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T helper 1 (Th1) cells mediate powerful cellular immune responses.
However, if unbalanced, Th1 immunity eventually may cause
pathology. Recently, it has been shown that IL-10, an antiinflam-
matory cytokine strongly antagonizing Th1-mediated effects, can
be produced by Th1 cells and is indeed essential for self-regulation
of Th1 immunity. Here, we show that Notch induces IL-10 produc-
tion in newly developing and already established Th1 cells via a
signal transducer and activator of transcription 4 (STAT4)-depen-
dent process. Notch signaling in the presence of the cytokines IL-12
or IL-27 induces Th1 cells to produce large amounts of IL-10 without
diminishing IFN-� production. Notch-modified Th1 cells completely
lose their inflammatory capacity and instead are able to actively
suppress a Th1 cell-induced delayed-type hypersensitivity (DTH)
reaction in an IL-10-dependent fashion. IL-10 production can be
elicited by active forms of all four mammalian Notch receptors but
was found to be specific for the Delta-like family of Notch ligands.
Dendritic cells (DC) selectively acquire Delta-like 4 expression upon
stimulation with various Toll-like receptor (TLR) ligands and con-
comitantly induce IL-10 production by Th1 cells in vitro and in vivo.
This effect can be selectively reversed by pharmacological inhibi-
tors of Notch signaling (�-secretase inhibitor). Our data suggest
that Notch regulates IL-10 production in Th1 cells by a STAT4-
dependent process that converts proinflammatory Th1 cells into T
cells with regulatory activity. This pathway may provide unique
opportunities for therapeutic intervention in Th1-driven immune
diseases and for Th1-associated vaccination strategies.

immunoregulation � inflammation � Notch signaling � T helper
differentiation � T regulatory 1 cells

T helper 1 (Th1) cells, characterized by the production of large
amounts of IFN-�, control inflammatory immune responses

and mediate the defense against intracellular pathogens. To prevent
pathology associated with uncontrolled activation, the immune
system also employs various negative regulatory circuits. One such
strategy is the release of immunosuppressive cytokines. First of all,
IL-10 has the capacity to potently suppress Th1 effector functions,
mainly by preventing the activation of antigen-presenting cells
(APCs) (1). Among CD4� T cells, IL-10 originally has been
described as a Th2-associated cytokine that antagonizes Th1 re-
sponses (1, 2). Subsequently, IL-10 has been shown to be produced
also by specialized subsets of regulatory T cells (Treg), such as
CD25�FoxP3� Treg (3, 4), and T regulatory (Tr) 1 (5) cells, which
are thought to be essential for an effective negative regulation of
immune responses.

Interestingly, Th1 cells themselves were found to secrete IL-10 (6,
7). Thus, Th1-derived IL-10 recently has been shown to be critical
for the prevention of immune pathology in the course of infection
with the intracellular pathogens Toxoplasma gondii and Leishmania
major (8, 9). These results revealed a self-limiting property of Th1
cells to contain immune reactions independently of regulatory T
cells.

The molecular pathways leading to IL-10 expression in Th1 cells
are only beginning to be understood. In Th2 cells, IL-10 is induced
by the main Th2-polarizing cytokine IL-4 by the transcription factor
GATA-3 as part of the Th2 differentiation program (10, 11).
Repeated stimulation under suboptimal conditions induces IL-10,
producing T cells with regulatory capacity. However, these cells
express no or reduced levels of IFN-� compared with Th1 cells (5,

12, 13). In contrast, Th1 cells generated in vitro contain only a few
IL-10-secreting cells. The frequency of these cells can be increased
by repeated stimulation in the presence of IL-12 (11, 14, 15).
Recently, another member of the IL-12 family of cytokines, IL-27,
has been described to induce IL-10 production both in naı̈ve and
effector T cells (16–18).

The Notch pathway previously has been implicated in the regu-
lation of peripheral T cell activation (19–21) and the differentiation
into various effector T cell populations (22). However, the com-
plexity of the Notch system, which is a direct consequence of the
numerous potential receptor–ligand interactions of four Notch
receptors expressed on T cells and five Notch ligands [Jagged-1,
Jagged-2, Delta-like (Dll)-1, Dll-2, and Dll-4] expressed on APCs,
so far has prevented the establishment of a clear-cut picture of the
role of Notch in peripheral T cell differentiation. Recent data
convincingly show that Notch signaling is required for Th2 differ-
entiation in vivo (23–27). However, the proposed involvement of
Notch in Th1 (23, 28, 29) or likewise regulatory T cell development
(30, 31) is less clear. These partially contradictory results strongly
suggest that the outcome of Notch-directed T cell differentiation
depends on additional, as-yet-uncharacterized, costimulatory sig-
nals or certain environmental niches.

Here, we identify Notch as a potent inducer of IL-10 both in
developing and in already established IFN-�-secreting Th1 cells.
This effect requires costimulation by the cytokines IL-12 or IL-27
that depends on signal transducer and activator of transcription 4
(STAT4) signaling. Our data suggest that Notch regulates IL-10
production by Th1 cells under inflammatory conditions and thereby
facilitates the self-limitation of Th1 immune responses.

Results
Notch Influences Th Cell Differentiation. To determine the influence
of T cell-polarizing cytokines on Notch-induced T cell differenti-
ation, we stimulated naı̈ve CD4� T cells under Th1, Th2, or
nonpolarizing conditions and retrovirally transduced the cells with
constitutively active Notch (N3IC). At day 5 of culture, the trans-
duced T cells were isolated according to their GFP expression,
restimulated with phorbol 12-myristate 13-acetate (PMA)/
ionomycin, and analyzed for cytokine production.

Notch did not grossly alter the cytokine profile under nonpolar-
izing or Th2 conditions. As reported earlier (23, 32), IL-4 produc-
tion was slightly increased by Notch. No changes were observed in
IL-2, IL-5, IL-13, IL-17, or IFN-� expression. Notch slightly induced
IL-10 under nonpolarizing conditions and further increased the
already high levels of IL-10 in Th2 cells. Similarly, under Th1
conditions, Notch only minimally affected expression of the Th1
cytokines IL-2 and IFN-�. The most striking observation, however,
was a strong IL-10 production by Notch-transduced Th1 cells (Fig.
1A), whereas IL-10 was virtually absent in control Th1 cultures.

Author contributions: S.R. and A.S. designed research; S.R., M.J., N.K., T.H., and M.K.
performed research; S.R. analyzed data; and S.R. and A.S. wrote the paper.

The authors declare no conflict of interest.

*To whom correspondence should be addressed. E-mail: scheffold@drfz.de.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0712102105/DC1.

© 2008 by The National Academy of Sciences of the USA

www.pnas.org�cgi�doi�10.1073�pnas.0712102105 PNAS � March 4, 2008 � vol. 105 � no. 9 � 3497–3502

IM
M

U
N

O
LO

G
Y

http://www.pnas.org/cgi/content/full/0712102105/DC1
http://www.pnas.org/cgi/content/full/0712102105/DC1


Notch Induces IL-10 in Newly Developing and Established Th1 Cells. To
confirm the de novo expression of IL-10 in Th1 cells, we performed
intracellular cytokine staining (Fig. 1B). Strikingly, Notch induced
IL-10 in �40% of the transduced Th1 cells, whereas �1% of
control cells produced IL-10. Importantly, IL-10 expression was
restricted to GFP-positive, i.e., Notch-transduced T cells, indicating
a cell-intrinsic effect (Fig. 1B). The frequency of IFN-�-expressing
cells was up-regulated by Notch from �50% to 95%. Moreover,
intracellular cytokine staining unveiled a strong correlation be-
tween IFN-� and IL-10. Indeed, all IL-10-producing T cells exhib-
ited an IFN-�/IL-10 double-positive phenotype (Fig. 1C). Similarly,
IL-10 mRNA was up-regulated only in Notch-transduced T cells
(Fig. 1D). Active forms of all of the Notch receptors (Notch-1 to

Notch-4) were capable of up-regulating IL-10 expression (Fig. 1E).
The effect could be reversed by a specific inhibitor of the �-secre-
tase complex (GSI) in cells overexpressing a membrane-bound
active Notch (Fig. 1F, NICmem) but not in cells transduced with a
cytosolic active Notch (NICcyt) that is no longer sensitive to the
inhibitor. These data show that the Notch-mediated induction of
IL-10 expression under Th1-polarizing conditions involves the
classical �-secretase-dependent Notch pathway.

To test whether IL-10 also can be induced in already established
Th1 cells, we Th1-polarized naı̈ve T cells for 1 week and purified
IFN-�-producing cells by IFN-� capture assay. Then, these cells
were transduced with Notch and cultured for additional 5 days
under Th1 conditions. As shown in Fig. 2, all cells still expressed
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Fig. 1. Notch induces IL-10 in developing Th1 cells. (A) Cytokine profile after PMA/ionomycin restimulation of naı̈ve CD4�CD25�CD62L� T cells from C57BL/6
mice that had been cultured for 5 days under nonpolarizing, Th1-polarizing, or Th2-polarizing conditions and retrovirally transduced with constitutively active
Notch or GFP alone (control). (B) Intracellular cytokine staining of Notch- or control-transduced T cells cultured under Th1-polarizing conditions for 5 days and
PMA/ionomycin restimulation. Percentages indicate frequency of cytokine-producing cells among GFP-positive or GFP-negative cells (gated on CD4� T cells). (C)
Intracellular staining for IFN-� and IL-10 on PMA/ionomycin-restimulated T cells (gated on CD4� T cells). (D) IL-10 mRNA levels after PMA/ionomycin restimulation
of Notch (N)- or control (C)-transduced T cells sorted for GFP expression. (E) IL-10 expression analyzed by intracellular staining after retroviral transduction with
Notch-1 to Notch-4 (N-1 to N-4) of naı̈ve T cells cultured under Th1 conditions and PMA/ionomycin restimulation. C, control transfected. (F) Frequency of
IL-10-producing cells analyzed by intracellular staining after PMA/ionomycin restimulation of naı̈ve T cells from BALB/c mice that had been cultured under
Th1-polarizing conditions and retrovirally transduced with a cytosolic (NICcyt) or a membrane-bound (NICmem) form of an active Notch or GFP alone. GSI had been
added during culture as indicated. (Data are representative of at least three independent experiments each.)
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IFN-�. However, although only 5% of the cells coexpressed IL-10
in the control sample, �20% of the Notch-transduced Th1 cells
produced IL-10. This difference was even more pronounced when
the secreted cytokines were measured in the culture supernatants.

STAT4 Activation by IL-12 or IL-27 Is Critical for IL-10 Induction by
Notch. Next, we determined which additional factors are required
for the Notch-mediated IL-10 induction. To exclude a role for
further costimulatory signals provided by APCs, highly purified T
cells were stimulated in the presence of IL-12 by using plate-bound
anti-CD3/anti-CD28. Under these conditions, we still observed
comparable levels of IL-10 in Notch-transduced T cells (Fig. 3A).
In contrast, IL-10 production was abrogated in STAT4- but not in
IFN-�R-deficient cells (Fig. 3B), supporting the idea that direct
signaling by STAT4 is required for IL-10 induction.

Expression of the Th1-specific transcription factor T-bet was
down-regulated in Notch-transduced cells at day 5 of the culture
(Fig. 3C), indicating that T-bet is not critical for IL-10 up-
regulation. In accordance with this observation, IL-10 still was
observed in T-bet-deficient cells although at a slightly reduced level
(Fig. 3D). The expression of the Th2 transcription factor GATA3
was slightly increased by Notch (Fig. 3C). However, no Th2
cytokines, such as IL-4, IL-5, or IL-13, were expressed in Notch-
transduced cells under Th1-polarizing conditions (Fig. 1 A and B).
FoxP3 was not up-regulated by Notch (data not shown).

IL-27 recently has been described as inducing IL-10 in T cells
(16–18). Indeed, when IL-27 was added to naı̈ve T cell cultures, we
observed an expression of IL-10, which was comparable to that
induced by IL-12 alone (Fig. 3E). However, upon transduction with
Notch, the amount of IL-10 was drastically increased. Again, the
up-regulation of IL-10 was completely blocked in T cells from
STAT4 knockout mice. Thus, our data indicate that STAT4 acti-

vation by IL-12 or IL-27 is sufficient for Notch-mediated up-
regulation of IL-10 production in Th1 cells.

Notch-Modified Th1 Cells Lose Proinflammatory Capacity and Become
Suppressive in Vivo in an IL-10-Dependent Manner. To investigate the
proinflammatory or antiinflammatory capacity of IL-10-producing
Notch-modified Th1 cells in vivo, Notch- or control-transduced
ovalbumin-specific T cell receptor (OVA-TCR) transgenic Th1
cells were adoptively transferred into BALB/c recipient mice. After
24 h, a delayed-type hypersensitivity (DTH) reaction was induced
by footpad injection of OVA peptide.

Control-transduced Th1 cells elicited a strong footpad swelling
that peaked at day 1 and then slowly declined but remained clearly
detectable until day 14. In sharp contrast, after a comparable acute
response on day 1, swelling rapidly declined in mice that had
received Notch-transduced Th1 cells and had ceased completely
within 72 h (Fig. 4A). These results indicate that Notch-modified
Th1 cells have lost their potential to maintain inflammatory re-
sponses for prolonged periods of time.

To test whether Notch-modified Th1 cells become actively
suppressive, we cotransferred Notch- or control-transduced OVA-
specific Th1 cells together with the same number of conventional
OVA-specific Th1 effector cells (Th1eff). Th1 effector-induced
footpad swelling was further increased by cotransfer of control-
transduced Th1 cells, probably because of the increased number of
proinflammatory cells. In contrast, the presence of Notch-
transduced Th1 cells significantly reduced footpad swelling, even
when compared with Th1 cells transferred alone (Fig. 4B). This
suppression was almost abrogated by a neutralizing anti-IL10
antibody (Fig. 4C).

These data show that Notch induces a functional switch in Th1
cells from a proinflammatory into an antiinflammatory phenotype
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with the potential to actively suppress inflammatory reactions via
an IL-10-dependent mechanism.

Expression of Notch Receptors and Notch Ligands on T Cells and
Dendritic Cells (DCs). We then wanted to identify Notch receptors
and Notch ligands that could play a role during physiologic T
cell–APC interactions. To this end, we analyzed the endogenous
expression pattern of these molecules on the mRNA level. Only
Notch-1 and Notch-2, but not Notch-3 or Notch-4, were expressed
by naı̈ve and activated T cells [supporting information (SI) Fig. 7A].

Ex vivo-isolated splenic and lymph node CD11c� DCs expressed
low levels of Jagged-1, and Dll-1 and Dll-4 were not detectable (SI
Fig. 7B). Because it had been described that Toll-like receptor
(TLR) activation can induce Notch ligand expression (23, 33), we
also analyzed the effects of various TLR ligands. Strikingly, LPS
(TLR2/4), Flagellin (TLR5), or CpG (TLR9) stimulation strongly
induced Dll-4 on DCs, whereas the expression of Dll-1 and Jagged-1
was largely unaffected (SI Fig. 7B).

CpG Induces Notch-Dependent IL-10 Production in Th1 Cells in Vitro
and in Vivo. To test whether the expression of Dll-4 by activated DCs
may have functional relevance, we cocultured naı̈ve OVA-TCR
transgenic T cells with purified DCs in the presence of CpG, IL-12,
or both. After 5 days, IFN-� and IL-10 production was analyzed by
intracellular staining after PMA/ionomycin restimulation. Without
further additions, only �1% of the T cells expressed IL-10. CpG or
IL-12 alone increased the frequency of IL-10-producing cells to 5%
and 8%, respectively. After the combined addition of IL-12 and
CpG, �14% of the T cells produced IL-10, which was strictly
coexpressed with IFN-�. Importantly, under all three culture
conditions, GSI clearly reduced IL-10 production by 50–80%,
whereas the expression of IFN-� remained largely unaffected
(Fig. 5A).

Next, we determined whether the Notch-mediated IL-10 induc-
tion also can be observed in vivo. To this end, we transferred naı̈ve
OVA-TCR transgenic T cells into BALB/c recipients and immu-
nized them with OVA peptide/CpG in the absence or presence of
GSI. On day 5, the coexpression of IFN-� and IL-10 was investi-
gated by intracellular staining (Fig. 5B). After CpG/OVA admin-
istration, �15% of the OVA-specific T cells produced IFN-�.
Approximately 30% of these cells coexpressed IL-10. Strikingly, the
production of IL-10 was completely blocked in mice that had
received GSI, whereas IFN-� production was enhanced. These data
suggest that Notch signaling triggered by Dll-4 expressed on acti-
vated DCs can induce IL-10 production by Th1 cells in a physio-
logical immune response.

Notch Ligands of the Dll Family Mediate IL-10 Induction. To confirm
the importance of Dll-4 for Notch-mediated IL-10 up-regulation
during T cell–APC interactions, we generated A20 B cell lines
overexpressing the Notch ligands Jagged-1, Dll-1, and Dll-4 (Fig.
6A). Naı̈ve OVA-TCR transgenic T cells were cultured with the
ligand-expressing A20 cells for 1 week under Th1-polarizing con-
ditions. Approximately 6% and 8% of the T cells expressed IL-10
after coculture with Dll-1- and Dll-4-transduced A20 cells, respec-
tively, whereas Jagged-1- and GFP-transduced A20 cells did not
induce significant IL-10 production. In accordance with published
data (23), Jagged-1-expressing A20 cells reduced IFN-� production
by �20% compared with control A20 cells, whereas Dll-1 and Dll-4
slightly increased the frequency of IFN-�-positive cells. Both IL-10
induction by Dll-1 or Dll-4 and suppression of IFN-� by Jagged-1
were completely reversed by GSI (Fig. 6B). After a second week of
coculture under Th1 conditions, Dll-4 or Dll-1 expressing A20
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induced �24% of IL-10-producing Th1 cells. Again, Jagged-1 was
not able to elicit IL-10 expression (Fig. 6C). These data show that
Notch signaling triggered by ligands of the Dll family induces IL-10
production in Th1 cells, especially on repeated stimulation.

Discussion
Our study identifies a unique role for Notch in effector T cell
differentiation. In addition to its previously described potential to
directly instruct Th1 or Th2 cell differentiation, our data suggest
that Notch also modifies the way T cells respond to the proinflam-
matory cytokines IL-12 or IL-27 by selectively enhancing IL-10
production and thereby conveying antiinflammatory capacity to
otherwise proinflammatory Th1 cells.

So far, Notch has been described to instruct the differentiation of
naı̈ve T cells into various effector T cell lineages. An essential role
for Notch in Th2 differentiation has been demonstrated convinc-
ingly in vitro and in vivo. Th2 responses are severely impaired in the
absence of Notch (25, 32), and both IL-4 and GATA-3 have been
identified as being direct transcriptional targets of Notch (23, 24,
27). Although we do not see drastic changes in the overall cytokine
profile upon overexpression of constitutively active Notch in naı̈ve
T cells, the slight increase in Th2 cytokine expression we observe
under nonpolarizing and under Th2 conditions is in accordance
with these data.

In contrast, the precise function of Notch in Th1 differentiation
is more obscure. Notch can induce or enhance Th1 differentiation
in vitro (23, 28), and the Th1 transcription factor T-bet has been
identified as a Notch target gene (29). Although some studies report
Notch to be important for Th1 differentiation in vivo (29, 34), others
find it to be dispensable (25) or even observe enhanced IFN-� levels
after abrogation of Notch signaling (32). We found increased IFN-�
production upon Notch activation only under Th1-polarizing con-

ditions. In contrast, in vivo inhibition of Notch signaling by GSI
resulted in enhanced IFN-� production. Thus, the impact of Notch
on Th1 differentiation, as analyzed by the expression of Th1
cytokines, varies drastically between different experimental sys-
tems. It can only be speculated that it is influenced by further
costimulatory signals or the cytokine environment.

However, our data demonstrate that the drastic enhancement of
IL-10 expression in IFN-�-producing T cells represents the most
striking effect of Notch on T cell differentiation, which we consis-
tently observed under various experimental conditions in vitro and
in vivo. The induction of these IFN-�/IL-10 double producers is not
restricted to naı̈ve T cells but is equally effective in already
established Th1 cells.

Importantly, IL-10 induction by Notch strictly depends on simul-
taneous STAT4 activation either by IL-12 or IL-27. Both cytokines,
but especially IL-27, recently have been implicated in the regulation
of IL-10 expression by Th1 cells (11, 14–18). In agreement with
previous reports, we find basal IL-10 expression in the absence of
Notch signaling when naı̈ve T cells are cultured with either IL-12 or
IL-27 alone. However, in either case, IL-10 production is drastically
enhanced by Notch. This difference is best exemplified by the fact
that Notch-modified Th1 cells completely lose their proinflamma-
tory capacity and instead suppress Th1-mediated immune reactions
in vivo via an IL-10-dependent process.

The strong synergistic effect of Notch on IL-12/IL-27-mediated
IL-10 induction suggests that it acts as a master regulator that
sensitizes proinflammatory Th1 cells to develop into IFN-��IL-10�

T cells with antiinflammatory potential in response to canonical
inflammatory cytokine signals.

The IL-27-mediated IL-10 induction has been described as
depending on STAT1 and/or STAT3 (17, 18) but to be independent
of STAT4 (18). In contrast, the Notch-dependent up-regulation of
IL-10 by IL-27 is abolished in STAT4-deficient T cells, suggesting
that different molecular pathways are triggered when IL-27 acts
alone or in combination with Notch. Apart from the STAT4
activation, we have no indication for the involvement of other major
Th1-associated factors because Notch induced comparable levels of
IL-10 in T cells from IFN-� receptor-deficient and T-bet-deficient
mice.

We demonstrate here that IFN-��IL-10� T cells also are induced
in vivo during immune responses after CpG/OVA vaccination.
Importantly, IL-10 but not IFN-� production is completely blocked
by GSI, clearly indicating a Notch-dependent process. Our data are
consistent with the previously described occurrence of IFN-��IL-
10� T cells in vivo (7, 35, 36). Recently, it has been demonstrated
that, indeed, IL-10 produced by Th1 cells is critical in protecting the
host from Th1-induced pathology (8, 9). It is tempting to speculate
that Notch also may play a role in these situations. In support for
this idea, we and others find that ligands of the Dll family, in
particular Dll4, are strongly induced on DCs by several proinflam-
matory microbial stimuli known to drive Th1 immunity (23, 33, 34).
The selective induction of Dll-4 on activated DCs in response to
CpG stimulation and other microbial stimuli identifies Dll-4 as the
presumptive physiologic ligand triggering Notch-dependent IL-10
production. In contrast, Jagged-1 is similarly expressed by resting
and activated DCs, indicating a lesser functional importance under
these circumstances. Indeed, we were able to confirm functional
differences between Jagged and Dll ligands by their respective
overexpression in an APC line. Jagged-1 decreased IFN-� produc-
tion in a GSI-sensitive manner as reported earlier (23), whereas
Dll-1 and Dll-4 elicited IL-10 expression and even enhanced IFN-�
in Th1 cells. Overall, our observations support the emerging view
that Jagged-1 drives Th2 development, whereas Dll ligands are
more important for Th1 cell differentiation (23, 34). However, more
refined experimental systems, such as DC-specific conditional
knockout mice of the various Notch ligands, are required to identify
the partner(s) mediating the critical physiological interaction.
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Fig. 6. Notch ligands of the Dll family induce IL-10 production by Th1 cells.
(A) Staining for Notch ligands on A20 B cells that had been lentivirally
transduced with Notch ligands Dll-4, Dll-1, Jagged-1, or GFP alone as control.
(B and C) Analysis of IL-10 and IFN-� production after PMA/ionomycin restimu-
lation of purified naı̈ve OVA-TCR transgenic T cells after coculture with Notch
ligand-expressing A20 B cells and stimulation with OVA peptide under Th1-
polarizing conditions for 1 week (B) or 2 weeks (C). In some samples, GSI had
been added (gated on CD4� T cells). (Data are representative of three inde-
pendent experiments.)
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In summary, our data suggest that the Notch pathway plays an
important role for the autoregulation of Th1 immunity. Notch
instructs T cells to respond to the canonical proinflammatory
cytokines IL-12 and IL-27 by expressing the antiinflammatory
mediator IL-10, which allows self-limitation of Th1 immune reac-
tions. This finding defines a role for Notch as a molecular switch
between proinflammatory and antiinflammatory Th1 cell function,
thus representing a promising target for therapeutic intervention in
inflammatory diseases and for improved vaccination strategies.

Materials and Methods
Mice. BALB/c, OVA-TCRtg/tg DO11.10, C57BL/6 (BgVV Berlin), T-bet�/� (kind gift
from J. Penninger, Vienna, Austria), IFN-�R�/� (kind gift from T. Schüler, Berlin,
Germany), and STAT4�/� (The Jackson Laboratory) mice were housed under
specific pathogen-free (SPF) conditions and used at 8 to 12 weeks of age.

Cell Purification. Naı̈ve CD4� T cells were isolated by CD4 preenrichment (Au-
toMACS, Miltenyi Biotec) and FACS sorting of CD4�CD62L�CD25� T cells (FACS
Aria, BD Biosciences). CD11c� DCs were isolated via FACS. APCs were sorted via
MACS using MHC class II microbeads. For isolation of IFN-�-producing T cells, the
IFN-� secretion assay (Miltenyi Biotec) was used according to the manufacturer’s
protocols and sorted by FACS.

T Cell Stimulation. Naı̈ve T cells were cultured with irradiated MHCII� cells (30 Gy,
1:4 ratio), A20 cells (120 Gy, 2:1 ratio), or CD11c� DC (15:1 ratio) as APCs and
anti-CD3 (0.5 �g/ml)/CD28 (1 �g/ml) or OVA323–339 peptide (0.2 �g/ml) was added.
rIL-12 (10 ng/ml; R&D Systems) and anti-IL4 (10 �g/ml) (for Th1), anti-IL-12/anti-
IFN-� (10 �g/ml) and rIL-4 (100 ng/ml) (for Th2), anti-IL-4 and rIL-27 (10 ng/ml) (for
IL-27) were added. Where indicated, 500 nM of CpG (ODN1826, Invivogen) or 125
nM GSI (Insolution GSI X, Calbiochem) was added. For APC-free systems, plate-
bound anti-CD3 (5 �g/ml) and soluble anti-CD28 (1 �g/ml) were used.

BioPlex Analysis of Cytokine Production. Concentrations of IL-2, IL-4, IL-5, IL-10,
IL-13, IL-17, and IFN-� were measured in culture supernatants with the BioPlex
system (Bio-Rad Laboratories) according to the manufacturer’s protocol. For
detection, phycoerythrin-conjugated streptavidin (SA-PE) (Invitrogen) was used.

Immunization. BALB/c mice were transferred with 1 � 107 CD62L� OVA-TCR
transgenic T cells (DO11.10) and immunized s.c. with 50 �g of OVA peptide and
20 �g of CpG (Invivogen). GSI DBZ (synthesized by Syncom) was used at 10 �M/kg
in 0.1% Tween 80/0.5% Methocel 60 HG (Sigma-Aldrich) injected daily i.p.

DTH. Th1 cells (5 � 105) were transferred alone or together with the same number
of Notch- or control-transduced cells into naı̈ve BALB/c mice. Neutralizing anti-
IL-10 antibody (JES5–2A5–7) was injected i.p. Then, 24 h later, 250 ng of OVA323–

339 peptide in incomplete Freund’s adjuvant (IFA) (Sigma) was injected into the
left footpad, and PBS/IFA was injected into the right footpad. Swelling was
measured by an Oditest micrometer gauge in a blinded fashion.

Real-Time Quantitative RT-PCR. Real-time PCR was performed with the LightCy-
cler instrument and the FastStart DNA Master SYBR Green I kit (Roche Diagnos-
tics). Cycling program (10 min at 95°C followed by 40 cycles of 15 s at 95°C, 15 s at
60°C (for Dll-1, IL-10, and FoxP3), 65°C (for UbcH5B, Jagged-1, Dll-4, Notch-1,
Notch-3, T-bet, and GATA-3), or 67°C (for Notch-2 and Notch-4), and 15 s at 72°C).
For primer sequences, see SI Materials and Methods. Data were evaluated with
LightCycler softwareversion3.5.28 (RocheDiagnostics)andthesecondderivative
maximum algorithm.
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