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Abstract

T helper (Th)1, Th2 and Th17 are major T helper cell subsets, which regulate 
immunity to intracellular organisms, parasites and fungi, respectively. 
Notch has been implicated in differentiation of all these lineages, but the 
mechanisms that determine the specificity of the response to Notch are not 
known. We show here that the Notch ligand Delta-like 4 (DLL4) induces 
differentiation of Th1 cells, independently of the canonical IL12/Stat4 
pathway. Furthermore, DLL4 does not elevate expression of T-bet and still 
elicits production of IFNγ in T-bet deficient CD4+ T cells. Notch1 and Notch2 
as well as the canonical Notch effector RBPJ are involved in this alternative 
Th1 cell differentiation mechanism. Expression of the genes encoding 
IFNγ and its receptor is elevated in response to DLL4 at early time points 
after activation and optimal induction of IFNγ by DLL4 requires autocrine 
signaling by the IFNγ receptor. 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. Interestingly, we find that activation of Notch also induces 
expression of receptors for other cytokines, which promote differentiation 
of alternative Th lineages. Correspondingly, Notch sensitizes CD4+ T cells 
to those cytokines. Thus, our results show that Notch serves as a general 
enabler of T helper cell differentiation and that the ultimate direction of 
differentiation depends on the cytokines present in the microenvironment. 
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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. Much 
has been learned about differentiation of T helper cells from studies in which 
high concentrations of such cytokines were added to in vitro CD4+ cultured 
T cells. Whether such high cytokine concentrations are ever encountered by 
naive CD4+ T cells in vivo is not clear. Moreover, the finding that antigen 
presentation and provision of differentiation signals must occur via one and 
the same APC7 suggests involvement of membrane bound ligands.

A major cytokine involved in differentiation of T helper cells 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 cells6,8. Binding of IL-12 to its receptor on CD4+ T cells leads to 
activation of the STAT4 transcription factor. Together with the lineage 
specific transcription factor T-bet, STAT4 induces expression of Th1 specific 
genes, including the one encoding IFNγ9. 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 fate10–13. Other 
transcription factors involved in the Th1 cell program are Hlx, Runx3 and 
Ets-family members14–19.

Although IL-12 is clearly a major inducer of Th1 cell responses20–23, Th1 
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responses are not completely abrogated in mice lacking IL-12 or STAT4 
and some in vivo Th1 responses are entirely independent of IL-1220–28. These 
findings show that additional signals must exist to induce differentiation of 
Th1 cells.  One such signal involves Notch receptors29. The Notch pathway 
is involved in many cell fate decisions throughout the metazoan kingdom, 
including mammalian Th cell differentiation30. 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 cells31, 
whereas Notch3 and Notch4 are only expressed upon activation of naïve 
CD4+ T cells31,32. Five ligands exist, called Jagged1, Jagged2, Delta-like ligand 
(DLL)1, DLL3 and DLL4, which (except DLL3) activate the same canonical 
signaling pathway29,33,34. 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-activator34. 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 
kinases35,36.

Activation of Notch by ligands of the DLL family induces naive CD4+ 
T cells to differentiate into Th1 cells31. Furthermore, expression of DLL is 
induced on APC by stimulation with microbial products known to promote 
Th1 cell responses31,37,38. Although there has been controversy about the 
involvement of Notch signaling in Th1 differentiation39,40, multiple studies 
have now documented a role for this pathway in Th1 responses both in vitro 
and in vivo31,33,41–44. 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 limiting45. 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 cells29,31,46–49. 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 specifically examined the mechanisms involved in the instruction 
of Th1 cell differentiation by Notch. Some studies concluded that Th1 
cell differentiation is independent of RBPJ31,50,51. Such RBPJ independent 
mechanisms could perhaps rely on interactions of NICD with NFκB 
family members35. In contrast, another study did implicate RBPJ in Th1 
cell differentiation: RBPJ associated with specific regions in the Tbx21 gene 
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(which encodes 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 default52. 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. Interestingly, we find that Notch 
activates similar loops to promote differentiation of Th2 and Th17 cells, by 
inducing expression of the receptors for IL-4 and for IL-6. These results show 
that Notch acts as a general enabler of T helper cell differentiation through 
simultaneous induction of multiple effector cell programs and sensitization 
to lineage promoting cytokines. As a consequence, the ultimate direction 
of T helper cell differentiation depends on the presence of cytokines in the 
microenvironment.

Results

Notch ligands promote differentiation of naïve CD4+ T cells into IFNγ 
secreting effector cells.
Notch may regulate differentiation of several distinct Th cell subsets29. 
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 (undefined) additional 
signals53. To minimize the unpredictable influences of these parameters, we 
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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 Control-Ig (C-Ig) 
cultures (Figure 1). DLL4 elicited a less pronounced, but reproducible, 
increase in the percentages of IL-4 (Figure 1) and IL-10 (Figure 1) producing 
CD4+ Th cells. A small number of IL-17A producing cells was induced by 
DLL4 in many experiments (Figure 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 (Figure S1). The 
percentage of IL-4, IL-10 or IL-17A producing cells was comparable between 
the total population and the IFNγ producers (Figure 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-17 at the concentration used 
(Figure 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 survival54:  
Addition of QVD, a broad spectrum caspase inhibitor, increased the viability 
of C-Ig stimulated cells to the level of DLL4 stimulated cells (Figure S2A), 
but production of IFNγ was observed only in cells stimulated with DLL4 
(Figure S2B). Likewise, the frequency of IL-4 (Figure S2C), IL-10 (Figure S2D) 
and IL-17A (Figure 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 confusion29. The Notch pathway is 
well known for its sensitivity to signal strength55,56. 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 (Figure 2). Low concentrations of DLL4 were already capable of 
eliciting IFNγ producing Th cells (Figure 2), but did not induce detectable 
production of IL-4, IL-10 or IL-17A (Figure 2).  At intermediate DLL4 
concentrations, production of IL-4 and IL-10 was induced and yet higher 
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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 (Figure 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.

A

B

+
C

el
ls

 (%
)

IL
-4

+
C

el
ls

 (%
)

IL
-1

0+
C

el
ls

 (%
)

IL
-1

7A
+
C

el
ls

 (%
)

+
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

Figure 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. 

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, differentiation of Th2 cells was shown to 
be dependent on Notch1 and Notch248, whereas Th1 cell differentiation 
seemed to depend on Notch350. Thus, in one study, overexpression of NICD3 
promoted Th1 cell differentiation and antisense oligos to Notch3 prevented 
DLL1 induced differentiation of Th1 cells50. As specificity can be an issue when 
using overexpression and antisense approaches, we tested the involvement 
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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 (Figure 3), suggesting partial 
redundancy with another receptor. By 
itself, deficiency for Notch2 did not have 
a significant effect (Figure 3). However, 
T cells lacking both Notch1 and Notch2 
were incapable of producing IFNγ in 
response to stimulation with DLL4 
(Figure 3). In contrast, combined 
deficiency for Notch3 and Notch4 did 
not affect the ability of DLL4 to induce 
IFNγ expression (Figure 3). Thus, 
Th1 cell differentiation induced by 
DLL4 depends on Notch1 and Notch2 
(Figure 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 (Figure S3).

Blockade of Notch receptor activation 
inhibited Th1 cell responses in 
vivo, whereas genetic inhibition 
of RBPJ mediated transactivation 
did not31,42,50,51. It has therefore been 
suggested that Notch may regulate Th1 
cell differentiation through an RBPJ 
independent mechanism31,42. In contrast 
to this notion, we found that IFNγ 
induction by DLL4 was fully abrogated 
in CD4+ T cells lacking RBPJ (Figure 
3). Production of the other cytokines 
was also abrogated in RPBJ deficient 
T cells (Figure S3). Thus, these results 
do not support the notion that different 
pathways downstream of Notch control 
the induction of different fates. 
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Figure 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 symbol) 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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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-452. 
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 (Figure 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 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 (Figure 4B), again no 
spontaneous appearance of IFNγ producing cells was observed (Figure 4C). 
Differentiation of IFNγ producing cells was, however, strongly promoted 
by DLL4 (Figure 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 
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Figure 3. DLL4-induced IFNγ production depends on Notch1, Notch2 and RBPJ. Naïve CD4+ 
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fl CD4-Cre- (WT) mice, (C) five independent experiments using Notch1fl/fl Notch2fl/fl CD4-Cre+ 
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Notch3-/- Notch4-/- (N3/4KO) and Notch3+/- and Notch4+/- (WT) mice and (E) nine independent 
experiments using RBPJfl/fl CD4-Cre+ (RBPKO) and RBPJfl/fl CD4-Cre- (WT) mice. (A-D) Paired, 
one-tailed t-test was performed to determine p-values between DLL4 (closed bars) and C-Ig 
(open bars) stimulated samples. (A-B) 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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production (Figure 5A). The transcription factor T-bet, encoded by the Tbx21 
gene, is necessary for classical Th1 cell differentiation57,58 and was reported 
before to be induced by Notch in some studies, although this was not observed 
in other studies42,50,52,59,60. 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 (Figure 
5B, left). However, DLL4 did still elicit a 7-fold induction of IFNγ producing 
cells even in Tbx21 deficient CD4+ T cells (Figure 5B, right), demonstrating 
the existence of a T-bet independent mechanism for induction of IFNγ 
downstream of Notch. Surprisingly, in our experiments mRNA expression 
for T-bet was reduced rather than elevated by DLL4 at 3 days after activation 
(Figure 5C, left)  and this was also reflected in reduced expression of T-bet 
protein (Figure 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 (Figure 5D). Expression 
of the closely related transcription factor Eomes, which can substitute for 
T-bet mediated induction of IFNγ in CD8+ T cells61, was reduced by DLL4 
as well (Figure 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 (Figure 5B).
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Figure 4. DLL4-induced IFNγ is independent of STAT6 and IL4. 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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Figure 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). 

A C-Ig
DLL4

+
C

el
ls

(%
)

R
el

.e
xp

r.
 E

om
es

70h
0

1

2

***

70h
0

1

2

R
el

.e
xp

r.
 T

bx
21

*

WT STAT4KO

25

20

15

10

5

0

** *
***

WT Tbx21KO

60

40

20

0

** **

*

+
C

el
ls

(%
)

B C

0

5

10

15

20

Fo
ld

C
ha

ng
e

IF
N

WT KO

T-bet

5h 16h 70h C-Ig
DLL4
control

D

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 (Figure 6, 
right). Also the induction of chemokines by DLL4 was consistent with Th1 
cell differentiation. Th1 associated CCL4 was elevated, while Th2 associated 
CCL5 or the B cell chemoattractant CXCL13 were instead reduced (Figure 
6, right). Expression of several transcription factors was induced by DLL4 
(Figure 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 (Figure 1). We also 
found weak, but significant induction of expression of Foxp3 (Figure 6, left), 
consistent with previous reports62. 
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Only two Th1 cell associated transcription factors were induced by DLL4: 
the homeobox factor Hlx and the Ets-family member Ets1 (Figure 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 (Figure 7, C-Ig) and did not change the ability of 
DLL4 to induce IFNγ (Figure 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 (Figure 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. 

Figure 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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Figure 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. 

To test this concept, we compared the effects from stimulation with DLL4 
on responsiveness of naive CD4+ T cells to different cytokines, including 
IL-4 and IL-6 (Figure 8). Indeed, stimulation with DLL4 strongly promoted 
the anility of exogenous IL-4 to induce differentiation of IL-4 and IL-10 
producing effector cells (Figure 8A). Furthermore, stimulation with DLL4 
in the presence of IL-6 was sufficient to elicit prominent differentiation of 
Th17 cells (Figure 8C), which normally requires addition of TGFβ. In fact, 
induction of Th17 differentiation by the combination of DLL4 and IL-6 was 
much more efficient than the combination of IL-6 and TGFβ (Figure 8D). 
We conclude that activation of Notch enhances responsiveness of CD4+ T 
cells to various cytokines. This increased responsiveness does not apply to 
all differentiation inducing cytokines, however, as we did not find induction 
of IL-12 receptor compoments and responsiveness to IL-12 was not affected 
by stimulation with DLL4 (Figure 8B).

The Ifng gene contains 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 activation with 
DLL4 (Figure 9A). 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 
regions63,64. Thus, a comprehensive analysis of p300 binding regions in the 
Ifng locus has identified both known and new enhancers of this gene (Golnaz 
Vahedi and John O' Shea, unpublished results). Some of these enhancers 
have been shown functionally to control expression of the Ifng gene1,17. To 
identify potential Notch responsive elements in these regions, we scanned 
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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 importance65,66. 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 

Figure 8.  Cytokine Titration on WT cells. Naive CD4+ T cells were stimulated and analyzed as in 
figure 1. Cytokines were added at indicated concentrations 24h after primary stimulation. Shown 
are the average percentages of IL-4 (1st row), IL-10 (2nd row), IL-17A (3rd row) and IFNγ (4th row) 
producing cells + SEM of 5 (IL-4 added) and 3 (IL-12 and IL-6 added) independent experiments.
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was not (Figure 9B and not shown). Eight enhancers contained clusters of 
multiple RBPJ binding sites, which previously was shown to correlate with 
functionality67–69 (Figure 9B and S4).
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Figure 9. Expression of IFNγ and IFNγR1 is upregulated 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). Open bars represent C-Ig and closed bars DLL4 stimulated 
samples. Normalized expression of Ifngr1 as analyzed by gene chip done with RNA from cells 
activated for 3 days (right graph, n=3). 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 comparing mouse and human. The conservation 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 (WT and KO) and unpaired, two-
tailed t-test was performed on WT vs KO and with vs without anti-IFNγ (DLL4). (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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Finally, most of the conserved RBPJ binding sites were in the proximity 
of consensus sites for STAT1, STAT4 and T-bet (Figure 9B 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 differentiation70, 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 (Figure 9C, 9D). Interestingly, DLL4 not only induced expression of 
IFNγ itself at an early time point after activation, but also induced expression 
of the Ifngr1 gene (Figure 9A, 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 (Figure 9E). 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, has been implicated 
in differentiation of multiple Th cell lineages, including Th1, Th2, Th9, 
Th17 and Th2229,31,41,46–49,71. How Notch is able to control such different types 
of CD4+ T cell responses is not clear. We considered several possibilities, 
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 
genes, but not by deletion of either receptor alone (with the exception of 
IL-4) (Figure 3 and S3). On the other hand, deletion of the Notch3 and Notch4 
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genes failed to significantly affect induction of any of these cytokines (Figure 
3 and S3). We previously demonstrated that the Notch1 and 2 receptors 
also redundantly control Th2 cell differentiation in vivo48, while another 
study showed that these same receptors control optimal Th1 cell responses 
to L.major41. 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, respectively31,42,51. Thus, on the one hand blockade 
of Notch receptor activation using soluble recombinant ligands or gamma 
secretase inhibitors prevented Th1 cell induction42,50. 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 responses31,51. 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 independent 
Th1 cell models31,51 (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 (Figure 
6). Correspondingly, we showed that stimulation with DLL4 enhanced 
responsivenes to two specific cytokines, IL-4 and IL-6. In fact, the combination 
of IL-6 and DLL4 was sufficient to elicit Th17 cell differentiation, even in the 
absence of added TGFb. Although this is a remarkable result, we cannot at 
this stage exclude a possible role for TGFb present in the serum. Nonetheless, 
these results clearly demonstrate that activation of Notch sensitizes naive 
CD4+ T cells to cytokines, which promote differentiation of different effector 
cell lineages. These results provide a logical explanation for discrepancies 
reported in the literature about the role of Notch in T helper cell differentiation. 
It appears from our results that the outcome of Notch engagement largely 
depend on integration of signals present in the environment of the developing 
CD4+ T cells. As the levels of skewing cytokines in vivo are probably much 
lower than those used for in vitro differentiation experiments, these results 
also explain a lot of the discrepancies between in vitro and in vivo studies 
regarding the role of Notch in T helper responses39,42,48,51. Expression of Notch 
ligands is induced on APC in response to microbial stimuli. A requirement 
for Notch in promoting general T helper cell differentiation thus focuses the 
ability to differentiate to those cells directly interacting with these APC, while 
bystander T cells are impervious to the differentiation signals delivered by 
many cytokines.
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 

6

181



Chapter 6

differentiation, consistent with earlier findings using APC transfected with 
these ligands31,50. 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 studies41,42,44,50,72 (CH and DA, unpublished results). 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-1245,48,51. Vice versa, induction of Th1 cell differentiation by 
DLL4 is fully independent of IL-12, as documented by its independence of 
STAT4 (Figure 5). IL-12 independent responses are generated, for instance, 
against certain viruses, and in graft versus host disease as well as autoimmune 
diseases26–28,72, some of which were indeed found to depend on Notch72 (CH 
and DA, unpublished results).
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 studies had identified 
the Tbx21 gene as a direct transcriptional target of Notch42 and stimulation 
with DLL1 resulted in elevated expression of T-bet in another study50.  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 Notch48,59. However, 
expression of Gata3 was not elevated by stimulation with DLL4 (Figure 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 (Figure 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 (Figure 5). Stimulation by DLL4 promoted expression of Hlx and Ets1, 
two transcription factors with previously described functions in Th1 cell 
differentiation16,18. 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 (Figure 
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8 and S5). Together, these findings suggest that the Ifng gene is also a direct 
target of Notch. Indeed, a recent study similarly provided evidence for direct 
regulation of the Ifng gene by Notch, by showing recruitment of the NICD1 
to the CNS22 enhancer of this gene60. 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 (Figure 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. 
In conclusion, we show that Notch acts both as a general enabler of T 
helper cell differentiation by increasing receptivity to specific cytokines. In 
addition, we show that Notch also directly promotes differentiation of Th1 
cells, presumably through direct effects on the genes ancoding IFNg and its 
receptor.

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-Fc73 and isolated as described 
before54. Isotype matched control-Ig (Palivizumab, synagis #54874TF) was a 
gift from AIMM Therapeutics. 

Vectors and constructs. Hlx-MSCV-Thy1.1 was described before16. 
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 flox74, Notch2 flox75, Notch3 null76, Notch4 null77, 
RBPJ flox78, Stat1ko79, Stat4ko80, Stat6ko81 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 as Cre- mice. Mice were maintained in 
the animal facility of the AMC under specific pathogen free conditions. All 
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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) were added. In some experiments, 
recombinant IL-4, IL-6, IL-12 or TGFβ (all from Pharmingen) were added 
at concentrations indicated in the figure legends. 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 Supplementary 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 (BioRad). 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

Gene FW RV
IFNγ GGATGCATTCATGAGTATTGC CCTTTTCCGCTTCCTGAGG
Tbx21 CAACAACCCCTTTGCCAAAG TCCCCCAAGCAGTTGACAGT
Hlx CGTGACCAAGCCAGACCGA TGCCGCCACTTCATCCTCC
Gata3 TGTCAGACCACCACAACCACAC GATGCCTTCCTTCTTCATAGTCAGG
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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 +80kb for Ifng were aligned with the human loci. Pip-
diagrams are shown indicating the sequence conservation between mouse 
and human. 
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Figure 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. 
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Figure 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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Figure 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). 
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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 above the pip-diagram.
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