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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	



67

The Notch Pathway Controls Follicular T Helper Cell Differentiation in FoxP3 Deficient Mice

4

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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Fig. S3. Tfh cell associated genes are 
potential targets for activation by 
Notch.	 Genes	 associated	 with	 the	 Tfh	
cell	 phenotype	 were	 analyzed	 for	 the	
presence	 of	 conserved	 RBPJ	 binding	
sites.	Shown	is	the	number	of	conserved	
(mouse	vs	human)	RBJ	binding	sites	per	
gene.	 RBPJ	 sites	 within	 non-conserved	
intronic	 regions	 (right)	 and	 conserved	
promoter	(-2kb),	UTR	and	intronic	(CNS)	
regions	(left)	is	displayed.		


