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CD4+ helper T (Th) cells differentiate toward distinct effector cell
lineages characterized by their distinct cytokine expression pat-
terns and functions. Multiple Th cell populations secrete IL-22 that
contributes to both protective and pathological inflammatory re-
sponses. Although the differentiation of IL-22-producing Th cells is
controlled by the aryl hydrocarbon receptor (AhR), little is known
about the regulatory mechanisms inducing physiological stimula-
tors for AhR. Here, we show that Notch signaling enhances IL-22
production by CD4+ T cells by a mechanism involving AhR stimu-
lation. Notch-mediated stimulation of CD4+ T cells increased the
production of IL-22 even in the absence of STAT3. CD4+ T cells from
RBP-J-deficient mice had little ability to produce IL-22 through
T cell receptor-mediated stimulation. RBP-J-deficient mice were
highly susceptible to the detrimental immunopathology associ-
ated with ConA-induced hepatitis with little IL-22 production by
CD4+ T cells. Exogenous IL-22 protected RBP-J-deficient mice from
ConA-induced hepatitis. Notch signaling promoted production of
endogenous stimulators for AhR, which further augmented IL-22
secretion. Our studies identify a Notch–AhR axis that regulates IL-
22 expression and fine-tunes immune system control of inflamma-
tory responses.

inflammation | cytokine

Interleukin (IL)-22 belongs to the IL-10 superfamily of cytokines
and exhibits potent proinflammatory and anti-inflammatory

properties (1–4). IL-22 is highly expressed in IFN-γ (Th1) and IL-
17-producing CD4+T helper cells (Th17), and recent studies have
demonstrated that dendritic cells, NK cells, and lymphoid tissue-
inducer cells also produce IL-22 (4).Although IL-6 andTGF-β are
required for Th17 development, IL-6 induces IL-22 production,
whereas TGF-β has a suppressive effect (5). Recent studies have
demonstrated that ligation of the aryl hydrocarbon receptor
(AhR) drives Th17 differentiation and IL-22 expression (6–8),
although exogenous or endogenous ligands for AhR and inducers
for endogenous ligands remain to be clarified. Furthermore, it also
remains to be clarified if the same regulatory mechanism controls
IL-22 expression in distinct Th subsets, including Th1 and Th17,
and other cells.
Notch is an evolutionally conserved molecule and controls cell

fate decision in a variety of cells (9, 10). Notch molecules are
cleaved in the transmembrane region by γ-secretase after inter-
action with their ligands, followed by intracellular domain trans-
location into the nucleus (9, 10). We and other groups have
demonstrated that Notch signaling controls the effector functions
of both CD4+ and CD8+ T cells (11–15).
In this report we investigated the possibility that Notch controls

IL-22 expression in CD4+ T cells and found that deletion of RBP-
J impaired IL-22 production in CD4+ T cells. Notch signaling was
able to up-regulate IL-22 even in STAT3-deficient T cells. This
up-regulation of IL-22 was due to Notch-mediated production of
AhR stimulators. These data indicate a regulatory mechanism of

the immune system through IL-22 production by the Notch-
AhR axis.

Results
Overexpression of Intracellular Domain of Notch in CD4+ T Cells
Upregulates IL-22 Independent of Th17 Differentiaiton. We searched
by DNA microarray for genes up-regulated by the transduction of
the intracellular domain of Notch2 (N2ICD), the active form of
Notch2, in DO11.10 T cell hybridomas. This analysis identified
a strong induction of IL-22 in N2ICD-transduced cells. To con-
firm IL-22 induction by Notch signaling, we introduced the intra-
cellular domain ofNotch1 (N1ICD),Notch2 (N2ICD), andNotch3
(N3ICD) intoprimary splenicTcells stimulatedwith anti-CD3mAb
and examined the expression of IL-22 in CD4+ T cells by real-time
PCR after 48 h. CD4+ T cells transduced with each Notch intra-
cellular domain had significantly increased expression of IL-22
comparedwith controlmock-transduced cells (Fig. 1A). To confirm
the contribution of CD4+ T cells in our system, we checked the
purity of CD4+ T cells after MACS purification. Approximately
97% cells were positive for CD4 after MACS purification (Fig.
S1A). RBP-J-deficient T cells did not show any increase in IL-22
productionwhen transducedwithN2ICD(Fig. S1B), indicating that
Notch-mediated IL-22 up-regulation depends on RBP-J. We also
tested the expression of other cytokines like IL-17A, IFN-γ, IL-4,
TNF-α, and IL-10, along with other IL-10 family members, after
transducing N2ICD into splenic T cells. Notch signaling only up-
regulated the expression of IL-4 and IFN-γ (Fig. S1C), suggesting a
specific effect of Notch on particular cytokines’ expression rather
than a nonspecific regulatory effect of Notch on T cell effector
functions. We also checked the expression of transcription factors
associatedwith different helperT cell differentiation and found that
both T-bet and Gata-3 expression was up-regulated after N2ICD
transduction, whereas RORγt expression that is required for Th17
differentiation (16) was unchanged (Fig. S1D). These data indicate
that Notch functions to specifically up-regulate IL-22 expression
without affecting Th17 differentiation and other IL-10 family
cytokines, excluding a possibility that Notch controls IL-22 expres-
sion by nonspecific regulatory effect on T cell effector functions.

Stimulation of CD4+ T Cells by Notch Ligand Upregulates IL-22 in CD4+

T Cells. To clarify the direct contribution of Notch signaling in
CD4+T cells in terms of IL-22 secretion, we purified CD4+T cells
48 h after transduction of total spleen cells or purified CD4+
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Tcells withN2ICDorEVandmeasured the expression of IL-22 by
real-time PCR. Similar to experiments with total splenocytes, we
found thatN2ICD transduction caused increased expression of IL-
22 in purified naive CD4+ T cells, although IL-22 expression by
CD4+ T cells was higher in the presence of APC compared with
purified naive CD4+ T cells (Fig. S2A). To identify the effector T
cell type responding to Notch, we introduced N2ICD into primary
spleen cells underTh0, Th1, Th2, andTh17-promoting conditions.
We found that expression of IL-22 in CD4+ T cells was increased
by Notch signaling in all culture conditions (Fig. 1B Left) but not
IL-17A (Fig. 1B Right). In particular, the effect of Notch signaling
was great under Th0 or Th17 condition. The expression of IL-17
was comparable among Th0, Th1, and Th2 conditions. Those data
again suggest that Notch-mediated IL-22 production is not nec-
essarily dependant on Th17 differentiation. We also checked the
expression of IL-4 and IFN-γ in all culture conditions and found
induced expressions of both cytokines after N2ICD transduction
(Fig. S2B). The expression of Notch1 and Notch2 was comparable
for each Th condition (Fig. S2C).
We further examined the effect of Notch signaling on IL-22

expression by directly stimulating T cells with Notch ligand. To
induce Notch signaling in CD4+ T cells, we stimulated naïve OT-II
TCR transgenic T cells with bone marrow-derived, OVA peptide-
pulsed dendritic cells (BMDCs) transducedwithDelta-like 1 (DL1-
DC) for 3 days.DL1-DC-stimulatedOT-IIT cells secretedmore IL-
22 in the culture supernatant than when mock-transduced DCs
(Cont-DC) were used (Fig. 1C). The secretion of IFN-γ was also
induced withDL1-DC-stimulatedOT-II T cells (Fig. S3A).We also
stimulated naive OT-II CD4+ T cells with Cont-DC or DL1-DC
under neutral, Th1, Th2, or Th17 conditions for 3 days and found
increased expression of IL-22 by DL1-DC in all culture conditions
(Fig. S3B). These data indicate that Notch-mediated stimulation of

CD4+ T cells up-regulates IL-22 expression under any helper T cell
culture condition.

Notch Signaling Controls IL-22 Expression in CD4+ T Cells in the
Absence of STAT3. Th17 is one T cell lineage that expresses IL-22,
although Th1, γδ T cells, NK cells, NKT cells, and DC can also
secrete IL-22 (17). IL-6 and TGF-β are essential cytokines for Th17
differentiation, and IL-23 is responsible for the survival and
expansionofTh17 cells (17).Therefore,weexaminedwhether these
cytokines took part in Notch signaling-induced IL-22 production.
For this purpose, we measured IL-22 secretion during an allo-
response, coculturingDL1-DCorCont-DCprepared fromBALB/c
mice with naive CD4+ T cells from STAT3flox/flox (STAT3F/F) or
STAT3flox/flox crossedwith lck-Cre transgenic (STAT3F/F-Cre)mice
(18). IL-22 production was reduced in STAT3F/F-Cre CD4+ T cells
when either Cont-DC or DL1-DC was used as stimulators, indi-
cating that STAT3 is important for IL-22 production (Fig. 1D). We
further found that DL1-DC could up-regulate IL-22 secretion even
from STAT3F/F-Cre CD4+ T cells (Fig. 1D). This value is sig-
nificantly higher than that of the Cont-DC-stimulated STAT3F/F-
CD4+ T cells. Hence, these data indicate that forced Notch sig-
naling can induce IL-22 production from CD4+ T cells with
mechanisms distinct from STAT3 signaling pathway.

RBP-J Deficiency in CD4+ T Cells Impairs IL-22 Production. RBP-J is a
transcription factor essential for Notch signaling (9). Next, we in-
vestigated IL-22production inCD4+Tcells in the absenceofRBP-J.
When CD4+ T cells from RBP-Jflox/flox mice crossed with both
CD4-Cre and OT-II TCR transgenic (RBP-JF/F-Cre OT-II) mice
were stimulatedwithOVApeptidepresentedbyBMDCs, their IL-22
secretion was impaired in contrast to RBP-J+/+ mice crossed with
CD4-Cre and OT-II TCR transgenic (RBP-J+/+-Cre OT-II) mice
(Fig. 2A).RBP-J deficiency also causeddecreased secretion of IFN-γ
in this system (Fig. S3C). We did not see any difference between
T cells from RBP-J+/+-Cre OT-II and RBP-JF/F-Cre OT-II mice in
their proliferative responses to peptide-pulsed DCs (Fig. S3D).
To further confirm the contribution of Notch signaling in

BMDC coculture system, we stimulated naive CD4+ T cells iso-
lated fromOT-II TCR transgenic mice with OVA-pulsed BMDCs
in the presence of γ-secretase inhibitor. The γ-secretase inhibitor
decreased IL-22 production from CD4+ T cells (Fig. S3E). These
data indicate that Notch signaling controls IL-22 secretion from
CD4+ T cells through γ-secretase-mediated cleavage of Notch
and RBP-J.
To further examine the involvement ofRBP-J in IL-22production

in vivo, we immunized RBP-Jflox/flox mice crossed with CD4-Cre
transgenic (RBP-JF/F-Cre) mice with OVA emulsified in complete
Freund’s adjuvant (CFA)and examined IL-22 expression inCD4+T
cells7days after immunization. IL-22expressionwashighly impaired
in RBP-JF/F-Cre mice compared with control RBP-J+/+-Cre mice
(Fig. 2B), whereas IL-17A expression was intact (Fig. S4A). These
data also reveal that Notch signaling controls IL-22 expression
independent of Th17 differentiation. We also investigated the pro-
liferation of CD4+ T cells in OVA-immunized mice, and there was
no difference between RBP-JF/F-Cre and RBP-J+/+-Cre mice (Fig.
2C). To test which Notch receptor contributes to IL-22 production
in vivo, we immunized Notch1F/F-Cre (Notch1flox/flox mice crossed
with CD4-Cre transgenic mice), Notch2F/F-Cre (Notch2flox/flox mice
crossedwithCD4-Cre transgenicmice), andRBP-JF/F-Cremicewith
OVA emulsified in CFA and examined IL-22 expression in CD4+

T cells 7 days after immunization. Although IL-22 expression was
highly impaired in RBP-JF/F-Cre mice compared with control RBP-
J+/+-Cremice, IL-22 expressionwas not impaired under eachNotch
receptor deficiency (Fig. S4B). Taken together, including both in
vitro and in vivo data, RBP-J is important for IL-22 production but
not for IL-17A, indicating that Notch signaling controls IL-22
expression, although it remains unclear which Notch receptor is
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Fig. 1. Enforced expression of Notch in T cells induces IL-22. (A) Total spleen
cells from C57BL/6 mice were stimulated with soluble anti-CD3mAb (1 μg/mL)
for 24 h and transduced with a retrovirus carrying N1ICD, N2ICD, N3ICD, or a
control virus. Cells were further stimulated with anti-CD3 mAb (1 μg/mL) for
48 h. Then, the expression of Il22 in MACS-enriched CD4+ T cells was analyzed
by real-time PCR. (B) Total spleen cells were stimulated with anti-CD3 mAb in
Th0, Th1, Th2, and Th17 conditions for 24 h and then transducedwithN2ICDor
control virus. After 48 h of further culture under the same conditions, Il22 and
Il17a expression in MACS-enriched CD4+ T cells was measured by real-time
PCR. (C) ELISA for the detection of IL-22 secretion from naive CD4+ T cells
(CD4+CD62L+) isolated from OT-II TCR transgenic mice stimulated with OVA
peptide-pulsed Cont-DC (open) or DL1-DC (filled) for 3 days. (D) ELISA for the
detection of IL-22 secretion from naive CD4+ T cells isolated from STAT3F/F or
STAT3F/F-Cre transgenicmice stimulatedwithallogenic Cont-DC (open) orDL1-
DC (filled) prepared from BALB/c mice. *, P < 0.05, indicates a statistically
significant difference. Data are representative of at least four independent
experiments. N.D., not detected; N.S., not significant.
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involved. These data also prove that the expression of IL-17 and
IL-22 are differentially regulated.

RBP-J-DeficientMiceHaveHigh Susceptibility to ConA-InducedHepatitis.
IL-22 is a pivotal cytokine in several inflammatory diseases,
although its role remains controversial (3). That is, it is proin-
flammatory in psoriasis (5) and anti-inflammatory in irritable bowel
disease (19) and Con A (ConA)-induced hepatic injury (20). We
employed the ConA-hepatitis model in RBP-JF/F-Cre mice to fur-
ther define the contribution of Notch in IL-22 secretion in the
context of autoimmunity. We injected several doses of ConA into

mice and quantified the severity of hepatitis 48 h after injection.
Both RBP-J+/+-Cre and RBP-JF/F-Cre mice had similar hepatic
damage in response to high-dose (30 μg/g) injection of ConA.
However, only RBP-JF/F-Cre mice exhibited hepatic injury,
including severe inflammation and bleeding, after a relatively low-
dose (10 μg/g) ConA injection that did not induce hepatitis in
control RBP-J+/+-Cre mice (Fig. 3A). This increased susceptibility
to low-dose ConA-induced hepatitis in RBP-JF/F-Cremice was also
confirmed by the elevated liver enzymes alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) (Fig. 3B). We
examined CD4+ T cell proliferation in vivo, and there was no dif-
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ference in ConA-induced T cell proliferation between the two
groups (Fig. 3C). The IL-22 transcription was highly impaired in
CD4+ T cells from RBP-JF/F-Cre mice in both liver and spleen
(Fig. 3D). However, we found that the expression of other inflam-
matory cytokines in liver and splenicCD4+Tcells ofConA-injected
mice, such as IFN-γ, IL-4, TNF-α, IL-17A, and the anti-inflamma-
tory cytokine IL-10, was comparable between the two groups (Fig.
S5A). Furthermore, expression of FasL was also comparable
between two groups (Fig. S5B). To know if non-CD4+ T cells also
express IL-22, we checked the expression of IL-22 in NK, NKT, or
CD8+ T cells. We injected ConA (10 μg/g) to wild-type C57BL/6
mice and after 48 h of injection, we sorted CD4, CD8, NKT (NK1.1
and CD3 double positive), and NK (CD3 negative and NK1.1
positive) cells from liver and checked IL-22 expression by real-time
PCR.As expected, IL-22 expressionwas only up-regulated inCD4+

T cells (Fig. S5C), suggesting that CD4+ T cells provide protection
in ConA-induced acute hepatitis by secreting IL-22. These results
suggest that the increased susceptibility to ConA-induced hepatic
injury in RBP-JF/F-Cre mice might be due to decreased production
of protective IL-22 by CD4+ T cells.
We next tested whether exogenous IL-22 administration is able

to cure ConA-hepatitis in RBP-JF/F-Cremice by compensating for
low or absent endogenous IL-22. The low-dose ConA injection did
not induce any pathological change in RBP-J+/+-Cre mice,
whereas the injection of ConA induced severe bleeding in the liver
in RBP-JF/F-Cre mice (Fig. 3E Upper). When we administered
recombinant IL-22 along with ConA in RBP-JF/F-Cre mice, 25%
of the mice showed mild bleeding (Fig. 3E Lower Left) and 75%
had no bleeding at all in the liver (Fig. 3E Lower Right). Fur-
thermore, serum AST levels were also significantly decreased by
IL-22 injection in RBP-JF/F-Cre mice (Fig. 3F). Hence, the ConA-
induced IL-22 production depends on Notch signaling, as evi-
denced by the ability of IL-22 to protect RBP-J-deficient mice
from liver injury.

Notch Controls IL-22 by Affecting a Signaling Pathway Through AhR.
There is no consensus RBP-J binding element in the 800 bp prox-
imal promoter of IL-22 conserved between human and mouse,
suggesting that Notch indirectly regulates the induction of IL-22.

Recent reports describe the essential role of the AhR in IL-22
production (6–8). Therefore, we checkedwhether IL-22 production
due to Notch signaling depended on AhR signaling. Blocking AhR
signaling by the AhR antagonist CH-223191 (2-Methyl-2H-
pyrazole-3-carboxilic acid-(2-methyl-4-o-tolyl-azophenyl)-amide)
(20 μM) in N2ICD-transduced T cells preferentially decreased IL-
22 expression (Fig. 4ALeft) and was concentration dependent (Fig.
S6A), whereas IL-17A expression was unaffected (Fig. 4A Right).
Next, we tested whether the expression of AhR was influenced by
N2ICD transduction and found that AhR expression was com-
parable with mock transduction (Fig. 4B). We also examined AhR
expression under different effector T cell culture conditions and
found that although AhR expression was highest under Th17 con-
ditions, N2ICD did not further up-regulate AhR expression under
any of the culture conditions (Fig. S6B). These data do not suggest
thatNotch-mediated IL-22 production depends onAhR expression
itself. Similarly, AhR antagonism significantly decreased the
expression of IL-22 in N2ICD-transduced DO11.10 T cell hybrid-
oma cells without T cell receptor-mediated signaling (Fig. 4C).

Notch Signaling Allows CD4+ T Cells To Produce AhR Stimulators.
According to the results that IL-22 induction by Notch signaling
was inhibited by AhR antagonism, and that Notch signaling does
not up-regulate AhR, we hypothesized that Notch signaling might
increase an endogenous AhR agonist. To test this hypothesis, we
harvested the culture supernatant from total T cells transduced
with N2ICD (N2ICD-sup) and added dilutions of this supernatant
during the stimulation of CD4+ T cells. The CD4+ T cells with
N2ICD-sup significantly increased IL-22 expression compared
with that of control supernatant (EV-sup), and in a dose-
dependent manner (Fig. 4D Left). The up-regulation of IL-22 by
adding N2ICD-sup was suppressed by anAhR antagonist. Indeed,
N2ICD-sup also increased expression of Cyp1a1, the typical
downstream target gene of AhR signaling (Fig. 4D Right), indi-
cating that N2ICD-sup contained a factor(s) competent to induce
AhR signaling. Because overexpression of N2ICD in CD4+T cells
induced both IL-4 and IFN-γ expression (Figs. S1C and 2B), we
checked whether N2ICD-sup affects IL-4 and IFN-γ expression in
CD4+ T cells. We found that N2ICD-sup did not affect the
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Fig. 4. Notch signaling induces AhR
stimulators. Total spleen cells were
stimulated with anti-CD3 mAb for 24
h and transduced with a retrovirus
carrying N2ICD or a control vector.
After infection, cells were restimu-
lated with anti-CD3 mAb for 48 h in
thepresence (filled) or absence (open)
of an AhR antagoinst. Then Il22 and
Il17a (A) or AhR expression in CD4+ T
cells (B) was measured by real-time
PCR. (C) The expression of Il22 after
retroviral transduction of N2ICD (fil-
led or dot) or EV (open) in DO11.10 T
cells hybridoma in the presence (fil-
led) or absence (dot) of the AhR
antagonistwas examinedby real-time
PCR. (D) The supernatant from total
spleen cells transduced with N2ICD
(dot or shaded) or EV (open or filled)
was collected 72 h after initial stim-
ulation. CD4+ T cells from C57BL/6
mice were stimulated with anti-CD3
mAb in the presence of different
concentrations of supernatant and in
the presence (open, shaded) or
absence (filled, dot) of an AhR antagonist. The expression of Il22 (Left) and Cyp1a1 (Right) inmature CD4+ T cells was tested 48 h after initial stimulation. (E) The
RBP-J+/+-Cre or RBP-JF/F-Cre mice received ConA (10 μg/g) and the expression of Cyp1a1 in liver CD4+ T cells purified byMACS beads 48 h after ConA injectionwas
measured by real-time PCR. *, P < 0.05, indicates a statistically significant difference. Data in Fig. 4 are representative of at least three independent experiments.
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expression of both cytokines (Fig. S6C), suggesting that Notch-
AhR axis is not involved in Th1 or Th2 differentiation and spe-
cifically contributes to IL-22 secretion.
To identify the effector T cell culture conditions that best

promote the production of AhR stimulators, we used N2ICD-
transduced total splenocytes supernatants from different effector
T cell culture conditions to stimulate spleen cells. We found that
using the supernatants collected from N2ICD-transduced Th0
and Th17 conditions resulted in the highest IL-22 expression (Fig.
S6D). We also considered the issue of whether DC present in the
culture could induce AhR stimulators. We introduced N2ICD in
total splenocytes and purified CD4+ T cells and cultured for 48 h.
The collected supernatants were used to stimulate purified CD4+

T cells in the presence of anti-CD3 mAb. We observed increased
expressions of both IL-22 and Cyp1a1 when N2ICD supernatant
was used (Fig. S6E). This effect was stronger in the presence of
APC than in the absence of APC (Fig. S6E), probably because of
efficient T cell stimulation in the presence of APC.
To identify AhR stimulator production in vivo, we purified CD4+

T cells from livers 48 h after ConA injection of RBP-J+/+-Cre and
RBP-JF/F-Cre mice and restimulated such cells with anti-CD3 mAb
or left unstimulated for 24 h. Finally, we used such supernatant to
restimulate total splenicCD4+Tcells for 48h in thepresenceof anti-
CD3 mAb (Fig. S6F). The supernatant of purified CD4+ T cells of
RBP-J+/+-Cre mice had induced Cyp1a1 expression and IL-22 (Fig.
S6F).The supernatant collected fromrestimulatedcells ofRBP-JF/F-
Cre mice had no effect on either Cyp1a1 or IL-22 (Fig. S6F). To
confirm this finding in vivo, we measured Cyp1a1 expression in
CD4+T cells from livers 48 h after ConA injection inRBP-J+/+-Cre
and RBP-JF/F-Cre mice. The expression of Cyp1a1 was lower in T
cells fromRBP-JF/F-Cremice than in those fromRBP-J+/+-Cremice
(Fig. 4E). These results indicate that Notch signaling up-regulated
IL-22 expression by inducing a natural ligand that resulted in AhR
signaling.
We tested up-regulated genes in T cell hybridoma transduced with

N2ICD by DNA microarray and evaluated genes involved in cell
development, signal transduction, and metabolism (Table S1). How-
ever, we could not find any molecules related to tryptophan metab-
olism. Therefore, we evaluated whether the 6-formylindolo [3,2-b]
carbazole (FICZ), a tryptophan photoproduct and an only known
endogenous ligand for AhR signaling, is involved in Notch-mediated
IL-22 production (21).Hence, we used Sep-Pak Plus C18 cartridges to
trackFICZactivity in our systembecause this cartridge can trapFICZ
very efficiently (21). We stimulated total spleen cells with N2ICD
supernatant, flow-through, and eluate of a Sep-Pak Plus C18 cartridge
in conjunction with anti-CD3mAb. The expression of both IL-22 and
Cyp1a1 was increased by N2ICD-transduced supernatant and flow-
through compared with that of EV (Fig. S7A). In contrast, we could
not detect any such activity in any elute fraction, suggesting that FICZ
is not involved in our system.Toexaminewhether theAhRstimulator
is a heat labile protein, we heated theflow-through to 95 °C for 10min
and used this flow-through to restimulate total spleen cells.We found
that heating the flow-through collected from N2ICD-transduced
supernatant abrogated the up-regulation of IL-22 and Cyp1a1 (Fig.
S7B), suggesting that Notch signaling induces the production of heat
labile molecules as AhR stimulators.

Discussion
Several studies have highlighted the importance of IL-22 in
inflammatory responses (20, 22, 23). Likewise, the role of AhR in
Th17 cells producing IL-22 has recently received much attention
(6, 7), although the environmental and endogenous agents that
control AhR-mediated IL-22 expression remain unclear. The
present data demonstrate that Notch signaling is crucial for IL-22
production fromCD4+T cells, which depends on the production of
endogenous stimulators of AhR signaling, but not STAT3. Block-
ade of Notch signaling in T cells increased susceptibility for ConA-
induced inflammatory hepatic injury due to dramatically reduced

IL-22 production, stressing the crucial role of Notch signaling in
IL-22 production. Because there are many endogenous molecules
able toactivateAhR(24), thephysiological ligands forAhRin terms
of Notch-mediated IL-22 production will be an interesting issue to
be addressed in the context of regulating inflammatory responses.
Mounting evidence supports that IL-22 production depends on

IL-23 or IL-6 (17). The present study revealed thatNotch signaling is
able to up-regulate IL-22 production from CD4+ T cells even in the
absence of STAT3 or up-regulation of RORγt, which are crucial for
IL-6 signaling or Th17 differentiation, respectively (16). These data
indicate that Notch-mediated IL-22 production is independent of
Th17 differentiation, which also excludes the possibility that Notch-
mediated IL-22 production results from nonspecific regulatory roles
ofNotchonTcell effector functions.As for the relationship between
Notch and STAT3 signaling, our data suggest that IL-22 production
is controlled by several signaling pathways, although each pathway
might converge. It would be interesting to test whether STAT3 or
Notch-AhR axis-mediated IL-22 production has distinct roles in
immune responses, or whether distinct cell types use a particular
signaling pathway to induce IL-22. In addition, we found in this study
that overexpression among active Notch1, Notch2, or Notch3 in
CD4+ T cells is able to up-regulate IL-22, indicating that any Notch
signaling is able to induce IL-22.Wedidnot observe decreased IL-22
production in Notch1- or Notch2-deficient mice, although it is pos-
sible that Notch1 and Notch2 compensate each other.
Previous studies havedemonstrated thatNotch signaling controls

many aspects of effector functionofnot onlyCD4+butalsoCD8+T
cells (10–15). We and other groups have demonstrated that Notch
signaling controls cytolytic effector functions in CD8+ T cells
(13, 25), and recent studieshave revealed that IL-22 is alsoproduced
by CD8+ T cells (17). Because the studies described in this report
used CD4-Cre transgenic mice to delete the RBP-J gene, both
CD4+ andCD8+T cells lack theRBP-J gene in our system because
of thymic expression of Cre in CD4+CD8+ T cells. Therefore, we
cannot completely deny the possibility that Notch also controls
IL-22 production from CD8+ T cells, which may contribute to the
susceptibility of ConA-induced hepatitis. However, we think such a
possibility is unlikely because we showed that CD8+ T cells did not
up-regulate IL-22afterConA injection. In addition, previouspapers
reported the contribution of NKT cells in the pathogenesis of
ConA-induced hepatitis (26, 27). Although those studies revealed
that the possible contribution of NKT cells is more likely inflam-
matory rather than anti-inflammatory, it would be important to
determine whether Notch controls IL-22 production by NKT cells.
Present studies revealed that overstimulation of Notch in CD4+

T cells is able to up-regulate IL-22 under neutral, Th1, Th2, and
Th17 promoting culture conditions. Those data suggest at least
three possibilities. The first possibility is that Notch signaling is
able to help express IL-22 even in fixed helper T cells. The second
one is thatNotch signaling up-regulates IL-22 in a small fraction of
naïve CD4+ T cells that did not receive enough cytokine signaling
to skew toward eachhelper cell lineage. The third one is thatNotch
signaling helps differentiation of new type of helper cells such as
IL-22 and IFN-γ or IL-22 and IL-4 double producer. To analyze
these possibilities in the future, it is necessary to examine cytokines
and transcription factors in a single cell, by establishing specific
antibodies useful for flow cytometoric analysis.
Our present studies have demonstrated that Notch-mediated

stimulation of CD4+ T cells helps produce AhR stimulators. The
AhR stimulators interact with CD4+ T cells, which up-regulates IL-
22 in CD4+ T cells as we showed in ConA-induced hepatitis model,
although AhR stimulators might also interact with other cells. We
found that aknownendogenousAhRligand,FICZ, isnot involved in
Notch-inducedAhR stimulation in ourmodel system, although heat
labile proteins do appear to be candidates for AhR stimulators. The
identificationof such endogenousAhRstimulatorswould contribute
not only to our understanding of themechanism howNotch controls
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IL-22production inTcells, but also toourunderstandingof theother
physiological roles of AhR in cellular responses.
Notch is crucial for a variety of behaviors in cells, including cell

proliferation, tumorigenesis, cell fate decisions, and embryogenesis.
It is thought that AhR-mediated environmental signals affect
tumorigenesis and cell differentiation (28). For instance, over-
stimulation of AhR by environmental signals might enhance phys-
iologicalNotch-mediatedAhRstimulation,whichwould contribute
toNotch over-activating phenotypes such as tumor cells or aberrant
cell fate decisions. Therefore, the newly identified Notch-AhR axis
would suggest not only a unique regulatory mechanism for inflam-
matory responses, but also a close link between the broad regulation
of Notch-mediated cell differentiation and environmental signals.
Our findings may also advocate for the manipulation of AhR
pathway components as a means to modulate cell activation or as a
therapy for Notch-mediated tumorigenesis.

Methods
Mice. Female C57BL/6 mice (6–8 weeks old) and Thy1.1 C57BL/6 mice were
obtained from Japan SLC or The Jackson Laboratory, respectively). RBP-Jflox/flox

mice crossed with CD4-Cre mice (15, 29) were further crossed with OT-II TCR
transgenic (Taconic)mice. STAT3flox/floxmice and STAT3flox/flox crossedwith lck-
Cre transgenic mice were reported (18). Mice were housed in the Animal
Research Center of the University of Tokushima under specific pathogen-free
conditions, and all animal work was approved by the Animal Research Com-
mittee of the University of Tokushima.

Cell Culture. Naive CD4+ T cells (CD4+CD62L+) were isolated from spleens by par-
amagnetic bead enrichment according to the manufacturer’s protocol (Miltenyi
Biotech). For purificationof total CD4+ cells, lymphnode cellswere incubatedwith
anti-B220, anti-CD32/16, anti-CD11b, and anti-CD8 mAbs followed by incubation
with anti-rat IgG-coated Dynabeads (Dynal). CD4+ T cells were further purified by
magnetic separation using biotin-conjugated anti-CD4 mAb and streptavidin
microbeads (Miltenyi Biotech). DCs were generated from mouse bone marrow
cellswithGM-CSF (R&DSystems). Threedaysafter thefinal retroviral infection,DCs

were stimulated with LPS (1 μg/mL; Sigma). After overnight stimulation with LPS,
CD11c+ cells were isolated by magnetic separation with CD11c microbeads (Mil-
tenyi Biotech). In some experiments, total spleen cells were labeled by 5-(and 6-)
carboxyfluorescein diacetate succinamidyl ester (CFSE; Invitrogen) as described
(13). For T cell stimulation, purified naive CD4+ OT-II TCR transgenic T cells were
stimulated with BMDCs pulsed with OVA323–339 peptide (Abgent). In some BMDC
and CD4+ T cell coculture experiments, the 20 μM concentration of γ-secretase
inhibitor (Calbiochem) was added. Retrovirus carrying N2ICD was used once to
infect CD4+ T cells 1 day after stimulationwith anti-CD3mAb. As for the different
helper T cell differentiation conditions, we stimulated total spleen cells with
anti-CD3 mAb with several combinations of cytokines and antibodies; Th1 [IL-12
(10 ng/mL) plus anti IL-4 mAb (10 μg/mL)], Th2 [IL-4 (30 ng/mL) plus anti-IL-12
mAb (10 μg/mL)] and Th17 [IL-6 (10 ng/mL) and TGF-β (2 ng/mL) plus anti IL-4mAb
(10 μg/mL) and anti IL-12 mAb (10 μg/mL)] throughout the culture.

Retroviral Infection. Total spleen cells were stimulated with anti-CD3 mAb
(1 μg/mL) for 24 h and then retrovirus carrying N1ICD, N2ICD, or N3ICD were
used once for infection. Finally, cytokine expression was analyzed 48 h after
further stimulation with anti-CD3 mAb (1 μg/mL). The retroviral infection
protocol under Th1, Th2, and Th17 culture conditions is the same as in
neutral conditions. For naive CD4+ T cells, infection procedures were the
same as that of total splenocytes except that the cells were stimulated with
plate-bound anti-CD3 mAb (1 μg/mL) instead of soluble anti-CD3 mAb. The
DL1 gene was transduced into DCs via retroviral gene delivery repeated a
total of three times (days 0, 1, and 2) as described (13).

ELISA. IL-22 in culture supernatants was measured by using an ELISA kit (R&D
Systems). In the experiment shown in Fig. 1D, a FlowCytomix kit (Bender Med-
systems) was used.
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