	 for	
4	 days.	 Cells	were	 restimulated	 and	 analyzed	 as	 in	 figure	 1.	
Shown	are	the	average	percentages	+	SEM	of	IFNγ,	IL-4,	IL-10	
and	IL-17A	producing	cells	of	two	independent	experiments.	
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suggested	that	Notch	may	regulate	Th1	cell	differentiation	through	an	RBPJ-independent	
mechanism30,41.	In	contrast	to	this	notion,	we	found	that	IFNγ	induction	by	DLL4	was	fully	
abrogated	in	CD4+	T-cells	lacking	RBPJ	(Fig. 3).	Also	production	of	the	other	cytokines	was	
abrogated	in	RPBJ-deficient	T-cells	(Fig. S3).	Thus,	these	results	do	not	support	the	notion	
that	different	pathways	downstream	of	Notch	control	the	induction	of	different	fates.	

Downstream effectors/transcriptional control. One	 study	 reached	 the	 conclusion	 that	
DLL4	does	not	so	much	directly	induce	Th1	cell	differentiation,	but	rather	allows	adoption	
of	this	cell	fate	by	antagonizing	responsiveness	to	the	Th2	cell	promoting	cytokine	IL-451.	
However,	 the	absence	of	STAT6,	a	 transcription	 factor	 required	 for	 IL-4-induced	Th2	cell	
differentiation,	did	not	allow	spontaneous	differentiation	of	IFNγ	producing	cells,	whereas	
DLL4	 prominently	 induced	 differentiation	 of	 such	 cells,	 regardless	 of	 the	 presence	 or	
absence	of	STAT6	(Fig. 4A).	As	 it	 is	conceivable	that	the	 inhibitory	effect	of	DLL4	on	 IL-4	
receptor	may	target	STAT6-independent	pathways	downstream	of	the	IL-4	receptor,	we	also	

Fig. 4.	DLL4-induced IFNγ 
is independent of STAT6 
and IL-4.	 Naïve	 CD4+	
T-cells	 were	 stimulated	
and	analyzed	as	 in	figure	
1.	 (A)	 Percentage	 IFNγ	
producing	cells	of	STAT6+/+	
(WT)	 and	 STAT6-/-	 (KO)	
cells	(n=5).	Paired	(C-Ig	vs	
DLL4)	 and	 unpaired	 (WT	
vs	 STAT6KO),	 one-tailed	
t-test	 was	 performed	 to	
determine	p-values	(*	<	0.05	and	**	<	0.01).	(B-C)	WT-cells	stimulated	in	the	presence/absence	of	anti-IL4	(10μg/
ml),	n=4.	The	average	percentage	of	(B)	IL-4	and	(C)	IFNγ	producing	cells	is	shown.	Open	bars	represent	C-Ig	and	
closed	bars	DLL4	stimulated	samples.	Paired,	one-tailed	(C-Ig	vs	DLL4)	and	two-tailed	(with/without	anti-IL4)	t-test	
was	performed	to	determine	p-values	(*	<	0.05	and	**	<	0.01).	
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Fig. 3. DLL4-induced IFNγ production depends on Notch1, Notch2 and RBPJ. Naïve	CD4+	T-cells	were	stimulated	
and	 analyzed	 as	 in	 figure	 1.	 Shown	 is	 the	 percentage	 IFNγ	 producing	 cells	 +	 SEM	of	 three	 individually	 tested	
Notch1fl/fl	CD4-Cre+	 (N1KO)	 and	 five	 Notch1fl/fl	CD4-Cre-	 (WT)	 mice,	 four	 individually	 tested	 Notch2fl/fl	CD4-Cre+	
(N2KO)	and	five	Notch1fl/fl	CD4-Cre-	(WT)	mice,	five	independent	experiments	using	Notch1fl/fl	Notch2fl/fl	CD4-Cre+	
(N1/2KO)	and	Notch1fl/fl	Notch2fl/fl	CD4-Cre-	(WT),	five	independent	experiments	using	Notch3-/-	Notch4-/-	(N3/4KO)	
and	Notch3+/-	 and	Notch4+/-	 (WT)	mice	and	nine	 independent	experiments	using	RBPJfl/fl	CD4-Cre+	 (RBPKO)	and	
RBPJfl/fl	CD4-Cre-	(WT)	mice.	Paired,	one-tailed	t-test	was	performed	to	determine	p-values	between	DLL4	(closed	
bars)	and	C-Ig	(open	bars)	stimulated	samples.	Unpaired,	two-tailed	t-test	was	performed	to	determine	p-values	
between	DLL4	stimulated	WT	and	KO	samples	(*	<	0.05,	**	<	0.01	and	***	<	0.001).	
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tested	whether	neutralization	of	IL-4	itself	affected	the	ability	of	DLL4	to	induce	production	
of	IFNγ.	Although	addition	of	antibodies	to	IL-4	abrogated	differentiation	of	IL-4	producing	
cells	in	these	cultures	(Fig. 4B),	again	no	spontaneous	appearance	of	IFNγ	producing	cells	
was	 observed	 (Fig. 4C).	 Differentiation	 of	 IFNγ	 producing	 cells	 was,	 however,	 strongly	
promoted	by	DLL4	(Fig. 4C).	These	results	do	not	exclude	the	possibility	that	DLL4	signaling	
somehow	results	in	inhibition	of	IL-4	receptor	signaling.	However,	they	do	demonstrate	that	
this	putative	property	is	not	necessary	for	the	ability	of	DLL4	to	induce	differentiation	of	
cells	that	produce	IFNγ.	As	such	these	results	are	consistent	with	a	more	direct	mechanism	
downstream	of	Notch	for	induction	of	Th1	cells.

Classical	 Th1	 cell	 induction	 by	 IL-12	 depends	 on	 STAT4.	 It	 was	 conceivable	 therefore	
that	 Notch	 signaling	 somehow	 leads	 to	 activation	 of	 this	 transcription	 factor.	 However,	
using	 STAT4	 deficient	 CD4+	 T-cells,	 we	 did	 not	 find	 a	 requirement	 for	 this	 transcription	
factor	in	DLL4-induced	IFNγ	production	(Fig. 5A).	The	transcription	factor T-bet,	encoded	
by	the	Tbx21	gene,	is	necessary	for	classical	Th1	cell	differentiation56,57	and	was	reported	
before	to	be	induced	by	Notch	in	some	studies,	although	this	was	not	observed	in	other	
studies41,49,51,58.	 In	apparent	agreement	with	a	possible	 instrumental	 role	 for	T-bet	 in	Th1	
induction	by	Notch,	we	found	that	T-cells	deficient	for	Tbx21	produce	reduced	levels	of	IFNγ	
upon	stimulation	with	DLL4	(Fig. 5B,	left).	However,	DLL4	did	still	elicit	a	7-fold	induction	
of	IFNγ	producing	cells	even	in	Tbx21	deficient	CD4+	T-cells	(Fig. 5B, right),	demonstrating	
the	 existence	 of	 a	 T-bet-independent	mechanism	 for	 induction	 of	 IFNγ	 downstream	 of	

Fig. 5. DLL4-induced IFNγ is independent of STAT4 and partially dependent on T-bet.	Naïve	CD4+	T-cells	were	
stimulated	as	in	figure	1.	(A)	Percentage	IFNγ	producing	cells	of	STAT4+/+	(WT)	and	STAT4-/-	(KO)	cells.	Shown	is	the	
mean	of	2	independent	experiments	+	SEM.	(B) Percentage	IFNγ	producing	cells	of	Tbx21+/+	(WT)	and	Tbx21-/-	(KO)	
cells.	Shown	is	the	mean	of	6	independent	experiments	+	SEM.	Open	bars	represent	C-Ig	and	closed	bars	DLL4	
stimulated	samples	 (left).	 	The	 fold	change	 (DLL4/C-Ig)	 in	 IFNγ	production	 is	 shown	on	 the	 right.	 (C)	RNA	was	
made	70h	after	stimulation	and	analyzed	by	Illumina	mouse	gene	chip.	Relative	expression	of	Tbx21	and	Eomes	
is	shown	(n=3).	(D)	T-bet	expression	was	analyzed	by	flow	cytometry	5,	16	and	70	hours	after	stimulation.	Shaded	
histograms	represent	control	staining,	gray	 lines	C-Ig	and	black	 lines	DLL4	stimulated	cells.	One	representative	
experiment	is	shown	(n=2).	(A-C) Paired,	one-tailed	(C-Ig	vs	DLL4)	and	two-tailed	(WT	vs	KO)	t-test	was	performed	
to	determine	p-values	(*	<	0.05,	**	<	0.01	and	***	<	0.001).	
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Notch.	 Surprisingly,	 in	 our	 experiments	mRNA	 expression	 for	 T-bet	 was	 reduced	 rather	
than	elevated	by	DLL4	at	3	days	after	activation	(Fig. 5C,	left)		and	this	was	also	reflected	
in	 reduced	expression	of	T-bet	protein	 (Fig. 5D).	 These	expression	 levels	after	3	days	of	
culture	could	be	affected	by	indirect	effects	and	critical	differentiation	steps	likely	occur	at	
early	time	points.	However,	analysis	of	earlier	time	points	failed	to	reveal	induction	of	T-bet	
protein	by	DLL4	at	any	time	(Fig. 5D).	Expression	of	the	closely	related	transcription	factor	
Eomes,	which	 can	 substitute	 for	 T-bet-mediated	 induction	of	 IFNγ	 in	 CD8+	 T-cells59,	was	
reduced	by	DLL4	as	well	(Fig. 5C).	Together,	these	results	show	that	a	basal	level	of	T-bet	
is	required	for	optimal	induction	of	Th1	cell	differentiation	by	Notch.	However,	our	finding	
that	 DLL4	 induces	 prominent	 differentiation	 of	 IFNγ	 producing	 cells,	 despite	 reducing	
expression	of	T-bet,	clearly	does	not	support	a	model	 in	which	Notch-mediated	Th1	cell	
differentiation	is	achieved	through	induction	of	T-bet	expression.	Indeed,	the	existence	of	
such	T-bet-independent	mechanisms	downstream	of	Notch	 is	 formally	demonstrated	by	
the	ability	of	Notch	to	elicit	IFNγ	producing	cells	even	in	Tbx21	deficient	CD4+	T-cells	(Fig. 
5B).
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Fig. 6. Genes induced by DLL4. Naïve	CD4+	T-cells	were	stimulated	as	 in	figure	1.	RNA	was	made	3	days	after	
activation	and	analyzed	by	 Illumina	mouse	gene	chip.	 Log2-fold	change	 in	expression	 is	 shown	 (DLL4/C-Ig)	 for	
selected	transcription	factors	(left),	cytokine	receptors,	chemokines	and	chemokine	receptors	(right)	associated	
with	Th1	(black),	Th2	(dark	grey),	Th17	(light	grey)	and	other	lineages	(white).	(p-values	are	*	<	0.05,	**	<	0.01,	
***	<	0.001,	n.d.	not	detected).	
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To	identify	alternative	mechanisms	for	the	induction	of	IFNγ	by	DLL4,	we	performed	whole	
transcriptome	analysis	of	C-Ig	and	DLL4	stimulated	cells	3	days	after	activation.	This	time	
point	was	 chosen,	 because	 preliminary	 experiments	 showed	 that	 3	 days	were	 required	
to	 fully	 commit	 to	 the	 Th1	 differentiation	 program.	 Cells	 activated	with	 DLL4	 displayed	
increased	expression	of	genes	characteristic	of	Th1	cells	 reflecting	 their	 identity	as	such	
cells.	 DLL4	 stimulated	 cells	 for	 instance	 expressed	 the	 Th1	 cell	 associated	 chemokine	
receptors	CXCR3,	CXCR6	and	CCR5,	whereas	Th2	cell	associated	CCR3,	CCR4	and	CCR8	were	
not	expressed	at	elevated	levels	(Fig. 6,	right).	Also	the	induction	of	chemokines	by	DLL4	
was	consistent	with	Th1	cell	differentiation.	Th1	cell	associated	CCL4	was	elevated,	while	
Th2	associated	CCL5	or	the	B-cell	chemoattractant	CXCL13	were	instead	reduced	(Fig. 6,	
right).	Expression	of	several	transcription	factors	was	induced	by	DLL4	(Fig. 6,	left).	These	
included	RORγt,	which	was	previously	 identified	as	Notch	 target	 and	may	be	 resposible	
for	the	development	of	the	small	percentage	of	IL-17A	producing	cells	in	resonse	to	DLL4	
(Fig. 1).	We	also	found	weak,	but	significant	induction	of	expression	of	Foxp3	(Fig. 6,	left),	
consistent	with	previous	reports60.	Only	two	Th1	cell	associated	transcription	factors	were	
induced	by	DLL4:	the	homeobox	factor	Hlx	and	the	Ets-family	member	Ets1	(Fig. 6,	left).	We	
therefore	considered	the	possibility	that	Notch	induces	expression	of	Hlx	or	Ets1	to	drive	
Th1	cell	differentiation.	To	test	this	hypothesis,	we	retrovirally	expressed	Hlx	and	Ets1	 in	
CD4+	T-cells,	activated	in	the	presence	of	C-Ig.	However,	expression	of	Hlx	and	Ets1	were	
not	by	themselfes	sufficient	to	induce	IFNγ	production	(Fig. 7,	C-Ig)	and	did	not	change	the	
ability	of	DLL4	to	induce	IFNγ	(Fig. 7,	DLL4).	Thus,	whether	or	not	Hlx	and	Ets1	are	involved	
in	 Notch-mediated	 Th1	 cell	 differentiation,	 additional	 factors	 must	 (also)	 be	 induced.	

Interestingly,	many	of	the	genes	induced	by	DLL4	represent	components	of	the	receptors	
for	cytokines	such	as	IFNγ,	IL-1,	IL-2,	IL-4,	IL-6,	IL-10,	IL-11,	IL-13	and	IL-17	(Fig. 6, right).	As	
several	of	these	cytokines	potently	skew	differentiation	of	Th-cells,	these	results	suggest	
that	 Notch	 may	 be	 a	 general	 promoter	 of	 effector	 CD4+	 T-cell	 differentiation,	 through	
enhancement	of	receptivity	to	cytokines	present	in	the	environment.	

The Ifng and Ifngr1 gene contain conserved RBPJ binding elements. Because	the	analysis	
above	failed	to	provide	evidence	for	involvement	of	intermediate	transcription	factors	in	
induction	of	Th1	cell	differentiation	by	Notch,	we	examined	the	possibility	that	Notch	might	
directly	activate	transcription	of	key	Th1	genes. Indeed,	the	fact	that	RBPJ	is	required	for	Th1	
cell	induction	by	Notch,	suggests	that	Notch	uses	a	transcriptional	mechanism	to	promote	
Th1	cell	differentiation. Consistent	with	a	direct	link	between	Notch	and	expression	of	Th1	
effector	 genes	we	 found	 that	 IFNγ	mRNA	 is	 up-regulated	 already	within	 16	 hours	 after	

Fig. 7. Hlx and Ets1 are not sufficient to induce 
IFNγ production. Naïve	 CD4+	 T-cells	 were	
stimulated	 as	 in	 figure	 1.	 Activated	 cells	 were	
transduced	 with	 retroviral	 expression	 vectors	
encoding	Hlx,	Ets1	or	control	linked	to	Thy1.1	via	
an	IRES	sequence.	The	percentage	of	Thy1.1+	cells	
producing	 IFNγ	of	 two	 independent	experiments	
is	shown.	Paired,	two-tailed	t-test	was	performed	
to	test	significance.	Open	bars	represent	C-Ig	and	
closed	bars	DLL4	stimulated	samples.	
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activation	 with	 DLL4	 (Fig. 8A).	 To	 examine	 whether	 Notch	may	 indeed	 directly	 control	
transcription	of	 the	 Ifng	gene,	we	searched	 for	RBPJ	binding	elements	within	 regulatory	
regions	in	the	Ifng	locus.	The	presence	of	the	p300	protein	on	chromatin	is	strongly	correlated	
with	transcriptional	regulatory	activity	and	is	a	reliable	marker	to	identify	enhancers,	even	
in	weakly	conserved	regions61,62.	Thus,	a	comprehensive	analysis	of	p300	binding	regions	
in	 the	 Ifng	 locus	has	 identified	both	known	and	new	enhancers	of	 this	 gene63.	 Some	of	
these	enhancers	have	been	shown	functionally	to	control	expression	of	the	Ifng	gene1,16.	
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Fig. 8. Expression of IFNγ and IFNγR1 is up-regulated early after activation and multiple enhancers in the Ifng 
and Ifngr1 locus contain conserved RBPJ binding sites. Naïve	CD4+	T-cells	were	stimulated	as	in	figure	1.	(A)	RNA	
was	made	16	hours	after	activation	and	analyzed	by	qPCR	for	expression	of	Ifng.	Average	expression	of	Ifng	relative	
to	β-actin	and	normalized	to	C-Ig	is	shown	(left	graph,	n=5).	Normalized	expression	of	Ifngr1	as	analyzed	by	gene	
chip	done	with	RNA	from	cells	activated	for	3	days	(right	graph,	n=3).	Open	bars	represent	C-Ig	and	closed	bars	
DLL4	stimulated	samples.	P-values	were	determined	by	paired,	one-tailed	t-test	(**	<	0.01).	(B)	Displayed	at	the	
bottom	is	a	pip-diagram	of	the	Ifng locus	spanning	from	-60kb	to	+116kb.	The	conservation	between	mouse	and	
human	is	indicated	by	the	line	in	the	diagram	starting	at	50%	(baseline).	Areas	shaded	in	grey	are	conserved	with	
a	minimum	of	70%	over	a	100bp.	The	position	and	direction	of	the	gene	are	indicated	with	an	arrow	above	the	
pip-diagram.	Shown	at	the	top	are	positions	of	conserved	RBPJ	binding	sites	in	the	Ifng	locus	(black	arrowheads)	
as	determined	by	rVista	making	use	of	the	vertebrate	TRANSFAC	database	for	transcription	factors.	All	these	sites	
are	located	in	conserved	regions	which	bind	p300	in	Th1	cells63.	Numbers	above	black	arrowheads	indicate	the	
number	of	clustered	RBPJ	binding	sites	in	that	location.	Th1	cell	specific	binding	of	Tbet	(light	grey	arrow	heads)	
and	STAT4	(dark	grey	arrowheads)	was	determined	by	ChIP-seq	analyses	published	elsewhere1.	Please	note	that	
this	information	is	not	publicly	available	for	the	region	between	+54kb	and	+115kb.	(C)	Naïve	CD4+	T-cells	from	
STAT1+/+	(WT)	and	STAT1-/-	(KO)	were	activated	and	analyzed	for	production	of	IFNγ	as	in	figure	1,	n=2.	(D)	Naïve	
CD4+	T-cells	from	WT	mice	were	stimulated	as	in	figure	1	in	the	presence/absence	of	anti-IFNγ	(10μg/ml).	(C/D) 
Unpaired,	one-tailed	t-test	was	performed	to	determine	p-values	of	C-Ig	vs	DLL4	and	unpaired,	two-tailed	t-test	
was	performed	on	WT	vs	KO	and	with	vs	without	anti-IFNγ.	(E)	Positions	of	conserved	RBPJ	binding	sites	in	the	
Ifngr1	 locus	 (black	arrowheads)	 as	determined	by	 rVista	making	use	of	 the	vertebrate	TRANSFAC	database	of	
transcription	factors.	Displayed	is	a	pip-diagram	of	the	gene	and	-10kb	region	indicating	the	conservation	of	the	
locus	between	mouse	and	human.	The	position	and	direction	of	the	gene	are	indicated	with	an	arrow	above	the	
pip-diagram.	The	light	and	dark	grey	boxes	indicate	UTRs	and	exons,	respectively.
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To	 identify	potential	Notch	 responsive	 elements	 in	 these	 regions,	we	 scanned	 them	 for	
RBPJ	binding	sites.	We	found	279	sites	(in	a	region	spanning	-55	to	+120kb	from	the	IFNγ	
start),	suggesting	widespread	Notch	responsiveness	of	the	locus.	Evolutionary	conservation	
of	non-coding	sequences	is	a	strong	indication	for	functional	importance64,65.	We	therefore	
determined	which	p300	binding	 regions	are	 conserved	between	 the	mouse	and	human	
Ifng	 loci	and	 found	36	out	of	54	 (mean	cs	score	51.7-243)	 to	be	conserved	between	30	
different	 vertebrate	 genomes.	Within	 these,	 we	 identified	 231	 consensus	 RBPJ	 binding	
elements.	32	of	these	are	themselves	conserved	 in	those	 locations	between	the	murine	
and	human	Ifng	loci,	while	another	18	sites	were	themselves	conserved	even	though	their	
direct	sequence	environment	was	not	(Fig. 8B and not shown).	Eight	enhancers	contained	
clusters	 of	 multiple	 RBPJ	 binding	 sites,	 which	 previously	 was	 shown	 to	 correlate	 with	
functionality66–68	 (Fig. 8B	and	S4).	Finally,	most	of	the	conserved	RBPJ	binding	sites	were	
in	the	proximity	of	consensus	sites	for	STAT1,	STAT4	and	T-bet	(Fig. 8B	and	S4).	Thus,	the	
architecture	of	regulatory	regions	of	the	Ifng	gene	is	consistent	with	direct	responsiveness	
to	Notch.	As	IFNγ	is	a	strong	promoter	of	Th1	cell	differentiation69,	this	finding	suggests	that	
Notch	may	induce	this	differentiation	program	by	starting	up	an	autocrine	feedback	loop.	
Consistent	with	this	model,	neutralization	of	IFNγ	as	well	as	genetic	deficiency	for	STAT1,	
necessary	 for	 IFNγ	 receptor	 signaling,	 abrogated	Th1	cell	 induction	by	DLL4	 (Fig. 8C/D).	
Interestingly,	DLL4	not	only	 induced	expression	of	 IFNγ	itself	at	an	early	time	point	after	
activation,	 but	 also	 induced	 expression	 of	 the	 Ifngr1	 gene	 (Fig. 8A,	 right),	which	would	
likely	render	the	cells	more	responsive	to	autocrine	IFNγ.	The	transcriptional	regulation	of	
the	Ifngr1	gene	is	much	less	well	characterized	than	regulation	of	the	Ifng	gene.	Yet,	we	did	
identify	4	conserved	RBPJ	binding	sites	within	conserved	regions	within	10kb	upstream	of	
the	transcriptional	start	site	and	1	in	an	intron	of	the	Ifngr1	gene	(Fig. 8E).	An	additional	19	
conserved	RBPJ	binding	sites	were	present	in	less	conserved	regions	within	this	stretch	of	
the	gene	(not	shown).	Therefore,	the	Ifngr1	gene	constitutes	another	possible	direct	target	
of	the	Notch	signaling	pathway.	

Discussion	
The	ancient	driver	of	developmental	decisions,	Notch,	regulates	differentiation	of	multiple	

Th-cell	lineages,	including	Th1,	Th2,	Th9,	Th17	and	Th2228,30,40,45–48,70.	How	Notch	is	able	to	
control	such	different	types	of	CD4+	T-cell	responses	is	not	clear.	Several	explanations	are	
possible,	including	a	role	for	signal	strength,	involvement	of	different	receptors	or	signaling	
via	different	effectors.	We	did	not	find	evidence	for	a	decisive	role	of	any	of	these	hypothetical	
mechanisms.	One	and	the	same	ligand	(DLL4)	was	capable	of	inducing	production	of	IFNγ	as	
well	as	IL-4,	IL-10	and	IL-17A	and	these	cytokines	did	display	somewhat	different	sensitivities	
to	the	magnitude	of	the	Notch	signal.	Nonetheless,	production	of	IL-4	and	IL-10	occurred	
at	the	same	concentrations	of	ligand	and	could	therefore	not	be	separated	on	the	basis	of	
signal	strength	alone.	IFNγ	production	was	the	only	cytokine	induced	at	low	concentrations	
of	DLL4,	but	this	cytokine	was	also	produced	at	higher	concentrations	of	this	ligand,	when	
other	cytokines	were	 induced	as	well.	Different	sensitivities	to	Notch	signal	strength	did	
not,	therefore,	result	in	a	discrete	switch	from	one	Th-cell	type	to	another,	showing	that	
signal	 strength	 is	 not	 sufficient	 to	 fully	 explain	 induction	of	 distinct	 cell	 fates	 by	Notch.	
Furthermore,	our	results	do	not	support	a	model	invoking	involvement	of	different	Notch	
receptors	in	induction	of	distinct	Th-cell	differentiation	programs.	Induction	of	IFNγ,	IL-4,	
IL-10	and	IL-17A	by	DLL4	was	abrogated	by	combined	deletion	of	the	Notch1	and	Notch2	
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genes,	but	not	by	deletion	of	either	receptor	alone	(with	the	exception	of	IL-4)	(Fig. 3	and	
S3).	On	 the	other	hand,	deletion	of	 the	Notch3	 and	Notch4	 genes	 failed	 to	 significantly	
affect	induction	of	any	of	these	cytokines	(Fig. 3	and	S3).	We	previously	demonstrated	that	
the	Notch1	and	2	receptors	also	redundantly	control	Th2	cell	differentiation	in vivo47,	while	
another	 study	 showed	 that	 these	 same	 receptors	 control	 optimal	 Th1	 cell	 responses	 to	
L.major40.	Together,	these	results	show	that	Notch1	and	2	are	capable	of	inducing	multiple	
differentiation	programs,	demonstrating	that	the	identity	of	the	Notch	receptors	involved	is	
unlikely	to	determine	the	direction	of	Th-cell	differentiation.	Finally,	it	has	been	suggested	
that	induction	of	Th1	versus	Th2	cell	differentiation	by	Notch	might	involve	RBPJ-independent	
and	dependent	mechanisms,	respectively30,41,50.	Thus,	on	the	one	hand	blockade	of	Notch	
receptor	activation	using	soluble	recombinant	ligands	or	γ-secretase	inhibitors	prevented	
Th1	cell	induction41,49.	On	the	other	hand,	T-cell	specific	deficiency	for	RBPJ	or	expression	
of	a	dominant	negative	MAML	transgene,	which	prevents	RBPJ-dependent	transactivation	
by	Notch,	failed	to	inhibit	Th1	cell	responses30,50.	It	should	be	noted,	however,	that	these	
different	studies	relied	on	the	use	of	quite	dissimilar	experimental	models	to	study	Th1	cell	
responses.	It	is	conceivable	that	the	studies	demonstrating	a	lack	of	requirement	for	RBPJ	
in	fact	relied	on	the	use	of	Notch-indepedent	Th1	cell	models30,50	(see	below).	Consistent	
with	this	interpretation,	our	results	here	unequivocally	demonstrate	that	Th1	cell	induction	
by	Notch	ligands	is	entirely	dependent	on	RBPJ.	

It	 seems	 likely	 that	 the	 involvement	 of	 Notch	 in	 different	 effector	 cell	 lineages	 is	
explained	at	least	to	some	degree	by	interactions	with	other	signals	from	the	environment.	
Interestingly,	our	genome	wide	transcriptome	analysis	revealed	the	induction	of	multiple	
cytokine	 receptors	 by	 DLL4	 (Fig. 6).	 This	 suggests	 that	 Notch	 signaling	 may	 serve	 as	 a	
general	promoter	of	effector	cell	differentiation	by	enhancing	receptivity	of	 the	cells	 for	
additional	signals.	Thus,	the	outcome	of	Notch	engagement	may	depend	on	integration	of	
signals	present	in	the	environment	of	the	developing	CD4+	T-cells.

Under	the	conditions	of	the	in vitro	system	used	in	our	study,	the	major	consequence	of	
stimulation	with	DLL4	and	DLL1	consisted	of	Th1	cell	differentiation,	consistent	with	earlier	
findings	using	APC	transfected	with	these	ligands30,49.	Although	production	of	IL-4,	IL-10	and	
IL-17A	could	also	be	induced	by	DLL4	(but	not	DLL1)	in	this	system,	the	numbers	of	cells	
producing	 these	 cytokines	were	much	 lower.	 Furthermore,	 induction	of	 these	 cytokines	
only	 occurred	 at	 relatively	 high	 concentrations	 of	 DLL4,	 whereas	 both	 low	 and	 high	
concentrations	of	DLL4	led	to	the	induction	of	IFNγ.	The	importance	of	Notch	in	Th1	cell	
responses	in vivo	has	been	documented	in	multiple	studies40,41,43,49,71	(CH	and	DA	unpublished	
results,	chapter 4).	The	picture	that	has	emerged	is	that	not	all	Th1	cell	responses	depend	
on	Notch.	In	particular,	there	seems	to	be	no	requirement	for	Notch	when	infections	elicit	
high	production	of	 IL-1244,47,50.	Vice	versa,	 induction	of	Th1	cell	differentiation	by	DLL4	 is	
fully	 independent	of	 IL-12,	 as	documented	by	 its	 independence	of	 STAT4	 (Fig. 5).	 IL-12-
independent	 responses	 are	 generated,	 for	 instance,	 against	 certain	 viruses,	 and	 in	 graft	
versus	 host	 disease	 as	well	 as	 autoimmune	 diseases25–27,71,	 some	 of	which	were	 indeed	
found	to	depend	on	Notch71	(CH	and	DA	unpublished	results,	chapter 4).

The	requirement	for	RBPJ	in	DLL4-induced	Th1	cell	differentiation	suggests	a	transcriptional	
mechanism	is	involved.		This	mechanism	did	not	turn	out	to	depend	on	induction	of	T-bet,	
considered	a	master-regulator	of	Th1	cell	differentiation.	This	was	surprising,	as	a	previous	
study	 had	 identified	 the	 Tbx21	 gene	 as	 a	 direct	 transcriptional	 target	 of	 Notch41	 and	
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stimulation	with	DLL1	resulted	in	elevated	expression	of	T-bet	in	another	study49.		In	contrast,	
expression	of	T-bet	was	reduced	by	stimulation	with	DLL4	in	our	experiments.	The	reasons	
for	these	discrepancies	are	not	clear.	The	Th2	factor	Gata3	is	a	powerful	inhibitor	of	T-bet	
expression	and	the	Gata3	gene	has	previously	been	described	to	be	a	target	of	Notch47,58.	
However,	expression	of	Gata3	was	not	elevated	by	stimulation	with	DLL4	(Fig. 6),	making	
this	an	unlikely	explanation.	An	interesting	alternative	option	is	that	Notch	recruitment	to	
RBPJ	binding	sites	in	Tbx21	can	both	positively	and	negatively	regulate	expression	of	this	
gene,	depending	on	the	presence	or	absence	of	particular	cofactors.	We	would	like	to	point	
out	that	our	results	do	not	rule	out	the	possibility	that	induction	of	T-bet	can	play	a	role	
in	Th1	cell	induction	by	Notch	under	certain	conditions.	Indeed,	a	basal	level	of	T-bet	does	
promote	 induction	of	 IFNγ	production	by	Notch	 (Fig. 5).	Our	 results	do,	however,	 show	
that	induction	of	T-bet	is	not	essential	in	this	process.	Thus,	other	mechanisms	must	exist	
that	connect	Notch	signaling	to	the	Th1	cell	differentiation	program.	This	point	is	proven	
formally	by	the	ability	of	DLL4	to	still	elicit	production	of	IFNγ	in	Tbx21	deficient	CD4+	T-cells	
(Fig. 5).	Stimulation	by	DLL4	promoted	expression	of	Hlx	and	Ets1,	two	transcription	factors	
with	previously	described	functions	in	Th1	cell	differentiation15,17.	Neither	of	these	factors	
was	by	itself	sufficient	to	elicit	differentiation	of	IFNγ	producing	cells	in	the	absence	of	DLL4.	
On	the	other	hand,	we	did	find	evidence	for	a	more	direct	mechanism	for	Th1	cell	induction	
by	Notch.	Expression	of	the	Ifng	gene	was	induced	at	an	early	time	point	by	stimulation	with	
DLL4.	Furthermore,	we	found	phylogenetically	conserved	RBPJ	binding	elements	clustered	
with	 binding	 sites	 for	 other	 Th1	 promoting	 transcription	 factors	 in	 conserved	 enhancer	
regions	 of	 the	 Ifng	 gene	 (Fig. 8	 and	 S4).	 Together,	 these	 findings	 suggest	 that	 the	 Ifng	
gene	is	also	a	direct	target	of	Notch.	Similar	considerations	suggest	that	expression	of	the	
Ifngr1	gene,	which	encodes	a	critical	component	of	the	IFNγ	receptor	may	also	be	directly	
regulated	by	Notch.	Neutralization	of	IFNγ	or	STAT1	deficiency	prevents	Th1	cell	induction	
by	DLL4	(Fig. 8).	Thus,	our	findings	suggest	that	Notch	initiates	differentiation	of	Th1	cells	
by	starting	up	a	feedback	loop,	in	which	autocrine	IFNγ	is	received	by	elevated	levels	of	IFNγ	
receptors,	resulting	in	STAT1-mediated	enhancement	of	Th1	cell	differentiation.	

Materials and Methods
Reagents. Anti-IFNγ-FITC/PECy7	(11-7311,	25-7311),	anti-IL4-AF647	(51-7041),	anti-IL10-PerCPCy5.5	
(45-7101)	and	anti-IL17A-PE	(12-7177)	from	eBioscience	were	used	to	stain	for	cytokine	producing	
cells.	 Anti-Thy1.1-FITC	 (11-0900)	 from	 eBioscience	 was	 used	 to	 stain	 transduced	 cells.	 T-bet	 was	
stained	using	anti-Tbet-PE	from	eBioscience	(12-5825).	Q-VD-OPh	(QVD)	was	purchased	from	R&D	
(catalog	number	OPH001).	Human	Fc-tagged	DLL1	and	DLL4	protein	was	produced	in	HEK293T	cells	
transfected	with	 expression	 plasmids	 for	DLL1-Fc	 or	DLL4-Fc72	 and	 isolated	 as	 described	 before53.	
Isotype	matched	control-Ig	(Palivizumab,	synagis	#54874TF)	was	a	gift	from	AIMM	Therapeutics.	

Vectors and constructs. Hlx-MSCV-Thy1.1	was	described	before15.	Ets-1	was	cloned	from	cDNA	into	
MSCV-Thy1.1	 via	 BamHI/SalI	 using	 the	 following	 primers:	 gatcagggatccggcaccatgaaggcggccgt	 and	
gatcaggtcgacctagtcagcatccggcttta.	

Cell culture. All	 cells	were	 grown	 in	 IMDM	with	 10%	 FCS,	 2mM	GlutaMAX	 (Invitrogen),	 100U/ml	
penicillin	(Invitrogen),	100μg/ml	streptomycin	(Invitrogen)	and	50μM	β-Mercaptoethanol.	

Mice. Six-	 to	 eight-week-old	 C57BL/6NCrl	 mice	 were	 purchased	 from	 Charles	 River.	 Tbx21-/-	 and	
IFNγR1-/-	 (stock	 number	 003288)	 mice	 were	 purchased	 from	 Jackson	 labs.	 Notch1	 flox73,	 Notch2	
flox74,	Notch3	null75,	Notch4	null76,	RBPJ	flox77,	Stat1ko78,	Stat4ko79,	Stat6ko80	and	CD4-Cre	(Taconic)	
transgenic	mice	were	all	backcrossed	to	C57Bl/6	for	over	10	generations.	Experimental	and	control	
mice	were	littermates.	Cre+	mice	heterozygous	for	floxed	alleles	or	homozygous	wild	type	behaved	
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as	Cre-	mice.	Mice	were	maintained	in	the	animal	facility	of	the	AMC	under	specific	pathogen	free	
conditions.	All	animal	experiments	were	in	compliance	with	EU	and	national	laws	and	approved	by	
the	local	ethical	committee.

CD4+ T-cell activation and analysis. Naïve	CD44-	CD62L+	CD49b-	CD25-	CD4+	T-cells	were	purified	from	
spleen	 and	 peripheral	 lymph	 nodes	 using	 anti-CD4	microbeads	 (Miltenyi,	 cat#	 130-049-201)	 and	
FACS.	5x104	naïve	CD4+	T-cells	were	 cultured	with	1μg/ml	anti-CD28	 in	96-well	flat	bottom	plates	
coated	with	10μg/ml	anti-CD3	and	5μg/ml	DLL4-Fc,	DLL1-Fc	or	control-Ig	(if	not	indicated	differently).	
Where	indicated,	blocking	antibodies	against	IFNγ	(clone	XMG1.2,	homemade)	or	IL-4	(clone	11B11,	
homemade)	were	added.	After	4	days,	cells	were	restimulated	for	cytokine	staining	on	10μg/ml	anti-
CD3e	(eBioscience)	over	night.	BrefeldinA	(5μg/ml)	was	added	for	2	hours,	were	necessary	Thy1.1	
was	 stained,	 followed	by	fixation	using	2%	 (vol/vol)	 formaldehyde.	Cytokine	 specific	antibodies	 in	
saponin	buffer	were	added	for	0.5-1h	at	4°C.	Cytokine	expression	was	analyzed	by	flow-cytometry.	
Alternatively,	cells	were	analyzed	for	viability	by	flow	cytometry	using	AnnexinV-APC	(BD	Bio-	sciences;	
550474)	and	7-amino-actinomycinD	(7AAD)	(eBioscience;	00-6993-	50).

Retroviral transductions. PlatE	 cells	 were	 transfected	 with	 retroviral	 expression	 plasmids	 using	
FugeneHD	(Promega).	Two	days	after	transfection	virus	containing	medium	was	supplemented	with	
8μg/ml	polybrene	and	added	to	CD4+	T-cells	activated	36	hours	earlier.	The	cells	were	centrifuged	
at	700g	for	90	minutes	at	37°C.	After	an	additional	incubation	of	2.5	hours	at	37°C	the	medium	was	
changed.	

Microarray analysis and Quantitative RT-PCR. RNA	was	extracted	using	Trizol	 followed	by	RNeasy	
columns	(Qiagen)	from	CD4+	T-cells	3	days	after	activation.	RNA	was	labeled	and	hybridized	by	the	
W.M.	Keck	 facility	 (Yale	Center	 for	Genome	Analysis)	 on	 Illumina	Mouse	BeadChip	 (Illumina,	 Inc.)	
mouse	 whole-genome	 expression	 arrays	 (MouseRef-8	 v2.0).	 Two	 pairs	 of	 samples	 are	 replicates	
from	one	experiment,	the	third	pair	comes	from	an	independent	experiment.	For	statistical	analysis	
see	chapter	2.	cDNA	was	made	with	Oligo(dT)	and	random	hexamers	using	 the	First	Strand	cDNA	
synthesis	 kit	 (Fermentas).	 Quantitative	 PCR	 using	 SYBRgreen	 (Bio-Rad)	 was	 performed	 using	 the	
C1000	Thermal	Cycler	(Bio-Rad).	Relative	concentrations	were	determined	based	on	standard	curves	
and	normalization	for	β-actin	contents	using	the	Bio-Rad	CFX	Manager	software.	Melt	curves	ensured	
amplification	of	a	single	product.	For	qPCR	primers	see	table	1. 

Table 1.	Primers	used	for	qPCR

Transcription factor binding site analysis. RBPJ	and	STAT1/4	binding	sites	were	identified	using	the	
TRANSFAC	 database	 of	 transcription	 factor	 consensus	 binding	 sequences	 for	 vertebrates	 on	 the	
rVista	platform	(http://pipeline.lbl.gov).	The	mouse	genes	encoding	Ifng	and	Ifngr1	 including	-10kb	
for	 Ifngr1	 and	 -60	 to	 +116kb	 for	 Ifng	were	 aligned	with	 the	human	 loci.	 Pip-diagrams	 are	 shown	
indicating	the	sequence	conservation	between	mouse	and	human.	
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Gene Forward primer Reverse primer

IFNγ GGATGCATTCATGAGTATTGC CCTTTTCCGCTTCCTGAGG

Tbx21 CAACAACCCCTTTGCCAAAG TCCCCCAAGCAGTTGACAGT

Hlx CGTGACCAAGCCAGACCGA TGCCGCCACTTCATCCTCC

Gata3 TGTCAGACCACCACAACCACAC GATGCCTTCCTTCTTCATAGTCAGG
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Fig. S1. Multiple cytokines can be produced simultaneously by cells stimulated with DLL4. Naïve	CD4+	T-cells	
were	stimulated	and	analyzed	as	in	figure	1.	Shown	are	the	average	percentages	of	cytokine	producing	cells	+	SEM	
(n=12).	The	left	graph	shows	the	cytokine	production	of	the	total	population	and	the	right	graph	of	the	IFNγ+	cells	
(cytokine	indicated	below).	Open	bars	represent	C-Ig	and	closed	bars	DLL4	stimulated	samples.	

Fig. S2. DLL4-induced cytokine production is independent of DLL4-induced survival. Naïve	CD4+	 T-cells	were	
stimulated	as	in	figure	1	in	the	presence	and	absence	of	10μM	QVD.	(A)	Shown	is	the	average	percentage	of	viable	
cells	as	determined	at	day	5	after	activation.	(B-E)	Cells	were	analyzed	as	in	figure	1.	The	frequency	of	(B)	IFNγ	(C)	
IL-4	(D)	IL-10	and	(E)	IL-17A	producing	cells	is	shown.	Open	bars	represent	C-Ig	and	closed	bars	DLL4	stimulated	
samples.	(A-E)	Mean	of	three	independent	experiments	(n=3)	+	SEM.	
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Fig. S3. DLL4-induced production of effector cytokines depends on Notch1, Notch2 and RBPJ. Naïve	CD4+	T-cells	
were	 stimulated	 and	 analyzed	 as	 in	 figure	 1.	 Shown	 are	 average	 percentages	 of	 IL-4	 (top	 row),	 IL-10	 (middle	
row)	and	IL-17A	(bottom	row)	producing	cells	+	SEM	of	three	individually	tested	Notch1fl/fl	CD4-Cre+	(N1KO)	and	
five	Notch1fl/fl	CD4-Cre-	(WT)	mice,	four	individually	tested	Notch2fl/fl	CD4-Cre+	(N2KO)	and	five	Notch1fl/fl	CD4-Cre-	
(WT)	mice,	five	(IL-4)	and	two	(IL-10/17A)	independent	experiments	using	Notch1fl/fl	Notch2fl/fl	CD4-Cre+	(N1/2KO)	
and	Notch1fl/fl	Notch2fl/fl	CD4-Cre-	(WT),	five	(IL-4)	and	four	(IL-10/17A)	independent	experiments	using	Notch3-/-	
Notch4-/-	 (N3/4KO)	 and	 Notch3+/-	 and	 Notch4+/-	 (WT)	 mice	 and	 six	 (IL-4)	 and	 three	 (IL-10/17A)	 independent	
experiments	using	RBPJfl/fl	CD4-Cre+	(RBPKO)	and	RBPJfl/fl	CD4-Cre-	(WT)	mice.	Open	bars	represent	C-Ig	and	closed	
bars	 DLL4	 stimulated	 samples.	 Paired,	 one-tailed	 t-test	 was	 performed	 to	 determine	 p-values	 between	 DLL4	
and	C-Ig	 stimulated	 samples.	Unpaired,	 two-tailed	 t-test	was	performed	 to	determine	p-values	between	DLL4	
stimulated	WT	and	KO	samples.	(*	<	0.05,	**	<	0.01	and	***	<	0.001).	



63

Notch Uses an Alternative Route to Induce Th1 Cell Differentiation

3

Ifn
g

0kb

10kb

20kb

30kb

40kb

50kb

60kb

70kb

-10kb

-20kb

-30kb

-40kb

-50kb

-60kb

R
B
PJ

ST
AT

1
ST

AT
4

80kb
Fig. S4. RBPJ, STAT1 and STAT4 binding sites in the IFNγ locus. 
Alignement	of	 the	mouse	 and	human	 IFNγ	 locus	 showing	 locations	
of	conserved	binding	sites	for	RBPJ,	STAT1	and	STAT4	as	identified	by	
rVista	 (making	use	of	 the	 vertebrate	 TRANSFAC	 library)	 on	 the	 left.	
A	pip-graph	of	the	 Ifng locus	is	shown	on	the	right	and	the	position	
and	direction	of	the	Ifng	gene	are	indicated	with	an	arrow	next	to	the	
pip-diagram.





Chapter 4

The Notch Pathway Controls Follicular 
T Helper Cell Differentiation in FoxP3 

Deficient Mice

Christina	Helbiga,	Daisy	Picaveta,	Michael	Tanckb,	Sandrine	Florquinc	and	
Derk	Amsena,	1

aDepartment	 of	 Cell	 Biology	 and	 Histology,	 bDepartment	 of	 Clinical	 Epidemiology,	
Biostatistic	 and	 Bioinformatics,	 cDepartment	 of	 Pathology,	 Academic	 Medical	
Center,	 Amsterdam,	 1105AZ,	 The	 Netherlands;	 1To	 whom	 correspondence	 should	
be	 addressed:	 D.amsen@amc.uva.nl,	 phone	 +31	 20	 5664977,	 FAX	 +31	 20	 6974156

Manuscript in preparation



66

Chapter 4

Abstract
Mice lacking CD4+ FoxP3+ regulatory T (Treg) cells rapidly develop severe fatal multi-
organ inflammation (MOI) with high titers of autoantibodies. Disease is caused by 
excessive CD4+ helper T-cell (Th) responses. The Notch signaling pathway has been 
implicated in differentiation and survival of several Th-cell subsets. Here we show that 
T-cell specific deficiency for RBPJ, a central component of the Notch signaling pathway, 
allows prolonged survival of mice lacking Treg cells. Such mice still suffer from skin 
inflammation, lymphadenopathy and splenomegaly, but develop reduced inflammation 
of lungs and livers. Although numbers of activated CD4+ T-cells are only marginally 
affected by RBPJ deficiency, these cells produce reduced levels of IL-4, IFNγ and IL-17. 
Most strikingly, we identify a multipronged role for Notch in CD4+ T-cell help to B-cells. 
In addition to controlling the production of cytokines driving class switch recombination, 
Notch signaling is required for full maturation of follicular Th-cells (Tfh cells). Whereas 
PD1+ ICOS+ CD4+ T-cells are found in RBPJ deficient mice, such cells fail to upregulate 
expression of the CXCR5 chemokine receptor, necessary for proper homing to B-cell 
follicles. Furthermore, production of the critical Tfh cytokine, IL-21, is abrogated due 
to RBPJ deficiency. Correspondingly, T-cell specific RBPJ deficiency results in markedly 
reduced levels of isotype class-switched antibodies in sera. These findings identify 
critical functions of Notch in pathological responses driven by CD4+ T-cells and suggest 
therapeutic potential for targeting Notch especially in diseases caused by production of 
autoantibodies.

Introduction
CD4+	 T	 helper	 (Th)	 cells	 are	major	 players	 in	 autoimmune	 diseases1,2.	Multiple	 Th-cell	

subsets	with	different	functions	can	be	distinguished.	These	include	Th1	cells	(characterized	
by	production	of	IFNγ),	Th2	cells	(which	produce	IL-4,	IL-5	and	IL13),	Th9	cells	(producing	
IL-9),	 Th17	 cells	 (producing	 IL-17)	 and	 Th22	 cells	 (which	 produce	 IL-22)3.	 The	 cytokines	
produced	by	 these	Th-cell	 subsets	direct	 responses	by	 immune	effector	 cell	 types,	 such	
as	macrophages	(Th1),	eosinophilic	(Th2)	and	neutrophilic	(Th17)	granulocytes.	Erroneous	
or	 excessive	 production	 of	 cytokines	 by	 these	 Th-cell	 subsets	 causes	 diseases	 such	 as	
insulin-dependent	diabetes4	(Th1),	allergies5	(Th2)	or	psoriasis6,7	(Th17/Th22).	A	yet	other	
type	of	Th-cell,	 the	follicular	Th	(Tfh)	cell,	specializes	at	providing	help	to	B-cells8.	These	
Tfh	 cells	 have	 been	 implicated	 in	 the	 pathology	 of	 autoimmune	 diseases	 like	 systemic	
lupus	 erythematosus	 (SLE)	 and	 Graves’	 disease,	 in	 which	 pathology	 develops	 due	 to	
the	 production	 of	 autoantibodies9,10.	 The	 prevailing	 model	 is	 that	 these	 antibodies	 are	
generated	by	self-reactive	B-cells	which	are	rescued	from	negative	selection	by	aberrantly	
functioning	Tfh	cells2,11,12.	Tfh	cells	are	required	for	class	switch	recombination	(CSR)	and	
affinity	maturation	by	B-cells	in	germinal	centers8,9,13.	Tfh	cells	characteristically	express	the	
PD1,	ICOS	and	CXCR5	surface	markers,	as	well	as	the	transcription	factor	Bcl-6.	Important	for	
their	function	are	expression	of	CD40lg	and	production	of	the	cytokine	IL-21.	This	cytokine	
bolsters	differentiation	of	Tfh-cells	 in	an	autocrine	manner	and	promotes	B-cell	viability,	
plasma	cell	formation	and	persistence	of	germinal	centers8,14–16.	 In	addition,	Tfh	cells	can	
produce	 cytokines	 such	 as	 IL-4	 and	 IFNγ,	 which	 drive	 CSR	 of	 specific	 Immunoglobulin	
isotypes17.	Expression	of	 the	CXCR5	chemokine	receptor	 is	an	 important	attribute	of	Tfh	
cells,	as	it	allows	these	cells	to	migrate	into	B-cell	follicles	in	lymphoid	organs18,19.	Tfh-cells	
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are	the	major	population	of	IL-4+	CD4+	T-cells	in	the	lymph	node	and	IL-4	production	by	Tfh	
cells	depends	on	a	specific	enhancer	of	the	Il4	gene,	which	is	not	required	for	production	of	
this	cytokine	by	tissue	Th2	cells20,21.

The	activity	of	the	Th-cell	subsets	described	above	is	counteracted	by	a	regulatory	subset	
of	Th-cells.	 These	 so	 called	 regulatory	T	 (Treg)	 cells	maintain	 tolerance	 to	both	 self	 and	
non-self	antigens22,23.	Absence	of	Treg	cells	causes	multi-organ	inflammation	(MOI)	in	mice	
and	humans.	 Treg	 cell	 deficiency	 furthermore	 results	 in	 the	production	of	high	titers	of	
autoantibodies,	presumably	reflecting	an	important	role	for	specialized	CXCR5+	Treg	cells,	
which	migrate	into	B-cell	follicles	and	antagonize	the	activity	of	Tfh	cells24.	The	expression	
of	the	X-chromosome-linked	transcription	factor	FoxP3	in	CD4+	T-cells	 is	required	for	the	
generation	of	natural	Treg	cells	 in	the	thymus	and	essential	for	the	suppressive	function	
of	Treg	cells25–27.	In	humans,	mutations	in	the	gene	encoding	FoxP3	result	in	the	“immune-
dysregulation,	 polyendocrinopathy,	 enteropathy,	 x-linked”	 (IPEX)	 syndrome26,28.	 Similarly,	
Scurfy	mice	lack	Treg	cells	due	to	an	inactivating	mutation	in	the	FoxP3	gene29.	Both	Scurfy	
mice	and	IPEX	patients	develop	MOI	which	affects	skin,	lung	and	liver26,29	and	present	with	
increased	serum	autoantibodies	of	different	isotypes30,31.	Scurfy	mice	start	to	develop	MOI	
at	about	9	days	and	die	within	3-4	weeks	after	birth,	due	to	severe	inflammation	of	skin	
and	lungs	and	mild	inflammation	of	the	liver32.	Other	organs	are	not	overtly	affected	at	this	
time32.	

Disease	 (in	 Scurfy	mice)	 is	mainly	 caused	by	CD4+	CD8-	 T-cells33.	 Both	 Scurfy	mice	 and	
IPEX	patients	develop	prominent	Th2	 responses28,34.	Moreover,	production	of	a	panel	of	
other	cytokines,	 including	 IFNγ	and	 IL-17,	 is	 increased	and	contributes	 to	 the	symptoms	
observed	in	scurfy	mice	and	IPEX	patients35,36.	Indeed,	MOI	in	scurfy	mice	is	controlled	by	
multiple	effector	mechanisms	and	attempts	to	prevent	MOI	in	scurfy	mice	by	eliminating	
single	cytokines,	such	as	IL-4	or	IFNγ,	were	unsuccessful	at	completely	prevent	MOI37,38.	IL-2	
deficiency	provided	 lifelong	protection	 from	skin	and	 lung,	but	not	 liver	 inflammation37.	
IL-2	is	not	suited	as	target	for	therapy		in	most	patients	(excluding	IPEX)	because	Treg	cells	
require	IL-2	and	mice	lacking	IL-2	develop	MOI	as	well39,40.	

The	Notch	pathway	 is	 an	 evolutionary	highly	 conserved	 signaling	pathway,	 involved	 in	
many	cell	fate	decisions,	including	Th-cell	differentiation41–43.	Notch	receptors	(of	which	4	
different	members	are	expressed	 in	mammals)	 consist	of	an	extracellular	 ligand	binding	
domain	and	a	single-pass	trans-membrane	domain41,42.	Five	ligands	exist,	called	Jagged1,	
Jagged2,	 Delta-like	 ligand	 (DLL)1,	 DLL3	 and	 DLL4,	which	 except	 DLL3	 activate	 the	 same	
signaling	pathway41–45.	Ligand	binding	to	a	Notch	receptor	allows	for	proteolytic	cleavages	
which	release	the	intracellular	domain	of	Notch	(NICD).	This	NICD	then	translocates	to	the	
nucleus,	where	it	creates	a	transcriptional	activator	complex	together	with	the	DNA	binding	
factor	RBPJ	(also	known	as	CSL)	and	the	MAML	co-activator45.	Multiple	functions	have	been	
described	for	Notch	in	differentiation	of	Th-cells43,46–48.	Thus,	Notch	was	implicated	in	Th1	
cell	differentiation	by	inducing	the	critical	Th1	transcription	factor	T-bet49–51.	Furthermore,	
Notch	controls	Th2	differentiation	through	direct	transactivation	of	the	transcription	factor	
Gata-3	and	the	IL-4	gene49,52,53.	Recently,	Th17	differentiation	was	shown	to	be	induced	by	
Notch	via	transactivation	of	Rorγt,	the	master	regulator	of	Th17	cells47.	Notch	cooperates	
with	Smad3	(downstream	of	TGFβ)	to	induce	Th9	cell	differentiation54	and	enhances	IL-22	
production	(independent	of	Th17)	via	mechanisms	involving	AhR55,56.	Finally,	we	recently	
showed	that	Notch	maintains	the	viability	of	activated	Th-cells46.	
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Because	of	 its	many	 functions	 in	 CD4+	 T-cells,	Notch	 could	 be	 a	 therapeutic	 target	 for	
treatment	of	CD4+	T-cell	driven	diseases.	Although	a	few	studies	described	a	role	for	Notch	
in	Treg	cells,	these	have	not	been	supported	yet	by	loss	of	function	studies.	Importantly,	
mice	 lacking	T-cell	 specific	expression	of	 the	common	Notch	effector	RBPJ	or	even	mice	
lacking	expression	of	all	four	Notch	genes	(CH	and	DA,	unpublished	results)	fail	to	develop	
overt	pathology,	suggesting	that	a	function	for	Notch	in	Treg	cells	is	not	essential	in vivo,	
at	 least	 under	 steady	 state	 conditions.	 In	 contrast,	 loss	 of	 function	 experiments	 have	
supported	the	in vivo	requirement	for	Notch	signaling	in	Th1,	Th2	and	Th9	responses48,49,52,54.	
Here	we	show	that	T-cell	specific	elimination	of	RBPJ	in	FoxP3	deficient	mice	results	in	an	
approximate	25%	extension	in	viability.	We	find	that	production	of	 IL-4,	 IL-10,	 IL-17,	and	
IFNγ	is	reduced	to	varying	degrees.	Strikingly,	we	find	that	deficient	Notch	signaling	results	
in	an	almost	complete	absence	of	 fully	mature	CXCR5high	Tfh	cells	 in	 lymph	nodes	and	a	
profound	 reduction	 in	 serum	 antibody	 levels,	 supporting	 the	 potential	 to	 target	 Notch	
especially	in	disease	mediated	by	autoantibody	production.		

Results
Loss of RBPJ in CD4+ T-cells prolongs life of scurfy mice. To	examine	the	role	of	Notch	

signaling	 in	 the	 pathogenesis	 of	 scurfy	mice	we	 bred	 female	 Foxp3sf/+	mice	with	males	
carrying	floxed	RBPJ	alleles	and	a	Cre	recombinase	transgene	driven	by	the	CD4	promoter57,58.	
Given	the	X-chromosomal	location	of	the	Foxp3	gene	(Gene	ID:	20371),	all	males	inheriting	
the	FoxP3Sf	allele	lack	functional	Treg	cells.	Throughout	this	study,	we	therefore	compared	
male	littermates.	As	an	objective	and	quantifiable	measure	of	health,	we	daily	determined	
the	weight	of	the	male	offspring,	starting	at	day	14	after	birth.	Males	with	an	RBPJflox/flox	CD4-
Cre+	 FoxP3sf/y	 (SfRBPko)	 genotype	 reached	 the	humane	endpoint	 (more	 than	15%	 lower	
weight	than	the	 lightest	wild	type	(WT)	 littermate)	about	5	days	 later	than	their	RBPJflox/
flox	 CD4-Cre-	 FoxP3sf/y	 (Sf)	 littermates	 (Fig. 1).	 On	 average,	 therefore,	 deficiency	 for	 RBPJ	
resulted	in	an	approximate	25%	extension	of	life	(Fig. 1).

SfRBPko mice still develop lymphadenopathy and splenomegaly. Despite	 the	
prolonged	survival,	3	week	old	SfRBPko	mice	exhibited	 similar	degrees	of	 splenomegaly	

Fig. 1. Genetic loss of RBPJ 
delays mortality in FoxP3 
deficient mice. 	 Mice	 were	
weighed	daily	and	euthanized	
when	 15%	 lighter	 than	 the	
lightest	 litter	 mate	 control	
mouse	 (WT/RBPko).	 (A)	
Percentages	 of	 viable	 mice	
per	 genotype.	 Black	 circles	
represent	 WT	 (FoxP3+/

yRBPJflox/flox)	or	RBPko	(FoxP3+/y	

RBPJflox/flox	CD4Cre)	mice,	open	
circles	 Sf	 (FoxP3sf/yRBPfl/fl)	
mice	and	open	triangles	SfRBPko	(FoxP3sf/y	RBPJfl/fl	CD4Cre)		mice.	(B)	Day	of	euthanasia	(humane	endpoint)	shown	
as	box-plot	(whiskers:	min	to	max).	Significance	was	calculated	using	a	two-tailed	Mann-Whitney	test	(**	<	0.01).	
WT	(6),	RBPko	(7),	Sf	(8)	and	SfRBPko	(10).
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and	 lymphadenopathy	as	 their	Sf	 littermates	 (Fig. 2A).	 Lymph	node	size	 in	SfRBPko	was	
somewhat	smaller	than	in	Sf	mice,	but	still	about	3	fold	larger	than	in	WT	mice	(Fig. 2B).	The	
weight	of	the	spleen	as	percent	of	total	body	weight	was	not	significantly	different	between	
Sf	and	SfRBPko	mice	and	about	2	fold	higher	than	that	of	WT	mice	(Fig. 2C).	

Reduced lung and liver inflammation in the SfRBPko mice.	 To	 assess	MOI,	 organs	 of	
three	week	old	mice	were	analyzed	by	hematoxylin-eosin	(HE)	staining.	The	ears	of	scurfy	
mice	were	strongly	inflamed	and	so	were	the	ears	of	SfRBPko	mice	(Fig. 3A).	Whereas	ears	
from	WT	mice	are	about	0.3mm	thick,	those	from	Sf	and	SfRBPko	mice	measure	more	than	
1mm	(Fig. 3B)	with	no	detectable	difference	between	 the	 latter	 two.	The	 livers	of	both	
Sf	and	SfRBPko	mice	were	enlarged	 relative	 to	 total	body	weight	 (Fig.3C,	 left),	although	
this	effect	was	somewhat	less	prominent	in	SfRBPko	mice	(Fig. 3C,	left).	Livers	in	Sf	mice	
exhibited	profound	inflammation	characterized	by	lymphocyte	infiltration	(Fig. 3A,	second	
row	from	the	top,	yellow	dotted	lines)	around	bile	ducts	(Fig. 3A,	second	row	from	the top,	
blue	arrow	heads).	Although	SfRBPko	livers	were	also	inflamed,	infiltrates	were	fewer	and	
smaller	(Fig. 3A,	second	row	from	the	top).	

Large	 infiltrates	were	also	visible	 in	the	 lungs	of	Sf	mice	(Fig. 3A,	bottom	panel,	yellow	
arrows).	 As	 in	 liver,	 infiltration	 was	 mostly	 lymphocytic.	 Lungs	 of	 SfRBPko	 mice	 also	
contained	infiltrates,	but	much	less	frequent	and	also	significantly	smaller	in	size	(Fig. 3A,	
bottom	row).	As	already	suggested	by	 the	marginal	differences	 in	 the	size	of	 the	 lymph	
nodes	of	Sf	and	SfRBPko	mice,	we	did	not	find	differences	 in	the	structure	of	the	 lymph	
nodes	(Fig. 3A,	third	row	from	the	top).	Indeed,	in	both	types	of	mice	the	architecture	of	
the	lymph	nodes	was	grossly	altered,	such	that	primary	follicles	(visible	in	dark	blue	in	WT	
lymph	nodes)	could	not	be	identified.	

Changed cellular composition of lymph nodes of SfRBPko mice.	To	determine	whether	
impaired	Notch	signaling	in	CD4+	T-cells	would	alter	the	cellular	composition	of	the	lymphoid	
organs	we	performed	multi-color	flow-cytometry	on	lymph	nodes	and	spleens	from	3	week	
old	mice.	No	significant	differences	were	detected	in	the	proportions	of	CD3,	CD4	and	CD8	
positive	cells	 in	 lymph	nodes	and	spleens	of	Sf	and	SfRBPko	mice	(data	not	shown).	The	
only	clear	difference	we	observed	consisted	of	an	increase	in	the	percentage	of	Gr-1+	cells	
in	lymph	nodes,	but	not	spleens,	of	Sf	mice,	which	was	not	observed	in	the	SfRBPko	mice	
(Fig. S1).	

Fig. 2. SfRBPko mice develop splenomegaly and lymphadenopathy. 	Mice	were	euthanized	3	weeks	after	birth.	
(A)	 Representative	 picture	 of	 spleens,	 inguinal,	 axillary	 and	 brachial	 lymph	 nodes.	 (B)	 Relative	 size	 of	 lymph	
nodes	size	normalized	to	the	size	of	WT/RBPko	lymph	nodes.	(C) Weight	of	spleens	as	percentage	of	body	weight.	
Significance	was	calculated	using	a	two-tailed	Mann-Whitney	test	(*	<	0.05,	**	<	0.01,	***	<	0.001),	WT/RBPko	=	
3,	Sf	=	3	and	SfRBPko	=	3.
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Fig. 3. Histology. Organs	of	3	week	old	mice	were	fixed	in	formalin,	embedded	in	paraffin,	stained	with	H&E	and	
analyzed	by	microscopy.	(A)	H&E	staining	of	ear	(100x),	liver	(200x),	lymph	node	and	lung	(25x)	with	b	indicating	
blood	 vessels,	 blue	 arrow	 heads	 bile	 ducts	 and	 yellow	 dotted	 lines/arrow	 heads	 leukocyte	 infiltrates.	 (B)	 Ear	
thickness	in	mm	as	measured	based	on	the	microscopy.	(C)	Weight	of	the	liver	as	percent	of	body	weight	(left)	
and	 liver	 inflammation	 scores	based	on	H&E	 staining	 (0	=	no,	 1	 =	mild,	 2	 =	moderate,	 3	 =	 strong,	 4	 =	 severe	
inflammation).	 Black	 bars	 represent	 WT	 and	 RBPko	 mice,	 white	 bars	 Sf	 mice	 and	 grey	 bars	 SfRBPko	 mice.	
Genotypes	were	as	in	Fig.	1.	Unpaired,	two-tailed	t-test	was	performed	to	determine	p-values	(*	<	0.05,	**	<	0.01,	
***	<	0.001).		WT/RBPko	=	4,	Sf	=	5,	SfRBPko	=	5.
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Reduced cytokine production by CD4+ 
T-cells from SfRBPko mice.	 To	 determine	
whether	 impaired	 Notch	 signaling	 affects	
the	production	of	effector	cytokines	by	CD4+	
T-cells	 in	 scurfy	mice	we	stimulated	 lymph	
node	and	spleen	cells	from	3	week	old	mice	
with	 antibodies	 to	 CD3	 and	 analyzed	 the	
cytokine	 production	 of	 CD4+	 CD8-	 B220/
CD19-	 cells.	 Lymphoid	 organs	 from	Sf	mice	
contained	 increased	 frequencies	 of	 CD4+	
T-cells	producing	IL-4,	IL-10,	IL-17A	and	TNFα	
(Fig. 4,	 white	 bars)	 compared	 to	WT	mice	
(Fig. 4,	black	bars).	A	significant	increase	in	
IL-5	was	not	detected	 (data	not	 shown).	A	
markedly	 lower	 proportion	 of	 CD4+	 T-cells	
produced	 IL-4,	 IL-10,	 IL-17A	 and	 TNFα	 in	
lymph	nodes	from	SfRBPko	mice	(Fig. 4,	grey	
bars).	Strikingly,	these	reductions	were	not	
observed	 in	CD4+	T-cells	 from	spleens	 (Fig. 
4,	 right).	 In	 this	 location,	 only	 production	
of	IL-4	was	reduced,	and	this	reduction	was	
also	 less	 prominent	 than	 in	 lymph	 nodes.	
The	fraction	of	 IFNγ	producing	CD4+	T-cells	
was	 only	 increased	 in	 some	 cohorts	 of	 Sf	
mice,	 but	 when	 such	 increased	 IFNγ	 was	
observed,	 it	 was	 reduced	 in	 the	 lymph	
nodes	and	spleen	of	SfRBPko	mice	(Fig. S2).	

Thus,	RBPJ	deficiency	results	in	a	reduction	
in	the	proportion	of	CD4+	T-cells	producing	
effector	 cytokines	 in	 the	 unregulated	
responses	 in	 scurfy	 mice.	 However,	 this	
defect	 is	manifested	predominantly	 in	 lymph	nodes,	whereas	 the	production	of	effector	
cytokines	by	splenic	CD4+	T-cells	 is	much	less	affected,	perhaps	explaining	the	remaining	
pathology	in	SfRBPko	mice.

Serum levels of IgG1 and IgE are reduced in SfRBPko mice. Sf	mice	produce	high	serum	

Fig. 4. Reduced cytokine production by CD4+ T-cells 
from SfRBPko mice. 	Lymph	node	and	spleen	cells	from	
3	 week	 old	 mice	 were	 stimulated	 for	 16	 hours	 with	
plate	 bound	 antibody	 to	 CD3e.	 Cytokine	 production	
of	 CD4+	CD8-	 T-cells	 was	 analyzed	 by	 flow-cytometry.	
Black	bars	 represent	WT	and	RBPko	mice,	white	bars	
Sf	mice	and	grey	bars	SfRBPko	mice.	Genotypes	were	
as	in	Fig.	1.		nd	indicates	that	no	cells	were	detected.		
Significance	 was	 calculated	 using	 an	 unpaired,	 two-
tailed	 t-test	 (*	 <	 0.05,	 **	 <	 0.01,	 ***	 <	 0.001),	WT/
RBPko	=	3,	Sf	=	3	and	SfRBPko	=	3. 
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levels	of	IgM,	IgA,	IgE	and	IgG1	(Fig. 5).	The	most	abundant	antibody	isotype	in	the	serum	
of	Sf	mice	is	IgG1,	present	at	concentrations	over	800μg/ml	(compared	to	about	60μg/ml	
in	WT	mice).	Another	prominently	produced	isotype	is	IgE,	found	at	approximately	70µg/
ml	in	Sf	mice	and	almost	undetectable	levels	in	WT	(Fig. 5,	white	and	black	bars).	Deficiency	
for	RBPJ	resulted	in	a	4.4-fold	reduction	in	IgG1	and	a	7.7-fold	reduction	in	IgE	serum	levels	
(Fig. 5,	 grey	bars).	 Levels	of	other	 isotypes	were	much	 less	 increased	 in	Sf	mice	and	no	
significant	differences	were	found	in	these	between	Sf	and	SfRBPko	mice.	As	the	mice	used	
are	 still	 young,	 it	 is	 likely	 that	 the	basal	 levels	of	 these	 latter	 IgGs	are	 to	a	 large	extent	
derived	from	their	mothers59.	In	contrast	to	these	class-switched	isotypes,	IgM	levels	are	
actually	elevated	even	more	 in	SfRBPko	mice	 (571μg/ml,	WT	78	μg/ml)	 than	 in	Sf	mice	
(283μg/ml),	perhaps	suggesting	a	defect	in	Immunoglobulin	class	switch	recombination.

A Tfh defect in SfRBPko mice.	 Immunoglobulin	class	switch	recombination	depends	on	
provision	of	CD40L	and	class-specific	cytokines	to	B-cells	by	Tfh	cells17,60. IgG1	and	IgE	are	
the	two	most	prominently	elevated	Ig	isotypes	in	Sf	mice	and	serum	titers	of	both	of	these	
are	strongly	reduced	in	SfRBPko	mice.	Although	the	levels	of	IL-4,	necessary	for	switching	
to	these	isotypes,	are	reduced	in	SfRBPko,	this	reduction	is	relatively	modest	in	CD4+	T-cells	
in	spleen.	We	therefore	considered	the	possibility	that	Notch	signaling	affects	the	ability	of	
CD4+	T-cells	to	provide	help	for	class	switch	recombination	in	additional	ways.	To	address	
this,	we	 examined	whether	 absence	 of	 a	 functional	Notch	 pathway	 affects	 the	 number	
and/or	phenotype	of	Tfh	cells.	As	expected,	 the	percentage	of	PD-1+	CXCR5+	Tfh	cells	 is	
strongly	elevated	in	the	lymph	nodes	of	Sf	mice	(Fig. 6A,	middle	and	C).	In	contrast,	very	
few	such	cells	were	present	in	SfRBPko	and	those	that	were	found	expressed	only	low	levels	
of	CXCR5	(Fig. 6A,	right	and	C).	Another	hallmark	of	Tfh	cells	is	the	expression	of	ICOS	and	
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Fig. 5. Isotype ELISA.	Sera	of	three	week	old	mice	were	analyzed	by	ELISA	for	the	presence	of	the	different	antibody	
isotypes.	Black	bars	represent	WT	and	RBPko	mice,	white	bars	Sf	mice	and	grey	bars	SfRBPko	mice.	Genotypes	
were	as	in	Fig.	1.	Two-tailed	Mann-Whitney	test	was	performed	to	determine	p-values	(*	<	0.05,	**	<	0.01,	***	
<	0.001).
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Sf	mice	show	an	increase	
in	 the	 percentage	 of	
ICOS+	 CXCR5+	 cells	which	
is	 not	 observed	 in	 the	
SfRBPko	 mice	 (Fig. 6A).	
The	 observed	 difference	
seems	 to	 derive	 from	 a	
lack	of	CXCR5	expression	
(Fig. 6B),	 a	 receptor	
critical	 for	 homing	 of	
Tfh	 cells	 to	 B-cell	 areas.	
No	 difference	 in	 the	
expression	of	either	PD1	or	ICOS	was	observed	(Fig. 6B).	Furthermore,	production	of	IL-21,	
a	cytokine	produced	by	Tfh	cells	and	important	for	both	their	own	development	as	well	as	
their	ability	to	provide	help	to	B-cells,	was	reduced	to	the	levels	found	in	healthy	control	
mice	as	a	consequence	of	RBPJ	deficiency	(Fig. 6D).	Thus,	a	functional	Notch	pathway	 is	
required	for	the	generation	of	fully	mature	Tfh-cells.

Discussion
Treg	deficiency	results	in	MOI	due	to	excessive	activation	of	immune	effector	mechanisms	

by	unchecked	CD4+	T-cells33.	Various	Th-cell	 lineages	are	involved,	including	the	Th1,	Th2	
and	Th17	cell	lineages37,38.	Since	Notch	has	been	described	to	control	the	differentiation	of	
all	these	Th-cell	 lineages43,47–49,52,	we	here	tested	whether	T-cell	specific	deletion	of	RBPJ,	
the	canonical	effector	of	Notch,	would	rescue	mice	from	disease.	We	report	here	that	such	
RBPJ	deficiency	does	mitigate	responses	of	multiple	Th-cell	 lineages,	although	the	effect	
on	Th2	cells	is	the	strongest.	In	fact,	a	reduction	of	Th1	and	Th17	responses	is	detectable	
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Fig. 6. Tfh cells.	 Lymph	 node	
cells	 from	 three	 week	 old	
mice	 were	 analyzed	 for	 the	
presence	and	function	(cytokine	
production)	 of	 Tfh	 cells.	 (A) 
Expression	of	PD1	(top)	and	ICOS	
(bottom)	against	CXCR5	of	CD4+	
cells	 is	 shown.	 (B)	 Histogram	
overlays	 of	 the	 stainings	 as	 in	
A	 are	 shown.	 (C) Lymph	 node	
CXCR5+	PD1+	Tfh	cells	displayed	
as	 percentage	 of	 CD4+	 T-cells.	
(D)	 Lymph	 node	 cells	 were	
stimulated	for	16h	 in vitro with	
anti-CD3	and	analyzed	for	IL-21	
expression.	 Shown	 are	 IL-21+	
positive	 cells	 as	 percentage	 of	
CD4+	cells.	Black	bars	represent	
WT	and	RBPko	mice,	white	bars	
Sf	mice	 and	 grey	 bars	 SfRBPko	
mice.	Genotypes	were	as	in	Fig.	
1.	 	 Significance	 was	 calculated	
using	 an	 unpaired,	 two-tailed	
t-test	(*	<	0.05).
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in	lymph	nodes,	but	not	spleen.	The	reason	for	this	discrepancy	is	currently	not	clear.	The	
observed	defects	 in	effector	cytokine	production	are	not	sufficient	 to	completely	 rescue	
the	mice,	although	RBPJ	deficiency	does	elicit	 a	25%	delay	 in	mortality.	 Inflammation	 is	
unaltered	in	the	skin	and	moderately	reduced	in	livers	of	SfRBPko	mice.	The	strongest	effect	
on	organ	inflammation	was	observed	in	the	lungs,	where	SfRBPko	mice	had	much	fewer	
infiltrates,	which	were	much	smaller	in	size.	

The	most	 prominent	 effect	 from	RBPJ	 deficiency	we	find	 here	 is	 on	 the	 generation	of	
antibodies.	Two	antibody	isotypes	are	strongly	elevated	in	Sf	mice:	IgG1,	which	reaches	the	
highest	concentrations	of	all	 Immunoglobulins	 in	Sf	mice,	and	IgE.	Production	of	both	of	
these	is	strongly	reduced	in	SfRBPko	mice.	Other	isotypes	are	much	less	induced	in	Sf	mice	
and	also	much	less	affected	by	RBPJ	deficiency.	Given	the	young	age	of	the	mice	used	it	
should	be	noted	that	the	titers	for	these	antibodies	in	wild	type	mice	are	largely	maternally	
derived59.	Perhaps	surprisingly,	production	of	IgA	was	elevated	in	Sf	mice	and	was	equally	
elevated	in	SfRBPko	mice.	It	is	of	course	possible	that	production	of	IgA	may	obey	different	
rules	than	the	production	of	IgGs	with	regard	to	dependence	on	Notch	signaling	in	Tfh	cells.	
However,	 it	 is	also	possible	that	the	elevated	IgA	levels	are	not	directly	caused	by	FoxP3	
deficiency.	 Instead,	 these	might	 result	 from	 the	 fact	 that	 these	 two	groups	of	mice	 still	
relied	on	milk	from	their	mothers,	whereas	their	FoxP3	wild	type	littermates	had	already	
adopted	a	 chow	diet,	 as	demonstrated	by	 the	 contents	of	 their	 stomachs.	 Interestingly,	
serum	titers	of	IgM	are	even	more	increased	in	SfRBPko	mice	than	in	Sf	mice.	Together	with	
the	apparently	complementary	decrease	in	IgG1	and	IgE	levels	these	results	suggest	that	
SfRBPko	mice	exhibit	defective	class	switch	recombination,	comparable	to	that	observed	in	
hyper	IgM	syndrome	patients61.	

We	trace	this	major	defect	in	antibody	production	back	to	a	multipronged	requirement	for	
Notch	in	the	ability	of	CD4+	T-cells	to	provide	help	to	B-cells.	In	recent	years,	it	has	become	
clear	that	Tfh	cells	constitute	a	separate	lineage	of	Th-cells,	specialized	at	providing	such	
help	to	B-cells.		Tfh	cells	are	characterized	by	expression	of	ICOS,	PD1	and	CXCR5,	which	play	
crucial	roles	in	the	differentiation	of	Tfh	cells,	their	function	and	migration,	respectively8,18,19.	
Although	CD4+	T-cells	with	a	PD1+	ICOS+	phenotype	can	be	found	in	SfRBPko	mice,	CXCR5high	
cells	 are	 conspicuously	absent.	As	CXCR5	 is	 required	 for	proper	homing	 to	and	 in	B-cell	
follicles18,19,62,63,	 inability	to	express	this	chemokine	receptor	likely	diminishes	the	efficacy	
of	help	to	B-cells.	Indeed,	mixed	bone	marrow	chimeric	mice	with	T-cell	specific	deficiency	
for	CXCR5	develop,	upon	 immunization,	only	 few	and	 small	 germinal	 centers,	which	 fail	
to	promote	optimal	CSR63.	Another	 important	attribute	of	Tfh	cells	 lies	 in	production	of	
IL-21.	 This	 cytokine	 bolsters	 differentiation	 of	 Tfh	 cells	 and	 is	 necessary	 for	 expression	
of	CXCR564.	On	 the	other	hand,	 IL-21	promotes	viability	of	B-cells,	 antibody	production,	
plasma	 cell	 differentiation	 and	 CSR	 towards	 IgG114–16,65,66.	 Production	 of	 this	 cytokine	 is	
almost	abrogated	in	SfRBPko	mice.	Finally,	RBPJ	deficiency	results	 in	a	marked	reduction	
in	production	of	IL-4,	which	is	required	for	class	switching	to	IgG1	and	IgE,	the	major	(class	
switched)	isotypes	produced	in	Sf	mice.	

It	should	be	noted	that	Notch	does	not	seem	to	be	universally	required	for	Tfh	function.	
Earlier	 studies	 showed	 that	 production	 of	 IgG2a	 was	 not	 reduced	 in	 mice	 with	 T-cell	
specific	 deficiencies	 in	 the	 Notch	 pathway,	 although	 production	 of	 IgG1	 and	 IgE	 were	
abrogated21,52,57,67,68.	This	was	originally	attributed	to	a	specific	defect	in	production	of	IL-4,	
which	drives	CSR	to	those	isotypes.	Our	current	findings	now	reveal	that	Notch	has	a	broader	
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role	in	Tfh	development,	which	is	at	apparent	odds	with	the	isotype	specific	function	found	
in	 those	 earlier	 studies.	 One	 possible	 explanation	 could	 be	 that	 different	 inflammatory	
conditions	may	rely	on	different	signals	for	development	of	Tfh	cells.	Alternatively,	different	
types	of	Tfh	cells	exist,	which	require	their	own	specific	signals	for	full	development.	In	that	
scenario,	a	“Th2-type”	Tfh	cell	may	require	Notch,	not	only	for	production	of	IL-4,	but	also	
for	expression	of	CXCR5,	IL-21	and	perhaps	other	factors.	

How	Notch	 controls	 these	different	aspects	of	 Tfh	cell	 identity	and	 function	 is	not	 yet	
clear.	A	recent	study	showed	a	major	role	for	a	3’	enhancer	of	the	Il4	gene	in	expression	
of	this	gene	by	Tfh	cells20,21.	Interestingly,	Notch	was	previously	shown	to	directly	regulate	
activity	of	 this	 enhancer49,53,68,	 suggesting	 that	 at	 least	 this	 property	of	 Tfh	cells	 is	 likely	
directly	controlled	by	Notch.	Expression	of	the	 Il4	gene	in	“tissue	Th2	cells”	 is	much	less	
dependent	on	this	enhancer20,21,	possibly	explaining	the	discrepancy	between	the	numbers	
of	Th-cells	producing	IL-4	in	lymph	nodes	and	spleens	in	SfRBPko	mice.	

Potential	 RBPJ	 binding	 sites	 are	 present	 in	 conserved	 regions	 of	 multiple	 Tfh	 cell	
associated	genes	(Fig. S3),	including	Cxcr5	and	Il21,	raising	the	possibility	that	these	genes	
are	directly	regulated	by	Notch.	IL-21	is	required	for	expression	of	CXCR564.	It	is	conceivable,	
therefore,	that	the	dependence	of	CXCR5	expression	on	Notch	signaling	reflects	an	indirect	
consequence	of	Notch-mediated	induction	of	IL-21	production.	Vice	versa,	it	is	possible	that	
the	absence	of	IL-21	producing	cells	is	a	consequence	of	the	absence	of	Tfh	cells,	which	are	
the	major	producers	of	this	cytokine,	rather	than	a	direct	consequence	of	RBPJ	deficiency.	
Arguing	for	a	more	direct	role	of	Notch	in	control	of	 IL-21	production	is	our	finding	that	
stimulation	of	naive	CD4+	T-cells	with	DLL4	results	in	prominent	induction	of	IL-21	mRNA46.	
A	 fundamentally	 different	 possibility	 is	 that	 Notch	 controls	 survival	 of	 CXCR5high	 cells,	
consistent	 with	 the	 potent	 anti-apoptotic	 program	 induced	 by	 Notch	 in	 activated	 CD4+	
T-cells46.	Interestingly,	RBPJ	is	not	required	for	the	expression	of	PD1	and	ICOS,	even	though	
expression	of	the	latter	is	induced	in vitro	in	naive	CD4+	T-cells	by	stimulation	with	the	Notch	
ligand	DLL446.	This	shows	that	Notch	does	not	control	the	entire	Tfh	program,	but	rather	
governs	a	selective	module	of	the	gene	expression	program	determining	Tfh	identity.	Indeed,	
it	is	becoming	increasingly	clear	that	cellular	differentiation	programs	are	largely	modular,	
with	combinations	of	transcription	factors	determining	the	ultimate	cellular	identity69.	Such	
modularity	is	evident	in	the	Tfh	cell	program,	for	instance,	from	the	finding	that	expression	
of	Bcl-6,	 the	presumed	master	 regulator	of	Tfh	differentiation,	 is	by	 itself	 insufficient	 to	
fully	 impart	the	entire	Tfh	gene	expression	program70,71.	Studies	 in	Xenopus	have	shown	
that	physical	interaction	between	Bcl6	and	the	NICD	controls	expression	of	specific	genes	
required	for	the	establishment	of	 left-right	asymmetry72.	 It	 is	attractive	to	speculate	that	
this	same	mechanism	may	operate	in	Tfh	cells.	Indeed,	such	a	mechanism	would	combine	
the	flexibility	and	environmental	feedback	of	a	pathway	controlled	by	extracellular	signals	
(Notch)	with	the	cell	type	selectivity	of	a	lineage	specific	transcription	factor	(Bcl-6).	Ligands	
for	Notch	are	expressed	on	activated	dendritic	cells	as	well	as	on	activated	B-cells,	while	
several	Notch	receptors	are	expressed	on	activated	CD4+	T-cells43.	The	necessary	elements	
for	this	environmental	feedback	mechanism	are	in	place,	therefore.

In	conclusion,	our	results	provide	further	evidence	for	the	stimulatory	role	of	the	Notch	
pathway	on	the	functional	development	of	multiple	subsets	of	Tfh	cells.	Most	prominent	
among	these	is	the	newly	identified	role	of	Notch	in	provision	of	T-cell	help	to	B-cells.	Our	
results	therefore	suggest	that	strategies	targeting	Notch	might	be	considered	for	treatment	
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of	patients	with	systemic	autoimmune	diseases	caused	by	high	levels	of	auto-antibodies,	
such	as	SLE	and	Graves’	disease.	

Materials and Methods
Mice. Heterozygous	 female	 B6.Cg-Foxp3sf/x/J	mice	 (The	 Jackson	 Laboratory)	were	 bred	with	male	
RBPJflox/flox-CD4-Cre	(57	and	Taconic)	transgenic	mice	to	produce	scurfy	mice	(Foxp3sf/y)	with	(CD4-Cre-)	
and	without	(CD4-Cre+)	expression	of	RBPJ	in	CD4+	T-cells	(Sf	and	SfRBPko).	Experimental	and	control	
mice	were	male	littermates.	Health	of	the	experimental	mice	was	monitored	starting	at	day	14	after	
birth,	including	daily	weighing.	Mice	were	maintained	in	the	animal	facility	of	the	AMC	under	specific	
pathogen	free	conditions.	All	animal	experiments	were	in	compliance	with	EU	and	national	laws	and	
approved	by	the	local	ethical	committee. 

Flow-Cytometry. Axillary,	 brachial	 and	 inguinal	 lymphnodes	 and	 spleens	were	 isolated	 and	 single	
cell	 suspensions	 were	 prepared	 in	 PBS	 (1%	 FCS).	 Cells	 were	 stained	 using	 antibodies	 listed	 in	
supplementary	table	1	for	0.5-1	hour	at	4°C.	To	measure	cytokine	production	cells	were	stimulated	
for	16	hours	at	37°C	on	10μg/ml	plate	bound	anti-CD3ε	(eBioscience).	Following	2h	incubation	with	
5μg/ml	 BrefeldinA	 surface	 markers	 were	 stained	 as	 described	 above.	 Cells	 were	 fixed	 using	 2%	
formaldehyde	and	stained	with	cytokine	specific	antibodies	(Table S1)	in	0.5%	saponin	for	0.5-1	hour	
at	4°C.	Post-acquisition	analyses	were	conducted	using	FlowJo	software	(Tree	Star).

Histology. Tissues/organs	from	age	matched	littermate	mice	were	fixed	in	formalin	for	16-20	hours	
followed	 by	 incubation	 with	 70%	 ethanol.	 Sections	 from	 paraffin-embedded	 tissue	 were	 stained	
with	H&E.	 Inflammation	was	scored	based	on	frequency	and	size	of	 infiltrates.	The	significance	of	
differences	in	inflammation	score	was	determined	by	an	unpaired,	two-tailed	t-test. 

ELISA. Blood	was	drawn	before	euthanizing	the	mice.	Heparin	(LEO	Pharma)	was	added	to	prevent	
clotting.	Blood	was	 centrifuged	 for	 10	minutes	 at	 400g	and	4°C	 to	 remove	 cells.	 ELISAs	 to	detect	
immunoglobulins	 were	 performed	 using	 a	 kit	 from	 Southern	 Biotech	 (Cat.No.	 5300-01B)	 and	
antibodies	from	BDBioscience	(Cat.No.	553413/553419)	according	to	the	manufacturer’s	instructions.

Transcription factor binding site analysis.	 Tfh	 associated	 genes	 including	 2kb	 upstream	 were	
analyzed	 for	 the	presence	of	RBPJ	binding	sites	using	 the	TRANSFAC	matrix	 (vertebrates)	with	 the	
recommended	threshold	via	VISTA-Point	and	rVISTA	(http://genome.lbl.gov/vista/index.shtml)73.
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Fig. S1. Cellularity. Lymph	 nodes	
and	 spleen	of	3	week	old	mice	were	
analyzed	 by	 flow-cytometry.	 Shown	
is	the	percentage	of	Gr-1+	cells.	Black	
bars	 represent	 WT	 and	 RBPko	 mice,	
white	 bars	 Sf	 mice	 and	 grey	 bars	
SfRBPko	 mice.	 Genotypes	 were	 as	
in	 Fig.	 1.	 Significance	 was	 calculated	
using	 an	 unpaired,	 two-tailed	 t-test	
(*	<	0.05).	WT/RBPko	=	3,	Sf	=	3	and	
SfRBPko	=	3. 
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Fig. S2. CD4+ T-cells of SfRBPko mice produce less IFNγ. 	
Lymph	node	and	spleen	cells	from	3	week	old	mice	were	
stimulated	for	16	hours	on	plate	bound	anti-CD3.	 IFNγ	
production	 of	 CD4+	 CD8-	 T-cells	was	 analyzed	 by	 flow-
cytometry.	 Results	 from	 two	 independent	 litters	 are	
shown	 (upper/lower	 graphs	 respectively). Top	 graph	
pooled	 lymph	 node	 and	 spleen	 cells	 of	WT	 (1),	 Sf	 (2)	
and	 SfRBPko	 (2).	 Lower	 graphs	 lymph	 node	 (left)	 and	
spleen	(right)	cells	of	WT	(1),	Sf	 (1),	SfRBPko	(1).	Black	
bars	represent	WT	and	RBPko	mice,	white	bars	Sf	mice	
and	grey	bars	SfRBPko	mice.	Genotypes	were	as	in	Fig.	1.	
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Abstract
A fundamental property of the adaptive immune system is the ability to generate 
antigen specific memory, which protects against repeated infections with the same 
pathogens and determines the success of vaccination. Immune memory is built up 
alongside a response providing direct protection during the course of a primary immune 
response. For CD8 T-cells, this involves the generation of two distinct types of effector 
cells. Short lived effector cells (SLECs) confer immediate protection, but contribute little 
to the memory repertoire. Memory precursor effector cells (MPECs) have the ability to 
respond to survival signals and develop into memory cells. These two types of cells can 
be distinguished on the basis of surface markers and express distinct genetic programs. 
A single naive CD8 T-cell can give rise to both MPEC and SLEC daughter cells. This may 
involve an initial asymmetric division or depend on later instructive signals acting on 
equipotent daughter cells. Strong inflammatory signals favor the generation of SLECs, 
weaker inflammation favors the generation of MPECs. A distinguishing feature of MPECs 
is their ability to persist when most effector cells die. This survival depends on signals 
from the IL-7 receptor, which induce expression of anti-apoptotic factors. MPECs are 
therefore characterized by expression of the IL-7 receptor as well as the CCR7 chemokine 
receptor, which allows homing to areas in lymphoid organs where IL-7 is produced. Critical 
for persistence of MPECs is further their responsiveness to myeloid cell derived  IL-15, 
which instructs these cells to switch their metabolic programs from glycolysis associated 
with rapid proliferation to fatty acid oxydation required during a more resting state. 
As the mechanisms determining generation of immunological memory are unraveled, 
opportunities will emerge for the improvement of vaccination strategies.

Numbers
The	adaptive	immune	response	is	a	numbers	game	with	ups	and	downs.	Many	different	

pathogens	can	potentially	invade	our	tissues	necessitating	the	existence	of	a	large	number	
of	different	antigen	receptor	specificities.	As	the	frequency	of	individual	antigen	receptor	
specificities	 is	 inversely	proportional	 to	 the	 total	number	of	 specificities,	 the	number	of	
naive	cells	carrying	any	 individual	specificity	 is	 low.	Measurements	among	CD8	T-cells	 in	
mice	 have	 shown	 that	 the	 pre-immune	 frequency	 of	 individual	 antigen	 specificities	 lies	
between	1	in	7	x	104	and	1	in	3	x	105	cells	and	a	mouse	thus	contains	around	80	to	1200	
naive	CD8	T-cells	of	each	specificity1.	This	number	stands	in	sharp	contrast	to	the	millions	of	
cells	that	can	be	infected	during	a	viral	invasion.	As	killing	by	CD8	T-cells	requires	direct	cell-
cell	contact,	tremendous	expansion	of	the	naive	repertoire	of	CD8	T-cells	is	thus	necessary	
for	effective	removal	of	all	these	infected	cells.	Indeed,	at	the	peak	of	a	response,	up	to	10%	
of	the	CD8	T-cell	repertoire	may	consist	of	cells	with	a	single	antigen	specificity,	requiring	
around	104-fold	or	greater	expansion	of	the	naive	repertoire1.	Ten	such	responses	would	
theoretically	 result	 in	a	doubling	of	 the	 total	number	of	CD8	T-cells	 in	a	mouse.	Clearly,	
maintaining	all	these	excess	effector	CD8	T-cells	after	clearance	of	the	infections	would	be	a	
great	waste	of	resources	and	space	and	possibly	even	dangerous,	given	that	these	cytotoxic	
cells	 are	 armed	 to	 the	 teeth.	 After	 about	 a	 week	 into	 a	 primary	 CD8	 T-cell	 response,	
antigen	 specific	 repertoires	 therefore	 contract	 again,	 ultimately	 leaving	 only	 about	 5	 to	
10%	of	the	newly	generated	cells	to	generate	a	stable	pool	of	memory	cells2.	While	only	a	
minor	fraction	of	the	peak	population,	the	number	of	memory	CD8	T-cells	persisting	is	still	
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several	orders	of	magnitude	greater	 than	the	naive	repertoire,	giving	 them	a	head	start	
when	the	same	micro-organism	reinfects	the	host	and	the	repertoire	must	be	expanded	
again.		In	combination	with	qualitative	differences	between	memory	and	naive	CD8	T-cells,	
this	 greater	precursor	 frequency	 causes	memory	 responses	 to	be	both	 faster	 and	more	
vigorous	than	primary	responses,	and	thereby	limit	pathology	from	repeated	infections3.	
Different	types	of	memory	CD8	T-cells	exist,	which	differ	in	their	localization	and	functional	
abilities.	Central	memory	(Tcm)	cells	express	high	levels	of	the	lymph	node	homing	receptor	
CD62L	and	correspondingly	reside	in	lymph	nodes	and	spleen.	On	the	other	hand,	effector	
memory	(Tem)	CD8	T-cells	lack	expression	of	CD62L	and	are	preferentially	found	in	tissues.	
Tem	have	limited	ability	to	proliferate,	but	readily	unleash	their	effector	function,	whereas	
Tcm	proliferate	vigorously	and	require	a	differentiation	phase	to	acquire	effector	function3.	

As	memory	 responses	 determine	 the	 success	 of	 vaccination,	 there	 is	 great	 interest	 in	
understanding	the	mechanisms	controlling	the	generation	of	effective	memory.	The	early	
events	leading	to	the	establishment	of	CD8	T-cell	memory	are	the	subject	of	this	chapter.

MPECs and SLECs: Cells with different potential
A	key	question	is	how	it	is	decided	which	effector	cells	should	die	at	the	end	of	a	primary	

response	and	which	ones	will	live	on	to	become	memory	cells?	Conceptually,	two	different	
models	are	possible:	First,	all	effector	cells	could	be	equipotent	and	chance	encounters	with	
survival	factors	at	and	after	the	peak	of	the	response	could	determine	which	cells	survive	
and	develop	into	memory	cells.	Alternatively,	a	decision	could	be	made	earlier,	such	that	
some	effector	cells	are	destined	to	die,	while	others	are	predisposed	to	seed	the	memory	
lineage.	The	available	evidence	clearly	favors	the	latter	possibility.	Cell	transfer	experiments	
have	shown	that	at	the	peak	of	the	response	two	types	of	effector	cells	exist:	short	lived	
effector	cells	(SLEC),	which	die	during	contraction	of	the	repertoire,	and	memory	precursor	
effector	cells	(MPEC)4.	These	cells	are	found	within	two	populations	with	distinct	expression	
of	the	killer	lectin-like	receptor	KLRG1	and	the	α-chain	of	the	IL-7	receptor,	CD127.	KLRG1+	

CD127-	 cells	 are	 mostly	 short	 lived	 effector	 cells	 (SLECs),	 whereas	 memory	 precursor	
effector	 cells	 are	 contained	within	 a	KLRG1-	CD127+	population4,5.	 Further	heterogeneity	
may	exist	within	the	MPEC	population.	A	proportion	of	KLRG1-	CD127+	was	recently	shown	
to	express	CD62L,	and	it	has	been	suggested	that	these	cells	may	be	the	precursors	of	Tcm6.	
The	relative	distribution	of	cells	in	these	populations	varies	between	responses	to	different	
infections.	For	instance,	over	60%	of	antigen	specific	cells	found	at	the	peak	of	the	response	
to	Listeria	monocytogenes	or	LCMV	is	KLRG1+	CD127-,	whereas	this	population	makes	up	
only	20%	of	the	response	to	Influenza	virus6,7.	A	third	population	of	KLRG1-	CD127-	cells	is	
found	at	the	peak	of	the	response	to	some	pathogens	such	as	Influenza	virus	or	vesicular	
stomatitis	virus	(VSV)6.	Cells	 in	this	population	have	the	capacity	to	give	rise	to	all	 three	
populations,	KLRG1-	CD127-,	KLRG1+	CD127-	and	KLRG1-	CD127+	6.	These	cells	thus	appear	to	
be	precursors	to	SLECs	and	MPECs	and	have	been	referred	to	as	early	effector	cells	(EEC)6.	
Commitment	to	the	MPEC	fate	seems	to	already	be	made	by	cells	in	this	population.	It	was	
shown	that	high	expression	of	 the	 transcriptional	 regulator	 Id3	among	EEC	marks	 those	
cells	destined	to	develop	into	memory	cells8.	

Both	SLECs	and	MPECs	are	genuine	effector	cells,	which	produce	effector	cytokines	such	
as	 IFNγ	as	well	as	cytolytic	effector	molecules	 like	granzyme	B	and	perforin	(RB	and	DA-
unpublished	results).	Nonetheless,	significant	differences	exist	between	the	two	types	of	
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effector	 cells,	 apart	 from	the	ability	 to	 survive.	 SLECs	produce	higher	 levels	of	 cytotoxic	
effector	molecules	than	MPECs.	This	is	true	especially	at	later	stages	in	the	response,	when	
MPECs	 gradually	 reduce	 production	 of	 these	 molecules	 9.	 In	 contrast,	 MPECs	 produce	
more	IL-2.	Differences	are	also	found	in	the	expression	pattern	of	chemokine	and	homing	
receptors,	with	for	instance	preferential	expression	of	the	lymph	node	homing	receptors	
CCR7	and	CD62L	on	MPECs	(see	below)6,9,10.	

As	would	be	expected	from	these	phenotypic	differences,	the	SLEC	and	MPEC	fates	are	
associated	with	distinct	 transcriptional	programs.	Dedicated	 transcription	 factors	govern	
these	gene	expression	programs.	Several	of	these	factors	are	preferentially	expressed	in	one	
cell	type	or	the	other.	For	instance,	the	T-box	transcription	factor	T-bet	and	the	Zinc	finger	
containing	 transcriptional	 repressor	Blimp1	are	both	expressed	at	higher	 levels	 in	SLECs	
than	 in	MPECs	and	are	necessary	 for	 the	development	of	KLRG1+	CD127-	 cells5,9,11.	 T-bet	
contributes	to	the	establishment/maintenance	of	SLEC	 identity	by	promoting	expression	
of	the	Ifng	gene	and	repression	of	the	gene	encoding	CD127.	T-bet	also	induces	expression	
of	CD122,	 the	β-chain	of	 the	receptor	 for	 	 IL-15,	which	helps	maintain	viability	of	SLECs	
at	 late	 stages	 in	 the	 response	 (see	 below)12.	 Blimp1	 is	 necessary	 for	 high	 expression	 of	
cytotoxic	molecules,	such	as	granzyme	B,	FasL	and	perforin9,11.	As	Blimp1	is	a	transcriptional	
repressor,	 it	seems	 likely	that	 intermediate	factors	are	 involved	 in	these	positive	effects.	
On	 the	 other	 hand,	 Blimp1	 inhibits	 expression	 of	 multiple	 MPEC	 specific	 factors,	 such	
as	CD127	and	 IL-2,	as	well	as	chemokine	receptors	and	receptors	 involved	 in	homing	to	
lymphoid	 organs,	 like	 CCR7	 and	 CD62L9,11.	 Blimp1	 furthermore	 directly	 antagonizes	 the	
MPEC	transcriptional	program	at	a	higher	level	by	repressing	expression	of	various	MPEC	
promoting	transcription	factors.	One	of	these	is	Bcl6,	a	factor	necessary	for	development	
of	stable	MPEC	cells,	which	itself	inhibits	expression	of	the	granzyme b	gene	as	well	as,	in	a	
mutually	antagonistic	fashion,	the	gene	encoding	Blimp113.	Another	MPEC	factor	inhibited	
by	Blimp1	is	Id39,	a	helix-loop-helix	factor	which	functions	as	dominant-negative	regulator	
of	DNA	binding	by	E-proteins	or	other	transcription	factors14.	Id3	is	expressed	at	elevated	
levels	 in	MPECs	and	 is	 essential	 for	 their	 long	 term	survival	 through	as	 yet	unidentified	
mechanisms8,15.	Finally,	the	Wnt	pathway	transcription	factor	Tcf1	is	preferentially	expressed	
in	MPECs	and	inhibited	by	Blimp19,16.	Like	Id3,	Tcf1	is	not	required	for	MPEC	differentiation	
per	se,	but	is	essential	for	persistence	of	MPECs	by	transactivating	the	gene	encoding	the	
T-box	factor	Eomesodermin16.	 In	 its	turn,	Eomesodermin	promotes	expression	of	CD122,	
allowing	MPECs	and	memory	cells	to	respond	to		IL-15,	which	is	necessary	for	initial	survival	
and	their	later	homeostasic	turn	over12.	Finally,	the	FoxO1	transcription	factor	promotes	the	
MPEC	fate	by	inducing	expression	of	CD127,	CD62L	and	Eomesodermin17.	At	the	same	time,	
FoxO1	inhibits	expression	of	the	SLEC	factor	T-bet17.	

A	general	picture	that	emerges	is	that	dedicated	transcription	factors	act	both	positively	
to	promote	one	fate,	and	negatively	to	inhibit	the	other	(Fig. 1).	This	suggests	that	these	
two	cell	types	exist	in	bistable	states,	such	as	found	for	instance	also	between	T	helper	1	
and	T	helper	2	 cells,	 reinforcing	 the	notion	 that	MPEC	and	SLEC	 truly	 represent	distinct	
identities,	rather	than	a	continuum	of	phenotypes.	

One cell, multiple fates
How	then	is	this	heterogeneity	of	SLECs	and	MPECs	generated?	One	possibility	could	be	

that	different	naive	precursors	develop	 into	SLECs	and	MPECs.	 It	has	been	proposed	 for	
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instance	that	the	timing	of	recruitment	into	the	response	affects	the	ultimate	fate	chosen	
by	 the	CD8	naïve	precursor.	 Indeed,	not	all	antigen	responsive	cells	are	activated	at	 the	
same	time.	For	instance,	1	day	after	infection	with	VSV,	only	35%	of	the	naïve	VSV	specific	
CD8	T-cells	expressed	the	early	activation	marker	CD69,	whereas	after	2	days	nearly	all	VSV	
specific	CD8	T-cells	did1.	Furthermore,	when	naive	precursors	were	transferred	at	different	
times	into	a	mouse	already	making	a	response,	those	CD8	T-cells	transferred	at	a	relatively	
late	 stage	preferentially	developed	 into	MPEC	 18.	 It	 is	 therefore	possible	 that	 the	timing	
of	activation	does	influence	the	choice	between	SLEC	and	MPEC	differentiation.	However,	
others	have	shown	that	one	single	Ag-specific	CD8	T-cell	can	give	rise	to	a	diverse	population	
of	effector	and	memory	cells19,20.	When,	for	instance,	a	single	naive	antigen-specific	T-cell	
was	transferred	into	a	congenic	host,	it	was	found	that	its	progeny	consisted	of	both	effector	
and	memory	 cells19.	 In	 another	 experiment,	 naive	CD8	T-cells	were	engineered	 to	 carry	
unique	genetic	“barcodes”,	short	random	DNA	sequences,	which	allow	the	tracing	of	their	
progeny.	When	mice	with	these	CD8	T-cells	were	infected	with	different	model	pathogens,	
the	same	barcodes	were	found	back	in	both	effector	and	memory	cells20.	If	SLECs	and	MPECs	
were	derived	from	different	naive	precursors,	the	prediction	of	this	experiment	would	have	
been	 that	a	 specific	 subset	of	barcodes	 should	be	 found	exclusively	 in	 the	effector	cells	
and	not	 in	the	memory	population	(and	vice	versa).	That	such	a	population	of	barcodes	
was	not	found,	suggests	that	the	generation	of	SLEC	and	MPEC	progeny	from	a	single	naive	
precursor	is	the	rule	rather	than	the	exception.	

Commitment at first division or later
Two	models	have	been	proposed	to	explain	how	a	single	cell	gives	rise	to	both	of	SLEC	and	

MPEC	progeny	(Fig. 2)	and	each	of	these	models	has	been	supported	by	elegant	experimental	
evidence.	In	the	first	model,	the	decision	between	SLEC	and	MPEC	is	taken	already	during	a	
first	asymmetric	division	of	the	naive	CD8	T-cell,	in	which	one	of	the	daughter	cells	adopts	
the	SLEC	and	the	other	the	MPEC	fate21.	It	was	shown	that	cognate	interaction	with	peptide	
loaded	 antigen	 presenting	 cells	 (APC)	 results	 in	 a	 polarized	 organization	 of	 naive	 CD8	
T-cells	with	 several	molecules	moving	 towards	 the	 site	 of	 interaction	 and	others	 to	 the	
opposite	side21.	As	cytokinesis	occurs	while	the	CD8	T-cell	is	still	in	contact	with	the	APC,	
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Fig. 1. (A)	Transcriptional	 regulators	dedicated	 to	 the	establishment	and	maintenance	of	either	MPEC	or	SLEC	
differentiation	form	cross-regulatory	networks,	which	 inhibit	one	another	at	multiple	 levels	 to	generate	stable	
identities.	(B) The	formation	of	MPECs	and	SLECs	from	single	precursor	cells	represented	as	bistable	differentiation	
states,	allowing	separation	of	SLECs	and	MPECs	as	distinct,	relatively	stable	cell	subsets.	Both	differentiated	states	
are	energetically	more	favorable	than	the	transition	state.	Only	after	crossing	a	threshold	do	the	cells	transition,	
but	intermediate	phenotypes	likely	do	not	exist	due	to	inherent	instability.	Because	SLECS	can	be	generated	from	
MPECs,	but	probably	not	the	other	way	around,	the	former	are	represented	at	a	lower	energetic	state.
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this	polarized	organization	of	the	original	naive	CD8	T-cells	results	in	unequal	distribution	
of	molecules	between	 the	 two	daughter	cells.	The	cell	 closest	 to	 the	APC	 (the	proximal	
daughter)	was	found	to	receive	greater	levels	of	molecules	associated	with	effector	fate,	
such	as	granzyme	B	and	Tbet21,22.	The	distal	daughter	cell	received	greater	levels	of	CD127,	
a	marker	associated	with	the	MPEC	fate.	Upon	transfer	into	recipient	mice,	distal	daughter	
cells	 conferred	 greater	 protection	 to	 delayed	 infection	 than	 proximal	 daughter	 cells,	
consistent	with	 the	possibility	 that	 the	distal	 cells	possess	greater	potential	 to	generate	
memory21.

In	 the	 second	 model,	 naive	 CD8	 T-cells	 generate	 equipotent	 daughter	 cells	 that	 all	
develop	effector	function.	Some	of	these	daughters	will	subsequently	develop	into	SLECs	
and	others	into	MPECs,	depending	on	signals	encountered	during	the	response.	In	support	
of	this,	it	has	been	shown	that	memory	T-cells	indeed	derive	from	cells	with	effector	cell	
characteristics.	 This	 conclusion	 was	 drawn	 from	 experiments	 in	 which	 transgenic	 mice	
expressed	 a	 tamoxifen	 controllable	 version	 of	 the	 Cre	 enzyme	 (ER-Cre)	 driven	 by	 the	
regulatory	 elements	 of	 the	 granzyme	 B	 gene23.	 These	 mice	 additionally	 contained	 an	
expression	 construct	 encoding	 the	 yellow	 fluorescent	 protein	 (YFP)	 marker,	 which	 was	
inserted	 in	 the	 ubiquitously	 expressed	Rosa	 locus,	 but	 was	 inactive	 until	 Cre	mediated	
excision	 of	 a	 5’	 Stop	 sequence.	 This	 configuration	 allowed	 indelible	marking	 of	 cells,	 in	
which	Cre	had	been	expressed	at	some	point,	as	well	as	their	progeny.	It	was	found	that	
addition	of	tamoxifen	(to	allow	ER-Cre	function)	at	early	stages	after	primary	infection	led	
to	 the	development	of	YFP+	memory	cells23.	Therefore,	ancestors	of	 these	memory	cells	
had	expressed	 the	gene	encoding	 the	effector	cell	molecule	granzyme	B	at	 some	stage.	
This	experiment	excludes	an	all	or	none	model	in	which	an	early	asymmetric	division	yields	
one	daughter	lineage	with	effector	function	and	another	daughter	lineage	without	effector	
function,	 destined	 to	 develop	 into	 memory	 cells.	 The	 experiment	 does	 not,	 however,	
exclude	a	hybrid	model,	 in	which	cells	already	committed	to	the	MPEC	fate	still	develop	
some	effector	function.	Consistent	with	this	possibility,	KLRG1-	CD127+	MPEC	have	indeed	
been	shown	 to	produce	granzyme	B,	especially	early	after	 infection9.	At	 the	 same	time,	

Fig. 2. Two models for the generation of both MPECs and SLECs from a single precursor.	 (A) CD8+	 T-cell	
heterogeneity	 can	be	 imparted	during	 the	first	 cell	 division	 after	Ag	encounter	by	 asymmetric	 division	of	 the	
naïve	CD8+	T-cell.	Asymmetrical	 segregation	of	cell	 fate	determinants	 leads	 to	 the	 formation	of	phenotypically	
and	functionally	different	daughter	cells.	Daughter	cells	do	still	require	input	from	environmental	signals	to	fully	
differentiate	and/or	to	expand.	(B) Equipotent	daughter	cells	are	formed,	some	of	which	will	develop	into	SLEC	
and	others	into	MPEC	cells	depending	on	signals	they	encounter.	Commitment	to	SLEC	or	MPEC	fates	may	occur	
after	the	first	division	as	shown,	or	may	happen	after	two	or	more	divisions.
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it	 should	be	noted	 that	 the	evidence	 supporting	a	decisive	 role	 for	 asymmetric	division	
in	 determining	 SLEC	 versus	 MPEC	 fate	 currently	 rests	 on	 a	 single	 type	 of	 experiment:	
adoptive	 transfer	 of	 cells,	 identified	as	 distal	 or	 proximal	 daughter	 cells	 on	 the	basis	 of	
small	differences	in	expression	of	surface	markers21.	Although	this	approach	was	not	wrong	
per	se,	independent	confirmation	of	the	importance	of	asymmetric	division	by	additional	
experimental	strategies	still	seems	warranted.	

Factors promoting MPEC or SLEC differentiation
Regardless	of	the	point	at	which	commitment	to	SLEC	or	MPEC	is	made,	it	 is	clear	that	

external	signals	strongly	affect	the	development	of	these	cell	types	(Fig. 2).	A	general	rule	
seems	to	be	that	signals	associated	with	strong	inflammation	favor	development	of	SLECs.	
Treatment	of	mice	with	antibiotics	during	infection	with	the	intracellular	bacterium	Listeria	
monocytogenes	 results	 in	 diminished	 expansion	 of	 antigen	 specific	 CD8	 T-cells24.	 This	 is	
due	 for	 the	most	 part	 to	 an	 almost	 complete	 absence	 of	 SLEC	 generation.	Numbers	 of	
MPECs	generated	under	 these	conditions	are	close	 to	 those	 found	 in	 infections	without	
antibiotics	and	these	MPECs	give	rise	to	functional	memory24.	As	treatment	with	antibiotics	
also	reduced	serum	levels	of	inflammatory	cytokines24,	a	possible	interpretation	could	be	
that	 such	 cytokines	 are	 required	 for	 SLEC	 formation.	 Likewise,	 SLEC	 differentiation	was	
almost	abrogated	in	CCR5	and	CXCR3	double	deficient	mice	infected	with	Influenza	virus.	
These	chemokine	receptors	are	necessary	for	migration	into	the	infected	tissue	and	their	
absence	presumably	causes	lower	exposure	of	the	activated	CD8	T-cells	to	inflammatory	
mediators25.	Indeed,	CD8	T-cells	lacking	expression	of	functional	receptors	for	IL-12	or	type	
IFN	generate	fewer	SLECs	and	proportionally	more	MPEC	with	the	relative	contribution	of	
each	cytokine	varying	depending	on	the	infectious	model	studied7,26.	SLEC	differentiation	
is	 not	 completely	 abrogated	 by	 the	 combined	 absence	 of	 both	 receptors,	 possibly	 due	
to	 a	 contribution	 of	 yet	 other	 inflammatory	 cytokines,	 such	 as	 IL-277.	 The	 finding	 that	
the	numbers	 of	 KLRG1-	CD127+	 cells	 are	 relatively	 unchanged	when	 these	 inflammatory	
cytokines	are	absent	might	seem	to	suggest	that	memory	cell	formation	occurs	by	avoiding	
exposure	to	inflammatory	cytokines.	However,	this	idea	is	only	partially	correct.	Whereas	
cells	with	the	phenotypic	characteristics	of	MPECs	do	indeed	develop	in	normal	numbers,	
combined	 deficiency	 for	 both	 IL-12	 and	 type	 I	 IFN	 receptors	 results	 in	 poor	 memory	
development	due	to	precipitous	death	of	the	MPECs	at	later	stages	in	the	response26.	One	
possible	explanation	for	the	dual	functions	of	inflammatory	signals	could	be	that	strong	or	
repeated	exposure	to	inflammatory	cytokines	induces	early	effector	cells	to	develop	into	
SLECs,	whereas	weaker	or	shorter	exposure	induces	critical	aspects	of	a	survival	program	
in	the	developing	MPECs.

Another	 factor	 promoting	 the	 generation	 of	 SLECs	 is	 IL-2.	 High	 concentrations	 of	 IL-2	
promote	acquisition	of	effector	functions	in	tissue	culture27.	In vivo,	expression	of	CD25,	the	
α-chain	of	the	high	affinity	IL-2	receptor,	is	uniformly	high	at	early	stages	after	infection,	but	
at	later	stages	CD25high	and	CD25low	populations	develop28.	Of	these,	the	CD25high	population	
contains	more	proliferative	cells,	which	eventually	develop	into	SLECs.	CD25low	cells	develop	
the	phenotypic	characteristics	of	MPECs	and	preferentially	 survive	at	 later	 stages	of	 the	
response.	Expression	of	CD25	is	elevated	or	maintained	at	high	levels	by	IL-2	receptor	and	
antigen	receptor	signaling	as	well	as	by	costimulatory	signals28.	Help	from	CD4	T-cells	also	
promotes	expression	of	CD25,	possibly	by	providing	a	source	of	 IL-2	 29.	CD25	expression	
is	 not	 an	 absolute	 requirement	 for	 the	 generation	 of	 SLECs.	 CD25	 deficient	 CD8	 T-cells	
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still	 generate	 such	 cells,	 but	 at	 reduced	numbers	 29.	On	 the	other	hand,	 the	 generation	
of	MPECs	by	CD25	deficient	CD8	T-cells	seems	relatively	normal,	such	that	proportionally	
their	 frequency	 is	 increased	 29.	 Nonetheless,	 as	 is	 the	 case	 for	 inflammatory	 cytokines,	
IL-2	may	not	be	dispensable	for	the	generation	of	functional	CD8	T-cell	memory:	Although	
CD25	deficient	CD8	T-cells	generate	a	memory	population	of	normal	size,	such	cells	did	not	
mount	functional	memory	responses	upon	reinfection,	although	this	was	not	found	in	all	
studies29,30.	It	is	not	clear,	however,	whether	IL-2	programs	the	development	of	functional	
memory	cells	or	whether	already	differentiated	memory	cells	require	IL-2	receptor	signals	
to	mount	an	effective	memory	response31.

A	number	of	 signals	 thus	promotes	development	of	SLECs.	Does	 this	mean	 that	MPEC	
differentiation	is	a	default	fate	or	does	induction	of	this	fate	require	specific	instructive	signals	
as	well?	Although	no	conclusive	evidence	exists	for	this	yet,	several	signals	have	shown	to	
be	necessary	for	CD8	memory	T-cell	development.	Two	cytokines	required	for	this	are	IL-10	
and	IL-2113.	 IL-21	 is	produced	predominantly	by	CD4	T-cells	and	may	be	a	component	of	
CD4	T-cell	help	to	CD8	T-cells32.	IL-10	can	be	made	by	a	variety	of	cells,	including	CD4	T-cells	
and	myeloid	cells.	Memory	CD8	T-cell	responses	are	weak	in	mice	lacking	Stat3,	a	common	
effector	of	 the	 IL-10	and	 IL-21	 receptors13.	However,	 this	phenotype	may	not	be	caused	
by	defective	development	of	MPECs,	but	may	rather	be	a	consequence	of	an	inability	to	
maintain	MPECs	at	later	stages.	MPEC	cells	gradually	disappear	in	these	mice	and	the	same	
is	true	when	both	IL-10	and	IL-21	are	absent.	As	MPEC	numbers	dwindle,	there	is	a	gradual	
increase	in	a	population	of	KLRG1+CD127-	cells	under	these	conditions,	suggesting	that	the	
loss	of	MPECs	results	from	conversion	into	SLECs13.	IL-10	and	IL-21	were	shown	to	induce	
expression	of	SOCS3,	which	in	turn	was	shown	to	inhibit	signaling	via	the	IL-12	receptor13.	It	
is	possible,	therefore,	that	IL-10	and	IL-21	prevent	differentiation	of	already	formed	MPECs	
into	SLECs	by	insulating	these	cells	from	the	influence	of	cytokines	such	as	IL-12.

The	TNF	receptor	family	members	CD27,	4-1BB	and	OX40	have	all	been	implicated	in	the	
generation	of	CD8	T-cell	memory33.	Of	these	receptors,	CD27	is	found	already	on	naive	CD8	
T-cells,	whereas	the	other	two	receptors	are	expressed	sequentially	after	activation	of	CD8	
T-cells.	 Ligands	 for	 these	 receptors	 are	 expressed,	 among	others,	 by	 activated	dendritic	
cells	and	lymphocytes33.	It	was	shown	that	CD27	signaling	results	in	elevated	expression	of	
CD127	and	thus	augments	the	size	of	the	MPEC	pool34.	In	addition,	CD27	inhibits	expression	
of	 critical	 components	of	 the	 IL-2	 and	 IL-12	 receptors34	 and	may	 thereby,	 like	 IL-10	and	
IL-21,	insulate	developing	MPECs	from	signals	promoting	differentiation	into	SLEC-like	cells.	
OX40	and	4-1BB	contribute	to	the	generation	of	CD8	T-cell	memory	in	part	by	promoting	
viability	of	the	effector	CD8	T-cell	pool33,35.	Interestingly,	CD8	memory	T-cells	generated	in	
mice	lacking	expression	of	the	ligands	for	OX40	or	4-1BB	generated	weaker	recall	responses	
even	when	 transferred	 into	wild	 type	mice35.	 This	 suggests	 that	 signaling	 through	 these	
receptors	during	primary	responses	induces	a	heritable	program	bestowing	these	cells	with	
properties	critical	to	memory	cell	expansion.

A	 final	 signal	 implicated	 in	 CD8	memory	 T-cell	 differentiation	 is	 IL-15.	 This	 cytokine	 is	
produced	both	by	dendritic	cells	and	macrophages	and	binds	to	a	receptor	very	similar	to	the	
one	used	by	IL-2.	Both	receptors	consist	of	the	same	β-chain	(CD122)	and	γ-chain	(CD132).	
Unique	α-chains	are	used	to	create	high	affinity	receptors.	CD25	is	the	α-chain	for	the	IL-2	
receptor	and	CD215	is	the	α-chain	for	the	IL-15	receptor36.	This	latter	chain	functions	in	an	
unusual	manner,	as	it	is	not	expressed	on	the	same	cell	as	the	other	two	components	of	the	



89

Decisions on the Road to Memory

5

receptor.	Instead,	it	is	found	on	the	surface	of	macrophages	and	dendritic	cells	and	functions	
by	transpresenting	IL-15.	This	transpresentation	is	essential	for	IL-15	function	as	evidenced	
by	the	identical	phenotypes	of	mice	lacking	IL-15Rα	or	IL-15	itself37,38.	Despite	the	similarity	
between	the	receptors	for	IL-2	and	IL-15,	these	cytokines	induce	quite	different	responses	
in	CD8	T-cells.	As	described	above,	IL-2	promotes	terminal	effector	cell	differentiation27.	In	
contrast,	addition	of	IL-15	to	in vitro	CD8	T-cell	cultures	promotes	the	differentiation	of	cells	
expressing	low	levels	of	cytotoxic	molecules,	which	behave	as	memory	cells	upon	transfer	
into	mice39.	Although	these	findings	suggest	that	IL-15	might	serve	as	an	inductive	signal	for	
MPEC	differentiation,	MPEC	development	is	apparently	normal	in	mice	lacking	IL-15	or	its	
receptor,	although	the	persistence	of	memory	populations	requires	IL-15	for	homeostatic	
self	renewal	of	already	established	memory	cells40,41.	

Both	 SLEC	 and	MPEC	 generation	 are	 thus	 promoted	by	 signals	 from	 the	 environment.	
Whether	these	signals	instruct	differentiation	into	either	lineage,	bolster	programs	already	
initiated	or	merely	expand	committed	cells	is	not	currently	clear.	It	is	not	unlikely	that	all	
three	occur.	Thus,	IL-2	presumably	promotes	rapid	cycling	of	CD25high	SLECs28,29.	However,	
IL-2	 also	 contributes	 to	 the	 development	 of	 SLEC	 identity	 by	 inducing	 expression	 of	
Blimp	and	perforin9,27.	Similarly,	 IL-12	 induces	expression	of	T-bet	and	thereby	promotes	
acquisition	of	SLEC	characteristics5.	As	for	MPEC	differentiation,	limiting,	but	not	altogether	
avoiding	 exposure	 to	 inflammatory	 mediators	 seems	 key.	 The	 discrete	 differences	 in	
chemokine	 receptor	expression	between	SLECs	and	MPECs	 likely	play	an	 important	 role	
in	this,	such	that	MPECs	preferentially	home	to	and	remain	in	secondary	lymphoid	tissue,	
whereas	SLECs	go	out	to	the	inflamed	tissues9,10.	Nonetheless,	signals	do	seem	to	exist	that	
positively	affect	MPEC	differentiation	as	well.	These	may	be	especially	 important	for	the	
differentiation	of	memory	 cells	with	 full	 proliferative	and	effector	 functions.	 	Help	 from	
CD4	T-cells	is	apparently	essential	for	this	and	may	depend	on	factors	directly	secreted	by	
CD4	T-cells,	 such	as	 IL-2,	 and	 IL-21,	or	may	 indirectly	depend	on	 stimulating	production	
of	signals	by	antigen	presenting	cells,	such	as	IL-12,	IL-15	and	ligands	for	CD27,	OX40	and	
4-1BB30,32,35,42.

Later stages: surviving contraction
A	 critical	 property	 for	 MPECs	 is	 the	 ability	 to	 survive	 long	 term.	 After	 reaching	 peak	

numbers	by	about	7	to	12	days	after	infection,	most	of	the	CD8	effector	T-cells	generated	
die,	 resulting	 in	contraction	of	 the	antigen	specific	repertoire.	This	contraction	generally	
correlates	with	 clearance	 of	 the	 pathogen,	 which	would	 seem	 to	 suggest	 that	 the	 loss	
of	 effector	 cell	 viability	 is	 caused	 by	 disappearance	 of	 antigen.	 Somewhat	 surprisingly,	
however,	it	has	turned	out	that	onset	of	the	contraction	phase	can	be	separated	from	the	
clearance	of	the	infection.	For	example,	antibiotic	treatment	two	days	after	infection	with	
L.monocytogenes	truncates	the	infection	but	has	little	impact	on	the	onset	or	rate	of	CD8	
T-cell	contraction3,43.	Moreover,	the	onset	and	initial	kinetics	of	antigen	specific	CD8	T-cell	
contraction	are	similar	after	acute	and	chronic	or	persistent	virus	infection43–45.

Inflammatory	cues	during	the	infection	determine	the	degree	of	contraction.	This	seems	
causally	related	to	the	promotion	of	SLEC	differentiation	and	expansion	by	inflammatory	
signals	(as	discussed	above).	Hardly	any	SLECs	are	generated	in	L.monocytogenes	infected	
mice	 treated	with	antibiotics	and	correspondingly,	 contraction	 is	minimal	 in	 these	mice.	
Similarly,	reduced	contraction	is	observed	in	responses	against	Influenza	virus	when	CD8	
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T-cells	lack	CCR5	and	CXCR3,	necessary	for	migration	into	the	inflamed	tissues	in	the	lungs.	
CD8	effector	T-cells	 lacking	expression	of	these	receptors	do	not	develop	 into	SLECs	and	
generate	an	expanded	memory	pool25.	

Both	SLECs	and	MPECs	are	kept	alive	by	IL-15.	In	the	absence	of	IL-15	receptor	signaling,	
both	cell	types	are	lost	precipitously	after	the	peak	of	the	response.	On	the	other	hand,	
repeated	injection	of	recombinant	IL-15	into	mice	maintains	prevents	contraction	of	either	
cell	 type.	Clearly,	the	ability	of	 IL-15	to	maintain	effector	cell	viability	 is	restricted	under	
normal	conditions	as	most	cells	die	eventually.	One	possible	explanation	for	this	could	be	
that	 the	effector	cells	must	 interact	with	activated	myeloid	cells	 in	 the	 inflamed	tissues,	
which	transpresent	IL-15	via	IL-15Ra	on	their	surface38,46.	Numbers	of	such	transpresenting	
cells	 may	 dwindle	 at	 later	 stages	 in	 the	 response	 and	 effector	 cell	 migration	 to	 these	
myeloid	 cells	might	diminish	as	 inflammation	subsides.	As	a	 consequence,	effector	 cells	
would	be	decreasingly	exposed	to	IL-15	resulting	in	loss	of	viability.	Nonetheless,	at	later	
stages,	the	cells	persisting	as	memory	cells	must	still	“see”	IL-15,	as	this	is	required	for	their	
homeostatic	turn	over40,41.	Different	APC	may	serve	as	a	source	of	this	IL-1538.

The	superior	ability	of	MPECs	over	SLECs	to	survive	contraction	depends	to	a	large	degree	
on	 their	 selective	 responsiveness	 to	 IL-7	 due	 to	 expression	of	 CD127.	 IL-7	 is	 capable	 of	
maintaining	 the	viability	of	memory	cells	 for	extended	periods.	Nonetheless,	expression	
of	CD127	is	not	sufficient	for	effector	cell	survival.	Transgenic	expression	of	CD127	could	
not	rescue	SLECs	and	not	all	KLRG1-	CD127+	cells	survive	contraction47.	It	seems	likely	that	
responsiveness	to	IL-7	not	only	requires	expression	of	CD127,	but	also	the	ability	to	home	
to	locations	where	this	cytokine	is	produced.	Fibroblastic	reticular	cells	in	the	T-cell	zones	
of	 secondary	 lymphoid	 organs	 are	 an	 important	 source	of	 IL-7.	 These	 cells	 also	 secrete	
the	CCL19	and	CCL21	chemokines.	Expression	of	the	receptor	for	these	chemokines,	CCR7,	
is	 found	on	MPECs,	but	not	on	SLECs10.	Correspondingly,	MPECs	are	preferentially	 found	
in	T-cell	zones	 in	spleen,	whereas	SLECs	 localize	to	the	red	pulp10.	An	attractive	model	 is	
therefore	that	only	CCR7+	MPECs	survive	contraction	due	to	their	ability	to	both	home	to	
the	source	of	IL-7	and	respond	to	it.

Mechanisms of life and death 
Cell	death	during	contraction	of	 the	antigen	 responsive	 repertoire	 is	believed	 to	occur	

through	apoptosis.	Two	major	apoptosis	pathways	exist:	a	cell-intrinsic	pathway	and	a	cell-
extrinsic	pathway	(Fig. 3)48,49.	The	 intrinsic pathway	 integrates	death	signals	 from	within	
a	cell,	 like	DNA	damage,	oxidative	stress	or	 starvation.	 It	 is	 characterized	by	 the	 release	
of	 apoptogenic	 factors,	 such	 as	 Cytochrome	 c,	 from	 the	mitochondrial	 intermembrane	
space	into	the	cytosol.	In	the	cytosol,	Cytochrome	c	binds	to	a	protein	called	Apaf-1,	which	
ultimately	 results	 in	 activation	 of	 caspase	 949.	 This	 caspase	 then	 activates	 downstream	
effector	caspases,	resulting	in	the	demise	of	the	cell.	Permeabilization	of	the	mitochondrial	
outer	membrane	is	a	critical	step	in	the	intrinsic	apoptosis	pathway,	therefore.	It	is	caused	
by	the	formation	of	membrane	pores	by	pro-apoptotic	Bcl-2	family	members	Bak	and	Bax.	
Anti-apoptotic	Bcl-2	family	members,	 like	Bcl-2	and	Bcl-XL,	bind	to	Bax	and	Bak	proteins	
and	thereby	prevent	the	assembly	of	the	membrane	pores49.	An	additional	layer	of	control	
is	formed	by	the	pro-apoptotic	BH3-only	proteins	Bim,	Bid,	Noxa	and	Puma.	These	proteins	
bind	to	anti-apoptotic	Bcl-2	family	members	and	prevent	them	from	inhibiting	Bax	and	Bak	
multimerization49.	
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The	extrinsic apoptosis pathway	is	activated	by	engagement	of	death	receptors	such	as	

Fas	(CD95)	and	TNFR48.	Ligand	binding	by	these	receptors	results	in	activation	of	caspase	
8,	which	 in	 turn	activates	 the	effector	 caspases	3	and	7.	These	effector	 caspases	 cleave	
multiple	substrates	in	the	cell,	leading	to	the	death	of	the	cell.	Additionally,	the	extrinsic	
pathway	can	feed	into	the	intrinsic	pathway	by	caspase	8	mediated	cleavage	of	Bid.	After	
truncation,	(t)Bid	translocates	to	mitochondria	where	it	acts	in	concert	with	pro-apoptotic	
Bcl-2	family	members	Bak	and	Bax	to	induce	cell	death48.

A	major	regulator	of	cell	death	during	contraction	of	the	CD8	effector	repertoire	is	Bim,	a	
mediator	in	the	intrinsic	pathway.	Deletion	of	Bim	severely	compromises	the	contraction	of	
superantigen-activated	T-cells	in vivo50	and	reduces	contraction	after	herpes	virus	or	LCMV	
infection51,52.	However,	although	the	degree	of	contraction	is	reduced	in	BIM-deficient	mice,	
some	contraction	does	still	take	place,	suggesting	that	additional	pathways	contribute	to	
death	of	CD8	effector	T-cells52–54.	Contraction	is	normal	when	CD8	T-cells	 lack	both	CD95	
(Fas)	and	TNF,	two	molecules	required	for	the	extrinsic	apoptosis	pathway55,56.	Nonetheless,	
the	extrinsic	apoptosis	does	contribute	to	contraction,	as	shown	by	the	synergistic	effect	
of	Bim-	and	CD95-deficiency	on	 contraction	of	 antiviral	 immune	 responses57.	 CD95	may	
be	especially	important	for	contraction	during	chronic	infections58.	Likewise,	the	BH3-only	
protein	Bid	seems	to	be	especially	important	for	contraction	during	chronic	infections.	Mice	
lacking	Bid	display	normal	contraction	of	antigen-specific	CD8	T-cells	after	acute	influenza	
virus	infection,	but	not	during	chronic	γ-herpesvirus	infections51.	Combined	loss	of	Bid	and	
Bim	synergistically	enhanced	the	persistence	of	CD8+	T-cells	during	γ-herpesvirus	infection51.	
Thus,	both	the	extrinsic	and	the	extrinsic	apoptosis	pathway	contribute	to	induction	of	cell	
death	during	contraction	of	the	antigen	specific	repertoire	of	CD8	T-cells.

How	 the	 survival	 cytokines	 IL-7	 and	 IL-15	 prevent	 induction	 of	 apoptosis	 is	 not	 fully	
clear.	However,	both	 cytokines	 induce	expression	of	Bcl-2	and	 thus	oppose	 the	 intrinsic	
apoptosis	pathway	(Fig. 3).	Other	survival	signals,	such	as	OX40L	and	4-1BBL	up-regulate	
expression	 of	 BCL-XL	 and	 down-regulate	 expression	 of	 Bim59.	 IL-15	 also	 prevents	 cell	
death	through	 its	effects	on	cellular	metabolism	(Fig. 3).	During	rapid	proliferation,	cells	

Fig. 3. Pathways controling CD8 
effector T-cell survival and death.	
Shown	 is	 the	 extrinsic	 apoptosis	
pathway	 involving	 death	 receptor	
induced	 cleavage	of	 Pro-caspase	 8	 to	
generate	 active	 caspase	 8	 followed	
by	 activation	 of	 effector	 caspases.	
Also	 shown	 is	 the	 intrinsic	 apoptosis	
pathway	 involving	 the	 generation	
of	 pores	 in	 the	 outer	 mitochondrial	
membrane	 by	 Bax/Bak	 and	 its	
inhibition	 by	 anti-apoptotic	 Bcl-2	
family	 members.	 Finally,	 metabolic	
pathways	 are	 shown,	 depending	 on	
mitochondrial	 breakdown	 of	 fatty	
acids	 and	 cytosolic	 glycolysis.	 The	
Apoptosome	consists	of	a	multimer	of	
Apaf-1,	Cytochrome	C	and	Caspase	9.	
Abbreviations:	 TCA-Tricarboxylic	 acid,	
ETC	=	Electron	transport	chain.	IL15Rα	
=	CD122,	IL-7Rα	=	CD127.
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depend	 on	 cytoplasmic	 degradation	 of	 glucose	 to	 generate	 ATP,	 known	 as	 glycolysis.	
This	process	requires	a	constant	 influx	of	glucose,	which	 is	mediated	by	transmembrane	
glucose	transporters.	Resting	cells	or	slowly	proliferating	cells,	such	as	memory	CD8	T-cells,	
depend	on	oxydative	phosphorylation	in	mitochondria	to	meet	their	energy	demands.	This	
process	involves	break	down	of	glucose,	amino	acids	and	fatty	acids	via	the	mitochondrial	
tricarboxylic	acid	cycle	(TCA)	and	is	much	more	efficient	than	glycolysis.	CD8	effector	T-cells	
deficient	in	activating	fatty	acid	metabolism	display	sharply	accelerated	contraction,	whereas	
drugs	that	stimulate	this	process	protect	cells	from	contraction60.	This	demonstrates	that	
the	metabolic	 conversion	 from	glycolysis	 to	oxydative	phosphorylation	 is	 critical	 for	 the	
survival	of	late	stage	effector	cells,	possibly	because	signals	inducing	expression	of	glucose	
transporters	become	limiting.	IL-15	may	have	an	important	role	in	regulating	this	transition,	
by	inducing	expression	of	CPT1a,	an	enzyme	responsible	for	the	rate-limiting	step	in	fatty	
acid	metabolism.	 Indeed,	ectopic	expression	of	CPT1a	 resulted	 in	greater	persistence	of	
antigen	specific	CD8	T-cells61.	

Concluding remarks
The	mechanisms	involved	in	the	generation	of	memory	cells	are	starting	to	become	clear.	

During	 the	 first	 two	weeks	 after	 infection	 a	 number	 of	 decisions	must	 be	made.	 These	
include	an	apparently	binary	choice	between	a	terminal	effector	cell	fate	with	short	lifespan	
or	a	long-lived	self	renewing	memory	cell	fate.	Multiple	signals	influence	this	decision.	For	
establishment	of	 effective	memory,	 cells	must	 acquire	 the	 ability	 to	 survive	 the	 cellular	
massacre	 of	 repertoire	 contraction.	 In	 addition,	 the	 cells	 must	 develop	 as	 yet	 poorly	
defined	 traits	 that	 allow	 proliferation	 and	 development	 full	 effector	 when	 called	 upon	
during	reinfection	with	previously	encountered	pathogens.	As	the	signals	controlling	these	
steps	are	identified,	novel	opportunities	will	likely	arise	to	improve	vaccination	strategies,	
allowing	expedited	memory	development	when	speed	is	required	(such	as	for	protection	
against	 bioterrorism)	 or	 even	development	 of	 protective	memory	 in vitro	when	patient	
health	does	not	permit	in vivo	vaccination.
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Abstract
The adaptive immune system has the dual task to simultaneously remove the acute 
threat of microbial infections and to lay the foundation for immunological memory. 
In the case of CD8+ T-cells, meeting these dual functions requires the differentiation 
of short lived effector cells (SLECs), which provide immediate protection, and memory 
precursor effector cells (MPECs). The differentiation of these two cell types involves a cell 
fate decision by bipotent precursors and is controlled by external signals. In particular, 
strong inflammation implies high infectious load and calls for generation of immediately 
protective SLECs. Development of memory precursors does not require inflammation per 
se, although their long term persistence and functionality do require licensing by a low 
level of inflammation. To identify factors governing the cell fate choice between SLECs 
and MPECs, we searched for factors induced in CD8+ T-cells by inflammatory mediators. 
We found that expression of Notch, a conserved regulator of binary cell fate decisions, is 
induced on naive CD8+ T-cells by inflammatory mediators such as type I Interferons. We 
find that Notch controls expression of almost 50% of the SLEC-specific transcriptome. 
Correspondingly, genetic loss of Notch in CD8+ T-cells leads to an inability to generate 
SLECs, whereas generation of MPECs is increased. These MPECs do not, however, give rise 
to functional memory due to both compromised viability as well as functional anergy. 
Thus, our findings identify Notch as a critical effector of the inflammatory cues, which 
instruct differentiation of both effector and memory CD8+ T-cells.

Introduction
Two	demands	must	simultaneously	be	met	by	the	adaptive	immune	system	during	primary	

infection	with	pathogenic	organisms:	the	acute	threat	must	be	curbed	and,	in	parallel,	the	
foundation	must	be	laid	for	immunological	memory.	CD8+	T-cells	have	an	important	role	in	
adaptive	immunity	to	intracellular	pathogens,	such	as	viruses	and	certain	bacteria,	by	virtue	
of	 their	 ability	 to	detect	 and	kill	 infected	 cells1.	 Before	 infection,	 the	 repertoire	of	CD8+	
T-cells	carrying	T-cell	receptors	(TCR)	specific	for	individual	pathogens	is	low	and	consists	
of	naive	cells,	which	lack	immediate	cytolytic	effector	functions.	Generation	of	a	protective	
response	 requires	expansion	of	 this	 repertoire	by	proliferation	as	well	 as	differentiation	
of	these	naïve	CD8+	T-cells1.	Two	types	of	cells	are	generated	during	this	process	to	meet	
the	 dual	 demands	 on	 the	 adaptive	 immune	 system2,3.	 A	 population	 of	 KLRG1+	 CD127-	
short	lived	effector	cells	(SLECs)	is	generated,	which	provide	immediate	protection	against	
the	 infection	 and	 die	 at	 a	 pre-programmed	 contraction	 stage	 typically	 coincident	 with	
pathogen	clearance.	 In	addition,	KLRG1-	CD127+	memory	precursor	effector	cells	 (MPEC)	
are	generated,	which	have	the	capacity	to	survive	contraction	of	the	repertoire	and	develop	
into	 self-renewing	 memory	 cells2,3.	 Although	 both	 SLECs	 and	 MPECs	 produce	 effector	
molecules	such	as	Granzyme	B,	Perforin,	IFNγ	and	TNFα,	marked	differences	exist	between	
these	cells,	apart	from	the	differential	ability	to	survive.	For	instance,	SLECs	express	higher	
levels	of	cytotoxic	molecules	than	MPECs,	especially	at	later	stages	in	the	response4.	Also,	
distinct	expression	patterns	of	chemokine	and	homing	receptors	direct	homing	of	SLECs	
to	inflamed	tissues	and	MPECs	to	areas	in	secondary	lymphoid	organs	where	high	levels	
of	 the	 survival	 cytokine	 IL-7	 are	 available5.	 Dedicated	 transcription	 factors	 regulate	 the	
distinct	gene	expression	programs	of	these	two	effector	cell	types.	Thus,	Blimp1	and	T-bet	
are	critical	 regulators	of	 the	SLEC	gene	expression	program2,4,6,	whereas	Eomesodermin,	
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Tcf-1,	FoxO1,	Stat3	and	Id3	control	various	aspects	of	MPEC	biology7-11.

An	important	question	is	how	these	two	effector	cell	types	are	generated.	Although	the	
two	cell	types	can	derive	from	different	precursors,	with	the	timing	of	activation	determining	
their	fate12,	it	has	also	been	shown	that	one	and	the	same	naive	CD8+	T-cell	can	give	rise	to	
both	SLECs	and	MPECs13,14.	The	decision	between	the	different	cell	fates	is	made	at	an	early	
stage	after	activation.	As	early	as	three	days	after	infection,	cells	committed	to	the	MPEC	
fate	can	be	detected	within	a	population	of	KLRG1-	CD127-	early	effector	cells	(EEC)	on	the	
basis	of	high	expression	of	 the	 transcription	 factor	 Id3	and	 low	expression	of	CD25,	 the	
α-chain	of	the	receptor	for	IL-210,15.		In	fact,	commitment	to	either	lineage	may	already	be	
imparted	during	the	first	division	of	the	naive	CD8+	T-cell,	in	which	asymmetric	segregation	
of	cell	fate	determining	factors	yields	one	daughter	cell	destined	to	become	an	MPEC,	while	
the	other	daughter	cell	adopts	the	SLEC	fate16.	Alternatively,	naive	CD8+	T-cells	may	initially	
develop	into	uncommitted	effector	cells,	which	choose	the	MPEC	or	the	SLEC	fate	at	later	
stages	of	the	response17,18.	Whichever	of	these	models	turns	out	to	be	correct,	it	seems	that	
at	some	point	a	binary	cell	fate	decision	has	to	be	made.	

Development	of	SLECs	and	MPECs	is	promoted	by	signals	generated	during	the	infection.	
In	particular,	 the	generation	of	SLECs	 seems	 to	depend	on	 the	 severity	of	 the	 infection.	
Inflammatory	 cytokines,	 such	as	 IL-12	and	 type	 I	 Interferons,	promote	differentiation	of	
SLECs2,18,19.	In	addition,	help	by	CD4+	T-cells	and	strong	IL-2	receptor	signaling	also	promote	
generation	of	SLECs15,20,21.	Such	signal	driven	SLEC	differentiation	may	serve	to	match	the	
size	of	the	response	to	the	magnitude	of	the	infection,	without	overflowing	the	memory	
pool.	 Although	 strong	 inflammation	 promotes	 development	 of	 SLECs,	 MPECs	 seem	 to	
require	 input	from	inflammatory	cytokines,	too.	Combined	deficiency	for	both	 IL-12	and	
type	I	IFN	receptors	results	in	poor	memory	development	due	to	inability	of	the	MPECs	to	
survive	at	later	stages	in	the	response19.	Other	signals	that	promote	MPEC	differentiation	
include	IL-21	and	IL-10,	which	may	act	indirectly	by	insulating	MPECs	from	IL-12	and	type	I	
IFN	mediated	SLEC	differentiation7.	Finally,	help	from	CD4+	T-cells	and	IL-2	are	required	to	
generate	fully	functional	memory	cells	in	some	models1,22-24.

Activation	and	differentiation	of	naive	CD8+	T-cells	depend	on	 interaction	with	antigen	
presenting	cells	(APC),	which	provide	antigen,	costimulation	and	inflammatory	signals1,25.	
To	 identify	 factors	 that	 translate	 inflammatory	 cues	 into	 differentiation	 of	 the	 different	
types	 of	 CD8+	 effector	 T-cells,	 we	 screened	 for	 factors	 induced	 in	 naive	 CD8+	 T-cells	 by	
inflammatory	 mediators	 produced	 by	 APC.	 A	 prominently	 induced	 factor	 found	 in	 this	
screen	 was	 Notch,	 a	 conserved	 regulator	 of	 binary	 cell	 fate	 decisions	 throughout	 the	
metazoan	kingdom26.	Notch	is	a	cell	surface	receptor,	which	responds	to	cell	surface	bound	
ligands	of	the	Deltalike	(DLL)	and	Jagged	families.	The	intracellular	domain	of	Notch	acts	
as	 a	 transcriptional	 activator	 after	 ligand	 induced	 cleavage	 from	 the	 plasma	membrane	
and	 nuclear	 translocation26.	 Four	 different	 Notch	 genes	 are	 expressed	 in	mammals.	 All	
these	activate	the	same	canonical	pathway	involving	tethering	to	DNA	via	RBPJ	molecules	
(also	 known	as	CSL),	 although	differences	exist	 in	 target	 gene	preference27.	 Structurally,	
the	Notch1	and	Notch2	proteins	are	closely	related,	whereas	Notch3	and	Notch4	are	more	
divergent27.	 On	 the	 basis	 of	 its	 induction	 by	 inflammatory	mediators	 and	 its	 conserved	
role	as	a	regulator	of	binary	cell	fate	decisions,	we	hypothesized	that	Notch	may	serve	to	
link	inflammatory	cues	to	differentiation	of	SLECs.	We	find	that	genetic	deficiency	for	the	
Notch1	and	Notch2	genes	(N1/2ko)	results	in	an	inability	to	generate	SLECs	during	infection	
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with	Influenza	virus,	whereas	generation	of	MPECs	is	enhanced.	Nonetheless,	also	MPECs	
depend	on	input	from	Notch,	as	N1/2ko	MPECs	fail	to	generate	functional	memory	due	to	
compromised	survival	and	functional	anergy.

Results
Signals that promote SLEC development induce Notch expression on CD8+ T-cells. To	

identify	 regulators	 of	 SLEC	 and	 MPEC	 differentiation,	 we	 screened	 for	 factors	 induced	
in	 naive	 CD8+	 T-cells	 by	 inflammatory	 mediators.	 A	 source	 of	 inflammatory	 mediators	
was	obtained	by	 incubating	dendritic	cells	 (derived	from	spleen	or	from	culture	of	bone	
marrow	precursors	with	GMCSF)	with	the	RNA	analog	R848,	a	mimic	of	RNA	virus	infection.	
Supernatants	from	these	dendritic	cells	(DC)	or	from	untreated	DC	were	then	added	to	naive	
CD8+	T-cells.	In	this	screen,	the	highly	related	Notch1	and	Notch2	emerged	as	inflammation-
responsive	factors.	Surface	expression	of	Notch1	was	induced	on	naïve	CD8+	T-cells	within	
24	hours	of	incubation	with	R848	treated,	but	not	control	DC	(Fig. 1A).	Expression	of	the	
closely	related	Notch	2	receptor	was	also	induced,	albeit	less	prominently.	Direct	addition	
of	 R848	 to	 naive	 CD8+	 T-cells	 failed	 to	 elevate	 surface	 expression	 of	 Notch1	 (Fig. S1).	
Therefore,	 TLR	 activation	 stimulates	 DC	 to	 produce	 factors	 that	 in	 turn	 induce	 surface	
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Fig. 1 Inflammatory signals induce Notch on CD8+ T-cells. (A)	Expression	of	Notch1	(top)	and	Notch2	(bottom)	
on	naïve	CD44-	CD62L+	CD8+	T-cells	was	determined	by	FACS	immediately	after	isolation	(black	bars)	or	after	16	
hours	of	co-culture	with	BM-DC	in	the	absence	(grey	bars)	or	presence	of	R848	(white	bars).	Shown	are	geo-Mean	
Fluorescence	Intensities	(MFI).	(B)	Naïve	CD8+	T-cells	were	activated	by	BM-DCs	and	indicated	concentrations	of	
Ovalbumin	(OVAprotein),	in	the	absence	(white	circles)	or	presence	(black	circles)	of	R848.	Expression	of	Notch1	
(top)	 and	 Notch2	 (bottom)	 were	 determined	 as	 in	 (A).	 (C)	 Naïve	 CD8+	 T-cells	 were	 stimulated	 with	 different	
concentrations	of	plate	bound	anti-CD3	and	 supernatant	 isolated	 from	non-stimulated	 (white	 circles)	or	R848	
stimulated	BM-DC	cultures	(black	circles).	Expression	of	Notch1	was	determined	as	in	(A).	(D)	CD8+	T-cells	isolated	
from	wild	 type	and	 IFNα-receptor	 knock-out	mice	 (IFNARko)	were	 stimulated	and	analyzed	as	 in	 (C).	 (E)	 CD8+	
T-cells	were	stimulated	with	10	µg/ml	anti-CD3	in	the	presence	of	indicated	concentrations	of	IL-2	and	analyzed	
as	 in	 (A).	 Results	 are	 representative	of	more	 than	3	 experiments.	 Shown	are	 the	mean	+	 s.e.m.	 and	p-values	
(unpaired,	two-tailed	t-test).
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expression	of	Notch	receptors.	Antigen	receptor	mediated	activation	of	naive	CD8+	T-cells	by	
DC	presenting	cognate	peptide	also	resulted	in	elevated	surface	expression	of	Notch1	and	
Notch2,	but	addition	of	R848	further	elevated	the	expression	of	both	receptors	(Fig. 1B).	
This	was	not	just	a	consequence	of	improved	antigen	presentation	due	to	TLR	stimulation,	
as	supernatant	from	R848	stimulated	DC	also	synergistically	enhanced	Notch1	surface	levels	
on	CD8+	T-cells	activated	with	plate	bound	antibodies	to	CD3	(Fig. 1C).	Type	I	Interferons	
(IFN)	 are	 important	 regulators	 of	 anti-viral	 immunity.	 These	 cytokines	 are	 produced	 by	
APC	upon	recognition	of	viral	nucleic	acids	and	were	shown	to	promote	differentiation	of	
SLECs18.	Interestingly,	CD8+	T-cells	lacking	expression	of	IFNAR,	the	receptor	for	type	I	IFN,	
did	not	elevate	surface	expression	of	Notch1	in	response	to	supernatant	from	R848	treated	
DC	 (Fig. 1D).	Thus,	CD8+	T-cells	 respond	 to	 type	 I	 IFN	by	elevating	surface	expression	of	
Notch1.	

Like	inflammation,	IL-2	receptor	signaling	promotes	development	of	SLECs15,20,21.	Addition	
of	IL-2	also	synergized	with	TCR	stimulation	to	elevate	surface	expression	of	both	Notch1	
(Fig. 1E).	Thus,	signals	known	to	promote	development	of	SLECs	induce	surface	expression	
of	Notch	receptors	on	CD8+	T-cells,	consistent	with	a	possible	role	for	these	receptors	 in	
guiding	the	binary	decision	between	SLEC	and	MPEC	differentiation.

Notch is required for optimal CD8+ effector cell differentiation. To	investigate	whether	
Notch	 controls	 differentiation	 of	 CD8+	 effector	 T-cells,	 we	 made	 use	 of	 mice	 lacking	
expression	of	Notch	genes	in	the	T-cell	lineage.	The	highly	similar	Notch1	and	Notch2	are	
both	expressed	in	CD8+	T-cells,	whereas	expression	of	Notch3	and	Notch4	is	undetectable28.	
We	therefore	used	mice	lacking	expression	of	both	Notch1	and	Notch2.	Notch1	and	Notch2	
genes	were	inactivated	in	the	T-cell	lineage	by	crossing	mice	expressing	a	CD4-Cre	transgene29	
with	mice	carrying	floxed	alleles	of	the	Notch130	and	Notch231	genes.	Due	to	expression	of	
the	CD4-Cre	transgene	 in	CD4+	CD8+	double	positive	thymocytes,	homozygous	Notch1flox/

flox	/Notch2flox/flox/CD4-Cre	mice	(henceforth	referred	to	as	N1/2ko	mice)	lack	expression	of	
these	Notch	genes	in	both	mature	CD4+	and	CD8+	T-cells	(Fig. S2).	Deletion	of	Notch1	and	
Notch2	 in	double	positive	 thymocytes	does	not	overtly	affect	 further	maturation	of	 the	
T-cells,	since	thymocyte	and	peripheral	T-cell	subsets	are	phenotypically	normal32.		

We	examined	CD8+	T-cell	responses	in vivo	using	the	well	characterized	influenza	A	virus	
infection	 model33.	 In	 C57Bl/6	 mice,	 a	 strong	 CD8+	 T-cell	 response	 is	 made	 against	 the	
366-374	peptide	of	the	influenza	Nucleoprotein	(NP)	presented	by	H2-Db	molecules	after	
infection	with	 the	 A/HKx31	 (HKx31)	 influenza	 strain33.	 Using	 tetramers	 of	 Db	molecules	
loaded	with	this	NP	peptide	(DbNP),	high	percentages	of	antigen	specific	CD8+	T-cells	can	be	
detected	in	blood	and	secondary	lymphoid	organs	(Fig. 2)	at	the	peak	of	the	response,	10	
days	after	infection	with	HKx31.	No	differences	were	observed	at	this	point	between	wild	
type	and	N1/2ko	mice	in	the	percentages	or	numbers	of	NP	specific	CD8+	T-cells	present	
in	blood,	spleens	or	 lungs	(Fig. 2A, B and C).	Also,	production	of	 IL-2	was	similar	 in	wild	
type	and	N1/2ko	mice	(Fig. 2D, right).	However,	N1/2ko	NP	specific	CD8+	T-cells	did	exhibit	
inferior	 effector	 functions.	 Fewer	 N1/2ko	 CD8+	 effector	 T-cells	 produced	 IFNγ	 or	 TNFa	
upon	restimulation	with	NP366-374	peptide	in vitro	(Fig. 2D).	Furthermore,	production	of	the	
cytolytic	effector	molecule	Granzyme	B	by	N1/2ko	CD8+	T-cells	was	almost	undetectable	
(Fig 2E left).	 Correspondingly,	mRNA	 for	 both	Granzyme	B	 and	Perforin	was	 reduced	 in	
N1/2ko	CD8+	effector	T-cells	(Fig. 2E right).	To	determine	whether	low	expression	of	these	
effector	molecules	 translated	 into	 reduced	 cytolytic	effector	 function,	we	performed	an	
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in vivo	cytolysis	assay.	To	this	end,	we	injected	syngeneic	splenocytes	that	either	carried	
control	peptide	or	the	NP366-374	peptide	into	mice	infected	with	HKx31	virus	10	days	earlier.	
Loading	of	the	splenocytes	with	either	a	high	dose	(control	cells)	or	a	low	dose	of	CFSE	(NP	
loaded	cells)	prior	to	injection	allowed	their	detection	in	spleens	isolated	four	hours	after	
injection.	During	 this	time,	nearly	all	NP	peptide	 loaded	 splenocytes	had	been	killed	by	
pre-infected	wild	type	mice.	In	contrast,	a	proportion	of	peptide	carrying	cells	could	still	be	
detected	in	infected	N1/2ko	mice	(Fig. 2F).	Thus,	although	N1/2ko	CD8+	effector	T-cells	do	

Fig. 2	Notch is required for optimal  CD8+ T-cell effector function during viral infection.	 (A) N1/2ko	 and	WT	
control	mice	were	infected	intra-nasally	with	A/HKX31	influenza.	Ten	days	post-infection,	influenza	specific	CD8+	
T-cells	were	detected	in	blood	using	DbNP366-374	tetramers.	Numbers	 indicate	percentages	of	cells	per	quadrant.	
(B)	 Average	 frequencies	 of	 DbNP366-374/tet

+	 CD8+	 T-cells	 in	 blood,	 10	 days	 after	 infection.	 Grey	 bars	 represent	
WT	and	white	bars	N1/2ko	mice.	(C)	Average	frequencies	(left)	and	total	cell	numbers	(right)	of	DbNP366-374/tet

+	
CD8+	T-cells	 in	 spleens	and	 lungs	10	days	after	A/HKX31	 influenza	 infection.	Results	 in	 (B)	and	 (C)	are	derived	
from	one	representative	experiment	(out	of	9)	with	4-6	mice	per	group.	Error	bars	indicate	s.e.m.	(D)	Single	cell	
suspensions	from	lungs	of	mice,	infected	as	in	(B),	were	stimulated	with	NP366-374	peptide	for	4	hours.	Percentages	
of	CD8+	T-cells	producing	IFNγ	(left),	TNFα	(middle)	and	IL-2	(right)	are	shown.	Data	represent	cumulative	results	
from	3	independent	experiments	with	4	mice	per	group	(IFNγ)	or	2	 independent	experiments	with	3	mice	per	
group	(TNFα	and	IL-2).	Error	bars	indicate	s.e.m.	and	p-values	were	calculated	by	unpaired,	two-tailed	t-test.	(E)	
Granzyme-B	production	by	WT	(grey	line)	and	N1/2ko	(black	line)	CD8+	T-cells	after	5	hour	peptide	restimulation	in 
vitro.	Cells	were	isolated	from	lungs	10	days	post-infection	(left).	Results	are	representative	of	3-4	mice	tested	in	
4	experiments.	mRNA	abundance	for	granzyme	B	(Gzmb)	and	perforin	(Prf1)	in	splenic	DbNP366-374/tet

+	CD8+	T-cells	
from	mice	10	days	postinfection	was	measured	by	RNA	sequencing	(right).	Results	represent	average	expression	
of	three	mice	per	group.	Error	bars	represent	S.D.	(F)	Uninfected	(left)	or	A/HKX31	infected	WT	(middle)	or	N1/2ko	
mice	 (right)	 (10	 days	 after	 infection)	 were	 injected	with	 syngeneic	 C57Bl/6	 splenocytes	 labeled	with	 NP366-374	
peptide	and	a	low	dose	of	CFSE	or	without	peptide	and	a	high	dose	of	CFSE	in	a	1:1	ratio.	Four	hours	after	injection,	
percentages	of	CFSEhigh	and	CFSElow	cells	in	spleens	were	determined	by	FACS.	Numbers	indicate	the	percentage	of	
cells	per	CFSE	peak.	Representative	histograms	of	4	mice	tested	are	shown.
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6

still	possess	the	capacity	to	kill	target	cells,	this	ability	is	diminished	compared	to	the	ability	
of	wild	type	CD8+	effector	T-cells,	consistent	with	the	reduced	levels	of	cytolytic	effector	
molecules	found	in	N1/2ko	CD8+	effector	T-cells.

Notch controls differentiation of SLECs. The	 general	 reduction	 in	 effector	 molecule	
production	in	N1/2ko	CD8+	T-cells	could	reflect	a	defect	in	the	SLEC	compartment4.	Indeed,	
we	found	that	a	lack	of	Notch1	and	Notch2	expression	resulted	in	a	complete	absence	of	
KLRG1+	CD127-	cells,	while	the	number	of	KLRG1-	CD127+	MPECs	was	increased	(Fig. 3A).	
Partial	loss	of	SLECs	was	observed	in	mice	lacking	expression	of	only	Notch1	or	Notch2	in	
T-cells	(Fig. 3B).	As	Notch1	and	Notch2	alleles	are	deleted	in	all	T-cells	in	N1/2ko	mice,	the	
defective	development	of	KLRG1+	CD127-	CD8+	T-cells	could	be	an	indirect	consequence	of	
a	role	in	CD4+	T-cells.	To	test	this	possibility,	we	reconstituted	Rag1	deficient	mice	with	a	
mixture	of	bone	marrow	from	CD45.1+	wild	type	and	from	CD45.2+	N1/2ko	mice.	Whereas	
CD45.1+	wild	type	CD8+	T-cells	developed	KLRG1+	CD127-	cells	in	all	cases,	CD45.2+	N1/2ko	
CD8+	T-cells	failed	to	produce	such	cells	even	in	mixed	chimeras	also	containing	wild	type	

Fig. 3 Notch is required for SLEC differentiation.	(A)	FACS	plots	show	KLRG-1	and	CD127	expression	on	DbNP366-

374/tet
+	splenic	CD8+	T-cells,	10	days	after	A/HKX31	infection.	Bar	graphs	indicate	average	frequencies	of	KLRG-1+	

CD127-	SLECs	 (left)	and	KLRG-1-	CD127+	MPECs	 (right)	of	WT	(grey	bars)	and	N1/2ko	mice	(open	bars).	Results	
are	 representative	 of	more	 than	 3	 experiments.	 (B)	 Percentages	 of	 KLRG-1+	CD127-	 SLECs	 in	 blood	 of	Notch1	
and	Notch2	single	knockout	mice	are	shown,	10	days	after	A/HKX31	infection.	Data	represent	two	independent	
experiments	 with	 a	 total	 of	 8	 mice	 per	 group.	 (C)	 Mixed-bone	 marrow	 chimeric	 mice	 were	 generated	 by	
transferring	a	mixture	of	CD45.1	WT	and	CD45.2	WT	bone	marrow,	CD45.1	WT	and	CD45.2	N1/2ko	bone	marrow,	
or	CD45.2	N1/2ko	bone	marrow	alone	into	lethally	irradiated	Rag1ko	mice.	Reconstituted	mice	were	infected	with	
A/HKX31	influenza.	CD8+	T-cell	responses	were	measured	as	 in	(A)	by	analyzing	tetramer	binding	to	CD45.1	or	
CD45.2	CD8+	T-cells.	Percentages	of	total	CD8+	T-cells	from	WT	or	N1/2ko	were	comparable	demonstrating	similar	
reconstitution	efficiency.	Shown	are	results	from	one	of	three	experiments	each	with	5-7	mice	per	group.	(D)	In 
vitro	activated	Notch1flox/flox	Notch2flox/flox	OT-I	T-cells	were	transduced	with	retroviral	expression	vectors	encoding	
control	(grey	bars)	or	hCre-recombinase	(white	bars)	linked	to	GFP.	T-cells	were	transferred	into	mice	with	timed	
OVA-influenza	 infection.	 Five	 days	 after	 T-cell	 transfer,	 KLRG-1	 expression	 on	 untransduced	 and	 transduced	
T-cells	(obtained	from	the	same	cultures)	was	determined	by	FACS.	(E)	N1/2ko	OT-I	T-cells	were	transduced	with	
control	(empty	vector-GFP)	or	NICD1-GFP	followed	by	transfer	into	OVA-influenza	infected	recipient	mice.	KLRG-1	
expression	on	transferred	cells	was	determined	by	FACS.	Results	are	representative	of	more	than	3	experiments.	
Shown	is	the	mean	+	s.e.m.	and	p-values	(unpaired,	two-tailed	t-test).
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T-cells	(Fig. 3C).	Therefore,	the	inability	to	generate	KLRG1+	CD127-	cells	is	caused	by	a	CD8+	
T-cell-intrinsic	role	for	Notch.	

Expression	 of	 Notch1	 and	 Notch2	 is	 ablated	 already	 in	 thymocytes	 in	 N1/2ko	 mice.	
Although	this	does	not	appear	to	overtly	affect	differentiation	of	the	T-cells32,	some	hitherto	
unrecognized	differentiation	defect	prior	to	infection	could	conceivably	be	responsible	for	the	
inability	of	N1/2ko	mice	to	generate	KLRG1+	CD127-	cells.	To	test	this	possibility,	we	isolated	
Notch1flox/flox/Noth2flox/flox	CD8+	T-cells	carrying	the	OT-I	TCR	transgene.	As	these	cells	did	not	
express	Cre,	their	differentiation	could	not	have	been	affected	by	early	deletion	of	Notch	
genes.	We	then	retrovirally	introduced	Cre	recombinase	in	these	cells	and	transferred	them	
into	mice	infected	with	the	WSN-OVAI	influenza	strain,	which	expresses	the	H2K

b-restricted,	
OVA-derived	peptide	OVA257–264	recognized	by	the	OT-I	TCR34.	Whereas	cells	expressing	a	
control	vector	developed	a	similar	proportion	of	KLRG1+	CD127-	cells	as	untransduced	cells,	
expression	of	Cre	recombinase	abrogated	the	development	of	such	cells	(Fig. 3D).	On	the	
other	hand,	introduction	of	NICD1,	the	constitutively	active	intracellular	domain	of	Notch1,	
restored	the	ability	of	N1/2ko	CD8+	T-cells	to	generate	KLRG1+	CD127-	cells	(Fig. 3E).	These	
results	demonstrate	that	Notch1	and	Notch2	act	directly	in	mature	CD8+	T-cells	to	drive	the	
development	of	cells	phenotypically	resembling	SLECs.

Notch controls the gene expression signature of SLECs. To	determine	whether	Notch1	
and	Notch2	are	 truly	 required	 for	development	of	SLECs	we	first	generated	a	molecular	
definition	of	SLECs	and	MPECs	by	whole	transcriptome	sequencing	of	sorted	KLRG1-CD127+	
and	KLRG1+	CD127-	Db-NP	specific	CD8+	T-cell	populations	 (from	wild	 type	mice).	Among	
genes	with	significantly	different	expression	between	the	subsets,	132	were	found	to	be	
SLEC	specific,	whereas	another	250	genes	were	preferentially	expressed	in	MPECs	(data not 
shown).	Assignment	of	these	identities	to	the	genes	with	differential	expression	between	WT	
and	N1/2ko	Db-NP	specific	CD8+	T-cells	showed	that	a	major	proportion	of	Notch	dependent	
genes	(higher	in	WT	than	in	N1/2ko)	is	SLEC	specific	(labeled	in	green	in	Fig. 4A).	Indeed,	
more	than	40%	of	 the	SLEC	specific	transcriptome	was	reduced	 in	N1/2ko	CD8+	effector	
T-cells	(Fig. 4B).	On	the	other	hand,	less	than	2%	of	MPEC	genes	was	reduced	in	N1/2ko	
CD8+	 effector	 T-cells	 (Fig. 4B).	 Instead,	 expression	 of	 a	 large	 proportion	 (36%)	 of	MPEC	
specific	genes	was	elevated	(labeled	in	red	in	Fig. 4A and B).	These	results	strongly	suggest	
that	Notch	promotes	SLEC	fate	and	may	inhibit	formation	of	MPECs.	This	concept	is	borne	
out	 also	 by	 analysis	 of	 transcription	 factors	 associated	with	 effector	 cell	 differentiation.	
Whereas	expression	of	positive	regulators	of	effector	function,	such	as	Blimp1	(encoded	by	
Prdm1),	Runx3,	Eomes	and	Tbet	(encoded	by	Tbx21)	is	reduced	in	N1/2ko	cells,	expression	
of	the	memory	factors	Id3	and	Tcf1	(encoded	by	Tcf7)	is	elevated	(Fig. 4C).	An	important	
aspect	 of	 the	 distinct	 behavior	 of	 SLECs	 and	 MPECs	 depends	 on	 differential	 homing	
characteristics.	Comparison	of	the	gene	expression	profiles	of	wild	type	and	N1/2ko	CD8+	
effector	 T-cells	 using	 Gene	 ontology	 analysis	 yielded	 significant	 enrichment	 for	 a	 gene	
set	 associated	 with	 leukocyte	migration	 (GO:0050900,	 p=6.13E-09).	 Closer	 examination	
of	the	expression	of	chemokine	receptors	 indeed	showed	that	the	expression	pattern	of	
N1/2ko	 CD8+	 T-cells	 closely	matched	 the	 pattern	 found	 in	MPECs	 (Fig. 4D).	 Enrichment	
was	also	found	for	a	Gene	Ontology	set	associated	with	 leukocyte	mediated	cytotoxicity	
(GO:0001909,	p=0.001395447)	consistent	with	the	reduced	expression	of	Granzyme	B	and	
Perforin	and	functional	impairment	of	N1/2ko	CD8+	effector	T-cells	shown	above	(Fig. 2E 
and F).	In	fact,	expression	of	multiple	Granzyme	genes	was	strongly	reduced	in	N1/2ko	CD8+	
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effector	T-cells	and	the	pattern	again	matched	the	expression	pattern	of	MPECs	(Fig. 4E).	
Also,	expression	of	FasL	was	reduced	in	N1/2ko	CD8+	effector	T-cells	and	is	similarly	lower	in	
MPECs	than	in	SLECs	(Fig. 4F).	On	the	other	hand,	expression	of	the	death	receptor	ligand	
TRAIL	was	similar	in	N1/2ko	CD8+	effector	T-cells	(and	in	MPECs	compared	to	SLECs)	(Fig. 
4G)	possibly	explaining	the	residual	cytotoxicity	of	these	cells	(Fig. 2F).	Finally,	expression	of	
multiple	Killer	Lectin-like	Receptor	genes	is	characteristic	of	SLECs	and	deficiency	for	Notch1	
and	2	resulted	 in	strongly	decreased	expression	of	all	of	these	(Fig. 4H).	Together,	these	
results	clearly	show	that	Notch	is	a	critical	regulator	of	the	SLEC	specific	transcriptome.

Notch protects effector cells against contraction. MPECs	possess	an	elevated	capacity	
to	survive	the	contraction	phase	of	an	immune	response	in	order	to	give	rise	to	immune	
memory2,3.	Given	the	increased	numbers	of	MPECs	in	N1/2ko	mice,	we	therefore	expected	
contraction	to	be	less	steep	in	these	mice	than	in	wild	type	mice.	To	test	this	prediction,	we	
monitored	the	numbers	of	Db-NP	specific	CD8+	T-cells	in	blood	of	infected	mice	for	up	to	
41	days	after	infection.	In	striking	contrast	to	our	expectation,	contraction	occurred	much	
faster	and	deeper	in	N1/2ko	than	in	wild	type	mice	(Fig. 5A).	Whereas	the	number	of	wild	
type	NP	 specific	CD8+	 T-cells	 gradually	 started	 to	decline	between	12	and	14	days	 after	
infection	and	reached	a	stable	plateau	between	20	and	30	days	after	 infection,	 the	vast	
majority	of	these	cells	disappeared	precipitously	between	day	10	and	14	post	infection	in	
N1/2ko	mice.	Indeed,	a	stable	plateau	was	reached	in	these	mice	already	by	14	days	after	
infection.	Moreover,	the	remaining	number	of	Db-NP	specific	CD8+	T-cells	was	consistently	
much	lower	in	N1/2ko	mice	than	the	number	found	in	wild	type	mice,	even	after	the	wild	
type	repertoire	had	fully	contracted	(Fig 5A and B).	The	number	of	NP	specific	CD8+	T-cells	
was	also	reduced	by	14	days	post	infection	in	other	tissues	than	blood,	including	spleen,	
non-draining	lymph	nodes,	bone	marrow	and	liver	(Fig. 5B and Fig. S3).	Remarkably,	normal	
numbers	of	Db-NP	specific	CD8+	T-cells	were	found	in	lungs	and	the	mediastinal	lymph	node,	
which	drains	the	lungs	(Fig. 5B and Fig. S3).	CD8+	effector	T-cells	in	or	close	to	the	target	
organ	of	the	 infection,	therefore,	seem	to	obey	different	rules	for	persistence	than	CD8+	
effector	T-cells	present	at	more	distal	tissues.	In	contrast	to	combined	deficiency	for	Notch1	
and	Notch2,	deletion	of	either	receptor	alone	did	not	affect	the	rate	of	contraction	(Fig. 5C).

The	fact	that	we	did	not	detect	increased	numbers	of	Db-NP	specific	CD8+	effector	T-cells	
in	any	organ	of	N1/2ko	mice	suggests	that	the	disappearance	of	virus-specific	CD8+	T-cells	
is	 not	 caused	 by	 different	 homing.	 Indeed,	 a	 significantly	 elevated	 proportion	 of	 Db-NP	
specific	CD8+	T-cells	 in	blood	of	N1/2ko	stained	for	the	apoptosis	and	cell	death	markers	

SLECs	and	KLRG-1-	CD127+	MPECs	were	FACS	sorted	from	WT	mice	10	days	post-infection	and	mRNA	was	subjected	
to	whole	transcriptome	sequencing	to	generate	a	molecular	definition	of	these	effector	cell	subsets.	Also,	DbNP366-

374/tet
+	CD8+	T-cells	from	WT	and	N1/2ko	mice	were	FACS	sorted	at	this	time	point.	(A)	Mean	vs.	log2FoldChange	

plot	of	differentially	expressed	(DE)	genes.	Grey,	red	and	dark	green	dots	represent	significantly	(adjusted	p-value	
<	0.05)	DE	genes	in	the	comparison	wildtype	vs.	knockout.	MPEC	genes	were	defined	as	significantly	higher	in	the	
comparison	MPEC	vs.	SLEC	and	upregulated	in	MPEC	samples	(red	and	pink).	The	red	dots	are	also	significantly	DE	
in	the	comparison	wildtype	vs.	knockout.	SLEC	genes	were	defined	as	significantly	higher	in	the	comparison	MPEC	
vs.	SLEC	samples	(light	and	dark	green).	The	dark	green	dots	are	also	significantly	DE	in	the	comparison	wildtype	
vs.	knockout.	Genes	not	significantly	DE	were	left	out.	Results	represent	3	(WT	versus	N1/2ko)	or	2	(MPEC	versus	
SLEC)	individually	processed	mice	per	group.	(B)	The	percentage	of	SLEC-specific	or	MPEC	specific	genes	(defined	
as	in	(A)),	which	are	significantly	reduced	(left	bars)	or	induced	(right	bars)	in	N1/2ko	DbNP366-374/tet

+	CD8+	T-cells.	
(C)	Expression	of	transcription	factors	involved	in	SLEC-MPEC	differentiation	represented	as	Log2-Fold	change	of	
N1/2ko	over	WT.	(D)	Expression	of	chemokine	receptors,	(E)	Granzyme	genes,	(F)	FasL,	(G)	TRAIL	and	(H)	Killer	
Lectin-like	Recptor	genes	in	SLEC	(black	bars)	versus	MPEC	(open	bars)	and	WT	(grey	bars)	versus	N1/2ko	cells	
(open	bars).	Error	bars	represent	s.e.m..
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AnnexinV	and	7AAD,	at	12	days	after	infection	(Fig. 5D),	suggesting	that	the	sharp	decline	in	
N1/2	effector	CD8+	T-cells	is	caused	by	cell	death.	We	conclude	that	Notch1	and	Notch2	are	
required	to	promote	viability	of	CD8+	effector	T-cells	at	late	stages	of	the	primary	response.	
Given	the	magnitude	and	rate	of	the	contraction,	this	protective	mechanism	must	operate	
both	on	SLECs	and	MPECs.	

Notch deficient memory CD8+ T-cells fail to expand. Despite	the	profound	loss	of	effector	
cells	 during	 the	 contraction	 phase,	 some	memory	 cells	 did	 persist	 in	N1/2ko	mice	 at	 a	
number	that	far	exceeds	the	number	found	in	naive	mice	(Fig. 5).	To	determine	whether	
these	cells	are	fully	functional,	we	used	the	A/PR8/34	(PR8)	influenza	strain	(which	avoids	
neutralization	by	antibodies	elicited	by	HKx31	virus,	but	carries	the	same	NP	366-374	T-cell	
epitope)	 to	reinfect	mice	 infected	41	days	earlier	with	HKx31	virus.	Although	a	memory	
response	was	obtained	 in	wild	 type	mice,	 such	a	 response	was	 virtually	non-existent	 in	
the	blood	of	N1/2ko	mice	(Fig. 6A).	 In	fact,	the	“response”	generated	in	these	mice	was	
lower	even	than	the	primary	response,	which	was	generated	by	a	lower	number	of	antigen	
specific	CD8+	T-cells	(compare	Fig. 2B and 6A).	In	contrast,	normal	numbers	of	memory	cells	
were	generated	 in	 similarly	 treated	mice	 lacking	expression	of	either	Notch1	or	Notch2	
alone	(Fig. S4).	

Fig. 5 Enhanced contraction of Notch 
deficient CD8+ T-cells.	 (A)	 WT	 (closed	
symbols)	 and	 N1/2ko	 (open	 symbols)	
mice	 were	 infected	 with	 A/HKX31	
influenza	 virus	 and	 at	 various	 time	
points	 cells	 were	 isolated	 from	 blood	
to	determine	the	percentage	of	DbNP366-

374/tet
+	CD8+	T-cells	among	mononuclear	

cells	by	FACS.	Shown	is	a	representative	
experiment	 (with	 5	 mice	 per	 group)	
out	 of	 6	 individual	 experiments.	 Error	
bars	 indicate	s.e.m..	 (B)	Mice,	 infected	
as	 in	 (A),	were	sacrificed	14	days	after	
infection	 and	 percentages	 (blood)	 or	
absolute	 numbers	 (spleens	 and	 lungs)	
of	DbNP366-374/tet

+	CD8+	T-cells	are	shown	
from	 WT	 (gey	 bars)	 or	 N1/2ko	 mice	
(open	bars).	Data	represent	cumulative	
results	 for	 2-4	 experiments	 with	 each	
5	 mice	 per	 group.	 Error	 bars	 indicate	
s.e.m..	 (C)	 The	 number	 of	 DbNP366-374/
tet+	 CD8+	 T-cells	 in	 blood	 of	 Notch1	
single	knock	out	(left)	and	Notch2	single	
knock	out	(right)	14	days	after	A/HKX31	
infection.	Error	bars	indicate	s.e.m.	of	4	
mice	 per	 group.	 (D)	 Twelve	 days	 after	
infection,	 the	 presence	 of	 apoptotic	
cells	in	spleen	was	determined	by	FACS	
staining	with	 7AAD	 and	 AnnexinV	 and	
gating	 on	 DbNP366-374/tet

+	 CD8+	 T-cells.	
Shown	 are	 results	 from	 one	 of	 five	
experiments	 each	 with	 6-7	 mice	 per	
group.
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Severely	reduced	memory	responses	were	observed	not	only	in	blood,	but	also	in	spleen,	
lymph	nodes	 (not	 draining	 the	 lungs),	 bone	marrow	 and	 liver	 (Fig. 6B and	Fig. S5).	On	
the	 other	 hand,	 reinfection	 yielded	 normal	 numbers	 of	memory	 cells	 in	 lungs	 and	 the	
lung	draining	mediastinal	 lymph	nodes	 (Fig. 6B).	Comparison	of	 the	number	of	memory	
cells	found	before	and	after	reinfection	demonstrated	that	the	lower	memory	response	in	
N1/2ko	mice	did	not	just	result	from	the	lower	precursor	frequency	of	memory	cells.	In	fact,	
the	ability	to	expand	per	memory	CD8+	T-cell	was	reduced	in	spleens	of	N1/2ko	mice	(Fig. 
6C).	In	contrast,	expansion	was	normal	in	lungs	(Fig. 6C).	These	data	demonstrate	that	the	
memory	CD8+	T-cells	contributing	to	systemic	memory	in	influenza	infected	N1/2ko	mice	
possess	a	strongly	reduced	capacity	to	expand	upon	reinfection	with	a	virus	carrying	the	
same	CD8+	T-cell	epitope.	On	the	other	hand,	this	deficiency	does	not	exist	in	the	memory	
CD8+	T	response	generated	in	the	target	organ	of	the	infection.

Fig. 6 Notch controls memory CD8+ T-cell responses. WT	and	N1/2ko	mice	were	infected	with	A/PR8/34		influenza	
virus	41	days	after	primary	 infection	with	A/HKX31	 influenza.	Eight	days	after	 secondary	 infection,	mice	were	
sacrificed	and	the	percentage	in	blood	(A)	or	the	numbers	in	spleen,	lung	and	mediastinal	LN	(MLN)	(B)	of		DbNP366-

374/tet
+	 CD8+	 T-cells	were	determined	by	 FACS.	 (C)	 Fold	 expansion	of	memory	 T-cells	 in	 spleen	 and	 lung	upon	

reinfection.	 The	bars	 represent	 the	 change	 in	number	of	DbNP366-374/tet
+	CD8+	T-cells	 in	WT	 (grey)	 and	N1/2ko	

(white)	mice	before	and	after	A/PR8/34	reinfection.	(D)	CD8+	T-cell	responses	upon	re-infection	in	mixed-bone	
marrow	chimeras	(generated	as	in	figure	3C).	Bar	graph	indicates	the	number	of	DbNP366-374/tet

+	CD8+	T-cells	relative	
to	WT-WT	control.	(E)	Percentages	of	responding	CD8+	T-cells	from	lungs	producing	IFNγ	(left),	TNFα	(middle)	and	
Granzyme-B	(right)	as	measured	by	ICS.	(F)	KLRG-1	expression	on	DbNP366-374/tet

+	CD8+	T-cells	in	lungs	of	reinfected	
mice.	Average	percentages	+	s.e.m.	of	(G)	KLRG-1	and	(H)	Granzyme	B	expressing	cells	 in	 lung	from	reinfected	
mixed-bone	marrow	chimeras.	
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Inability	 to	expand	 is	 a	property	 found	 in	 so	 called	 ‘unhelped’	CD8+	memory	T-cells	 in	
some	models1,22,24,35.	 It	was	 therefore	conceivable	 that	 the	defective	memory	CD8+	T-cell	
responses	to	this	virus	in	N1/2ko	mice	were	caused	by	inadequate	help	from	CD4+	T-cells.	
To	address	this	possibility,	we	tested	whether	CD4+	T-cell	responses	were	affected	by	the	
absence	of	Notch1	and	2.		Using	I-Ab	MHC	tetramers	loaded	with	the	311-325	peptide	of	
the	influenza	Nucleoprotein	we	did	not	detect	any	differences	in	the	magnitude	of	the	CD4+	
T-cell	response	to	influenza	in	N1/2ko	versus	wild	type	mice	(Fig. S6).	Furthermore,	CD4+	
T-cells	from	N1/2ko	mice	were	functional,	as	these	cells	produced	normal	amounts	of	IFNγ	
upon	restimulation	with	the	NP311-325	peptide	in vitro	(Fig. S7).	Finally,	N1/2ko	mice	produced	
normal	 titers	 of	 influenza	 virus-specific	 antibodies	 of	 the	 CD4+	 T-cell	 dependent	 IgG2c	
isotype	(Fig. S8).	There	does	not	appear	to	be	a	major	defect	in	the	CD4+	T	helper	response	
in	N1/2ko	mice,	therefore.	Nonetheless,	these	results	do	not	rule	out	the	possibility	of	a	
defect	in	a	selective	aspect	of	CD4+	T-cell	responses,	required	for	provision	of	help	to	CD8+	
T-cells.	To	formally	examine	this	possibility,	we	performed	influenza	infections	in	chimeric	
mice	containing	a	mixture	of	wild	type	and	N1/2ko	T-cells.	These	chimeric	mice	were	then	
infected	with	HKx31	virus	first	and	with	PR8	virus	41	days	 later.	Examination	of	memory	
CD8+	T-cell	numbers	at	the	peak	of	the	memory	response	8	days	after	reinfection	showed	a	
selective	defect	in	N1/2ko	CD8+	T-cells,	even	when	present	in	mice	together	with	wild	type	
T-cells	(Fig. 6D).	These	data	demonstrate	that	deficiency	for	Notch1	and	2	results	in	a	CD8+	
T-cell	intrinsic	inability	to	make	memory	cells	with	full	capacity	to	expand.

Notch deficient CD8+ memory cells are non-functional. Phenotypic	examination	of	the	
memory	CD8+	T-cells	found	in	N1/2ko	mice	did	not	reveal	major	differences	in	populations	
(Fig. S9).	However,	N1/2ko	memory	CD8+	T-cells	exhibited	greatly	reduced	effector	functions	
compared	to	wild	type	memory	CD8+	T-cells.	Strikingly,	this	was	true	even	for	memory	CD8+	
T-cells	 found	 in	 lungs,	even	 though	 these	cells	were	present	 in	normal	numbers.	Only	a	
small	 proportion	 of	 N1/2ko	memory	 CD8+	 T-cells	 in	 this	 organ	 produced	 IFNγ,	 TNFα	 or	
Granzyme	 B	 (Fig. 6E).	 This	 defect	 in	 effector	 functions	 was	much	more	 profound	 even	
than	 the	 defect	 observed	 in	 Notch1/2	 deficient	 primary	 effector	 CD8+	 T-cells	 (Fig. 2).	
Furthermore,	N1/2ko	memory	CD8+	 T-cells	 hardly	 converted	 to	 a	 KLRG1+	phenotype,	 as	
was	the	case	for	their	primary	counterparts	(Fig. 6F).	Both	the	functional	impairment	and	
the	perturbed	transition	to	the	KLRG1+	phenotype	were	intrinsic	to	the	N1/2ko	CD8+	T-cells	
(Fig. 6G and H).	Therefore,	we	conclude	that	Notch	controls	CD8+	memory	T-cell	responses	
at	three	levels:	1)	the	number	of	MPECs	persisting	to	generate	the	memory	population,	2)	
the	ability	of	memory	CD8+	T-cells	to	expand	and	3)	the	ability	of	memory	CD8+	T-cells	to	
exhibit	critical	effector	functions.

Discussion
By	generating	antigen	specific	memory,	CD8+	T-cells	possess	the	ability	to	provide	long-

term	protection	against	 intracellular	pathogens.	Such	T-cell	mediated	protection	may	be	
useful	 against	 influenza	 A	 viruses,	 which	 escape	 Immunoglobulin	 mediated	 defense	 by	
altering	their	coat	proteins,	but	exhibit	much	less	variation	in	the	nuclear	proteins	targeted	
by	CD8+	T-cells	36.	Furthermore,	T-cell	based	vaccines	represent	a	potential	treatment	for	
immunotherapy	of	cancers37.	Understanding	the	mechanisms	that	control	the	generation	
of	effector	CD8+	T-cells	and	memory	CD8+	T-cells	is	important	to	improve	development	of	
T-cell	based	vaccines.	Here,	we	show	that	Notch	regulates	these	processes	at	three	levels:	
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1.	Notch	promotes	the	generation	of	SLECs	at	the	expense	of	MPECs,	2.	Notch	regulates	the	
survival	of	MPECs	and	3.	Notch	is	required	for	the	ability	of	memory	cells	to	mount	effective	
secondary	responses.

During	primary	responses,	inflammatory	signals	promote	the	development	of	SLECs	as	a	
mechanism	to	match	the	magnitude	of	the	T-cell	response	to	the	severity	of	the	infection	
without	 generating	 superfluous	MPECs2,38.	We	now	 show	 that	Notch	 serves	 as	 a	 critical	
bridge	 to	 connect	 inflammatory	 signals	 to	SLEC	development.	We	show	 that	 type	 I	 IFN,	
known	 to	 promote	 development	 of	 SLECs18,	 induce	 expression	 of	 Notch	 receptors	 on	
CD8+	T-cells.	Interestingly,	TLR	signaling	induces	expression	of	DLL1,	DLL4	and	Jagged1	on	
DC	 and	 type	 I	 IFN	 induces	 expression	of	DLL1	on	macrophages39-41.	 Thus,	microbial	 and	
inflammatory	stimuli	activate	both	sides	of	the	T-cell-APC	interface	to	assemble	the	Notch	
signaling	module.	

How	does	Notch	control	the	number	of	SLECs?	Theoretically,	the	near	complete	absence	
of	KLRG1+	CD127-	SLECs	in	N1/2ko	mice	could	reflect	a	role	for	Notch	in	the	survival	of	SLECs	
that	have	already	developed,	just	like	Notch	protects	activated	CD4+	T-cells42.	Alternatively,	
Notch	 may	 directly	 drive	 the	 differentiation	 of	 SLECs.	 The	 available	 data	 seem	 more	
consistent	with	the	latter	possibility.	Thus,	we	do	not	find	KLRG1+	CD127-	SLECs	even	at	early	
time	points	(unpublished	results).	 If	Notch	would	act	by	promoting	survival,	the	 lifespan	
of	SLECs	in	N1/2ko	mice	would	have	to	be	too	short	to	allow	detection.	Furthermore,	the	
number	of	total	effector	CD8+	T-cells	found	at	the	peak	of	the	response	in	N1/2ko	mice	is	
similar	to	the	number	found	in	control	mice,	which	seems	at	odds	with	untimely	death	of	a	
major	part	of	the	responsive	repertoire.	On	the	other	hand,	various	SLEC	genes,	such	as	those	
encoding	T-bet,	Perforin	and	Granzyme	B,	were	shown	to	be	direct	targets	of	Notch28,43,44,	
which	provides	mechanistic	support	for	a	role	of	Notch	 in	driving	differentiation.	Finally,	
although	 Notch	 clearly	 is	 necessary	 for	 expression	 of	 a	major	 part	 of	 the	 SLEC-specific	
transcriptome,	approximately	half	 the	SLEC	signature	 still	exists	 in	N1/2ko	CD8+	effector	
T-cells.	 If	Notch	controlled	the	presence	of	SLECs	by	promoting	their	survival,	one	would	
expect	the	entire	SLEC	signature	to	be	absent	in	N1/2ko	effector	populations.	Instead,	we	
believe	that	our	data	argue	that	SLEC	differentiation	is	modular	and	that	Notch	regulates	
differentiation	of	SLECs	by	controlling	expression	of	a	major	portion	of	 the	SLEC	specific	
gene	expression	program.	At	the	same	time,	our	results	suggest	that	other	pathways	must	
exist	which	control	 the	other	half	of	 the	program.	Such	pathways	might	be	activated	by	
IL-2	receptor	signaling	or	yet	other	pathways	activated	by	inflammatory	cytokines2,15,18,20,45.	

MPEC	and	SLEC	appear	to	exist	in	a	bistable	state,	maintained	by	transcriptional	programs	
that	 on	 the	 one	 hand	 promote	 expression	 of	 genes	 associated	 with	 one	 fate,	 while	
repressing	the	program	associated	with	the	other.	A	clear	example	of	this	is	found	in	the	
mutually	antagonistic	relationship	of	the	SLEC	factor	Blimp1	and	the	MPEC	factor	Bcl64,6,7,46.	
Correspondingly,	our	results	suggest	that	Notch	not	only	promotes	differentiation	of	SLECs,	
but	simultaneously	inhibits	the	MPEC	program.	This	is	indicated	by	the	approximate	1.5-
fold	increase	in	the	number	of	KLRG1-	CD127+	MPECs	arising	in	N1/2ko	mice.	Furthermore,	
almost	 40%	 of	 the	MPEC	 specific	 transcriptome	was	 increased	 in	N1/2ko	 effector	 CD8+	
T-cells	and	expression	of	about	10%	of	MPEC	specific	genes	was	elevated	more	than	2-fold.	
This	suggests	that	Notch	signaling	represses	selective	aspects	of	the	MPEC	program	and	is	
not	consistent	with	an	increase	in	MPEC	number	due	to	homeostatic	mechanisms,	which	
would	cause	enrichment	of	all	MPEC	genes.
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Thus,	 a	 simple	 model	 suggested	 by	 our	 data	 could	 be	 that	 CD8+	 T-cells	 exposed	 to	
inflammatory	mediators	and	activated	by	Notch	ligand	expressing	APC	are	forced	into	SLEC	
lineage,	whereas	CD8+	T-cells	 that	altogether	avoid	activation	of	Notch	adopt	 the	MPEC	
lineage.	MPEC	differentiation	may	then	result	from	activation	by	APC	that	were	not	directly	
exposed	to	the	microbial	signals	or	from	activation	by	specialized	APC	that	lack	expression	
of	 the	 relevant	 ligands	 for	Notch.	Consistent	with	 this	 latter	possibility,	differences	have	
been	described	 in	 the	ability	of	 various	 types	of	APC	 to	express	different	Notch	 ligands	
41,47,48.	Presentation	of	 influenza	antigen	 in	 the	 lung	draining	MLN	 involves	at	 least	 three	
different	types	of	DC,	 including	 lymph	node	resident	CD8a+	DC,	CD103+	mucosal	DC	and	
CD11b+	migratory	DC25.	These	latter	two	DC	types	migrate	into	the	MLN	in	different	waves,	
such	that	during	the	first	3	days	after	infection	CD103+	DC	are	the	presenters	of	influenza	
antigens,	whereas	at	later	stages	CD11b+	DC	take	over	this	function49.	It	will	be	interesting	to	
examine	the	expression	patterns	of	Notch	ligands	on	these	different	types	of	DC26,	although	
interpretation	may	be	complicated	by	the	existence	of	multiple	different	ligands	and	the	
fact	that	we	do	not	currently	know	which	ligand(s)	are	responsible	for	SLEC	induction.

It	 should	 be	 noted	 that	 our	 results	 neither	 prove	 nor	 disprove	 an	 important	 role	 for	
asymmetric	 division	 in	 differentiation	 of	 SLECs	 and	MPECs16.	 It	 is	 possible	 for	 instance,	
that	cells	commit	to	the	SLEC	lineage	by	asymmetric	division	first	and	that	Notch	signaling	
(possibly	involving	asymmetric	segregation	of	molecules	in	the	Notch	pathway)	is	required	
for	 further	 unfolding	 of	 the	 SLEC	 program.	 Indeed,	 the	 fact	 that	 deletion	 of	 Notch	
expression	by	infecting	already	dividing	Notch1flox/floxNotch2flox/flox	cells	with	Cre	virus	results	
in	a	 complete	 loss	of	 SLEC	development	 (Fig. 3D),	 suggests	 that	 continued	activation	of	
Notch	is	required	over	a	period	of	days	and	not	just	during	the	first	division.

Despite	its	conceptual	appeal,	some	of	our	findings	appear	to	be	at	odds	with	a	simple	
all	or	none	model	for	Notch	in	SLEC	and	MPEC	development.	In	particular,	the	precipitous	
death	 in	N1/2ko	mice	 after	 the	peak	of	 the	 response	 appears	 to	 affect	 both	 SLECs	 and	
MPECs,	showing	that	MPECs	depend	on	input	from	Notch	as	well.	There	are	at	least	two	
possible	 explanations.	 First,	 Notch	 signaling	 may	 take	 place	 at	 different	 stages	 of	 the	
response	with	 stage	 specific	 consequences.	 Thus,	 activation	 of	Notch	 on	 naive	 or	 early	
effector	CD8	T-cells	would	result	in	SLEC	differentiation,	whereas	Notch	signaling	on	MPECs	
around	day	11	after	 infection	would	promote	survival.	Alternatively,	 the	 strength	of	 the	
Notch	 signal	may	 determine	 the	 outcome	 of	 Notch	 signaling.	Weak	 signaling	would	 be	
sufficient	to	activate	a	genetic	program	allowing	survival,	whereas	stronger	signaling	would	
induce	 a	 dominant	 SLEC	differentiation	program.	Consistent	with	 such	 a	 signal	 strength	
model,	the	level	of	Notch	signal	required	for	survival	of	MPECs	appears	to	be	lower	than	
the	level	required	for	optimal	development	of	SLECS.	This	is	suggested	by	the	fact	that	a	
partial	defect	in	the	development	of	SLECs	is	observed	in	either	Notch1	or	Notch2	single	
deficient	CD8+	T-cells,	whereas	no	defect	in	survival	of	MPECs	is	observed	in	these	mice.	
Notch1	and	2	may	therefore	both	function	as	amplifiers	of	the	same	Notch	signal,	such	that	
a	gene	dosage	effect	is	obtained.	Such	a	role	for	Notch	signal	strength	resonates	with	other	
results	showing	that,	while	high	levels	of	T-bet	promote	SLEC	development,	low	levels	are	
required	for	survival	of	MPECs2,11.	Similarly,	strong	inflammation	clearly	favors	generation	
of	SLECs,	but	survival	of	MPECs	at	 the	contraction	stage	 is	compromised	 in	 the	absence	
of	inflammatory	signals19.	Further	experiments	will	be	required	to	unequivocally	establish	
whether	 signal	 strength	 or	 timing	 determines	 the	 different	 functions	 of	 Notch	 on	 SLEC	
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differentiation	and	MPEC	survival.	

Critical	 for	 understanding	 this	 issue	 may	 be	 the	 identification	 of	 the	 nature	 of	 the	
protective	 mechanism	 used	 by	 Notch	 to	 protect	 SLECs	 and	MPECs	 from	 attrition	 right	
after	the	peak	of	the	response.	There	 is	a	striking	resemblance	between	this	phenotype	
in	N1/2ko	mice	and	the	one	found	in	mice	lacking	IL-1550,51.	Eomesodermin	and	T-bet	are	
both	required	for	expression	of	CD12211,	the	β-chain	of	the	receptor	for	IL-15	and	mRNA	
levels	for	both	transcription	factors	are	reduced	in	N1/2ko	mice.	However,	we	found	that	
neither	expression	of	CD122	nor	CD168,	the	γ-chain	of	the	receptor,	was	altered	on	N1/2ko	
effector	cells	isolated	right	before	their	rapid	demise	(unpublished	results).	Furthermore,	
addition	of	exogenous	IL-15	induced	normal	levels	of	STAT5	phosphorylation	in	these	cells	
in vitro	and,	importantly,	no	significant	difference	was	found	between	wild	type	and	N1/2ko	
cells	in	the	survival	to	IL-15	(unpublished	results).	Thus,	our	data	do	not	support	a	major	
role	for	Notch	in	determining	responsiveness	to	IL-15.	We	also	considered	the	possibility	
that	 Notch	 may	 regulate	 the	 transition	 in	 metabolic	 program	 controlling	 generation	
of	 energy.	 After	 the	 peak	 of	 the	 response,	 effector	 cells	must	 their	metabolic	 program	
from	one	depending	on	 glycolysis	 to	one	 involving	oxidation	of	 fatty	acids52,53.	 This	 FAO	
program	 requires	 transcriptional	 induction	of	 certain	 critical	 genes.	When	 this	does	not	
occur,	massive	cell	death	occurs,	at	the	stage	also	affected	in	N1/2ko	mice52,53.	However,	
we	did	not	find	differences	were	in	the	expression	of	FAO	genes	between	wild	type	and	
N1/2ko	 CD8+	 effector	 T-cells	 (unpublished	 results).	 Finally,	 we	 found	 no	 differences	 in	
the	expression	levels	of	any	known	apoptosis	related	genes	in	N1/2ko	effector	cells	right	
before	the	crash	(unpublished	results).	Therefore,	the	molecular	nature	of	the	protective	
mechanism	downstream	of	Notch	may	involve	a	novel	pathway.	A	curious	aspect	of	this	
survival	inducing	function	of	Notch	is	that	it	does	not	appear	to	be	required	for	the	effector	
cells	that	reside	in	lungs	and	the	lung	draining	mesenteric	lymph	node.	We	speculate	that	
the	requirements	 for	persistence	 in	 those	anatomical	 locations	may	differ	 from	those	 in	
peripheral	lymphoid	tissue	because	of	the	presence	of	antigen.	Indeed,	influenza	antigens	
can	be	detected	in	lungs	and	MLN	for	more	than	70	days	after	infection54.	

A	third	layer	of	control	by	Notch	is	at	the	level	of	the	memory	response	itself.	Those	few	
N1/2	deficient	T-cells	that	persist	as	memory	cells	fail	to	expand	efficiently	upon	secondary	
infection.	Again,	the	rules	here	seem	to	differ	between	cells	in	the	circulation	and	lymphoid	
organs	on	the	one	hand,	and	those	in	the	lungs	and	MLN	on	the	other.	It	is	possible	that	
different	 cohorts	 of	memory	 cells	 exist	with	 different	 requirements	 for	Notch	 signaling.	
However,	despite	their	presence	at	near	normal	numbers,	these	memory	cells	in	lungs	make	
much	reduced	amounts	of	IFNγ,	TNFα	and	Granzyme	B.	This	defect	is	much	more	profound	
even	than	the	one	found	in	primary	T-cells.	It	is	currently	not	clear	whether	this	functional	
anergy	is	a	consequence	of	a	direct	role	for	Notch	in	the	acquisition	of	effector	function	by	
memory	cells	or	whether	 this	 is	an	 indirect	 result	 from	defective	memory	programming	
during	the	primary	response.	Reduced	expansion	and	functional	anergy	are	also	observed	
when	memory	cells	develop	in	the	absence	of	help	from	CD4+	T-cells1,22-24.	It	is	conceivable	
therefore	 that	 signaling	 via	Notch	on	CD8+	T-cell	 constitutes	a	 component	of	CD4+	T-cell	
help,	either	delivered	directly	through	CD4-CD8	T-cell	interaction,	or	via	induction	of	Notch	
ligands	 by	 CD4+	 T-cells	 on	APC55.	Given	 the	potential	 therapeutic	 implications,	 it	will	 be	
important	to	distinguish	between	these	possible	mechanisms.

In	 conclusion,	 we	 find	 that	 Notch	 exerts	 critical	 control	 over	 the	 generation	 of	 CD8	
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effector	and	memory	responses	at	multiple	levels.	These	findings	enhance	our	fundamental	
insight	into	the	mechanisms	controlling	the	generation	of	effector	and	memory	CD8+	T-cell	
responses.	 In	 addition,	 our	 results	 may	 open	 novel	 avenues	 to	 improve	 strategies	 for	
vaccination	(memory	generation)	on	the	one	hand	and	inhibition	of	detrimental	responses	
on	the	other.

MATERIALS AND METHODS
Mice. Notch1flox/floxNotch2flox/floxCD4Cre+	 (N1/2ko),	 Notch1flox/floxCD4Cre+	 (N1ko)	 and	 Notch2flox/

floxCD4Cre+	 (N2ko)	 mice	 and	 their	 wild	 type	 littermate	 controls,	 all	 on	 C57Bl/6/J	 background	 or	
crossed	onto	OT-I	TCR	transgenic	mice	(which		have	transgenic	expression	of	Vα2Vβ5	TCR	recognizing	
OVA257-264	SINFEKLL	peptide	in	de	context	of	H-2K

b)	were	bred	and	housed	at	SPF	conditions	at	the	
Animal	 Resources	 Center	 of	 the	 Academic	Medical	 Center	 (AMC,	 Amsterdam,	 The	 Netherlands).	
IFNα-receptor	knock-out	mice	 (IFNARko)	mice	were	kept	at	 the	animal	 facility	of	 the	Mount	Sinai	
School	of	Medicine	(New	York,	NY,	USA).	Mice	were	matched	for	age	in	individual	experiments	and	
were	between	8–12	weeks	of	age	at	the	start	of	the	experiment.	Mixed-bone	marrow	(BM)	chimeras	
containing	WT	and	N1/2ko	BM	at	a	1:1	ratio	were	generated	via	intravenous	injection	of	5-10×106	
donor	 BM	 cells	 into	 lethally	 irradiated	 recombination	 activating	 gene	 (Rag)-1-deficient	mice.	WT	
and	N1/2ko	cells	of	donor	origin	were	identified	with	the	congenic	CD45.1/2	markers.	BM	chimeras	
were	used	at	12	weeks	after	engraftment.	All	mice	were	kept	under	specific	pathogen-free	conditions	
and	 used	 in	 accordance	 of	 institutional	 and	 national	 animal	 experimentation	 guidelines.	 Animal	
experiments	were	approved	by	the	Animal	Ethics	Committee	of	the	AMC.	

Media, reagents and mAbs. Culture	medium	was	 Iscove’s	modified	Dulbecco’s	medium	 (IMDM;	
Lonza,	 Verviers,	 Belgium)	 supplemented	 with	 10%	 heat-inactivated	 FCS	 (Lonza,	 Walkersville,	 MD	
USA),	200	U/ml	penicillin,	200	µg/ml	streptomycin	(both	Gibco,	Paisley,	UK),	GlutaMAX	(Gibco)	and	
50	 µM	 β-mercaptoethanol	 (Invitrogen)	 (IMDMc).	 All	 directly	 conjugated	 monoclonal	 antibodies	
(mAb)	used	for	flow	cytometry	were	purchased	from	from	eBioscience,	San	Diego,	CA	(unless	stated	
otherwise):	anti-CD3ε	(clone	145-2C11),	anti-CD4	(clone	GK1.5),	anti-CD8α	(Ly-2,	clone	53-6.7),	anti-
CD25	 (anti-IL2Rα,	 clone	 7D4),	 anti-CD28	 (clone	 37.51),	 anti-CD44	 (clone	 IM7),	 anti-CD45.1	 (clone	
A20,	BD	Biosciences),	anti-CD45.2	(clone	104),	anti-CD62L	(clone	MEL-14),	anti-CD69	(clone	H1.2F3),	
anti-CD127	 (anti-IL7Rα,	 clone	A7R34),	 anti-DLL1	 (clone	HMD1-5),	 anti-DLL4	 (clone	HMD4-1),	 anti-
Granzyme	B	(clone	GB-11,	Sanquin	PeliCluster),	anti-IL-2	(clone	JES6-5H4),	anti-IFN-γ	(clone	XMG1.2),	
anti-Jagged1	 (clone	 HMJ1-29),	 anti-Jagged2	 (clone	 HMJ2-1),	 anti-KLRG-1	 (clone	 2F1),	 anti-Notch1	
(clone	HMN1-12,	Biolegend),	anti-Notch2	 (clone	HMN2-35,	biolegend)	and	anti-TNFα	(clone	MP6-
XT22),

In vitro CD8+ T cell activation, T cell transductions and adoptive transfers. Single	cell	suspensions	
were	prepared	by	grinding	organs	over	70	μm	nylon	sieves	(BD	Biosciences).	Contaminating	red	blood	
cells	were	removed	from	these	preparations	using	erylysis	buffer	(155	mM	NH4Cl,	10	mM	KHCO3,	and	
1	mM	EDTA)	and	cell	counts	were	determined	by	an	automated	cell	counter	(CasyCounter,	Innovatis).	
CD8+	T	cell	purification	from	spleen	and	peripheral	 lymph	nodes	was	performed	by	MACS	in	
accordance	with	manufacturer’s	directions	(Miltenyi	Biotec)	and	naïve	CD44-CD62L+	CD8+	T	
cell	were	sorted	by	FACS.	To	activate	CD8+	T	cells	in vitro,	cells	were	cultured	for	16-18	h	in	
the	presence	of	indicated	concentrations	of	OVA-protein	and	splenic	CD11c+	DCs	(T:DC	ratio	
is	1:1)	or	plate	bound	anti-CD3	and	soluble	anti-CD28	(50.000	T	cells/well	in	96	wells	plate).
BM-DC	conditioned	supernatant	was	generated	by	stimulating	GM-SCF	derived	BM-DCs	in	
the	absence	or	presence	of	10	μg/ml	R848	(TLR7/8	ligand).	Next	day,	BM-DC	conditioned	
supernatant	was	 isolated,	centrifugated	and	filtered	through	a	0.45	μM	filter	 to	remove	
remaining	BM-DCs	and	added	to	CD8+	T	cell	cultures	for	16-18	h.

For	retroviral	transduction,	virus	was	produced	in	PlatE	cells	as	described	[ref.	Amsen et 
al. Cell 2004].	Total	splenocytes	from	CD45.2+	OT-I	WT	or	OT-I	N1/2ko	mice	were	incubated	
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with	1	nM	OVA257-264	peptide,	and	next	day	cells	were	spin-infected	(700	x	g	for	90	min	at	
37°C)	with	 viral	 supernatant	 (with	8	μg/ml	polybrene),	 followed	by	4	h	at	37°C.	 Live	T	 cells	were	
isolated	by	density	centrifugation	(Lymphoprep,	Axis-shield	PoC,	Oslo,	Norway)	and	transfered	into	
timed	influenza-OVA	infected	CD45.1+	mice.	Donor	OT-I	T	cells	were	detected	5	days	after	transfer	as	
CD8	and	Thy1.1	or	GFP	double	positive	and	gated	for	further	analysis.	

Influenza infection.	Mice	were	 intranasally	 infected	with	100×	50%	tissue	culture	effective	dose	
(TCID50)	of	the	H3N2	influenza	A	virus	HKx31	or	influenza	A/WSN/33	(WSN)–OVA(I)	(kindly	provided	
by	dr.	TN.	Schumacher,	The	Netherlands	Cancer	Institute,	Amsterdam,	the	Netherlands)	[ref.	opham, 
Doherty J Immunol. 2001;167: 6983-6990]	 for	 analysis	 of	 primary	 immune	 responses.	 Secondary	
infection	with	10×	TCID50	of	the	H1N1	influenza	virus	A/PR8/34	at	least	40	days	after	primary	infection	
was	performed	to	examine	secondary	responses.	Stocks	and	viral	titers	were	obtained	by	infecting	
MDCK	or	LLC-MK2	cells	as	described	previously	[ref.	Bodewes et al. 2009 and van der sluijs et al. 2004].	
At	indicated	time	intervals,	blood	samples	were	drawn	from	the	tail	vein	or	mice	were	sacrificed	and	
blood,	spleen,	mediastinal	lymph	nodes	(mLN),	non-lung	draining	peripheral	LN,	liver,	bone	marrow	
and	 lungs	were	 collected	 to	 determine	 levels	 of	 influenza-specific	 CD8+	 T	 cells.	 Influenza-specific	
CD8+	T	cells	were	enumerated	using	anti-CD8	mAbs	and	PE-	or	APC-conjugated	tetramers	of	H-2Db	
containing	the	influenza-A-derived	nucleocapsid	protein	(NP)	peptide	NP366-374	ASNENMETM.	

Peptide restimulation, flow cytometry and cell sorting. For	 intracellular	cytokine	and	Granzyme	
B	 stainings,	 splenocytes	 and	 total	 lung	 samples	 were	 stimulated	 with	 1μg/ml	 of	 the	 MHC	 class	
I	 restricted	 influenza-derived	 peptide	 NP366-374	 ASNENMETM	 for	 4	 h	 in	 the	 presence	 of	 10	 μg/ml	
brefeldin	A	(Sigma)	to	prevent	cytokine	release.	Cells	were	stained	with	the	relevant	fluorochrome-
conjugated	mAbs	 for	30	min	at	4°C	 in	PBS	containing	0.5%	BSA	and	0.02%	NaN3.	For	 intracellular	
stainings,	 cells	 were	 fixed	 and	 permeabilized	 using	 the	 Cytofix/Cytoperm	 (BD	 Biosciences).	 Data	
acquisition	and	analysis	was	done	on	a	FACSCanto	(Becton	Dickinson,	MountainView,	CA)	and	FlowJo	
software.

To	isolated	tetramer-positive	CD8+	T	cells	from	influenza	infected	mice,	single	cell	suspensions	of	
spleens	were	stained	with	influenza-specific	tetramers	and	for	CD8,	KLRG-1	and	CD127	expression.	
Cells	were	sorted	using	FACSAria	cell	sorters	(BD	Biosciences).	

In vivo cytotoxicity assay. Target	spleen	cells	from	C57Bl/6	mice	were	pulsed	with	1µg/ml	influenza-
derived	peptide	NP366-374	 for	 35	minutes	 and	 subsequently	 labelled	with	 0.2	µM	CFSE	 (Invitrogen;	
Germany)	for	15	minutes	at	37°C	(CFSElow,	specific	target	cells)	or	were	not	pulsed	with	peptide	and	
labelled	with	2	µM	CFSE	(CFSEhigh,	non-specific	target	cells).	The	two	target	populations	were	mixed	
in	 equal	 numbers	 and	 5×106	 cells	 were	 injected	 i.v.	 into	mice	 that	were	 10	 days	 earlier	 infected	
with	influenza	A	virus	HKx31	or	into	untreated	control	mice.	Mice	were	killed	4	h	later	and	the	ratio	
between	peptide-loaded	vs.	empty	target	cells	was	quantified	by	flow	cytometry.

Gene expression profiling. DbNP366-374/Tet
+	 CD8+	 T	 cells	 were	 isolated	 from	 spleens	 of	 influenza	

infected	mice	by	FACS	sorting.	Total	RNA	was	extracted	with	TRIzol	reagent	(Invitrogen)	according	to	
the	the	manufacturer’s	protocol,	and	further	purified	by	nucleospin	RNAII	columns	(Macherey-Nagel,	
Germany).	Total	RNA	was	amplified	using	the	Superscript	RNA	amplification	system	(Invitrogen)	and	
labeled	with	the	ULS	system	(Kreatech),	using	either	Cy3	or	Cy5	dyes	(Amersham).	Deep	sequencing	
analysis	NKI.	Illumina	Hiseq2000.

Statistical analysis. Figures	 represent	means	 and	error	 bars	 denote	 standard	error	 of	 the	mean	
(s.e.m.).	Standard	Student’s	t-tests	(unpaired,	two-tailed)	was	applied	with	GraphPadPrism	software	
to	 all	 data	 points	 for	 all	 statistical	 calculations,	 unless	 stated	differently.	p <	0.05	was	 considered	
statistically	significant.	
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SUPPLEMENTARY MATERIALS AND METHODS
Analysis of CD4+ T cell responses. Mice	were	 intranasally	 infected	with	100×	50%	tissue	culture	

effective	 dose	 (TCID50)	 of	 the	 H3N2	 influenza	 A	 virus	 HKx31.	 Ten	 days	 after	 infection,	mice	were	
sacrificed	and	virus-specific	CD4+	T	cell	responses	were	analyzed	by	FACS	using	 I-A(b)	class	 II	MHC	
tetramers	 containing	 the	 influenza-derived	 peptide	 NP311-325	 (QVYSLIRPNENPAHK).	 MHC	 class	 II	
tetramers	were	obtained	from	the	Tetramer	Core	Facility	of	the	US	National	Institutes	of	Health.
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Fig. S1 R848 does not directly induce expression of Notch on CD8+ T-cells. 
Naïve	CD8+	T-cells	were	stimulated	10	µg/ml	plate	bound	anti-CD3	in	the	
presence	or	absence	of	R848	without	DC.	Expression	of	Notch1	(left)	and	
Notch2	(right)	was	determined	after	16	h	of	culture	by	FACS	and	displayed	
as	geo	Mean	Fluorescence	Intensities	(MFI)	+	s.e.m..

WT
N1/2KO
Isotype

Notch1

Notch2

CD4+ T-cells CD8+ T-cellsFig. S2 Efficient deletion of Notch1 and Notch2 in both CD4+ 
and CD8+ T-cells. Expression	 of	 Notch1	 (top)	 and	 Notch2	
(bottom)	on	both	CD4+	and	CD8+	T-cells	isolated	from	N1/2ko	
mice	 (dotted	 line)	 and	 WT	 control	 mice	 (black	 line)	 was	
determined	by	FACS	after	o/n	activation	with	anti-CD3	mAbs.	
Filled	 histograms	 show	 level	 of	 background	 staining	 with	
isotype	control	mAbs.

For	intracellular	cytokine	stainings,	splenocytes	and	total	lung	samples	were	stimulated	with	1μg/ml	
of	the	MHC	class	II	restricted	influenza-derived	peptide	NP311-325		for	4	h	in	the	presence	of	10	μg/ml	
brefeldin	A	(Sigma)	to	prevent	cytokine	release.	Cells	were	stained	with	the	relevant	fluorochrome-
conjugated	mAbs	for	30	min	at	4°C	in	PBS	containing	0.5%	BSA	and	0.02%	NaN3.	Cells	were	
fixed	and	permeabilized	using	the	Cytofix/Cytoperm	(BD	Biosciences).	Data	acquisition	and	analysis	
was	done	on	a	FACSCanto	(Becton	Dickinson,	MountainView,	CA)	and	FlowJo	software.

Virus specific IgG ELISA.  The	levels	of	influenza-specific	IgG	was	determined	using	ELISA	in	the	
serum	of	influenza-infected	mice.	ELISA	plates	(Nunc	Maxisorp	flat-bottom	96-well	plates;	Nalgene)	
were	coated	overnight	at	4°C	with	influenza	A	virus	HKx31,	blocked	with	PBS	containing	2%	milk	for	
1	h	at	room	temperature,	and	incubated	with	3-fold	serial	dilutions	of	the	serum	of	infected	mice	for	
2.5	h	at	room	temperature.	IgG	Abs	directed	against	influenza	detected	using	biotinylated	anti-mouse	
isotype-specific	Abs	 (Southern	Biotech)	and	alkaline	phosphatase-conjugated	streptavidin	 (Jackson	
Immunoresearch	Laboratories).	ELISA	plates	were	developed	using	p-nitrophenyl	phosphate	(Sigma-
Aldrich)	and	analyzed	on	a	microplate	reader	(Bio-Rad)	at	415	nm.
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Fig. S5 CD8+ memory T-cell responses are 
defective in various organs of N1/2ko 
mice. Percentages	 of	 DbNP366-374/tet

+	 CD8+	
T-cells,	 8	 days	 after	 reinfection	 with	 A/
PR8/34	 influenza	 virus	were	 determined	 in	
peripheral,	 non-lung	 draining	 LNs	 (ndLN),	
bone	marrow	 (BM),	 and	 livers	 of	WT	 (grey	
bars)	and	N1/2ko	(white	bars)	mice.	Results	
are	 representative	 of	 2	 experiments	 with	
5	 mice	 per	 group	 with	 mean	 +	 s.e.m.	 and	
p-values	(unpaired,	two-tailed	t-test).

Fig. S3 Increased contraction of influenza specific effector CD8+ T-cells in various organs of N1/2ko mice. WT	
(grey	bars)	and	N1/2ko	(white	bars)	mice	were	infected	with	A/HKX31	influenza	virus	and	sacrificed	14	days	later.	
Percentages	of	DbNP366-374/tet

+	CD8+	T-cells	were	determined	 in	peripheral,	non-lung	draining	LNs	(ndLN),	bone	
marrow	(BM),	liver	and	mediastinal	LN	(mLN)	by	FACS.	Results	are	representative	of	2	experiments	with	5	mice	
per	group	with	mean	+	s.e.m.	and	p-values	(unpaired,	two-tailed	t-test).

Fig. S4 Normal CD8+ memory T-cell responses in N1 and N2 
single knockout mice.	Percentages	of	DbNP366-374/tet

+	CD8+	T-cells	
in	 spleen	 and	 lung	 of	WT	 (black	 bars)	 and	Notch1	 single	 knock	
out	(white	bars,	middle)	and	Notch2	single	knockout	(white	bars,	
right)	mice,	8	days	after	reinfection	with	A/PR8/34	influenza	virus.	
Data	 represent	cumulative	results	of	3	experiments	with	a	 total	
of	14	mice.	Shown	are	the	mean	+	s.e.m.	and	p-values	(unpaired,	
two-tailed	t-test).
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Fig. S9	Differences in central and effector memory CD8+ T-cells in 
N1/2ko mice.	DbNP366-374	tetramer	binding	CD8+	T-cells	in	spleens	of	
WT	(grey	bars)	and	N1/2ko	(white	bars)	mice	8	days	after	reinfection	
with	A/PR8/34	influenza	virus	were	analyzed	for	the	expression	of	
CD44	and	CD62L	by	FACS.	Bar	graphs	indicate	average	frequencies	
of	 CD44+	 CD62L-	 effector	 and	 effector-memory	 cells	 (left)	 and	
CD44+	 CD62L+	 central	 memory	 cells	 (right)	 (data	 pooled	 from	 3	
experiments	 with	 12	 mice	 in	 total,	 mean	 +	 s.e.m.	 and	 p-values,	
unpaired,	two-tailed	t-test).
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Fig. S6 CD4+ T-cell responses against Influenza are not reduced 
in N1/2ko mice. Influenza-specific	 CD4+	 T-cell	 responses	
were	 analyzed	 by	 FACS	 staining	 with	 MHC	 class	 II	 restricted	
I-AbNP311-325	tetramers.	 Percentages	of	 I-AbNP311-325	

+CD4+	 T-cells	
among	total	CD4+	T-cells	in	blood,	10	and	14	days	after	A/HKX31	
influenza	 infection	 are	 shown	 for	WT	 (grey	 bars)	 and	N1/2ko	
(white	bars)	mice.	

Fig. S7	CD4+ T-cells in N1/2ko mice do not display reduced effector function.	IFNγ	
production	by	CD4+	T-cells	in	spleens	of	WT	(grey	bars)	or	N1/2KO	(white	bars)	mice	
10	days	post-infection	with	A/HKX31	 influenza.	Single	cell	 suspensions	 from	these	
organs	were	 restimulated	 in vitro	with	NP311-325	peptide	 for	4	h	 in	 the	presence	of	
brefeldin	A.	Proportions	of	responding	CD4+	T-cells	producing	IFNγ	are	shown.	Results	
are	representative	of	4	experiments	with	4-8	mice	per	group	with	mean	+	s.e.m.	and	
p-values	(unpaired,	two-tailed	t-test).

Fig. S8 Normal CD4+ T-cell dependent antibody production 
against influenza in N1/2ko mice. A/HKX31-specific	 IgG2c	 in	
sera	 from	WT	(black	circles)	and	N1/2ko	(white	circles)	mice	
14	days	after	A/HKX31	influenza	infection	were	determined	by	
ELISA.	Shown	are	serum	dilutions	vs.	absorbance	at	450nm	as	
measure	for	relative	IgG2c	abundance	±	s.e.m..
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Abstract
Different subsets of T helper (Th) effector cells orchestrate the immune response to 
different classes of microbes and are also responsible for distinct immune mediated 
pathologies. Th2 cells direct immune responses against helminth parasites and are 
involved in asthma. The Wnt signaling pathway has been implicated as a key inducer 
of Th2 cell responses. Here, we re-examined this issue using both gain and loss of 
function approaches. We found that deliberate activation of naïve CD4+ T-cells with 
recombinant Wnt proteins is not sufficient to elicit Th2 cell differentiation. Furthermore, 
Th2 cell responses to parasite antigens developed normally in mice lacking expression of 
β-catenin, the major effector of the Wnt-Frizzled pathway. Thus, our data do not support 
a major role for the Wnt pathway in differentiation of Th2 cells. Instead, we provide 
evidence that this pathway operates as a selective regulator of already established Th2 
effector cells. By systematically analyzing the expression of receptors for Wnts in different 
CD4+ T-cell subsets, we show that Th2 but not Th1 effector cells express Frizzled receptors 
(Fzds). Accordingly, only Th2 cells can signal through the pathway. Finally, we show that 
this signaling serves to control survival of Th2 cells by inducing surface expression of Fas. 

Introduction
Naïve	CD4+	T-cells	can	differentiate	into	several	major	effector	cell	types,	including	those	

called	 T	 helper	 (Th)1	 and	 Th2.	 Th1	 cells	 regulate	 immune	 defense	 against	 intracellular	
infectious	agents,	while	Th2	lymphocytes	direct	responses	to	extracellular	parasites1,2.	Th1	
cells	typically	produce	interferon-γ	(IFNγ),	while	Th2	effector	cells	secrete	interleukin-4	(IL-
4),	IL-5	and	IL-13.	Production	of	these	cytokines	is	central	to	the	function	of	these	subsets	of	
CD4+	T-cells1.	Differentiation	of	these	different	lineages	of	Th-cells	is	governed	by	dedicated	
transcription	 factors.	 For	 instance,	 differentiation	of	 Th2	 cells	 depends	on	Gata3,	which	
regulates	transcription	of	critical	Th2	effector	genes	both	by	direct	transactivation	as	well	
as	by	epigenetic	modification3.

Various	 immune	mediated	 pathologies	 are	 dependent	 on	 responses	 of	 specific	 Th-cell	
subsets.	For	instance,	allergies	and	asthma	are	predominantly	caused	by	Th2	cell	responses.	
Such	 selectivity	 provides	 a	 therapeutic	 opportunity:	 if	 individual	 Th-cell	 subsets	 can	 be	
targeted	specifically,	pathology	may	be	curbed	without	undesired	global	suppression	of	the	
immune	system.	

Wnts	are	locally	secreted	lipid-modified	glycoproteins,	present	in	all	metazoan	animals.	
They	play	roles	in	cell	fate	determination,	polarity,	adhesion,	migration,	proliferation	and	
cell	death4.	Wnts	are	highly	conserved	between	species	and	share	a	minimal	 identity	of	
18%	between	each	other5.		The	most	characteristic	part	in	their	structures	is	a	conserved	
22-23-cysteine	 residue	 pattern,	 called	 Cysteine-Rich	 Domain	 (CRD)	 (Nusse,	 The	 Wnt	
homepage).	 	There	are	19	Wnt	genes	 in	mice	and	humans	(Nusse,	The	Wnt	homepage).	
The	receptors	 for	Wnts	 fall	 into	two	categories	 -	 the	Frizzled	 (Fzd)	and	the	LDL	receptor	
related	protein	(LRP)	families5.	It	is	thought	that	two	of	the	LRPs	(LRP5	and	6)	and	all	of	the	
Fzds	(Fzd1-10)	can	be	engaged	in	a	tripartite	Wnt	binding	complex6.

The	major	 effector	 of	 the	Wnt	 pathway	 is	 β-catenin. In	 the	 absence	 of	Wnt	 signaling,	
this	 protein	 is	 constitutively	 phosphorylated	 by	 casein	 kinase	 I	 (CKI)	 or	 by	 glycogen	
synthase	kinase	3β	(GSK-3β)	in	a	complex	with	Axin	and	adenomatous	polyposis	coli	(APC).	
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As	 a	 consequence,	 β-catenin	 is	 polyubiquitinated	 and	 targeted	 for	 degradation	 by	 the	
proteasome7.	Upon	engagement	by	Wnts,	Fzds	activate	a	protein	called	dishevelled	(Dsh),	
which	prevents	 this	 constitutive	degradation	of	 the	β-catenin	protein8.	When	 stabilized,	
β-catenin	 translocates	 to	 the	 nucleus,	 where	 it	 activates	 TCF/LEF	 transcription	 factor	
complexes	and	initiates	gene	expression.	These	DNA	binding	factors	act	as	transcriptional	
repressors	 through	 interaction	 with	 Groucho	 family	 proteins,	 but	 are	 converted	 into	
transactivators	 upon	 recruitment	 of	 β-catenin4.	 In	 addition	 to	 cytoplasmic	 β-catenin,	
there	is	a	pool	of	β-catenin	proteins,	which	bind	E-cadherins,	and	through	α-catenin	help	
organizing	the	cytoskeleton,	thereby	affecting	cell	adhesion	and	migration9.	

Wnts	have	been	implicated	in	the	self-renewal	and	maintenance	of	hematopoietic	stem	
cells	(HSCs)10,	as	well	as	in	the	maturation	of	B-11	and	T-	cells4.	There	is	significant	evidence	
supporting	the	role	of	the	Wnt	pathway	in	thymocyte	development.	Thymocytes	not	only	
express	some	of	the	Fzd	receptors12,	but	also	secrete	various	Wnts13.	Specific	deletion	of	
β-catenin	in	thymocytes	leads	to	a	blockade	at	the	CD4-	CD8-	double	negative	3	(DN3)-to-
DN4	transition14,	whereas	β-catenin	over-expression	allows	bypassing	of	β-selection	and	
therefore	causes	accumulation	of	CD4+	CD8+	double	positive	and	single	positive	(DP	and	SP)	
thymocytes15.	On	the	other	hand,	artificial	increase	of	the	level	of	the	Wnt	inhibitor	Axin	
produces	reduced	thymus	size	and	massive	apoptosis	of	cortical	thymocytes16.	

Several	studies	have	addressed	the	role	of	Wnt	signaling	in	mature	CD4+	T-cells.	Wnt	was	
reported	to	control	migration	by	upregulating	the	expression	of	the	two	metalloproteinases	
–	Mmp2	and	Mmp917.	Furthermore,	both	positive	and	negative	effects	of	the	Wnt	pathway	
on	CD4+	T-cell	survival	have	been	reported.	On	the	one	hand,	expression	of	a	stabilized,	
and	 therefore	 constitutively	 active	 form	of	β-catenin	 induced	Bcl-XL	mRNA	upregulation	
and	promoted	Treg	cell	 survival18.	On	 the	other	hand,	 stabilized	β-catenin	caused	death	
in	 Staphylococcal	 enterotoxin	 B	 (SEB)	 challenged	 and	 TCR	 restimulated	 CD4+	 Vβ8+	
lymphocytes19.		Finally,	the	Wnt	pathway	has	been	implicated	in	the	generation	or	cytokine	
producing	effector	Th-cells:	On	the	one	hand,	it	was	reported	that	TCF1	and	β-catenin	are	
critical	for	initiation	of	Th2	cell	responses.	Thus,	TCF1	was	found	to	bind	one	of	the	promoters	
of	the	Gata3	gene	and	deficiency	for	TCF1	or	genetic	inhibition	of	the	interaction	between	
β-catenin	and	TCF1	resulted	in	greatly	reduced	Th2	cell	responses20.	Another	study	showed	
β-catenin	can	 interact	with	 the	chromatin	organizer	SATB1	and	may	 regulate	expression	
of	the	Gata3	gene	and	hence	Th2	cell	 responses21.	 In	contrast	Lef1,	which	also	 interacts	
with	 β-catenin	 to	 activate	 transcription,	 inhibited	 production	 of	 IL-4,	 IL-5	 and	 IL-1322,23.	
Thus,	 although	all	 these	 studies	 concluded	 that	 components	of	 the	Wnt	pathway	affect	
Th2	cell	responses,	there	is	no	consensus	whether	this	constitutes	a	positive	or	negative	
role.	To	some	degree,	 these	apparent	discrepancies	might	be	explained	by	 the	 fact	 that	
TCF1	and	LEF1	can	act	both	as	repressors	and	as	activators	depending	on	the	presence	or	
absence	of	β-catenin.	Definitive	proof	for	these	functions	would	require	the	use	of	genetic	
loss	 of	 function	 experiments.	 Although	 such	 experiments	 have	 been	 performed,	 these	
have	 not	 been	 definitive.	 Thus,	 the	models	 used	 have	 either	 relied	 on	 siRNA	mediated	
knock	down21,	which	frequently	have	off	target	effects,	or	on	genetic	modifications	which	
severely	perturbed	development	of	thymocytes	and	therefore	may	have	yielded	indirect	
phenotypes	on	Th-cell	responses15,20,24-29.

We	 here	 revisit	 the	 function	 of	 the	 Wnt	 pathway	 in	 CD4+	 T-cells.	 By	 using	 β-catenin	
conditional	 knockout	 animals,	 we	 show	 that	 this	 pathway	 is	 not	 required	 for	 Th2	 cell	
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differentiation	and	cytokine	production	both	 in vitro	 as	well	 as	 in vivo.	However,	we	do	
find	show	that	 responsiveness	 to	Wnt	 is	a	 specific	property	of	Th2	but	not	Th1	effector	
cells,	as	only	the	former	express	Frizzled	receptors	(Fzds).	Finally,	we	show	that	this	Wnt	
responsiveness	regulates	survival	of	Th2	cells	by	inducing	expression	of	Fas.	

Results and Discussion
β-catenin is not required for thymic T-cell differentiation after CD4 is expressed. The	Wnt	

pathway	has	been	implicated	as	an	important	regulator	of	Th2	cell	responses20-23,30.	Critical	
evidence	for	this	point	consists	of	the	reduction	in	such	responses	in	mice	carrying	genetic	
deficiencies	 in	the	Wnt	signaling	pathway20.	Although	consistent	with	a	role	 for	the	Wnt	
pathway	 in	Th2	cell	 responses,	 thymocyte	development	 is	already	severely	perturbed	 in	
these	mice15,24-26,28,29,31.	It	is	therefore	not	currently	possible	to	distinguish	between	a	direct	
effect	from	Wnt	signaling	on	Th2	cell	responses	and	an	indirect	effect	caused	by	atypical	
differentiation	of	CD4+	T-cells	before	induction	of	the	Th2	cell	response.	To	re-examine	this	
issue,	we	generated	mice	in	which	the	Wnt	pathway	was	disabled	in	T-cells	after	the	Wnt/
TCF-1	dependent	stages.	As	the	canonical	Wnt	signaling	pathway	converges	on	β-catenin,	
we	crossed	mice	with	floxed	β-catenin	alleles32	to	animals	expressing	the	Cre	enzyme	under	
the	 control	 of	 the	CD4	promoter	 (hereafter	 referred	 to	 as	β-catenin	 knockout	mice,	 for	
simplicity).	 Expression	 of	 this	 Cre	 transgene	 occurs	 after	 β-selection	 during	 thymocyte	
development	and	 full	deletion	of	floxed	alleles	does	not	occur	until	 the	CD4+	CD8+	stage	
of	development.	Analysis	of	cell	lysates	showed	that	both	mature	CD4+	and	CD8+	T-cells	in	
these	mice	lacked	expression	of	β-catenin	(Fig. S1).	However,	overt	defects	in	thymocyte	
development	were	not	obtained	by	this	strategy,	as	evidenced	by	the	normal	proportions	
of	CD4+	and	CD8+	T-cells	in	both	Thymus	and	Spleen	(Fig. S1).

The Wnt/β-catenin pathway is neither required nor sufficient for Th2 cell differentiation 
in vitro. To	examine	whether	 the	Wnt	pathway	 is	necessary	 for	 Th2	 cell	 differentiation,	
we	first	resorted	to	widely	used	in vitro	differentiation	culture	systems,	in	which	Th2	cell	
differentiation	 is	 induced	 by	 the	 combination	 of	 TCR	 stimulation	 and	 exogenous	 IL-4.	
siRNA	mediated	knock	down	of	β-catenin	was	previously	 found	to	reduce	production	of	
Th2	effector	cytokines	under	these	conditions21.	These	culture	conditions	indeed	induced	
high	percentages	of	wild	type	CD4+	T-cells	to	differentiate	 into	cells,	which	secreted	high	
amounts	of	IL-4,	but	not	IFNγ	(Fig. 1A and B).	Deficiency	for	β-catenin	did	not	reduce	either	
the	proportion	or	the	amount	of	 IL-4	produced	by	Th2	effector	cells	generated	this	way.	
Likewise,	no	effect	was	found	from	β-catenin	deficiency	on	IL-12	mediated	differentiation	of	
Th1	cells	(Fig. 1A	and	B).	Although	IL-4	is	a	potent	stimulus	for	Th2	cell	differentiation,	it	is	
not	required	for	many	Th2	responses	in vivo.	Furthermore,	addition	of	IL-4	may	override	the	
requirement	for	physiological	differentiation	signals.	An	example	of	this	was	found	when	the	
contribution	of	the	Notch	pathway	in	Th2	cell	differentiation	was	examined33.	Therefore,	we	
examined	whether	deliberate	activation	of	the	Wnt	pathway	might	be	sufficient	to	elicit	Th2	
cell	differentiation	by	adding	recombinant	Wnt3a34	to	CD4+	T-cell	differentiation	cultures.	To	
determine	whether	this	recombinant	Wnt3a	was	capable	of	activating	the	Wnt	signaling	
pathway,	we	examined	whether	addition	of	 this	 factor	 resulted	 in	nuclear	accumulation	
of	β-catenin	protein.	As	positive	controls,	we	activated	mouse	L-cells	(Fig. S2),	known	to	
signal	through	the	Wnt	pathway,	under	these	conditions	(Nusse,	The	Wnt	homepage).	In	
addition,	we	cultured	cells	in	the	presence	of	the	non-specific	activator	of	the	Wnt	cascade	
–	 LiCl35,36.	 LiCl	 indirectly	 stabilizes	 β-catenin	 by	 inhibiting	GSK-3β,	 a	 critical	 factor	 for	 its	
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degradation35,36.	 As	 a	 negative	 control,	
we	used	KCl35,36.	Addition	of	recombinant	
Wnt3a	 clearly	 resulted	 in	 nuclear	
accumulation	of	β-catenin	in	CD4+	T-cells	stimulated	with	antibodies	to	CD3	and	CD28	(Fig. 
S2).	Therefore,	this	set	up	can	be	used	to	test	the	consequences	of	deliberate	activation	of	
the	Wnt	pathway	on	Th-cell	differentiation.	To	exclude	possible	indirect	effects	from	Wnt	
pathway	activation	 in	APC	we	used	a	 reductionist	 in vitro	 approach,	 in	which	 rigorously	
purified	CD62L+	CD44-	CD25-	CD49b-	naive	CD4+	T-cells	were	activated	with	antibodies	to	CD3	
and	CD28	in	the	presence	of	absence	of	recombinant	Wnt3a.	Furthermore,	T-cells	could	
potentially	produce	Wnt	proteins	themselves,	 in	which	case	addition	of	extra	Wnt	might	
not	have	much	of	an	effect.	For	that	reasons,	we	performed	our	differentiation	cultures	
in	 the	presence	of	 IWP2,	an	 inhibitor	of	Wnt	synthesis.	Using	this	approach,	we	did	not	
find	any	effect	from	addition	of	Wnt3a	on	the	proportion	of	CD4+	T-cells	differentiating	into	
either	IL-4	producing	cells	or	IFNγ	producing	cells	(Fig. 1C).	We	conclude	that	activation	of	
the	Wnt	pathway	 in	CD4+	T-cells	 is	not	sufficient	to	 induce	Th2	cell	differentiation	in	this	
reductionist	setting,	therefore.

The Wnt/β-catenin pathway is not required for Th2 cell responses in vivo. Although	our	in 
vitro	culture	experiments	failed	to	reveal	a	major	role	for	the	Wnt	pathway	in	differentiation	
of	Th2	cells,	it	is	possible	that	the	conditions	used	did	not	fully	mimic	physiological	Th2	cell	
differentiation.	We	therefore	tested	the	requirement	of	the	pathway	using	a	powerful	in vivo	
model	for	physiological	Th2	cell	responses.	The	major	role	for	Th2	cells	is	to	direct	immune	
responses	against	parasitic	 infections.	The	eggs	 from	the	helminth	parasite	Schistosoma 
mansoni	elicit	strong	Th2	cell	responses	 in vivo	and	Th2	cell	 inducing	activity	 is	found	in	
soluble	extracts	from	such	eggs	(soluble	egg	antigen-SEA)37.	Indeed,	immunization	of	wild	
type	mice	with	SEA	resulted	in	the	development	of	CD4+	T-cells,	which	transcribed	the	Th2	
effector	genes	IL-4,	IL-5	and	IL-13	specifically	upon	restimulation	with	SEA	in vitro	(Fig. 2).		
Immunization	of	β-catenin	knockout	mice	with	SEA	resulted	in	generation	of	effector	cells,	
which	 produced	 similar	 amounts	 of	mRNA	 transcripts	 for	 these	 Th2	 effector	 cytokines.	
Thus,	β-catenin	is	not	required	for	the	differentiation	of	Th2	effector	cells	in	response	to	
parasite	antigen	in vivo.

Fig. 1. β-catenin is neither required nor sufficient 
for Th2 cell induction in vitro. (A and B) Naïve	
CD4+	 T-cells	 from	 C57Bl/6wild	 type	 -	 β-catenin+/+	
CD4-CRE	 (WT)	 (black	 bars)	 and	 their	 conditional	
knockout	 littermates	 -	 β-cateninfl/fl	 CD4-CRE	 (KO)	
(white	 bars)	 animals	 were	 polarized	 (Th1/Th2)	 in 
vitro	in	the	presence	of	APCs.	After	five	days,	viable	
cells	were	purified	by	 fycoll.	 (A)	 Subsequently,	cells	
were	 re-stimulated	 for	 48	 hours	 with	 plate-bound	
anti-CD3.	 Cytokine	 production	 was	 measured	 by	
ELISA	 (representative	 of	 n=3	 experiments).	 (B)	
Alternatively	cytokine	production	was	determined	by	
intracellular	flow	cytometry.	(C)	Naive	CD62L+	CD44-	
CD25-	CD49b-	CD4+	T-cells	were	activated	under	Th0	
conditions	 (no	 cytokines	 added)	 with	 plate	 bound	
antibodies	to	CD3	and	CD28	alone	or	in	the	presence	
of	the	Wnt	synthesis	inhibitor	IWP2	with	or	without	
recombinant	 Wnt3a.	 Differentiation	 was	 measured	
after	4	days	by	intracellular	flow	cytometry.
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Th2 but not Th1 cells express RNA from Wnt receptors Fzd4, 
6 and 7. Although	 the	 experiments	 described	 above	 did	 not	
support	a	major	role	for	Wnt	signaling	in	differentiation	of	Th2	
cells,	 we	 considered	 the	 possibility	 that	 this	 pathway	 might	
serve	a	role	in	already	established	
effector	 cells.	 To	 explore	 this	
possibility,	we	made	a	systematic	
analysis	 of	 the	 presence	 of	 the	
Wnt	 receptors	 in	 various	 CD4+	
T-cell	 subsets.	 Since	 no	 good	
antibodies	 are	 available	 against	
mouse	 Fzds	 (we	 have	 found	
that	 commercial	 antibodies	 did	
not	 label	 well	 on	 western	 blots,	
AA,	 RAF	 and	 DA,	 unpublished	
results),	we	performed	 real	time	
PCR	 reactions	 for	 all	 mouse	 Fzd	
receptors	on	cDNA	prepared	from	
in vitro	polarized	Th1	and	Th2	cells.	Of	the	ten	existing	Fzd	proteins,	only	Fzd4,	6	and	7	could	

Fig. 3. Preferential expression of Fzds on Th2 effector cells. (A) Naïve	CD4	(CD4+	CD62Lhigh	CD44low)	were	purified	
and	polarized	 in vitro	 into	Th1	and	Th2	 lymphocytes	 in	 the	presence	of	APCs	 for	five	days,	after	which	viable	
cells	were	isolated.	Relative	levels	of	Fzd	genes	in	cDNA	from	naïve	CD4+	T-cells	(light	grey	bars),	Th1	cells	(dark	
grey	 bars)	 and	 Th2	 cells	 (black	 bars)	 were	 determined	 by	 quantitative	 RT-PCR	 and	 normalized	 against	 HPRT	
(representative	of	n=5	experiments).	(B) Total	RNA	was	isolated	from	Th1	and	Th2	cells	(generated	in	the	presence	
of	plate-bound	anti-CD3	and	anti-CD28)	at	different	days	(d)	during	polarization.	Quantification	for	Fzd-4,	Fzd-6	
and	Fzd-7	mRNA	abundance	was	performed	as	in	(A).	(C) Th1	and	Th2	cells	were	generated	as	in	(A)	from	C57BL/6	
(black	bars),	β-catenin+/fl	CD4-CRE	(grey	bars-WT)	and	their	conditional	knockout	littermates	-	β-cateninfl/fl	CD4-CRE	
(white	bars-KO)	mice	and	re-stimulated	with	or	without	Wnt3a	for	three	hours.	Quantification	for	Fzd-4,	Fzd-6	
and	Fzd-7	mRNA	abundance	was	performed	as	in	(A).	(D) Relative	levels	of	the	Wnt1	gene	were	determined	by	
quantitative	RT-PCR	and	normalized	against	HPRT.	Memory,	naïve	and	 (CD25+)	 regulatory	T-cells	were	used	as	
comparison	controls	(n=3	experiments).
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be	detected.	Strikingly,	these	Wnt	receptors	were	selectively	present	in	Th2	but	not	in	Th1	
lymphocytes,	indicating	that	not	all	CD4+	T-cell	subsets	may	be	equally	responsive	to	Wnt	
(Fig. 3A).	Expression	of	the	different	Fzds	appeared	late	in	Th2	cell	differentiation	cultures,	
suggesting	that	responsiveness	to	Wnt	 is	a	property	of	fully	differentiated	Th2	cells	 (Fig. 
3B).	Although	 the	Wnt	pathway	may	promote	expression	of	Wnt	 receptors	 in	a	positive	
feedback	mechanism,	expression	levels	of	Fzds	4,	6	and	7	were	comparable	in	wild	type	or	
β-catenin	deficient	CD4+	T-cells	(Fig. 3C).		

What	might	be	the	origin	of	the	Wnt	proteins	to	activate	the	pathway	in	Th2	cells?	There	
are	numerous	sources	for	Wnts	in	mice38.	One	possibility	could	be	that	T-cells	themselves	
produce	these	proteins.	Gene	chip	experiments	in	our	lab	have	shown	that	the	only	Wnt	
RNA	expressed	by	Th1/2	cells	encodes	Wnt139.	These	results	were	confirmed	through	RT-
PCR	(Fig. 3D).	Since	Wnt1	is	redundant	with	Wnt3a40,41,	these	results	are	consistent	with	the	
possibility	that	T-cells	may	in	an	auto-	and/or	paracrine	manner	be	a	source	for	activation	of	
the	pathway	in	Th2	cells,	which	have	the	receptors	necessary	for	signaling.

Wnt activation leads to nuclear β-catenin translocation in Th2 but not in Th1 cells. 
Since	Th2	but	not	Th1	lymphocytes	express	the	receptors	for	Wnts,	we	expected	that	Th2,	
but	not	Th1	cells	 could	signal	 through	 the	Wnt	pathway.	 	 Indeed,	we	 found	 that	Wnt3a	
induced	nuclear	translocation	of	β-catenin	only	in	Th2	and	not	in	Th1	cells	(Fig. 4A).	This	
translocation	was	likely	caused	by	stabilization,	as	(both	nuclear	and	cytoplasmic)	protein,	
but	not	mRNA	levels	of	β-catenin	were	changed	post	stimulation	(Fig. 4B and S2).	Although	
Wnt3a	and	Wnt5a	are	both	capable	of	activating	the	pathway	in	thymocytes4,	Wnt5a	did	
not	 induce	 nuclear	 translocation	of	 β-catenin	 in	 either	 Th1	 or	 Th2	 cells,	 suggesting	 the	
existence	of	a	previously	unrecognized	layer	of	specificity. Strikingly,	even	LiCl,	which	acts	
downstream	of	the	receptors,	induces	marked	stabilization	of	β-catenin	in	Th2,	but	hardly	
in	Th1	cells.	Thus,	the	selective	use	of	the	Wnt	pathway	by	Th2	cells	seems	to	be	a	property	
that	is	regulated	at	multiple	levels.

Fig. 4. Wnt3a induces β-catenin nuclear translocation in Th2 but not in Th1 cells. Naïve	 CD4+	 T-cells	 were	
polarized	into	Th1	or	Th2	effector	cells	for	5	days.	(A) Nuclear	extracts	were	isolated	from	cells	stimulated	with	
Wnt3a,	Wnt5a,	LiCl	or	without	stimulation	in	serum-free	media	for	four	hours.	Protein	levels	were	determined	
via	western	blotting	(representative	of	n>5	experiments).	(B) (Top)	nuclear	and	cytoplasmic	extracts	or	(bottom)	
mRNA	from	Th1	and	Th2	effector	cells	cultured	with	or	without	Wnt3a	in	serum-free	media	for	four	hours.	Protein	
levels	were	determined	via	western	blotting	(top).	Relative	β-catenin	mRNA	expression	was	obtained	after	reverse	
transcription,	real-time	PCRs	and	normalization	against	HPRT	(bottom)	(representative	of	n=3	experiments).
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Wnt signaling is important for Th2 survival. The	strikingly	selective	ability	of	Th2	cells	to	
induce	nuclear	 translocation	of	β-catenin	suggests	 that	Th2	effector	cell	behavior	might	
be	 regulated	by	 this	 transactivator.	We	examined	 this	possibility	using	a	genetic	 system	
to	activate	β-catenin	specifically	in	Th2	cells.	In	β-catenin	conditional	constitutively	active	
(CA)	mice,	LoxP	sites	have	been	placed	around	the	third	exon	of	the	β-catenin	gene,	which	
encodes	 the	 region	 necessary	 for	 destabilization	 of	 the	 protein.	 Therefore,	 upon	 Cre	
mediated	deletion,	an	artificially	stable	β-catenin	protein	is	created,	resulting	in	constitutive	
signaling42.	Deletion	of	the	floxed	third	exon	in	mice	by	CD4-CRE	caused	excessive	growth	of	
the	thymus	and	resulted	in	a	short	life	span	of	the	animals	and	absence	of	naive	peripheral	
CD4+	T-cells	(A.A.	and	R.A.F.,	unpublished	results,	25).	To	circumvent	this	issue,	we	therefore	
isolated	naïve	CD4+	T-cells	from	CA-β-catenin	mice	and	deleted	exon	3	of	the	gene	during	
Th1	and	Th2	effector	cell	cultures	in vitro	by	retroviral	transduction	with	a	CRE	vector43.	This	
experimental	approach	results	in	specific	activation	of	β-catenin	directly	in	the	CD4+	effector	
T-cells	 generated	 in vitro,	without	 indirect	 effects	 from	perturbed	 earlier	 development.	
Stabilization	of	β-catenin	resulted	 in	decreased	production	of	 IL-4	by	Th2	cells	 (Fig. 5A).	
This	effect	was	not	specific	for	Th2	cells,	as	also	production	of	IFNγ	in	Th1	cells	was	reduced	
by	expression	of	stabilized	β-catenin.	 	We	reasoned	that	the	apparent	 lack	of	specificity	
for	 IL-4	or	 IFNγ	might	be	explained	by	a	general	negative	effect	on	cellular	viability	due	
to	activation	of	β-catenin.	 Indeed,	 restimulation	of	effector	cells	with	antibodies	 to	CD3	
resulted	 in	dramatically	 reduced	viability	 in	 those	cells	expressing	CA-β-catenin,	but	not	
in	 untransduced	 control	 cells	 or	 cells	 expressing	 control	 vector.	 Loss	 of	 viability	 upon	
restimulation	of	effector	CD4+	T-cells	is	known	as	activation	induced	cell	death.	It	is	caused	
by	 induction	of	FasL	expression	on	 the	surface	of	 the	effector	cells,	which	 then	commit	
“fratricide”	by	engaging	Fas	molecules	on	neighboring	cells.	This	process	is	generally	much	

Fig. 5. Activation of the Wnt 
pathway leads to Fas-induced 
cell death in Th2 cells. Naïve	CD4+	
T-cells	 from	mice	 bearing	 CA-β-
catenin	 were	 activated	 by	 TCR	
crosslinking	 in	 the	 presence	 of	
APCs.	The	third	exon	of	the	gene	
was	 deleted	 by	 infection	with	 a	
Cre-IRES-GFP	 retroviral	 vector	
24	 hours	 after	 initial	 activation.	
At	 day	 five,	 effector	 cells	 were	
purified	by	fycoll	and	FACsorting	
of	 the	 GFP	 positive	 cells.	 GFP-
positive	and	negative	cells	were	
then	 cultured	 separately.	 (A) 
Cells	 were	 re-stimulated	 with	
PMA	 and	 ionomycin	 for	 five	
hours.	 Cytokine	 production	
was	 measured	 by	 intracellular	
staining	 for	 IFNγ	 and	 IL-4.	 (B)	
Number	 of	 viable	 GFP	 positive	
cells	 was	 determined	 as	
percentage	of	all	cells	(live	–	7-AAD-negative	and	dead	–	7-AAD	positive)	after	one	(24hrs)	or	two	days	(48	hrs)	of	
culture	post	re-stimulation	with	plate	bound	anti-CD3	(representative	of	n=2).	(C)	Expression	of	Fas	was	measured	
on	day	5	by	flow	cytometry	on	GFP+	cells	from	Cre	(filled	area)	or	empty	vector	(grey	line)	transduced	cells.	(D)	16	
hours	post	stimulation	with	anti-Fas	antibodies,	cell	death	was	measured	by	staining	for	AnnexinV.	Survival	rates	
of	Cre	transduced	Th2	cells	(CRE)	and	empty	vector	(EV)	bearing	Th2	cells	were	compared.
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stronger	in	Th1	cells	than	in	Th2	cells,	presumably	due	to	the	lower	surface	levels	of	Fas	on	
the	latter	cells	(Fig. 5B	and	S3A).	In	line	with	this	Th2	cells	are	less	sensitive	to	cross-linking	
of	Fas	with	antibodies	to	Fas	(Fig. S3B).	As	Fas	may	be	a	target	of	the	Wnt	pathway19,	a	likely	
hypothesis	was	that	activation	of	β-catenin	would	elevate	expression	of	this	death	receptor	
and	thus	render	the	cells	more	susceptible	to	FasL	 induced	apoptosis.	 Indeed,	we	found	
that	Fas	was	expressed	at	markedly	higher	levels	on	the	surface	of	Th2	cells	bearing	CA-
β-catenin	than	on	control	Th2	cells	(Fig. 5C).		Correspondingly,	expression	of	CA-β-catenin	
resulted	in	significantly	increased	sensitivity	to	crosslinking	of	Fas	(Fig. 5D).	These	results	
show	that	activation	of	β-catenin	regulates	Th2	effector	cell	viability,	presumably	at	least	in	
part	through	elevating	expression	of	Fas.

Conclusion
Various	studies	have	previously	implicated	Wnt	signaling	in	control	of	Th-cell	responses,	

with	 some	 studies	 supporting	 a	 suppressive	 and	 others	 supporting	 a	 positive	 function	
for	 this	 pathway	 in	 induction	 of	 Th-cell	 differentiation	 and/or	 effector	 cell	 function20-23.	
Although	 providing	 elegant	 evidence	 that	 this	 pathway	may	 contribute	 to	 regulation	 of	
the	Gata3	gene,	 in	our	view,	 these	studies	did	not	definitively	document	a	 requirement	
for	Wnt	 signaling	 in	 Th2	 cell	 responses.	 Critical	 experiments	 to	 determine	whether	 this	
requirement	 exists	 relied	 on	 the	 use	 of	 mice	 with	 constitutive	 deletion	 of	 TCF1,	 mice	
expressing	a	β-catenin	transgene	or	mice	expressing	an	ICAT	transgene	(a	genetic	inhibitor	
of	the	interaction	between	β-catenin	and	TCF1)20.	All	these	mice	suffer	from	severe	defects	
in	development	of	thymocytes15,20,24-29,31.	Consequently,	it	is	difficult	to	determine	whether	
phenotypes	obtained	with	mature	CD4+	T-cells	from	these	mice	reflect	direct	functions	of	
TCF1	in	Th2	cell	differentiation,	or	indirect	effects	from	perturbed	development.	Although	
this	caveat	does	not	pertain	to	the	siRNA	mediated	silencing	of	β-catenin	in	mature	T-cells	
used	 in	 another	 study21,	 such	 knock	down	 can	 result	 in	off	 target	 effects.	We	 therefore	
examined	 the	 requirement	 for	Wnt	 signaling	 in	Th2	 cell	 responses	using	mice,	 in	which	
expression	of	β-catenin	was	extinguished	at	a	late	stage	in	thymic	development.	Indeed,	this	
late	deletion	allowed	thymic	development	to	proceed	without	overt	abnormalities.	Using	
these	mice,	we	did	not	find	that	β-catenin	is	required	for	either	differentiation	of	Th2	cells	
or	for	their	effector	cell	function.	We	cannot	exclude	the	possibility	that	molecules,	such	as	
γ-catenin/plakoglobin	or	yet	another	unknown	molecule	may	substitute	for	β-catenin44,45,	
although	β-catenin	has	previously	been	shown	not	to	be	redundant	in	the	T-cell	 lineage,	
at	least	during	thymocyte	development14.	However,	the	fact	that	addition	of	recombinant	
Wnt3a	also	did	not	affect	Th2	cell	induction	under	otherwise	non-skewing	conditions	seems	
to	argue	against	a	decisive	function	for	this	pathway	in	Th2	cell	differentiation.	

Although	our	results	did	not	support	a	role	for	the	Wnt	pathway	in	differentiation	of	Th2	
cells,	we	did	find	that	Th2	effector	cells	are	specifically	equipped	to	respond	to	the	Wnt	
pathway.	Expression	of	several	Frzs	was	high	on	Th2	effector	cells	and	hardly	detectable	
on	naive	CD4+	T-cells	or	on	Th1	effector	cells.	Correspondingly,	Th2,	but	not	Th1	effector	
cells	activated	β-catenin	in	response	to	recombinant	Wnt3a.	Further	support	for	selective	
susceptibility	of	Th2	cells	 to	Wnt	 signaling	was	provided	by	an	earlier	 study,	 in	which	 it	
was	shown	that	IL-4	receptor	signaling	suppresses	transcription	of	short	inhibitory	isoforms	
of	TCF130.	While	Wnt	signaling	may	not	be	required	for	differentiation	of	Th2	cells,	these	
findings	do	suggest	that	the	Wnt	pathway	may	control	effector	cell	function.	This	function	
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did	not	appear	to	affect	production	of	cytokines.	Instead,	activation	of	β-catenin	regulates	
susceptibility	 of	 Th2	 cells	 to	 Fas	 mediated	 apoptosis,	 by	 inducing	 expression	 of	 this	
death	receptor.	In	contrast	to	Th1	cells,	Th2	cells	have	long	been	thought	to	be	resistant	
to	activation	induced	cell	death,	based	on	results	with	 in vitro	generated	effector	cells46.	
Expression	of	Fas	is	high	on	Th1	cells	generated	in	such	cultures	and	low	on	Th2	cells46.	Our	
results	now	reveal	a	regulatory	mechanism	that	allows	similar	control	of	viability	 in	Th2	
cells.	 It	 is	 intriguing	to	speculate	that	this	property	could	be	exploited	therapeutically	to	
selectively	kill	Th2	cells	in	allergic	or	asthmatic	disorders,	without	eliciting	general	immune	
suppression	from	affecting	all	other	T-cell	types.	

Materials and Methods 
Reagents and Antibodies. Anti-CD3	 (145-2C11),	 anti-CD28	 (37.1),	 anti-IL4	 (11B11),	 anti-IFNγ	
(XMG1.1),	 NK1.1.(HB101),	 anti-Th1	 (Y19)	 (all	 American	 Type	 Tissue	 Culture	 Collection,	Manassas,	
Virginia),	anti-IL4	PE	and	APC,	anti-IFNγ	APC	and	PE,		anti-Thy1.1	PE,	anti-CD44	Cychrome,	anti-CD62L	
FITC	and	APC,	anti-CD25	PE,	anti-NK1.1	PE,	anti-Fas	PE	(all	BD	Pharmingen),	recombinant	mouse	IL4,	
recombinant	mouse	IL2	(both	Pharmingen),	recombinant	mouse	IL12	(a	generous	gift	from	Wyeth	
Research).	 Biotinylated	 or	 non-conjugated	 anti-IL4,	 anti-IL5,	 anti-IL10,	 anti-IFNγ,	 anti-IgG1	 and	
antibodies	for	ELISA	were	purchased	from	BD	Pharmingen.	ELISAs	were	developed	with	Horseradish	
Perozidase	Avidin	D	(Vector	Laboratories,	 Inc.,	Burlingame,	CA)	and	SureBlue	Peroxidase	Substrate	
(KPL,	Gaithersburg,	MD).	Anti-mouse	Frizzled-4,	-7	and	Dkk-3	antibodies	were	purchased	from	R&D	
Systems.	Rabbit	Anti-Histone	Deacetylase	1	(HDAC1)	was	made	by	Sigma,	Saint	Louis,	MS,	while	rabbit	
polyclonal	 anti-mouse	 Tcf7	 antibody	 (N-term)	was	 received	 from	 ABGENT,	 San	 Diego,	 CA.	Wnt3a	
proteins	were	produced	 in	Roel	Nusse’s	 lab,	Stanford,	CA.	AIM-V®	+	AlbuMAX	®	(BSA)	Serum	Free	
Media	used	during	in vitro	Wnt3a	and	Wnt5a	stimulation	of	T-cells	was	made	by	GIBCO.	DNA-free	kit	
was	ordered	from	Ambion.	7%	NuPAGE	Novex	Tris-Acetate	Gel	was	made	by	Invitrogen,	Carslbad,	CA.	
QIAGEN	Plasmid	Purification	Kits	and	RNeasy	Mini	Kits	were	produced	by	QIAGEN	GmbH,	Germany.	
MICROCON	YM-30	Centrifugal	Filter	Devices	used	in	concentrating	nuclear	and	cellular	extracts	were	
purchased	from	Millipore.	Poly-carbonate	and	Collagen	coated	transwell	permeable	supports	used	in	
our	in vitro	T-cell	migration	assays	were	made	by	Corning	Inc.,	Lowell,	MA.

Intracellular cytokine staining. Intracellular	cytokine	staining	was	done	with	BD	Cytofix/Cytoperm	
Plus	(with	Goligi	Stop)	(BD	Pharmingen)	as	described	in	the	kit	manual.

Vectors and Constructs. The	hCRE-GFP-RV	and	GFP-RV	vectors	were	generously	provided	by	W.	Paul.	

Mice. 5-	 to	 8-week-old	 C57Bl/6	mice	 were	 purchased	 from	 The	 Jackson	 Laboratory	 (Bar	 Harbor,	
ME)	or	NCI	(Rockville,	MD)	and	maintained	in	the	Yale	University	Animal	Resources	Center.	Bred	in	
our	colony	under	SPF	conditions:	CD4-Cre	transgenic	mice	(Taconic).	β-catenin	floxed	mice	(B6.129-
Catnbtm2kem/J,	stock#004152)	were	obtained	from	Jackson	Laboratories,	Bar	Harbor,	ME.	β-catenin	
exon3	 floxed	mice	 (CA-β-catenin)	 developed	 and	 received	 from	Dr.	Makoto	 Taketo,	 Sakyo,	 Kyoto,	
Japan	(Harada	et	al.,	1999).

Induction of Anti-SEA Responses. Extracts	 from	 Schistosoma	 mansoni	 eggs	 were	 prepared	 as	
described	(Boros	and	Warren,	1970).	Water-soluble	 fraction	was	 injected	 intraperitoneally	 (50	µg)	
twice	a	week	for	3	weeks.	After	an	additional	two-week	rest period,	sera	and	spleens	were	collected.	
To	measure	T-cell	responses,	CD4+	T-cells	were	isolated	from	spleens	and	restimulated	in	vitro	with	
C57Bl/6	 splenocytes	 and	 25	 µg/ml	 SEA.	 Supernatants	 were	 collected	 after	 4	 days	 and	 cytokine	
concentrations	determined	by	ELISA.

RT-PCR and Quantitative PCR. After	 lysis	 in	 Trizol	 reagent	 (Invitrogen,	 Life	 Technologies)	 and	
purification	 on	 RneasyTM	 columns	 (Qiagen),	mRNA	was	 transcribed	 into	 cDNA	with	Oligo(dT)12-18	
primers	and	SuperScript	 II	RNase	H-	RT	Kit	as	described	 in	 the	manuals	 (both	 from	Invitorgen).	 In	
some	cases,	the	cDNA	was	treated	with	Rnase	H	(Invitrogen).

Fluorogenic	 probes	were	obtained	 from	Applied	Biosystems.	Quantitative	PCR	was	performed	 for	
40	 cycles	 using	 7500	 Real	 Time	 PCR	 System	 (Applied	 Biosystems).	 Relative	 concentrations	 were	
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determined	on	basis	of	 standard	curves	of	pooled	 cDNA	and	normalized	 for	HPRT	contents	using	
software	provided	by	the	manufacturer.	HPRT	probes	and	Power	SYBR	Green	PCR	Master	Mix	were	
purchased	from	Applied	Biosystems.

Nuclear and Whole Cell Extracts. Nuclear	extracts	were	made	as	follows:	Cell	membranes	were	lysed	
in	250µl	buffer	A	 (10mM	HEPES	pH7.9,	3mM	MgCl2,	10mM	NaCl,	0.1mM	EDTA,	300mM	sucrose,	
0.5mM	DTT,	supplemented	with	Complete	miniTM	protease	inhibitor	mix	(Roche	Diagnostics	GmbH))	
and	 0.01%	 Nonidet	 P40	 (Roche	 Diagnostics	 GmbH).	 The	 nuclear	 proteins	 were	 extracted	 with	
buffer	B	(20mM	HEPES	pH7.9,	3mM	MgCl2,	420mM	NaCl,	0.2mM	EDTA,	25%	glycerol,	0.5mM	DTT,	
supplemented	with	Complete	miniTM	protease	inhibitor	mix	(Roche	Diagnostics	GmbH)).	Whole-cell	
extracts	were	made	by	lysing	the	cells	in	50	mM	Tris,	pH	8,	150	mM	NaCl,	1	mM	EDTA,	1%	TritonX	100.	
Protein	concentrations	were	measured	with	Bio-Rad	DC	Protein	Assay	Kit.

In Vitro T-cell Differentiation Experiments. Naive	CD44low	CD62Lhigh	CD49b-	CD25-	CD4+	T-cells	were	
purified	from	spleen	and	peripheral	lymph	nodes	by	positive	selection	with	anti-CD4	beads	(Miltenyi,	
cat#130-049-201)	followed	by	FACsorting.	Cells	were	cultured	in	Bruff’s	medium	(10%	FCS,	penicillin,	
streptomycin,	and	L-glutamine).	105	naive	CD4+	T-cells	were	cultured	with	2.5	x	106	irradiated	(2000	
rad)	 B10.BR	 splenocytes	 obtained	 by	 collagenase	 treatment	 (Collagenase	 D,	 Roche),	 10	 µg/ml	 of	
pigeon	 cytochrome	C	 (Sigma,	 cat#	 C-4011)	 and	 20	 µg/ml	 SEA.	 For	 Th1	 and	 Th2	 cultures,	 2	 x	 105	
naive	CD4+	cells	were	activated	by	4	x	106	irradiated	(2000	rad)	T-cell-	and	NK	cell-depleted	C57Bl/6	
splenocytes	with	soluble	anti-CD3	and	anti-CD28	(1	µg/ml	each),	10	U/ml	IL-2	and	3.5	ng/ml	IL-12	
and	10	µg/ml	anti	IL-4	(11B11)	(Th1 cultures)	or	1000	U/ml	IL-4	and 10	µg/ml	anti	IFNγ	(Th2	cultures).	
After	5	days,	viable	cells	were	harvested	by	fycoll	(LSMOL	Lymphocyte	Separation	Medium,	Cappel),	
restimulated	at	1x	105	cells	per	well	(96-well	flat-bottom	plate,	Falcon)	with	plate	bound	anti-CD3	(10	
µg/ml).	 Cytokine	 concentrations	 (48	hr	 supernatants)	were	determined	by	ELISA.	 For	 intracellular	
cytokine	staining,	viable	effector	cells	were	isolated	by	fycoll	gradient,	stimulated	with	PMA	(50	ng/
ml),	and	ionomycin	(0.5	µM)	and	stained	with	the	BD	Cytofix/Cytoperm	Plus	kit	(with	Golgi	Stop)	(BD	
Pharmingen).	

Retroviral transfections and transductions. Retrovirus	was	generated	in	Phoenix-ECO	packaging	cell	
line	(a	gift	of	Dr.	G.	Nolan,	Stanford	University,	Palo	Alto,	California)	after	transfecting	in	the	presence	
of	Lipofectamine	2000	(Invitrogen),	following	the	company	protocol.

CD4+	T-cells	were	stimulated	with	irradiated	(2000	Gray)	T-depleted	splenic	APCs,	5	µg/ml	anti-CD3,	
2	µg/ml	anti-CD28,	and	50	U/ml	rIL2	and	transduced	as	described	47.	Viable	cells	were	isolated	by	
ficol.	GFP-positive	and/or	Thy-1.1-positive	(after	staining	with	anti-Thy1.1	PE	(Pharmingen)),	as	well	
as	-negative	cells	were	separated	by	FACS.	The	Phoenix-ECO	packaging	cell	line	was	a	gift	of	Dr.	G.	
Nolan	(Stanford	University,	Palo	Alto,	California).	Virus	was	made	and	transductions	were	performed	
as	described	47.	

β-catenin stabilization (β-catenin translocation) assay. Cells	were	cultured	according	 to	cell	 type/
cell	 line	protocols,	 stimulated	with	50ng/ml	of	Wnt3a,	as	well	as	with	20mM	LiCl	or	KCl	 in	 serum	
free	media	for	three	to	four	hours	as	established	by	Dr.	R.Nusse’s	lab	(Nusse,	The	Wnt	homepage)	
and	nuclear	extracts	were	purified	as	described	above.	 	Western	blots	on	nuclear	β-catenin	were	
performed.
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Fig. S1: Characterization β-catenin knockout mice. (A) Total	 CD4+	 and	 CD8+	 cells	 were	 purified	 from	 three	
β-catenin+/+	CD4-CRE	(WT)	and	three	β-cateninfl/fl	CD4-CRE	(KO)	mice	(separate	lanes).	Total	cytoplasmic	extracts	
were	prepared	and	the	levels	of	β-catenin	and	β-actin	were	determined	by	western	blotting.	(B)	Thymuses	and	
spleens	from	wild	type	-	β-catenin+/+	CD4-CRE	(WT)	or	conditional	knockout	littermates	-	β-cateninfl/fl	CD4-CRE	(KO)	
were	isolated	and	analyzed	by	FACS	for	the	expression	of	CD4	and	CD8.
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Fig. S2. Recombinant Wnt3a induces nuclear accumulation of 
β-catenin. (A)	 L	 cells	 were	 stimulated	 with	 Wnt-3a	 (50ng/ml),	 LiCl	
(20mM,	non-specific	activator	of	the	Wnt	pathway)	or	KCl	(20mM).	(B)	
CD4+	cells	were	cultured	for	3hrs	in	the	presence	of	Wnt3a	(50ng/ml),	
LiCl	(20mM,	non-specific	activator	of	the	Wnt	pathway)	or	KCl	(20mM)	in	
the	presence	or	absence	of	plate	bound	anti-CD3	and	anti-CD28.	Nuclear	
extracts	were	made	and	western	blotting	was	performed	for	β-catenin,	
followed	by	re-probing	for	histone	deacetylase	(HDAC).

Fig. S3. Th1 cells express higher surface levels of Fas than Th2 cells.  (A) Th1	and	Th2	cells	were	generated	and	
after	5	days	surface	levels	of	Fas	were	determined	by	flow	cytometry.	(B)	Cells	generated	as	in	(A)	were	treated	
over	night	with	either	isotype	control	or	anti-Fas.	Viability	of	cells	was	analyzed	by	flow-cytometry.
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Chapter 8

The	immune	system	has	coevolved	with	pathogens	challenging	us	every	day.	In	this	arms	
race,	where	one	side	constantly	tries	to	outsmart	the	other,	the	immune	system	made	use	
of	conserved	building	blocks	 to	create	new	means	of	defense.	How	the	 immune	system	
uses	 two	 such	 building	 blocks,	 the	Wnt	 and	 Notch	 pathway,	 to	 generate	 optimal	 T-cell	
responses	is	the	topic	of	this	thesis.	

The	studies	described	provide	insight	into	the	various	functions	of	Notch	signaling	in	lineage	
differentiation	of	CD4+	T-cells	as	well	as	in	modulating	the	size	of	the	immune	response.	A	
role	for	Notch	in	CD8+	T-cell	responses	with	regard	to	the	binary	cell	fate	decision	of	short-
lived	effector	cell	(SLEC)	versus	memory	precursor	cell	(MPEC)	development	is	described	
and	the	role	of	Wnt	signaling	in	driving	Th2	cell	differentiation	is	readdressed.	

Notch and the adjuvant effect 
CD4+	Th-cells	activate	and	direct	immune	effector	cells	in	order	to	combat	infections.	To	

this	end,	CD4+	T-cells	must	first	differentiate	from	naïve	cells	into	various	Th-cell	lineages	
with	 specific	 effector	 functions1,	 tailored	 for	 optimal	 defense	 against	 the	 pathogen	
encountered.	Sensing	of	the	pathogen	is	done	by	APCs,	not	T-cells.	Thus,	it	is	critical	that	
the	information	about	the	type	and	severity	of	an	infection	is	passed	on	to	T-cells	accurately.	
A	pathway	critically	involved	in	mediating	this	information	between	APC	and	T-cell	is	the	
Notch	 signaling	 pathway.	 In	 this	 thesis,	we	 identified	 a	 novel	 function	 for	Notch	 in	 the	
communication	between	APC	and	T-cell,	not	directly	related	to	differentiation.	Instead,	we	
showed	that	Notch	regulates	the	magnitude	of	the	immune	response	by	promoting	cellular	
longevity.	 The	 data	 presented	 in	 chapter 2	 demonstrate	 that	 stimulation	 of	 naïve	 CD4+	
T-cells	with	the	Notch	ligand	DLL4	induces	a	broad	anti-apoptotic	program,	which	protects	
these	cells	against	both	intrinsic	(mitochondrial)	and	extrinsic	(death	receptor	mediated)	
apoptosis	pathways.	Furthermore,	cellular	metabolism	is	stimulated	allowing	the	cells	to	
better	 cope	 with	 the	metabolic	 demands	 associated	 with	 rapid	 proliferation	 during	 an	
immune	response.	The	anti-apoptotic	program	induced	by	Notch	involves	a	transcriptional	
mechanism,	as	evident	by	the	dependence	on	RBPJ.	Which	of	the	induced	factors	are	direct	
targets	for	activation	by	Notch-RBPJ	and	whether	non-canonical	and/or	non-transcriptional	
mechanisms	are	also	involved,	remains	to	be	investigated.	

Effective	 T-cell	 responses	 require	 both	 strong	 expansion	 of	 antigen-specific	 clones	 as	
well	 as	 persistence	 of	 the	 expanded	 repertoire	 for	 long	 enough	 to	 achieve	 sterile	 cure.	
Both	 aspects	 are	tightly	 controlled	 to	 avoid	potentially	 harmful	 responses	 to	 innocuous	
antigens,	such	as	 those	associated	with	 food	and	commensal	bacteria.	The	downside	of	
this	tight	control	is	that	it	has	been	difficult	to	elicit	strong	T-cell	responses	to	recombinant	
protein	antigens	for	the	purpose	of	vaccination,	necessitating	the	use	of	adjuvants2.	Much	
attention	 has	 been	 given	 to	 the	 requirement	 for	 classical	 costimulation,	 for	 instance	
through	activation	of	CD28,	to	allow	expansion	of	CD4+	T-cells3.	However,	it	has	turned	out	
that	initial	expansion	in	response	to	protein	antigens	occurs	normally	 in vivo	even	in	the	
absence	of	adjuvant4–6.	Instead,	the	major	checkpoint	in	these	settings	has	proven	to	be	the	
ability	of	the	expanded	cells	to	survive.	Our	findings	have	identified	Notch	as	a	regulator	of	
this	late	acting	quality	control	mechanism.	Ligands	for	Notch	are	expressed	on	APC	upon	
engagement	of	pattern	recognition	receptors	by	PAMPS7.	Therefore,	Notch	activation	can	
be	used	by	the	immune	system	to	determine	if	the	presence	of	an	antigen	forms	a	threat	
and	deserves	 the	generation	of	an	aggressive	 immune	response.	A	benefit	 from	using	a	
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membrane-bound	stimulus	like	a	Notch	ligand	(as	opposed	to	cytokines)	is,	that	bystander	
cells	do	not	profit	from	this	survival	signal,	meant	to	expand	a	pool	of	T-cells	specific	for	the	
current	threat.

Notch controls CD4+ effector Th-cell differentiation
Differentiation	 of	 naïve	 CD4+	 T-cells	 into	 the	 various	 Th-cell	 subsets	 is	 an	 important	

step	 in	directing	the	 immune	response	to	the	various	types	of	pathogens.	Mounting	the	
wrong	type	of	immune	response	will	fail	to	protect	and	might	cause	damage	to	the	host.	
Therefore,	differentiation	of	Th-cells	is	a	well-controlled	process.	The	influence	of	cytokines	
on	 the	 differentiation	 of	 CD4+	 T-cells	 has	 been	 studied	 intensively1.	 Additionally,	 it	 has	
been	appreciated	that	membrane	bound	signals	serve	a	 function	 in	the	process	of	CD4+	
Th-cell	differentiation8.	One	such	signal	is	provided	by	Notch	ligands,	expressed	on	APC9–11.	
The	Notch	pathway	has	been	 implicated	previously	 in	 the	differentiation	of	 a	 variety	of	
CD4+	Th-cell	 lineages,	 including	Th1,	Th2	and	Th177,9,12–14.	Functional	 relevance	has	been	
demonstrated	for	some,	but	not	all	lineages	in vivo13–15.	However,	so	far	it	is	not	clear	how	
the	direction	of	the	differentiation	in	response	to	Notch	is	determined.	The	two	families	
of	Notch	ligands	seem	to	provide	some	kind	of	lineage	specificity	as	Jagged	ligands	were	
implicated	 in	 the	differentiation	of	 Th2	 cells	 and	DLL	 ligands	 in	Th1	 cell	 differentiation7.	
Still,	these	ligands	do	not	provide	exclusive	lineage	determination	signals,	as	we	found	that	
one	ligand	can	induce	multiple	lineages	(chapter 3).	Furthermore,	induction	of	all	lineages	
seems	to	depend	on	the	same	Notch	receptors	(Notch1	and	Notch2).	Thus,	how	the	Notch	
signaling	 pathway	 can	 induce	 so	many	 diverse	 and	 sometimes	 even	 opposing	 cell	 fate	
decisions	remains	puzzling.	It	had	been	speculated	that	canonical	versus	non-canonical	Notch	
signaling	would	provide	an	explanation12,16,	although	this	idea	has	not	been	supported	by	
direct	evidence.	In	particular,	such	an	explanation	has	been	invoked	to	explain	induction	of	
Th1	versus	Th2	cell	differentiation	by	Notch.	Thus,	Th2	cell	differentiation	would	depend	on	
canonical	(RBPJ-dependent)	signaling,	whereas	non-canonical	pathways	would	lead	to	Th1	
cell	differentiation12,16.	However,	our	experiments	in	chapter 3	show	that	RBPJ	is	required	
also	for	Th1	cell	induction,	disproving	this	hypothesis.	As	almost	all	of	the	other	lineages	
seem	to	depend	on	canonical	(RBPJ-dependent)	signaling	as	well,	other	means	must	exist	
to	determine	the	direction	of	differentiation	in	response	to	Notch	stimulation.	It	seems	very	
likely	that	interaction	with	other	signaling	pathways	will	hold	some	of	the	key.	Our	results	
support	the	notion	that	Notch	may	act	as	a	general	enhancer	of	effector	cell	differentiation	
by	directly	transactivating	expression	of	effector	cell	genes.	Thus,	we	show	that	the	 Ifng	
gene,	arguably	the	most	critical	Th1	effector	gene,	is	rapidly	transcribed	upon	stimulation	
of	 Notch	 and	 that	 many	 enhancers	 of	 this	 gene	 contain	 conserved	 RBPJ	 binding	 sites,	
suggesting	that	this	gene	is	indeed	a	direct	target	of	Notch.	Chromatin	immunoprecipitation	
experiments	will	now	be	 required	 to	 formally	document	a	physical	 connection	between	
Notch	and	this	gene.	Such	direct	control	of	Th1	effector	function	would	echo	earlier	findings	
in	Th2	cells,	where	Notch	directly	transactivates	the	Gata3	and	Il4	 loci	and	in	Th17	cells,	
where	the	RORγt	gene	has	been	identified	as	a	direct	target9,13–15,17.		Interestingly,	the	data	
presented	in	chapter 3	demonstrate	that	Notch	signaling	also	upregulates	expression	of	a	
variety	of	cytokine	and	chemokine	receptor	genes	on	CD4+	T-cells,	consequently	making	
these	cells	more	receptive	to	stimulation	by	soluble	factors	present	during	differentiation.	
It	is	tempting	to	speculate	that	this	finding	provides	at	least	a	partial	explanation	for	how	
the	direction	of	the	differentiation	could	be	determined.	Depending	on	the	factors	present	
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in	 the	medium	 in vitro	 (e.g.	different	 types	of	 serum)	or	 the	cytokines	produced	during	
an	 immune	 response	 in vivo	 the	 T-cells	may	differentiate	 in	 a	 specific	direction.	Having	
received	stimulation	via	Notch	would	provide	them	with	a	benefit	compared	to	bystander	
T-cells	(which	have	not	been	in	contact	with	a	Notch	ligand	expressing	APC	and	might	not	
have	the	proper	TCR	to	detect	the	present	infection),	allowing	pathogen	specific	T-cells	to	
more	effectively	make	use	of	the	cytokines	present.	

Thus,	our	data	demonstrate	that	the	immune	system	uses	the	Notch	pathway	not	only	to	
convey	quantitative	but	as	well	qualitative	information	about	the	present	infection.	

Tfh cells constitute yet an additional effector cell type controlled by 
Notch
The	 broad	 inflammatory	 disease	 in	 scurfy	 mice	 represents	 an	 interesting	 model	 to	

study	 key	 components	 important	 for	 cytokine	 production	 by	 CD4+	 T-cells.	 Scurfy	 mice	
suffer	 from	 severe	 multi-organ	 inflammation	 due	 to	 excessive	 responses	 of	 multiple	
CD4+	Th-cell	 lineages,	which	occur	due	 to	 the	absence	of	 functional	Treg	cells18,19.	 Since	
Notch	signaling	has	been	implicated	in	regulating	the	differentiation	of	many	CD4+	Th-cell	
subsets,	this	model	was	exploited	in	chapter 4	to	address	the	question	of	how	important	
RBPJ-dependent	Notch	signaling	is	for	the	development	of	the	different	Th-cell	subsets	in 
vivo.	CD4+	T-cells	from	scurfy	mice	with	CD4-specific	deficiency	for	RBPJ	showed	reduced	
production	of	multiple	cytokines,	including	the	Th2	cytokine	IL-4	and	the	Th1	cytokine	IFNγ.	
Most	remarkably,	however,	chapter 4 provides	evidence	for	a	hitherto	unknown	function	
of	 this	pathway	 in	Tfh	cells.	Tfh	cells	are	 specialized	at	providing	help	 to	B-cells20.	Their	
numbers	are	increased	in	scurfy	mice	and	so	are	antibody	titers.	In	contrast,	scurfy	mice	
carrying	RBPJ-deficient	CD4+	 T-cells	 have	 strongly	 reduced	 isotype	 class	 switched	 serum	
antibody	levels	(chapter 4).	Strikingly,	RBPJ-deficiency	did	not	abrogate	the	production	of	
all	antibody	isotypes,	but	seemed	specific	for	the	Th2	dependent	isotypes	IgG1	and	IgE.	This	
is	likely	partially	explained	by	the	strong	reduction	in	IL-4	production	by	RBPJ-deficient	CD4+	
T-cells.	However,	an	additional	explanation	presented	itself	as	RBPJ-deficient	scurfy	mice	
contain	strongly	reduced	numbers	of	fully	mature	CXCR5+,	IL-21	producing	Tfh	cells.	CXCR5	
is	 required	 for	proper	 localization	 in	germinal	 centers21,22,	where	 isotype	class	 switching	
takes	place	and	IL-21	is	an	important	growth	factor	for	B-cells23.	It	is	not	clear	as	yet	why	
this	seemingly	general	defect	in	Tfh	cells	is	not	reflected	in	reduced	titers	of	all	antibody	
isotypes.	One	explanation	for	this	could	be	that	the	unaffected	isotypes	represent	maternal	
antibodies,	 given	 that	 their	 levels	 are	not	 significantly	 elevated	 in	 scurfy	mice,	 in	 sharp	
contrast	to	IgG1	and	IgE.	However,	previous	studies	on	RBPJ-deficiency	in	T-cells	also	found	
selective	suppression	of	IgG1	and	IgE14,15,24–26,	but	not	other	isotypes,	in	systems	where	such	
specificity	could	not	be	explained	by	a	role	for	maternal	antibodies.	An	intriguing	possibility	
is	that	Notch	exerts	specific	control	over	a	sub-lineage	of	Tfh	cells,	namely	those	dedicated	
to	the	promotion	of	Th2	dependent	antibodies.	Indeed,	the	3’	enhancer	HS5/CNS2,	which	
was	previously	 shown	to	be	Notch	 responsive24,26,	was	 recently	 shown	to	be	specifically	
active	 in	Tfh	cells	and	not	 in	tissue	Th2	cells24,27.	 Furthermore,	 the	presence	of	multiple	
potential	RBPJ	binding	 sites	 in	genes	associated	with	Tfh	cells	 raises	 the	possibility	 that	
Notch	directly	 regulates	 the	expression	of	 these	 factors.	Clearly,	 additional	experiments	
are	 required	 to	 further	characterize	 this	 role	of	Notch	 in	Tfh	cells.	However,	our	 results	
in	 chapter 4	 did	 add	 yet	 another	 set	 of	 effector	 functions	 to	 the	 list	 of	 T-cell	 functions	
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controlled	by	Notch.

Notch: the key to effector and memory CD8 T-cell development?
CD8+	 T-cells	 exhibit	 direct	 cytolytic	 activity	 and	 are	 involved	 in	 responses	 against	

intracellular	pathogens28.	There	 is	particular	 interest	 in	strategies	to	optimize	CD8+	T-cell	
responses	 against	 viruses	 like	 influenza	 A,	 which	 develop	mutants	 capable	 of	 escaping	
immunoglobulin	mediated	 defense	 by	 altering	 their	 coat,	 but	 have	much	 less	 variation	
in	their	nuclear	proteins	targeted	by	CD8+	T-cells.	Additionally,	CD8+	T-cell	responses	have	
the	potential	to	be	exploited	in	the	treatment	of	cancer,	making	the	understanding	of	the	
details	leading	to	optimal	CD8	responses	of	particular	interest.	

In	any	infection,	the	adaptive	immune	system	must	strike	a	balance	between	committing	
resources	towards	immediate	protection	on	the	one	hand,	and	laying	the	foundation	for	
long	term	protection	on	the	other.	This	 issue	has	been	studied	extensively	 in	CD8+	T-cell	
responses.	 Two	 types	 of	 cells	 are	 generated	 early	 in	 a	 CD8+	 T-cell	 response:	 terminally	
differentiated	 SLECs	 for	 immediate	 protection	 and	MPECs,	which	 give	 rise	 to	 long-lived	
memory	cells29,30.	Generating	an	appropriate	number	of	SLECs	to	successfully	combat	an	
infection	requires	accurate	sensing	of	the	severity	of	an	infection.	This	task,	again,	is	taken	
by	APCs	which	have	to	pass	the	information	on	to	T-cells	in	the	form	of	inflammatory	signals.	
Greater	inflammation	signals	greater	infectious	load	and	translates	into	the	development	of	
more	SLECs.	Chapter 6	shows	that	Notch	signaling	is	critically	involved	in	this	process.	Notch	
receptor	levels	increase	on	CD8+	T-cells	in	response	to	inflammatory	signals.	Importantly,	
no	SLECs	are	generated	in	the	absence	of	Notch	signaling.	The	precise	mechanisms	used	
by	Notch	 for	promoting	differentiation	of	 terminally	differentiated	effector	 cells	are	not	
yet	clear.	However,	essential	CD8+	effector	cell	genes,	such	as	the	perforin	and	granzyme b	
genes,	were	shown	to	be	direct	targets	of	Notch	signaling	previously31,	suggesting	a	rather	
direct	mechanism.	The	most	straightforward	interpretation	of	these	results	is	that	Notch	
engagement	 drives	 adoption	 of	 the	 SLEC	 fate	 and	 that	MPEC	 development	 occurs	 as	 a	
default	pathway	in	the	absence	of	Notch	activation.	However	appealing	such	a	model	may	
be,	 one	particular	 finding	 reported	 in	 chapter 6	 seems	 inconsistent	with	 such	 a	 simple	
model.	Although	an	elevated	proportion	of	Notch-deficient	 antigen-specific	CD8+	 T-cells	
does	 develop	 into	MPECs,	 survival	 of	 these	 cells	 is	 compromised	 at	 later	 stages	 in	 the	
response.	 One	 possible	 explanation	 could	 be	 Notch	 has	 different	 functions	 at	 different	
stages	of	 the	 response.	Notch	 signaling	 at	 the	beginning	of	 the	 response	might	 lead	 to	
adoption	of	the	SLEC	fate,	whereas	MPECs	would	have	to	engage	Notch	at	a	 later	stage	
to	be	permitted	 to	 survive.	Alternatively,	Notch	may	act	as	a	 rheostat,	 such	 that	 strong	
Notch	signaling	translates	into	development	of	SLECs,	whereas	weaker	Notch	signals	would	
prime	MPECs	for	survival.	Such	a	quantitative	model	would	fit	with	published	findings	that	
a	certain	degree	of	inflammation	is	required	for	the	generation	of	MPECs	with	long-term	
survival	capacity.

Wnt signaling in Th2 cell differentiation
Like	the	Notch	pathway,	the	Wnt	signaling	pathway	is	an	evolutionary	conserved	building	

block	used	 in	many	differentiation	processes32.	 It	has	been	proposed	 that	Wnt	signaling	
would	 be	 critically	 involved	 in	 the	 differentiation	 of	 CD4+	 T-cells	 by	 inhibiting	 Th1	 and	
inducing	 Th2	 differentiation33.	 Critical	 support	 for	 this	 notion	 consisted	 of	 experiments	
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using	mice	with	genetic	deficiencies	 in	 the	Wnt	pathway.	As	T-cell	development	 in	 such	
mice	is	severely	perturbed	during	thymocyte	development,	it	was	possible	that	the	results	
obtained	were	caused	by	indirect	effects	rather	than	a	direct	role	of	this	pathway	on	Th-cell	
differentiation.	In	chapter 7	this	issue	has	been	revisited	using	both	gain	and	loss	of	function	
approaches.	The	results	presented	argue	against	a	key	function	of	Wnt	signaling	in	Th2	cell	
differentiation.	In vitro,	recombinant	Wnt	did	not	affect	differentiation	of	either	Th1	or	Th2	
cells.	Furthermore,	Th2	responses	to	parasite	antigens	developed	normally	in	mice	lacking	
β-catenin,	the	major	effector	of	canonical	Wnt	signaling34.	Nonetheless,	we	found	evidence	
that	Wnt	signaling	does	have	a	role	in	Th2	cells.	Analysis	of	Th1	and	Th2	cells	revealed	that	
only	the	latter	express	receptors	for	Wnt	(Frizzled).	Hence,	only	these	cells	can	respond	to	
Wnt	signals.	We	found	that	these	signals	are	used	to	modulate	survival	of	Th2	effector	cells	
by	inducing	expression	of	Fas.	Induction	of	cell	death	via	Fas	may	prevent	excessive	T-cell	
responses.	It	has	long	been	known	that	Th1	effector	cells	express	higher	surface	levels	of	
Fas	and	are	much	more	susceptible	 to	Fas	mediated	cell	death	 than	Th2	cells.	Our	data	
now	reveal	a	mechanism	allowing	similar	control	of	survival	in	Th2	cells.	Since	agonists	for	
both	Fas	and	Wnt	are	available,	it	would	be	attractive	to	explore	the	possibility	to	exploit	
this	function	of	Wnt	for	therapeutic	approaches	in	Th2	mediated	diseases	such	asthma	and	
allergies.

In	conclusion,	we	have	shown	that	the	ancient	Wnt	and	Notch	signaling	modules	have	
been	coopted	by	the	immune	system	to	direct	T-cell	responses.	Notch	has	turned	out	to	
be	 particularly	 dedicated	 to	 induction	 of	 effector	 cell	 differentiation	 and	 function.	 Lack	
of	Notch	 activation	may	predispose	 cells	 to	 less	 terminally	 differentiated	 fates,	 as	most	
prominently	 suggested	 by	 our	 results	 on	 CD8+	 T-cells.	 A	more	 restricted	 role	 seems	 to	
be	played	by	Wnt,	which	 selectively	 controls	 survival	 of	 a	 subset	 of	 effector	 cells.	With	
these	studies,	we	have	identified	some	of	the	cogwheels	and	springs	that	control	the	inner	
workings	of	the	immune	system.	
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Ons	 immuunsysteem	 is	 in	 de	 loop	 van	de	tijd	mee	 geëvolueerd	met	 ziekteverwekkers	

(pathogenen)	 die	 ons	 dagelijks	 teisteren.	 In	 deze	 wapenwedloop,	 waarbij	 de	 ene	 kant	
voortdurend	de	andere	kant	te	slim	af	probeert	te	zijn,	maakt	ons	immuunsysteem	gebruik	
van	geconserveerde	bouwstenen	om	nieuwe	middelen	van	verdediging	te	creëren.	In	dit	
proefschrift	wordt	beschreven	hoe	het	immuunsysteem	twee	van	dergelijke	bouwstenen,	
de	Wnt	en	Notch	signaalwegen,	gebruikt	om	optimale	T-cel	responsen	te	creëren.

De	 studies	 in	 dit	 proefschrift	 geven	 inzicht	 in	 de	 verschillende	 functies	 van	 de	 Notch	
signalering	in	de	differentiatie	van	CD4+	T-cellen	alsook	in	de	regulatie	van	de	omvang	van	
de	immuunrespons.	Verder	wordt	beschreven	hoe	Notch	de	binaire	keuze	van	CD8+	T-cellen	
tussen	differentiatie	in	kortlevende	effector	cellen	(SLEC)	versus	geheugen	precursor	cellen	
(MPEC)	 reguleert.	 Tenslotte	wordt	de	eerder	beschreven	 rol	 van	Wnt	 signalering	 in	 Th2	
celdifferentiatie	aan	nader	onderzoek	onderworpen.	

Notch en het adjuvanseffect 
CD4+	T	helper	(Th)-cellen	activeren	en	dirigeren	immuun-effector	cellen	om	infecties	te	

bestrijden.	Daartoe	moeten	deze	CD4+	T-cellen	eerst	differentiëren	vanuit	naïeve	cellen	in	
de	verschillende	Th-cel	subsets	met	ieder	hun	specifieke	effector	functies,	die	toegesneden	
zijn	 op	 de	 optimale	 bescherming	 tegen	 infectie	 met	 specifieke	 pathogenen.	 Dergelijke	
pathogenen	worden	niet	direct	door	T-cellen	gedetecteerd,	maar	door	zogenoemde	antigeen-
presenterende	cellen	(APCs).	De	informatie	over	het	type	en	de	ernst	van	een	infectie	dient	
derhalve	doorgegeven	te	worden	door	de	APC	aan	de	T-cellen.	Een	belangrijke	route	bij	het	
overbrengen	van	deze	informatie	tussen	APC	en	T-cel	is	de	Notch	signaleringsroute.	In	dit	
proefschrift	hebben	we	een	nieuwe	functie	voor	Notch	geïdentificeerd	in	de	communicatie	
tussen	APC	en	T-cel.	Deze	functie	houdt	niet	direct	verband	met	de	differentiatie	van	T-cellen,	
maar	reguleert	de	omvang	van	de	immuunreactie	door	het	bevorderen	van	levensduur	van	
T-cellen.	De	resultaten	in	hoofdstuk 2	laten	zien	dat	stimulering	van	naïeve	CD4+	T-cellen	
met	het	Notch-ligand	DLL4	een	breed	anti-apoptotis	programma	induceert,	dat	deze	cellen	
beschermt	tegen	zowel	de	intrinsieke	(mitochondriale)	alsook	de	extrinsieke	(doodsreceptor	
gemedieerde)	 apoptose	 mechanismen.	 Bovendien	 wordt	 de	 stofwisseling	 van	 de	 T-cel	
gestimuleerd,	 waardoor	 deze	 T-cellen	 beter	 bestand	 zijn	 tegen	 de	 metabolische	 stress	
die	 optreedt	 tijdens	 de	 snelle	 vermenigvuldiging	 van	 de	 T-cellen.	 Het	 anti-apoptotische	
programma	dat	door	Notch	geïnduceerd	wordt	berust	op	transcriptionele	mechanismes,	
wat	blijkt	uit	de	afhankelijkheid	van	de	DNA	bindende	Notch-effector	RBPJ.	Welke	van	de	
geïnduceerde	 factoren	directe	gereguleerd	worden	door	Notch-RBPJ	 is	nog	niet	bekend.	
Daarnaast	 moet	 nog	 worden	 onderzocht	 of	 ook	 niet-canonieke	 of	 niet-transcriptionele	
mechanismen	hierbij	een	rol	spelen.

De	effectiviteit	van	een	T-cel	reactie	vergt	zowel	sterke	vermenigvuldiging	van	antigeen-
specifieke	 T-cellen	 als	 voldoende	 lange	 levensduur	 van	 deze	 T-cellen	 om	 genezing	 te	
bereiken.	Beide	aspecten	worden	stringent	gereguleerd	om	potentieel	schadelijke	reacties	
tegen	onschadelijke	antigenen,	zoals	ons	voedsel	en	commensale	bacteriën,	te	vermijden.	
De	hierbij	betrokken	controlemechanismen	vormen	een	horde	voor	het	ontwikkelen	van	
vaccinaties,	met	name	tegen	geïsoleerde	eiwitten,	die	vereist	dat	zogenaamde	adjuvanten	
gebruikt	worden.	Aanvankelijk	werd	gedacht	dat	de	voornaamste	functie	van	deze	adjuvanten	
bestond	uit	het	induceren	van	klassieke	costimulatie,	bijvoorbeeld	door	activering	van	CD28,	
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welke	nodig	 is	voor	efficiënte	expansie	van	CD4+	T-cellen.	Het	 is	echter	gebleken	dat	de	
initiële	expansie	van	CD4+	T-cellen	in	reactie	op	eiwit	antigenen	in vivo	ook	in	de	afwezigheid	
van	adjuvant	voorkomt.	Het	vermogen	van	de	gedeelde	T-cellen	om	in	leven	te	houden	blijkt	
de	belangrijkste	rol	van	adjuvantia.	Wij	hebben	nu	Notch	geïdentificeerd	als	regulator	van	
dit	late	kwaliteitscontrole	mechanisme.	Liganden	voor	Notch	komen	tot	expressie	op	APC	
als	 deze	met	 hun	 specifieke	 receptoren	pathogeen-geassocieerde	moleculaire	motieven	
(PAMPs)	herkennen.	Het	lijkt	er	daarom	op	dat	Notch	activatie	door	het	immuunsysteem	
gebruikt	 kan	worden	om	 te	bepalen	of	de	aanwezigheid	 van	een	bepaald	 antigeen	een	
bedreiging	 vormt	of	niet,	 zodat	een	agressieve	 immuunreactie	alleen	opgezet	wordt	als	
dat	noodzakelijk	 is.	Een	voordeel	van	het	gebruik	van	een	membraangebonden	stimulus	
zoals	een	Notch-ligand	(in	tegenstelling	tot	cytokines)	is	dat	niet	alle	willekeurige	cellen	die	
toevallig	aanwezig	zijn	kunnen	profiteren	van	het	overlevingssignaal,	maar	dat	het	specifiek	
de	antigeen	specifieke	T-cellen	in	leven	houdt,	die	immers	direct	contact	maken	met	de	APC	
tijdens	de	activatie	van	hun	T-cel	receptor.

Notch controleert CD4+ effector Th-cel differentiatie
Een	 belangrijke	 stap	 in	 de	 afweerrespons	 tegen	 pathogenen	 is	 de	 differentiatie	 van	

naïeve	 CD4+	 T-cellen	 in	 een	 van	 de	 specifieke	 Th-cel	 subsets.	 Deze	 specifieke	 Th-cel	
subsets	 moeten	 voorkomen	 dat	 een	 verkeerde,	 niet-effectieve	 of	 zelfs	 schadelijke	
immuunrespons	wordt	gevormd	en	derhalve	is	differentiatie	van	Th-cellen	een	nauwkeurig	
gecontroleerd	 proces.	 Het	meeste	 onderzoek	 naar	 de	 differentiatie	 van	 CD4+	 T-cellen	 is	
gericht	geweest	op	de	invloed	van	cytokines	op	dit	proces.	Desalniettemin	is	gebleken	dat	
ook	membraangebonden	signalen	een	belangrijke	functie	in	de	regulatie	van	CD4+	Th-cel	
differentiatie	hebben.	Een	dergelijk	membraangebonden	signaal	kan	geleverd	worden	door	
Notch-liganden,	die	tot	expressie	komen	op	geactiveerde	APCs.	Notch	lijkt	betrokken	te	zijn	
bij	de	differentiatie	van	verschillende	CD4+	Th-cel	subsets	zoals	Th1,	Th2	en	Th17	cellen.	
Het	functionele	belang	van	Notch	in	een	 in vivo	setting	is	voor	sommige,	maar	niet	voor	
alle	subsets	aangetoond.	Tevens	 is	niet	duidelijk	hoe	Notch	de	differentiatie	van	T-cellen	
in	 een	 bepaalde	 Th-richting	 kan	 bepalen.	 Er	 bestaan	 twee	 families	 van	Notch	 liganden,	
die	 ieder	 specificiteit	 lijken	 te	 hebben	 in	 de	 inductie	 van	 Th-cel	 subsets.	 Zo	 lijken	 de	
Jagged-liganden	betrokken	zijn	bij	de	differentiatie	van	Th2	cellen,	terwijl	Delta-liganden	
meer	bij	de	differentiatie	van	Th1	cellen	betrokken	zijn.	Toch	lijkt	deze	taakverdeling	niet	
absoluut:	 in	hoofdstuk 3	beschrijven	wij	namelijk	dat	een	en	hetzelfde	 ligand	 in	staat	 is	
differentiatie	van	meerdere	Th-subsets	te	bewerkstelligen.	Bovendien	lijkt	de	inductie	van	
Th-subsets	afhankelijk	te	zijn	van	dezelfde	Notch	receptoren	(Notch1	en	Notch2).	Het	blijft	
dus	onduidelijk	hoe	dezelfde	Notch	signaleringsroute	zulke	verschillende	cel	differentiatie	
programma’s	kan	 induceren.	Er	 is	gespeculeerd	dat	verschillen	 in	canonieke	versus	niet-
canonieke	Notch	signalering	een	verklaring	zou	kunnen	bieden,	hoewel	dit	idee	niet	door	
direct	bewijs	wordt	ondersteund.	Zo	zou	Th2	cel	differentiatie	afhankelijk	van	canonieke	
(RBPJ-afhankelijke)	 signalering	 zijn,	 terwijl	 niet-canonieke	 signalering	 zou	 leiden	 tot	 Th1	
cel	differentiatie.	Echter,	de	experimenten	zoals	beschreven	in	hoofdstuk 3	laten	zien	dat	
RBPJ	ook	noodzakelijk	is	voor	Th1	cel	inductie,	hetgeen	bovenstaande	hypothese	weerlegt.	
Aangezien	we	hebben	gevonden	dat	 inductie	van	andere	Th-cel	 subsets	ook	afhankelijk	
is	 van	 canonieke	 signalering	 moeten	 er	 andere	 mechanismen	 zijn	 die	 de	 richting	 van	
differentiatie	in	reactie	op	Notch	signalering	bepalen.	Het	lijkt	waarschijnlijk	dat	interactie	
met	andere	signaalwegen	een	deel	van	de	oplossing	is.	Onze	resultaten	ondersteunen	het	
idee	dat	Notch	als	algemene	versterker	van	effector	cel	differentiatie	kan	optreden,	door	
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rechtstreeks	de	expressie	van	bepaalde	genen	die	een	rol	spelen	in	Th-cel	differentiatie	te	
reguleren.	Wij	tonen	bijvoorbeeld	aan	dat	het	IFNγ	gen,	waarschijnlijk	het	meest	kritische	
Th1	effector	gen,	snel	na	stimulering	van	Notch	afgeschreven	wordt	en	dat	veel	regulatoire	
regios	van	dit	gen	bindingsplaatsen	bevatten	voor	RBPJ.	Dit	suggereert	dat	het	 IFNγ	gen	
direct	target	gereguleerd	wordt	door	Notch.	Om	formeel	een	fysieke	link	tussen	Notch	en	
dit	gen	te	leggen	zullen	echter	chromatine	immunoprecipitatie	experimenten	noodzakelijk	
zijn.	 Een	dergelijke	 directe	 controle	 van	 Th1	effectorfunctie	 zou	 een	weerspiegeling	 zijn	
van	 eerdere	 bevindingen	 in	 Th2	 cellen	 waar	 Notch	 rechtstreeks	 de	 Gata3	 en	 IL4	 loci	
transactiveert	 en	 in	 Th17	 cellen,	 waar	 het	 RORγt	 gen	 als	 direct	 target	 geïdentificeerd	
is.	 Interessant	 is	 dat	 de	 gegevens	 in	 hoofdstuk 3	 laten	 zien	 dat	 Notch	 signalering	 ook	
de	 expressie	 van	 verschillende	 cytokine	 en	 chemokine	 receptor	 genen	op	CD4+	 T-cellen	
verhoogd,	waardoor	deze	cellen	tijdens	hun	differentiatie	meer	ontvankelijk	worden	voor	
stimulatie	 door	 cytokines	 en	 chemokines.	 Het	 is	 verleidelijk	 om	 te	 speculeren	 dat	 deze	
bevinding	 tenminste	 een	 gedeeltelijke	 verklaring	 vormt	 voor	 hoe	 de	 richting	 van	 Th-cel	
differentiatie	kan	worden	bepaald.	Afhankelijk	van	de	factoren	die	in vitro	in	het	medium	
aanwezig	zijn	of	cytokines	geproduceerd	tijdens	een	 immuunrespons	 in vivo,	kunnen	de	
T-cellen	differentiëren	in	een	bepaalde	richting.	

Tfh cellen vormen nog een extra effector celtype bestuurd door Notch
Scurfy	 muizen	 lijden	 aan	 ernstige	 ontsteking	 van	 meerdere	 organen	 door	 overmatige	

reacties	van	diverse	CD4+	Th-cel	subsets,	die	optreden	door	het	ontbreken	van	functionele	
Treg	 cellen.	 Deze	 muizen	 vormen	 daardoor	 een	 interessant	 model	 om	 belangrijke	
componenten	voor	cytokine	productie	van	CD4+	T-cellen	te	bestuderen.	In	hoofdstuk 4	is	
dit	model	gebruikt	om	te	onderzoeken	hoe	belangrijk	RBPJ	afhankelijke	Notch	signalering	
is	 voor	 de	 ontwikkeling	 van	 de	 verschillende	 Th-cel	 subsets	 in vivo.	 CD4+	 T-cellen	 van	
scurfy	muizen	met	CD4-specifiek	tekort	voor	RBPJ	vertoonden	verminderde	productie	van	
verschillende	cytokines,	waaronder	het	Th2	cytokine	IL-4	en	het	Th1	cytokine	IFNγ.	Meeste	
opmerkelijke	 resultaat	 in	hoofdstuk 4	 bestond	 evenwel	 uit	 de	 identificatie	 van	 een	 tot	
dusver	onbekende	functie	van	de	Notch	route	in	Tfh	cellen.	Tfh	cellen	zijn	gespecialiseerd	in	
het	helpen	van	B-cellen	voor	de	productie	van	hoog	affiene	antilichamen	van	verschillende	
isotypes.	De	aantallen	van	deze	Tfh	cellen	waren	verhoogd	 in	scurfy	muizen	evenals	de	
antilichaamtiters	van	met	name	de	IgG1	en	de	IgE	isotypes.	Deficiëntie	voor	RBPJ	in	CD4+	
T-cellen	van	scurfy	muizen	resulteerde	in	een	sterke	reductie	in	serum	antilichaamspiegels	
(hoofdstuk 4).	Opvallend	was	dat	tekort	aan	RBPJ	niet	de	productie	van	alle	antilichaam	
isotypen	 reduceerde,	maar	 specifiek	 leek	 te	 zijn	 voor	de	Th2	afhankelijke	 isotypes	 IgG1	
en	 IgE.	 Dit	 wordt	 waarschijnlijk	 gedeeltelijk	 verklaard	 door	 de	 sterke	 vermindering	 van	
IL-4	productie	door	RBPJ-deficiënte	CD4+	T-cellen.	Echter,	een	additionele	verklaring	 lijkt	
te	bestaan	uit	het	feit	dat	de	aantallen	van	CXCR5+,	IL-21	producerende	Tfh	cellen	sterkt	
verlaagd	waren	ten	gevolge	van	RBPJ	deficiëntie.	CXCR5	 is	nodig	voor	 lokalisatie	van	Tfh	
cellen	in	germinal	centers,	waar	 isotype	klasse	omschakeling	plaats	vindt	en	IL-21	is	een	
belangrijke	 groeifactor	 voor	 B-cellen.	 Het	 is	 nog	 niet	 duidelijk	 waarom	 dit	 schijnbaar	
algemene	defect	in	Tfh	cellen	niet	weerspiegeld	wordt	in	lagere	titers	van	alle	antilichaam	
isotypes.	Een	verklaring	hiervoor	zou	kunnen	zijn	dat	de	niet-aangedane	isotypes	antistoffen	
afkomstig	waren	van	de	moeders.	Echter,	in	eerdere	studies	met	RBPJ-deficiëntie	in	T-cellen	
werd	 ook	 selectieve	 onderdrukking	 van	 IgG1	 en	 IgE	 gevonden,	 maar	 niet	 van	 andere	
isotypes,	 in	systemen	waar	deze	specificiteit	niet	kunnen	worden	verklaard	door	een	rol	
van	maternale	antilichamen.	Een	 intrigerende	mogelijkheid	 is	dat	Notch	een	subset	van	
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Tfh	 cellen	 reguleert,	 namelijk	 die	 voor	 de	 promotie	 van	 Th2	 afhankelijke	 antilichamen.	
Consistent	met	deze	mogelijkheid	is	de	recente	bevinding	dat	de	3’	enhancer	van	het	Il4	
gen	HS5/CNS2	(waarvan	eerder		was	aangetoond	dat	deze	door	Notch	wordt	gereguleerd),	
specifiek	 actief	 blijkt	 te	 zijn	 in	 Tfh	 cellen	 en	 niet	 in	 Th2	weefsel	 cellen.	 Bovendien	 zijn	
meerdere	potentiële	bindingsplaatsen	voor	RBPJ	aanwezig	in	genen	geassocieerd	met	Tfh	
cellen,	suggererend	dat	Notch	rechtstreeks	de	expressie	van	deze	factoren	regelt.	Het	 is	
duidelijk	dat	additionele	experimenten	nodig	zijn	om	deze	rol	van	Notch	in	Tfh	cellen	te	
karakteriseren.	

Notch: de sleutel tot effector en geheugen CD8 T-cel ontwikkeling?
CD8+	T-cellen	zijn	betrokken	bij	intracellulaire	response	tegen	pathogenen	onder	andere	

door	hun	vermogen	om	geïnfecteerde	cellen	te	doden.	Er	bestaat	bijzondere	interesse	in	de	
mogelijkheid	om	strategieën	te	ontwikkelen	waardoor	CD8+	T-cel	responsen	kunnen	worden	
geoptimaliseerd	 tegen	 virussen	 zoals	 influenza	 A.	 Dergelijke	 virussen	 slagen	 er	 jaarlijks	
in	om	mutanten	 te	ontwikkelen,	die	ontsnappen	aan	de	 immunoglobuline	gemedieerde	
verdediging	door	eiwitten	op	hun	buitenkant	te	veranderen.	Deze	virussen	vertonen	veel	
minder	 variatie	 in	 hun	 kerneiwitten,	 die	 het	 doelwit	 zijn	 van	 CD8+	 T-cellen.	 Daarnaast	
kunnen	CD8+	T-cel	responsen	mogelijk	benut	worden	in	de	behandeling	van	kanker.	Om	deze	
redenen	is	het	belangrijk	om	goed	te	begrijpen		hoe	CD8	responsen	worden	gereguleerd,	
opdat	 dergelijke	 informatie	 gebruikt	 kan	 worden	 om	 beter	 vaccinatiestrategieën	 te	
ontwikkelen.

In	iedere	infectie	moet	het	adaptieve	immuunsysteem	een	evenwicht	vinden	tussen	het	
ontwikkelen	van	onmiddellijke	bescherming	aan	de	ene	kant,	en	het	leggen	van	de	basis	
voor	langdurige	bescherming	aan	de	andere	kant.	Dit	probleem	is	uitgebreid	bestudeerd	in	
CD8+	T-cel	responsen.	Twee	typen	cellen	worden	vroeg	in	CD8+	T-cel	responsen	gegenereerd:	
terminaal	 gedifferentieerde	 SLECs	 voor	 onmiddellijke	 bescherming	 en	 MPECs,	 waaruit	
langlevende	geheugen	cellen	voortkomen.	Het	aantal	SLECs	dat	wordt	gegenereerd	hangt	af	
van	de	ernst	van	de	infectie.	Deze	parameter	wordt	gemeten	door	APCs,	die	deze	informatie	
doorgeven	 aan	 T-cellen	 in	 de	 vorm	 van	 inflammatoire	 signalen.	 Ernstigere	 infectie	 leidt	
tot	hogere	productie	van	inflammatoire	mediatoren	en	resulteert	in	de	ontwikkeling	van	
meer	SLECs.	Hoofdstuk 6	 laat	zien	dat	Notch	signalering	een	belangrijke	rol	speelt	 in	dit	
proces.	CD8+	T-cellen	brengen	de	Notch	receptoren	verhoogd	tot	expressie	als	reactie	op	
inflammatoire	signalen	en	Notch	blijkt	nodig	te	zijn	om	SLECs	te	genereren.	De	precieze	
mechanismen	die	door	Notch	gebruikt	worden	voor	het	bevorderen	van	de	differentiatie	
van	 terminaal	 gedifferentieerde	 effector	 cellen	 zijn	 nog	 niet	 duidelijk.	 Essentiële	 CD8+	
effector	cel	genen,	zoals	de	Perforine	en	Granzyme	b	genen,	zijn	echter	directe	doelwitten	
van	Notch	signalering,	wat	een	tamelijk	direct	mechanisme	suggereert.	De	eenvoudigste	
interpretatie	 van	 deze	 resultaten	 is	 dat	 Notch	 signalering	 de	 ontwikkeling	 van	 SLECs	
bevordert	en	dat	MPEC	ontwikkeling	als	standaard	route	plaatsvindt	in	de	afwezigheid	van	
Notch	activatie.	Maar	hoe	aantrekkelijk	een	dergelijk	model	ook	mag	zijn,	een	specifieke	
bevinding	 beschreven	 in	 hoofdstuk 6	 lijkt	 niet	 in	 overeenstemming	 met	 een	 dergelijk	
eenvoudig	 model.	 Hoewel	 een	 verhoogd	 deel	 van	 Notch-deficiënte	 antigeen-specifieke	
CD8+	T-cellen	zich	ontwikkelt	tot	MPECs,	is	de	overleving	van	deze	cellen	gecompromitteerd	
in	latere	stadia	van	de	reactie.	Een	mogelijke	verklaring	kunnen	zijn	dat	Notch	verschillende	
functies	heeft	in	verschillende	stadia	van	de	response.	Notch	signalering	bij	het	begin	van	
de	respons	zou	kunnen	leiden	tot	differentiatie	van	SLECs,	terwijl	MPECs	Notch	signalering	
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op	een	later	stadium	nodig	zouden	hebben	om	te	overleven.	Een	alternatieve	mogelijkheid	
is	dat	Notch	als	een	regelweerstand	werkt,	zodanig	dat	sterke	Notch	signalering	zich	in	de	
ontwikkeling	van	SLECs	vertaalt,	terwijl	zwakkere	Notch	signalen	MPECs	zou	instrueren	om	
te	overleven.	Een	dergelijk	kwantitatief	model	zou	goed	aansluiten	bij	eerder	gepubliceerde	
resultaten,	waaruit	bleek	dat	een	bepaalde	mate	van	ontsteking	vereist	is	voor	het	genereren	
van	MPECs	met	lange	termijn	overleving	capaciteit,	terwijl	sterkere	ontstekingsreacties	de	
differentiatie	van	SLECs	bevorderen.

Wnt signalering in Th2 cel differentiatie
Net	 als	 de	 Notch	 signaleringsroute	 is	 de	 Wnt	 signaleringsroute	 een	 evolutionair	

geconserveerde	“bouwsteen”,	die	gebruikt	wordt	in	vele	cellulaire	differentiatie	processen.	
In	 de	 literatuur	 bestond	 de	 gedachte	 dat	 Wnt	 signalering	 betrokken	 zou	 zijn	 bij	 de	
differentiatie	van	CD4+	T-cellen.	 In	bepaalde	studies	kon	Wnt	de	vorming	van	Th1	cellen	
remmen	en	de	differentiatie	van	Th2	cellen	induceren.	Het	bewijs	hiervoor	was	afkomstig	
van	 experimenten	 waarin	 muizen	 met	 genetische	 gebreken	 in	 de	 Wnt-route	 werden	
gebruikt.	De	interpretatie	van	deze	experimenten	wordt	evenwel	bemoeilijkt	doordat	de	
T-cel	ontwikkeling	in	deze	muizen	al	tijdens	thymocyt	ontwikkeling	ernstig	verstoord	is.	Het	
is	dus	mogelijk	dat	de	verkregen	resultaten	niet	zo	zeer	een	directe	rol	van	Wnt	op	Th-cel	
differentiatie	laten	zien,	maar	eerder	een	afspiegeling	zijn	van	indirecte	effecten	op	T-cel	
ontwikkeling	 in	het	algemeen.	 In	hoofdstuk 7	 gaan	we	 in	op	deze	kwestie	door	gebruik	
te	 maken	 van	 studies	 waarin	 we	 zowel	Wnt	 functies	 introduceren	 als	 blokkeren.	 Deze	
studies	pleiten	tegen	een	belangrijke	functie	van	Wnt	signalering	in	Th2	cel	differentiatie.	
Recombinant	Wnt	heeft	namelijk	geen	invloed	op	differentiatie	van	zowel	Th1	of	Th2	cellen	
in vitro,	en	bovendien	ontwikkelen	muizen	zonder	β-catenine,	het	belangrijkste	effector-
molecuul	 in	 de	 canonieke	 	 wnt	 signaleringsroute,	 normale	 T-cel	 reacties	 op	 parasiet-
antigenen.	Toch	hebben	we	bewijs	dat	Wnt	signalering	een	bepaalde	rol	in	de	Th2	cellen	
heeft.	Analyse	van	Th1	en	Th2	cellen	heeft	namelijk	aangetoond	dat	alleen	Th2	en	niet	
Th1	cellen	de	receptoren	voor	Wnt	(Frizzled)	tot	expressie	brengen,	waardoor	alleen	deze	
Th2	cellen	op	Wnt	signalen	kunnen	reageren.	We	vonden	dat	deze	Wnt	signalen	gebruikt	
worden	voor	het	moduleren	van	overleving	 van	Th2	effector	 cellen,	onder	andere	door	
het	 induceren	 van	 Fas	 expressie.	 Fas	 kan	 de	 overmatige	 T-cel	 reactie	 voorkomen	 door	
celdood	 te	 induceren.	Het	was	 al	 bekend	dat	 Th1	 effector	 cellen	 hogere	 levels	 van	 FAS	
op	hun	celoppervlakte	hebben	dan	Th2	cellen,	waardoor	zij	veel	gevoeliger	zijn	voor	Fas	
gemedieerde	celdood.	Onze	resultaten	laten	nu	zien	dat	een	soortgelijk	mechanisme	ook	
de	 overleving	 in	 Th2	 cellen	 controleert.	 Aangezien	 er	 agonisten	 voor	 zowel	 Fas	 alsook	
Wnt	 beschikbaar	 zijn,	 zou	 het	 aantrekkelijk	 zijn	 om	 in	 Th2	 gemedieerde	 ziekten,	 zoals	
astma	en	allergieën,	de	beschreven	functies	van	Wnt	in	een	therapeutische	benadering	te	
bestuderen.

In	conclusie	hebben	we	aangetoond	dat	de	evolutionair	geconserveerde	Wnt	en	Notch	
signalering	modules	 door	 het	 immuunsysteem	 zijn	 ingeschakeld	 om	 T-cel	 responsen	 te	
reguleren.	Het	 is	 gebleken	dat	 de	 functie	 van	Notch	 ligt	 in	 het	 bevorderen	 van	effector	
celdifferentiatie	 en	 de	 overleving	 van	 effector	 cellen.	 Wnt	 blijkt	 een	 beperktere	 rol	 te	
spelen	in	T-cellen,	waarbij	Wnt	met	name	het	selectief	overleven	van	een	bepaalde	subset	
van	 effector	 cellen	 negatief	 reguleert.	 Met	 de	 studies	 zoals	 die	 hier	 in	 dit	 proefschrift	
staan	beschreven	hebben	we	een	aantal	tandwielen	en	springveren	geïdentificeerd	die	de	
werking	van	het	immuunsysteem	regelen.
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Abbreviations
APC		 Antigen	presenting	cell
Bcl-6  B-cell	leukemia/lymphoma	6
CCR		 Chemokine	(C-C	motif)	receptor
CD  Cluster	of	differentiation
Cre  Cyclization	recombinase	
CSR  Class	switch	recombination
CXCR		 Chemokine	(C-X-C	motif)	receptor
DC  Dendritic	cell
DLL  Delta-like	ligand	
EAE		 Experimental	autoimmune	encephalomyelitis
Eomes  Eomesodermin	homolog	(Xenopus laevis)
Ets1  E26	avian	leukemia	oncogene	1,	5'	domain
EV	 Empty	vector
FCS  Fetal	calf	serum
Fl  Flox
GFP  Green	fluorescent	protein
GSK3β  Glycogen	synthase	kinase	3	beta
H&E  Hematoxylin	and	eosin
Hlx  H2.0-like	homeobox	
ICOS  Inducible	T-cell	costimulator
IFNγ  Interferon	gamma	
IFNγR  Interferon	gamma	receptor	
Ig  Immunoglobulin
IL  Interleukin	
IPEX  Immune-dysregulation,	polyendocrinopathy,	enteropathy,	x-linked
Irf  Interferon	regulatory	factor
iTreg		 Inducible	regulatory	T-cell
Kb		 Kilobase
KLRG1  Killer	cell	lectin-like	receptor	subfamily	G,	member	1
KO		 Knock	out
L. major  Leishmania major
LTα  Lymphotoxin-alpha
MAML  Mastermind	like	
MFI  Mean	fluorescence	intensity
MHC  Major	histocompatibility	complex	
MOI  Multi-organ	inflammation
MPEC  Memory	precursor	cell
NFAT  Nuclear	factor	of	activated	T-cells
NICD  Notch	intracellular	domain	
NK  Natural	killer
Ova  Ovalbumin
PAMP  Pathogen	associated	molecular	pattern
PD1  Programmed	cell	death	1
PRR		 Pattern	recognition	receptor
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RBPJ  Recombination	signal	binding	protein	for	immunoglobulin	kappa	J	region
RBPko  RBPfl/fl	CD4-Cre+

7AAD		 7-Aminoactinomycin	D
Sf  Scurfy
SfRBPko  Scurfy	RBPfl/fl	CD4-Cre+

SLE  Systemic	lupus	erythematosus
SLEC  Short-lived	effector	cell
STAT  Signal	transducer	and	activator	of	transcription	
T-bet  T	box	expressed	in	T-cells	
TCF/LEF1  T-cell	factor/Lymphoid	enhancer	factor-1
TCR  T-cell	receptor
Tfh Follicular	T	helper	cell
TGFβ  Transforming	growth	factor	beta
Th-cell  T	helper	cell
TNFα  Tumor	necrosis	factor	alpha
Treg  Regulatory	T-cell
Wnt  Wingless-related	mouse	mammary	tumory	virus	integration	site
WT  Wild	type



149

List of Publications

List of publications

1.	 Chang,	H.-D.,	Helbig,	C.,	Tykocinski,	L.,	Kreher,	S.,	Koeck,	J.,	Niesner,	U.	&	Radbruch,	A.	
Expression	of	IL-10	in	Th	memory	lymphocytes	is	conditional	on	IL-12	or	IL-4,	unless	
the	IL-10	gene	is	imprinted	by	GATA-3.	European Journal of Immunology	37,	807–817	
(2007).

2.	 Helbig,	C.,	Gentek,	R.,	Backer,	R.A.,	Souza,	Y.	de,	Derks,	I.A.M.,	Eldering,	E.,	Wagner,	
K.,	Jankovic,	D.,	Gridley,	T.,	Moerland,	P.,	Flavell,	R.A.	&	Amsen,	D.	Notch	controls	the	
magnitude	of	T	helper	cell	responses	by	promoting	cellular	longevity.	Proceedings of 
the National Academy of Sciences	109,	9041–9046	(2012).

3.	 Amsen,	D.,	Backer,	R.A.	&	Helbig,	C.	Decisions	on	the	road	to	memory	in	Crossroads 
Between Innate and Adaptive Immunity IV	(2013).



150

Addendum

Acknowledgements

As	so	often	repeated,	a	PhD	is	no	one	(wo)man	show.	Even	though	it	felt	like	it	at	times,	
there	were	always	people	around	me	influencing	me	and	the	situation.	I	was	lucky	enough	
to	enjoy	working	in	two	labs,	in	two	different	countries,	on	two	very	different	topics	and	
thus	met	many	 special	 people.	 I	 learned	 a	 lot	 from	 and	with	 them,	 not	 only	 regarding	
science	and	I	can	certainly	say	it	was	worth	it.	Even	though,	or	maybe	because	it	took	some	
time	to	finish	this	project	“PhD”.

Herewith,	without	publishing	a	long	list	of	names	and	stories,	I	would	like	to	thank	all	of	
the	people,	who	in	one	or	another	way	left	a	footprint	on	my	path.

I	am	thrilled	to	be	done	and	curious	to	see	what	waits	behind	the	next	corner.

Christina


