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The Journal of Immunology

Notch Balances Th17 and Induced Regulatory
T Cell Functions in Dendritic Cells by Regulating
Aldh1a2 Expression

Taskia Sultana Zaman, Hideki Arimochi, Satoshi Maruyama, Chieko Ishifune,

Shin-ichi Tsukumo, Akiko Kitamura, and Koji Yasutomo

Dendritic cells (DCs) are important for adaptive immune responses through the activation of T cells. The molecular interplay be-

tween DCs and T cells determines the magnitude of T cell responses or outcomes of functional differentiation of T cells. In this study,

we demonstrated that DCs in mice that are Rbpj deficient in CD11c+ cells (Rbpj2/2 mice) promoted the differentiation of IL-17A–

producing Th17 cells. Rbpj-deficient DCs expressed little Aldh1a2 protein that is required for generating retinoic acid. Those DCs

exhibited a reduced ability for differentiating regulatory T cells induced by TGF-b. Rbpj protein directly regulated Aldh1a2

transcription by binding to its promoter region. The overexpression of Aldh1a2 in Rbpj-deficient DCs negated their Th17-

promoting ability. Transfer of naive CD4+ T cells into Rag1-deficient Rbpj2/2 mice enhanced colitis with increased Th17 and

reduced induced regulatory T cells (iTreg) compared with control Rag1-deficient mice. The cotransfer of iTreg and naive CD4+

T cells into Rag1-deficient Rbpj2/2 mice improved colitis compared with transfer of naive CD4+ T cell alone. Furthermore,

cotransfer of DCs from Rbpj2/2 mice that overexpressed Aldh1a2 or Notch-stimulated DCs together with naive CD4+ T cells into

Rbpj2/2 Rag1-deficient mice led to reduced colitis with increased iTreg numbers. Therefore, our studies identify Notch signaling

in DCs as a crucial balancer of Th17/iTreg, which depends on the direct regulation of Aldh1a2 transcription in DCs. The Journal

of Immunology, 2017, 199: 1989–1997.

D
endritic cells (DCs) are specialized APCs for T cell
activation and differentiation in lymphoid organs (1).

Immature DCs are activated through pattern recognition

receptors, including TLR. Activated mature DCs express high

levels of coreceptor molecules, including CD80 and CD86, re-

quired for T cell activation (2, 3). Mature DCs also secrete various

types of cytokines to enhance or dampen T cell differentiation in a

context-dependent manner (3).
Notch is an evolutionarily conserved molecule, and mammals

have four Notch receptors and five Notch ligands. The interaction

between Notch and its ligands induces the cleavage of Notch re-

ceptors, and the intracellular domain of Notch translocates into the

nucleus (4, 5). The intracellular domain of Notch interacts with

recombinant binding protein suppressor of hairless (Rbpj), which

further recruits mastermind-like 1 and p300 and controls gene

expressions. We and other groups have revealed that Notch sig-

naling has diverse roles in immune cell activation and survival.

For instance, Notch regulates the effector function of CD4 and

CD8 T cells. Notch also controls the survival of memory CD4
T cells (4–8). Notch is known to control the survival of CD82 DCs
(9), and Notch2 deletion leads to the loss of CD11b+CD103+ DCs
in the intestinal lamina propria with decreases of IL-17–producing
CD4+ T cells in the intestine (10). Furthermore, Notch2-dependent
intestinal CD11b+ DCs secrete IL-23 required for survival post-
infection with Citrobacter rodentium (11).
Retinoic acid (RA) is a natural metabolite of vitamin A and

contributes to the differentiation of regulatory T cells (Tregs) by
enhancing TGF-b signaling through activation of Smad3 (12–14)
while simultaneously inhibiting proinflammatory Th17 differen-
tiation (14). RA cannot be synthesized de novo by animals. In-
stead, it must be obtained from retinol. Retinol is oxidized to
retinaldehyde, which in turn is converted to RA by retinaldehyde
dehydrogenases, including Aldh1a2.
In this study, we demonstrate that Rbpj-deficient DCs strongly

induce IL-17A–producing CD4+ T (Th17) cells. The Rbpj-deficient
DCs express lower amounts of Aldh1a2 than control DCs and thus
have a reduced capacity to promote induced Treg (iTreg) differ-
entiation. Using a naive T cell transfer model, we found that mice
that lack Rbpj in CD11c-positive cells exhibited high sensitivity to
colitis compared with wild-type mice. Those data demonstrate that
Notch signaling in DCs acts as a suppressor for Th17 cells by
controlling iTreg differentiation through RA synthesis. Further-
more, the strong regulation by Notch-treated DCs, as well as by
direct Notch agonists in vivo, suggests potential clinical implica-
tions for autoimmune diseases.

Materials and Methods
Mice

C57BL/6 mice were purchased from Japan SLC (Hamamatsu, Japan).
OT-II TCR transgenic and Rag12/2 mice were purchased from Taconic.
All mice were maintained under specific pathogen-free conditions in the

Department of Immunology and Parasitology, Graduate School of Medicine, Tokush-
ima University, Tokushima 770-8503, Japan

Received for publication May 4, 2017. Accepted for publication July 6, 2017.

This work was supported by a grant from KAKENHI (26110008).

The sequences presented in this article have been submitted to the Gene Expression
Omnibus (http://www.ncbi.nlm.nih.gov/geo/) under accession number GSE100593.

Address correspondence and reprint requests to Prof. Koji Yasutomo, Department of
Immunology and Parasitology, Graduate School of Medicine, Tokushima University,
3-18-15 Kuramoto, Tokushima 770-8503, Japan. E-mail address: yasutomo@tokushima-u.
ac.jp

The online version of this article contains supplemental material.

Abbreviations used in this article: ChIP, chromatin immunoprecipitation; DC, den-
dritic cell; iTreg, induced Treg; qPCR, quantitative PCR; RA, retinoic acid; Th17, IL-
17A–producing CD4+ T; Treg, regulatory T cell; tTreg, thymus-derived Treg.

Copyright� 2017 by The American Association of Immunologists, Inc. 0022-1767/17/$35.00

www.jimmunol.org/cgi/doi/10.4049/jimmunol.1700645

 by guest on Septem
ber 18, 2017

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.ncbi.nlm.nih.gov/geo/
mailto:yasutomo@tokushima-u.ac.jp
mailto:yasutomo@tokushima-u.ac.jp
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1700645/-/DCSupplemental
http://www.jimmunol.org/


animal research center of Tokushima University, and all animal exper-
iments were approved by the animal research committee of Tokushima
University and performed in accordance with our institution’s guidelines
for animal care and use.

T cell proliferation assay in vitro and in vivo

Naive CD4+CD62L+CD252CD44low T cells were isolated from the spleens
of C57BL/6 mice or OT-II TCR transgenic mice with a naive CD4+ T cell
isolation kit (Miltenyi Biotec, Auburn, CA). T cells (1 3 106/well) were
stimulated with DCs (5 3 105/well) in 48-well plates in the presence of
anti-CD3 mAb (2C11; 1 mg/ml) or OVA peptide (323–339; 1 mg/ml). In
some experiments, anti–IL-6 mAb (MAB406; R&D Systems) (10 mg/ml),
RA (10 nM; Sigma-Aldrich), or RA inhibitor (LE540, 1 mM; Wako) was
added to the culture. CFSE-labeled naive CD4+ T cells (33 106) from OT-
II TCR transgenic mice were transferred into nonirradiated recipient mice,
and OVA peptide emulsified with CFA was immunized 2 d after T cell
transfer.

Culture of bone marrow–derived DCs

Bone marrow cells were harvested from femurs and tibias of C57BL/6 mice
and cultured with 20 ng/ml GM-CSF for 5 d. CD8a2CD11c+ DCs were
then purified by flow cytometric sorting. Total RNA from DCs from Rbpj+/+

or Rbpj2 /2 was isolated with Reliaprep RNA cell miniprep system
(Promega), and their expressions were evaluated with Whole Mouse Ge-
nome Microarray 4 3 44K v2 (Agilent). The raw data and normalized
results were deposited in Gene Expression Omnibus (http://www.ncbi.nlm.
nih.gov/geo/) under accession GSE100593. Retrovirus vector (pKE004)
(6) carrying mouse Aldh1a2 was constructed. Retrovirus was obtained by
transfecting the vector in Plat-E cells (15). Retrovirus was spin infected in
DCs twice (days 0 and 1). In some experiments, CD8a2CD11c+ DCs were
stimulated with Delta1-Fc (10 mg/ml) or control IgG (6) for 24 h.

The generation of iTreg

Naive CD4+CD62L+CD252CD44low T cells were isolated from spleen
cells of C57BL/6 mice with a naive CD4+ T cell isolation kit (Miltenyi
Biotec). Cells were cultured in 48-well plates and stimulated with anti-
CD3 mAb (2C11; 1 mg/ml) and DCs in the presence of TGF-b (2 ng/ml;
R&D Systems) for 3 d.

T cell suppression assay

Graded numbers of thymus-derived Tregs (tTregs) or iTregs or naive CD4+

T cells (2 3 105) were cultured with DCs (1 3 105) and anti-CD3 mAb
(2C11, 1 mg/ml). The tTregs were isolated with a Treg isolation kit
(Miltenyi Biotec). Cells were cultured for 3 d, and 1 mCi/well [3H]
thymidine was added for the last 8 h of culture. The proliferation was
analyzed by assessing thymidine incorporation.

Splenic DC isolation

Using a 26G needle, spleens were infused with collagenase D (Roche) and
DNase I (2 mg/ml) (Roche) enzymes dissolved in prewarmed RPMI 1640
media containing 10%FBS. The spleenswere shredded and incubated at 37˚C
for 1 h. Small pieces were mashed with a glass slide, and RBC were lysed by
NH4Cl. CD11c

+CD8a2 and CD11c+CD8a+ DCs were sorted with a BD
FACS Aria III (BD Biosciences).

T cell–mediated colitis

Naive CD4+ T cells were isolated from C57BL/6 mice using a naive CD4+

T cell isolation kit (Miltenyi Biotec), and cells were transferred to recipient
mice (43 105 cells per mouse) by i.p. injection. In some experiments, DCs
(1 3 106 cells per mouse) or in vitro generated iTreg (1 3 105 cells per
mouse) were transferred into recipient mice at 5-d intervals that began
when naive CD4+ T cells were transferred.

FIGURE 1. Enhanced Th17 differentiation in Rbpj2/2 mice. (A) Bone marrow–derived CD8a2CD11c+ cells from Rbpj2/2 or Rbpj+/+ mice were

cultured with CD4+ T cells from OT-II TCR transgenic mice in the presence of OVA peptide for 3 d. The concentration of IL-17A in the supernatant was

evaluated by ELISA. Data are mean 6 SD. **p , 0.01. (B) The proliferation of T cells was evaluated by [3H]thymidine incorporation during the final 6 h.

Data are mean 6 SD. *p , 0.05, **p , 0.01. (C) CFSE-labeled CD4+ T cells from OT-II TCR transgenic mice (Thy1.1) were transferred into Rbpj2/2 or

Rbpj+/+ mice (n = 5 in each group). OVA peptide emulsified with CFAwas immunized 2 d after T cell transfer. T cell proliferation was evaluated 4 d after

OVA immunization by CFSE intensity. The number in the upper panel shows the percentage of CD4+Thy1.1+ cells in the total CD4+ cell population. The

number in the lower panel shows mean fluorescence intensity of CD4+Thy1.1+ cells. (D) CD4+ T cells from OT-II TCR transgenic mice were transferred

into Rbpj2/2 or Rbpj+/+ mice (n = 5 in each group). OVA peptide emulsified with CFAwas immunized 2 d after T cell transfer. Thy1.1+ cells were sorted

7 d after OVA immunization and stimulated with OVA peptide for 3 d. The concentration of IL-17A in the supernatant was evaluated by ELISA. Data are

mean 6 SD. These data are representative of three independent experiments. **p , 0.01.

1990 Notch AND Aldh1a2 REGULATION IN DCs

 by guest on Septem
ber 18, 2017

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
http://www.jimmunol.org/


Flow cytometric analysis

Cells were first incubated with 2.4G2 for 10 min on ice. Then multicolor
staining was conducted using combinations of the indicated mAbs. The
following Abs were used: CD11b (Tonbo Biosciences), CD11c (Tonbo
Biosciences), MHCII (BD Biosciences), and CD8a (Tonbo Biosciences).
Foxp3 staining was performed according to the BD Biosciences protocol.
After staining, cells were incubated for 15–20 min and samples were
assessed using a flow cytometer (BD FACS CANTO II).

Real-time PCR

Total RNAs were isolated with the Reliaprep RNA cell miniprep system
(Promega), transcribed to cDNA, and assayed by quantitative PCR (qPCR)
on a Step-One RT-PCR system (Applied Systems) using SBYR green in-
corporation. All gene expression levels were normalized to Hprt, and
relative expression was calculated using the DD cycle threshold method.
All primer pairs were validated for amplification efficiency. The following
primers were used: Aldh1a2, forward, 59-ATGGGTGAGTTTGGCTTACG-
39 and reverse, 59-GGTTCATTGGAAGGCAGAAA-39; Hprt, forward, 59-
AGCCTAAGATGAGCGCAAGT-39 and reverse, 59-TTACTAGGCAGATG-
GCCACA-39; and Dtx1, forward, 59-CTGCACCCACCACCAGTAAG-39 and
reverse, 59-TGTACCTCCGAACCACATCC-39.

Chromatin immunoprecipitation

DCs (6 3 106) were fixed with 1% formaldehyde/PBS for 5 min and
washed with ice-cold PBS. Cell nuclei were isolated by the addition of

lysis buffer and centrifugation. Lysates were sonicated, and the DNA was
sheared to an average length of 200 bp. Then anti-Rbpj (D10A4) rabbit
mAb (Cell Signaling) or isotype control rabbit mAb IgG (Cell Signaling)
was added. Genomic DNA (Input) was prepared by treating aliquots of
chromatin with RNase, proteinase K, and heat for decross-linking. Fol-
lowing immunoprecipitation with Dynabeads protein G (Invitrogen),
complexes were washed and eluted from the beads with buffer elution
(10% SDS, 1 M NaHCO3) and subjected to RNase and proteinase K
treatment. Cross-links were reversed by incubation overnight at 65˚C, and
chromatin immunoprecipitation (ChIP) DNA was purified by QIAquick
PCR Purification/Gel Extraction Kit (Qiagen). Ethanol precipitation was
used for the preparation of ChIP-qPCR analysis. qPCR reactions were
carried out on specific genomic regions using SYBR Green SuperMix
(Applied Biosystems). For the positive control and the negative control,
Dtx1 and Cnot3, respectively, were used. The following primers were used:
Aldh1a2, forward, 59-TTCAGGACAAAATGCCCACT-39 and reverse, 59-
GATCTCAGCCCACCTTCTGA-39; Dtx1, forward, 59-CACACACCCT-
CCTGCAGTC-39 and reverse, 59-CAGGGAGAGAGTCTCGATGC-39;
and Cnot3, forward, 59-CAAGACATGGGTAGCATCAA-39 and reverse,
59-TGGTTTCTAACCGTCTCAAT-39. The relative expression was cal-
culated by the DD cycle threshold method. All primer pairs were validated
for amplification efficiency.

ELISA

The concentrations of IL-17A and TGF-b were assessed with ELISA kits
(mouse IL-17A ELISA Ready-SET-Go! and TGF-b 1 ELISA Ready-SET-
Go!; Affymetrix, eBioscience).

FIGURE 2. Direct regulation of Aldh1a2 by Notch. (A) CD4+ T cells from OT-II TCR transgenic mice were stimulated with OVA protein and bone

marrow–derived CD8a2CD11c+ cells from Rbpj2/2 or Rbpj+/+ mice in the presence of anti–IL-6 mAb (closed) or control IgG (open) (10 mg/ml) for 3 d.

The concentration of IL-17A in the supernatant was evaluated by ELISA. Data are mean 6 SD. **p , 0.01. (B) The expression of Aldh1a2 in bone

marrow–derived CD8a2CD11c+ cells from Rbpj2/2 or Rbpj+/+ mice was assessed by real-time PCR (left) and Western blot (right). Data are mean 6 SD.

**p , 0.01. (C) The expression of Aldh1a2 in sorted CD11c+CD8a2 or CD11c+CD8a+ DCs from the spleens of Rbpj2/2 (open) or Rbpj+/+ (closed) mice.

Data are mean 6 SD. **p , 0.01. (D) Configuration of the Aldh1a2 gene. Numbers (1–4) in red indicate the putative Rbpj binding regions. Chromatin

samples from CD8a2CD11c+ DCs were immunoprecipitated with anti-Rbpj Ab. Enrichment of Rbpj binding sites was assessed by real-time PCR. Data are

shown as percent values against input DNA. The data shown in this figure are representative of three independent experiments.
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Western blotting and blue native PAGE

Cell pellets were lysed in cold radioimmunoprecipitation assay buffer
(Wako Pure Chemical Industries) and protease inhibitor (Roche), and the
lysates were boiled in SDS loading dye. The samples were resolved by SDS-
PAGE, and the blots were incubated with anti-Aldh1a2 (F1804; Sigma-
Aldrich) Ab. They were next incubated with peroxidase-conjugated goat
anti-mouse IgG (31430; Pierce Biotechnology) or goat anti-rabbit IgG (170-
6515; Bio-Rad) Abs. As a control, membranes were probed with polyclonal
anti-actin (A2066; Sigma-Aldrich) and HRP-conjugated goat anti-rabbit
IgG Abs (170-6515; Bio-Rad). ECL prime Chemiluminescent Substrate
(GE Healthcare) was added to the membranes, after which they were
analyzed with the Lumino Image Analyzer (GE Healthcare).

Statistics

The statistical significance of between-group differences was evaluated by
an unpaired, a two-tailed t test, or a parametric Dunnett test. A p value
,0.05 was considered significant.

Results
DCs from Rbpj2/2 mice promoted Th17 differentiation

We first sought to investigate whether Notch signaling in DCs
affected T cell functions. As Rbpj is a crucial regulator of Notch
signaling (4, 16), we crossed Rbpjflox/flox mice with CD11c-Cre
transgenic (Rbpj2/2) mice to delete Rbpj from DCs. Rbpj+/+ mice
with CD11c-Cre transgenic (Rbpj+/+) mice were used as the
controls. Bone marrow cells from Rbpj2/2 or Rbpj+/+ were cul-
tured in the presence of GM-CSF for 7 d. The resultant purified
CD8a2CD11c+ cells were cocultured with CD4+ T cells from OT-
II TCR transgenic mice in the presence or the absence of OVA

peptide. After 3 d of culture, we tested the production of IL-17A
by CD4+ T cells. The stimulation of CD4+ T cells in the presence
of DCs from Rbpj2/2 mice enhanced the production of IL-17A
compared with those from Rbpj+/+ mice (Fig. 1A). The expression
levels of coreceptor molecules, including MHC class II, were
equivalent for DCs from wild-type and Rbpj2 /2 mice
(Supplemental Fig. 1). The secretion levels of IFN-g and IL-4
were equivalent for DCs from Rbpj+/+ and Rbpj2 /2 mice
(Supplemental Fig. 2). We compared the CD4+ T cells’ prolifer-
ation between those two groups in vitro and found increased CD4+

T cell proliferation when stimulated with DCs from Rbpj2/2 mice
(Fig. 1B). We also evaluated the effect on T cell proliferation
in vivo. CFSE-labeled OT-II T cells were transferred into Rbpj2/2

or Rbpj+/+ mice that were subsequently immunized with OVA
protein emulsified with CFA. The donor (Thy1.1) and host (Thy1.
2) T cells could be distinguished by Thy1.1 or Thy1.2 expression.
The CFSE in CD4+ T cells was diluted more in Rbpj2/2 recipients
than wild type (Fig. 1C), indicating that the absence of Notch
signaling in DCs permitted increased CD4+ T cell proliferation.
To evaluate the role of Notch-mediated DC functions in vivo,

CD4+ T cells from OT-II TCR transgenic mice were transferred
into Rbpj2/2 or control mice that were subsequently immunized
with OVA peptide. The CD4+ T cells were purified 7 d after im-
munization and stimulated with OVA peptide. The concentrations
of IL-17A in the supernatant were measured. The CD4+ T cells
purified from Rbpj2/2 mice produced more IL-17 than did cells
from Rbpj+/+ mice (Fig. 1D). Collectively, those data indicated
that the deficiency of Rbpj in DCs augmented Th17 differentiation.

FIGURE 3. Notch-mediated regulation of RA controls Th17. (A) CD4+ T cells from OT-II TCR transgenic mice were stimulated with OVA peptide and

bone marrow–derived CD8a2CD11c+ cells from Rbpj2/2 or Rbpj+/+ mice in the presence or absence of RA (0.5 nM) for 3 d. The concentration of IL-17A

in the supernatant was evaluated by ELISA. Data are mean 6 SD. *p , 0.05, **p , 0.01. (B) CD4+ T cells from OT-II TCR transgenic mice were

stimulated with OVA peptide and bone marrow–derived CD8a2CD11c+ cells from Rbpj2/2 (closed squares) or Rbpj+/+ mice (open circles) in the presence

of various concentration of RA inhibitor for 3 d. The concentration of IL-17A in the supernatant was evaluated by ELISA. Data are mean 6 SD. **p ,
0.01. (C) CD4+ T cells from OT-II TCR transgenic mice were stimulated with OVA peptide and bone marrow–derived CD8a2CD11c+ cells from Rbpj2/2

mice infected with control retrovirus or retrovirus carrying the Aldh1a2 gene for 3 d. As the control, CD8a2CD11c+ cells from Rbpj+/+ mice or uninfected

CD8a2CD11c+ cells from Rbpj2/2 mice were used. The concentration of IL-17A in the supernatant was evaluated by ELISA. Data are mean 6 SD. The

data shown in this figure are representative of three independent experiments. **p , 0.01. ND, not detected.
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IL-6 was required for Th17 differentiation by DCs from
Rbpj2/2 mice

The differentiation of Th17 requires IL-6 signaling (17). Thus, we
tested the contribution of IL-6 to the enhancement of Th17 dif-
ferentiation by DCs from Rbpj2/2 mice. CD4+ T cells from OT-II
TCR transgenic mice were stimulated with DCs from Rbpj2/2

mice and OVA peptide in the presence or absence of anti–IL-6
blocking mAb. The addition of anti–IL-6 mAb inhibited the en-
hanced Th17 differentiation of DCs from Rbpj2/2 mice (Fig. 2A).
To evaluate the molecular mechanisms by which DCs from

Rbpj2/2 mice enhanced Th17 differentiation, we compared the
mRNA expression of bone marrow–derived DCs from Rbpj2/2

and Rbpj+/+ mice using DNA microarray (accession GSE100593
in Gene Expression Omnibus). We found that the expression of
Aldh1a2 that is essential for the synthesis for RA was less in DCs
from Rbpj2/2 than from control mice. We confirmed the reduced
expression of Aldh1a2 in DCs from Rbpj2/2 mice by real-time
PCR and Western blotting (Fig. 2B). We also evaluated the ex-
pression of Aldh1a2 in CD8a2 or CD8a+ splenic DCs from
Rbpj2/2 or Rbpj+/+ mice (Fig. 2C). The expression of Aldh1a2
was reduced only in CD8a2 DCs in Rbpj2/2 mice.
We analyzed whether Notch signaling directly regulated the

transcription of Aldh1a2 by ChIP assay. As the positive control,
the Dtx1 gene (known as a Notch target gene) was used. There are

four putative Rbpj binding regions in the Aldh1a2 gene. The ChIP
assay revealed that Rbpj bound only to number 3 at intron 7 of the
Aldh1a2 gene (Fig. 2D), which demonstrates that Rbpj directly
controls Aldh1a2 transcription.

RA was involved in suppressive functions of DCs from
Rbpj2/2 mice

RA inhibits IL-6–mediated Th17 differentiation and promotes
anti-inflammatory Treg differentiation (13). The effect of RA in
the suppression of T cells is attributable to direct T cell sup-
pression as well as promotion of iTreg differentiation (12, 13, 18,
19). Thus, we tested the effect of RA or an inhibitor of RA on
Th17 differentiation induced by DCs from Rbpj2/2 mice. OVA
peptide stimulation of OT-II T cells with DCs from Rbpj+/+ mice
in the presence of RA suppressed Th17 cells (Fig. 3A), indicating
that RA suppressed Th17 cells in this culture system. RA could
also suppress Th17 cells when DCs from Rbpj2/2 mice were used.
The addition of the RA inhibitor in cocultures of OT-II T cells
with DCs from Rbpj+/+ mice promoted Th17 differentiation to a
level equivalent to Rbpj2/2 DCs (Fig. 3B).
To directly analyze whether low expression of Aldh1a2 in DCs

from Rbpj2/2 mice was attributable to the increase of Th17,
Aldh1a2 was transduced into DCs from Rbpj2 /2 mice. The
overexpression of Aldh1a2 in Rbpj-deficient DCs reduced Th17

FIGURE 4. Aldh1a2 regulates iTreg differentiation. (A) CD4+ T cells and CD4+CD25+ T cells from C57BL/6 mice were stimulated by anti-CD3 mAb

(1 mg/ml) with bone marrow–derived CD8a2CD11c+ cells from Rbpj2/2 (open circles) or Rbpj+/+ (closed squares) mice for 3 d. T cell proliferation was

evaluated by measuring incorporation of [3H]thymidine during the final 8 h. Data show the ratio of the value of a particular culture/value without CD4+CD25+

T cells. Data are mean 6 SD. (B) Naive CD4+ T cells from C57BL/6 mice were stimulated by anti-CD3 mAb (1 mg/ml) and bone marrow–derived CD8a2

CD11c+ cells from Rbpj2/2 or Rbpj+/+ mice in the presence of TGF-b (2 ng/ml) for 3 d. Foxp3+ cells in the CD4+ T cell population were evaluated by flow

cytometry. The number in the figure indicates the number of Foxp3+ cells in CD4+ T cells. Data from three independent experiments are shown as mean6 SD.

*p , 0.05. (C) Naive CD4+ T cells from C57BL/6 mice were stimulated by anti-CD3 mAb (1 mg/ml) and bone marrow–derived CD8a2CD11c+ cells from

Rbpj2/2 or Rbpj+/+ mice in the presence of TGF-b (2 ng/ml) for 3 d. After washing the cells, T cells were stimulated with anti-CD3 mAb (1 mg/ml) for 48 h in

the presence of irradiated spleen cells from C57BL/6 mice. The concentration of TGF-b in the culture supernatant was evaluated by ELISA. Data are mean 6
SD. *p , 0.05. (D) iTregs were obtained by stimulation of naive CD4+ T cells by anti-CD3 mAb (1 mg/ml) and bone marrow–derived CD8a2CD11c+ cells

infected with control retrovirus (black) or Adh1a2-carrying retrovirus (red) from Rbpj2/2 (circles) or Rbpj+/+ (squares) mice in the presence of TGF-b (2 ng/ml)

for 3 d. CD4+ T cells and iTreg were stimulated by anti-CD3 mAb (1 mg/ml) with bone marrow–derived CD8a2CD11c+ cells from C57BL/6 mice for 3 d. T

cell proliferation was evaluated by measuring incorporation of [3H]thymidine during the final 8 h. Data show the ratio of the value of particular culture/value

without CD4+CD25+ T cells. Data are mean 6 SD. The data are representative of three independent experiments.
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differentiation (Fig. 3C). Collectively, those data demonstrated
that Notch signaling in DCs is required for upregulating Aldh1a2,
which is important for balancing Th17 differentiation.

Lower production of RA from DCs from Rbpj2/2 mice
decreased iTreg differentiation

We investigated the capability of DCs from Rbpj2/2 mice to
suppress the function of tTregs. Different ratios of naive CD4+

T cells and tTregs were stimulated with anti-CD3 mAb in the
presence of DCs from Rbpj2/2 or Rbpj+/+ mice. The suppressive
activity of tTregs was similar between DCs from Rbpj2/2 and
Rbpj+/+ mice at all examined cell ratios (Fig. 4A).
We next evaluated how DCs from Rbpj2/2mice affected in vitro

differentiation of iTregs. Naive CD4+ T cells were stimulated with
anti-CD3 mAb with DCs from Rbpj2/2 or Rbpj+/+ mice in the
presence of TGF-b. The DCs from Rbpj2/2 mice decreased
Foxp3+ cell numbers compared with those from Rbpj+/+ mice
(Fig. 4B). Three days after T cell stimulation, cells were washed
and stimulated with anti-CD3 mAb for 2 d, and secretion of
TGF-b was evaluated. The T cells stimulated by DCs from Rbpj2/2

mice produced less TGF-b than those stimulated by DCs from
control mice (Fig. 4C). We next evaluated the suppressive ability
of CD4+CD25+ T cells after culture of naive CD4+ T cells with
DCs from Rbpj2/2 mice in the presence of TGF-b. The CD4+

CD25+ T cells after coculture with DCs from Rbpj2/2 mice had a
weaker suppressive ability with less Foxp3+ cells (Supplemental
Fig. 3) against effector CD4+ T cells compared with CD4+CD25+

T cells after culture with DCs from Rbpj+/+ mice (Fig. 4D).
However, CD4+CD25+ T cells stimulated by DCs from Rbpj2/2

mice that overexpressed Aldh1a2 had T cell suppressive activity

that was equivalent to control DCs with increased Foxp3+ cells
(Fig. 4D, Supplemental Fig. 3). Taken together, those data demon-
strated that the absence of Notch signaling in CD11+ cells dampens
the ability to promote iTreg differentiation, which is dependent on
Aldh1a2 expression.

T cell transfer-mediated colitis was more evident in Rbpj2/2;
Rag12/2 than in Rbpj+/+;Rag12/2 mice

We evaluated the roles of Notch signaling in DCs in vivo by
transferring naive CD4+ T cells into Rbpj2/2 or Rbpj+/+ mice that
lacked the Rag1 gene (Rbpj2/2;Rag12/2 or Rbpj+/+;Rag12/2,
respectively). The transfer of naive CD4+ T cells into Rbpj+/+;
Rag12/2 mice caused colitis with body weight loss that was first
seen 3 wk after T cell transfer (Fig. 5A). The body weight loss was
more evident in Rbpj2/2;Rag12/2 mice than Rbpj+/+;Rag12/2

mice. The concentration of serum IL-17A 27 d after T cell transfer
was higher in Rbpj2/2;Rag12/2 mice than in Rbpj+/+;Rag12/2

mice (Fig. 5B). T cells were purified from mice that received naive
CD4+ T cells and stimulated with anti-CD3 mAb for 2 d, and IL-
17A production was measured (Fig. 5C). Donor CD4+ T cells
recovered from Rbpj2/2;Rag12/2 mice produced more IL-17A
than did those from Rbpj+/+;Rag12/2 mice, indicating that Th17
differentiation was enhanced in Rbpj2/2;Rag12/2 recipients. The
number of CD4+Foxp3+ cells in the spleen was lower in Rbpj2/2;
Rag12/2 mice than Rbpj+/+;Rag12/2 mice that received naive
CD4+ T cells 27 d after T cell transfer (Fig. 5D). We then trans-
ferred iTregs with naive CD4+ T cells into Rbpj2/2;Rag12/2

mice. The cotransfer of iTreg ameliorated the colitis (Fig. 5E),
demonstrating that the reduced number of iTregs was attributable
to the enhanced colitis in Rbpj2/2;Rag12/2 recipient mice.

FIGURE 5. Aldh1a2 in DCs regulates colitis. (A) Mice (n = 6 in each group) were i.v. injected with splenic CD4+CD252 T cells (4 3 105 cells). Body

weight after T cell transfer in Rbpj2/2;Rag12/2 (closed circles) or Rbpj+/+;Rag12/2 mice (open squares). Data are mean 6 SD. *p , 0.05. (B) Serum

concentration of IL-17A 27 d after T cell transfer. Data are mean 6 SD. *p , 0.05. (C) CD4+ T cells were purified from spleens in Rbpj2/2;Rag12/2 or

Rbpj+/+;Rag12/2 mice transplanted with naive CD4+ T cells (27 d after T cell transfer), and stimulated with anti-CD3 mAb (1 mg/ml) for 2 d. (D)

Percentage of Foxp3+ cells in total splenic CD4+ T cells in Rbpj2/2;Rag12/2 or Rbpj+/+;Rag12/2 mice 27 d after transplantation of naive CD4+ T cells. (E)

Mice (n = 6 in each group) were i.v. injected with splenic naive CD4+ T cells (4 3 105 cells) into Rbpj2/2;Rag12/2 (green) or Rbpj+/+;Rag12/2 (yellow)

mice. The iTregs (1 3 105 cells) (red) were transferred into Rbpj2/2;Rag12/2 mice at 5-d intervals that began at T cell transfer. Data are mean 6 SD. The

data are representative of three independent experiments. *p , 0.05 (green and red).
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Aldh1a2 overexpression or Notch stimulation of DCs could
ameliorate colitis after T cell transfer

We evaluated whether decreased expression of Aldha12 in DCs
from Rbpj2/2;Rag12/2 mice was attributable to the colitis. Thus,
DCs from Rbpj2/2 mice transduced with Aldh1a2 were cotrans-
planted with naive CD4+ T cells into Rbpj2/2;Rag12/2 mice. The
transduction of Aldh1a2 did not affect the DC survival itself
(Supplemental Fig. 4). The body weight loss was much milder in
Rbpj2/2;Rag12/2 mice transplanted with Aldh1a2-expressing
DCs than Rbpj2/2;Rag12/2 mice transplanted with control DCs
(Fig. 6A). CD4+Foxp3+ T cells were increased by transferring
DCs overexpressing Aldh1a2 compared with control DCs (Fig. 6B).
Finally, we evaluated whether stimulation of DCs from C57BL/6

mice had a greater ability to suppress colitis. We treated DCs from
C57BL/6 mice with soluble Delta1-Fc and cotransplanted them
with naive CD4+ T cells into Rbpj2/2;Rag12/2 mice. The body
weight loss was milder in Rbpj2/2;Rag12/2 mice transplanted
with control DCs (Fig. 6C). CD4+Foxp3+ T cell numbers were
increased by transferring DCs stimulated with Delta1-Fc com-
pared with control DCs (Fig. 6D). Those data demonstrated that
the loss of Notch signaling in CD11c-positive cells resulted in
reduced expression of Aldh1a2, and this was responsible for the
enhancement of colitis.

Discussion
RA has multiple functions in the immune systems, and its synthesis
is regulated by Aldh1a2 (20). In this study, we demonstrated that
Rbpj-deficient DCs have Th17-promoting activity with lower
levels of Aldh1a2 expression than control DCs. Rbpj deficiency in
DCs did not affect secretion of IFN-g or IL-4 from CD4+ T cells,

although Notch in T cells regulates Th1, Th2, and Th17 programs
(21). Overexpression of Aldh1a2 in Rbpj-deficient DCs could
negate Th17-promoting ability. Transfer of naive CD4+ T cells
into Rag12/2 mice that lacked Rbpj in CD11c+ cells exhibited
more severe colitis than did control Rag12/2 host. ChIP assays
revealed that Notch directly regulated the promoter activity of
Aldh1a2. Those data demonstrate that Notch in DCs is a crucial
modulator of iTreg/Th17 differentiation through its control of RA
synthesis.
The high level of expression of Aldh1a2 was initially reported in

DCs in mesenteric lymph nodes and Peyer’s patches (22), which
revealed the contribution of RA to mucosal immunity. Subsequent
studies showed that, outside of the gut, the majority of peripheral
DCs express Aldh1a2 when they are upregulated by GM-CSF (23)
and the TLR2 agonist zymosan, suggesting the important function
of RA in DCs in peripheral tissues. Our ChIP assays demonstrated
that Notch signaling directly regulated Aldh1a2 gene transcrip-
tion. Although one article reported that overexpression of a con-
stitutively active form of Notch1 in the regenerating fin led to
increased expression of aldh1a2 in Zebrafish (24), the direct
regulation of Aldh1a2 by Notch has not been reported. Aldh1a2-
deficient mice die by embryonic day 10.5 with impaired hindbrain
development, failure to turn, lack of limb buds, heart abnormali-
ties, reduced otocysts, and a truncated frontonasal region (25).
Rbpj-deficient mice also showed embryonic lethality before em-
bryonic 10.5 d, with severe growth retardation and developmental
abnormalities, including incomplete turning of the body axis,
microencephaly, anterior neuropore opening, and defective somi-
togenesis (26). Therefore, it is difficult to assess the genetic in-
teraction between Notch and Aldh1a2 with those two null strains.
However, we detected decreased expression of Aldh1a2 in DCs

FIGURE 6. Aldh1a2 in DCs regulates colitis. (A) Splenic naive CD4+ T cells (43 105 cells) were i.v. injected into Rbpj2/2;Rag12/2 (green) or Rbpj+/+;

Rag12/2 (yellow) mice (n = 6 in each group). DCs from Rbpj2/2 mice infected with control retrovirus (blue) or retrovirus-carrying Aldh1a2 (red) were

transferred into Rbpj2/2;Rag12/2 mice at 5-d interval that began at T cell transfer. Data are mean 6 SD. *p , 0.05 (between blue and red). (B) Percentage

of Foxp3+ cells in CD4+ T cells in (A). (C) Rbpj2/2;Rag12/2 (green) or Rbpj+/+;Rag12/2 (yellow) mice (n = 6 in each group) were i.v. injected with splenic

naive CD4+ T cells (4 3 105 cells). DCs from Rbpj+/+ mice stimulated with control IgG (blue) or Delta1-Fc (red) were transferred into Rbpj2/2;Rag12/2

mice at 5-d interval that began at T cell transfer. Data are mean6 SD. *p, 0.05 (between blue and red). (D) Percentage of Foxp3+ cells in CD4+ T cells in

(C). The data are representative of three independent experiments.
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derived from bone marrow from Rbpj2/2 mice as well as CD8a2

DCs from Rbpj2/2 mice, supporting the direct regulation of
Aldh1a2 by Notch signaling in vivo.
Notch regulates the survival of CD8a2DCs in the spleen, as dem-

onstrated by their reduced numbers in the spleens from Rbpj2/2

mice (9). The deletion of Notch2 causes the loss of CD11b+

CD103+ DCs in the intestinal lamina propria with a decrease of
IL-17–producing CD4+ T cells in the intestine (10). We detected
decreased expression of Aldh1a2 in bone marrow–derived CD8a2

DCs and in CD8a2 splenic DCs. Thus, Notch is required for not
only survival, but also Aldh1a2 expression in CD8a2 DCs in the
spleen. In contrast, we did not detect reduced expression of
Aldh1a2 in CD8a+ splenic DCs, suggesting cell type–specific
regulation of Aldh1a2 by Notch signaling.
Reports have shown that Rbpj-deficient DCs express less CD80

and CD86 than wild type (27), and have a reduced ability for
T cell proliferation (28) than control DCs. The discrepancy be-
tween those data and our present findings might be explained by
the Cre transgenic mice used to delete Rbpj. Previous reports used
Mx-Cre transgenic mice in which poly(I:C) treatment is used for
deleting Rbpj. The treatment of mice with poly(I:C) might affect
the phenotypes of DCs or bone marrow cells in vivo, which might
change the activation status or functions of DCs. Another possi-
bility is the difference of deletion efficiency or timing of deletion
of Rbpj between Mx-Cre and CD11c-Cre transgene. For instance,
CD11c-Cre mice would delete Rbpj later than Mx-Cre mice. In
any case, it will be important to analyze the impact of Notch on
the activation or differentiation of DCs during each differentiation
step of DCs.
Rbpj+/+ mice that were transplanted with naive CD4+ T cells in

the presence or absence of Rbpj in DCs developed colitis to a
lesser degree than Rbpj2/2 host mice. In contrast, we did not
observe any spontaneous colitis or other inflammatory responses
in Rbpj2/2 mice, even at $7 mo of age. These data do not nec-
essarily negate the importance of Notch signaling in CD11c+ cells
in the suppression of Th17 differentiation because the production
of Aldh1a2 is not completely abolished in Rbpj2/2 mice. There-
fore, the residual Aldh1a2 activity is still able to help differenti-
ation of iTreg in vivo, which might be sufficient to suppress
spontaneous enterocolitis.
We used Rbpj-deficient DCs for analyzing the effects of Notch

on DC functions. Which Notch receptors are required for Aldh1a2
expression in DCs? DCs express not only Notch1 and Notch2, but
also Jagged1, Jagged2, and Delta-like 1 (29). Although we have
not tested which Notch or Notch ligand is important for Aldh1a2
expression in vivo, we have shown that stimulation of DCs with
Delta-like 1 could strengthen the inhibitory activity on colitis. Iden-
tifying which Notch or Notch ligand is required for Aldh1a2 ex-
pression would be crucial when considering the therapeutic
strategy for targeting the Notch pathways in DCs. In addition,
Rbpj might regulate cellular responses not related to Notch. Thus,
it will be necessary in the future to test which Notch contributes to
Aldh1a2 expression in DCs.
Notch has multiple roles in the immune system as well as other

regulatory systems. Our data suggest that stimulation of Notch on
DCs or transduction of Aldh1a2 into DCs might be beneficial for
suppressing Th17-mediated disorders. The treatment normalized
iTreg numbers, suggesting Notch-mediated Aldh1a2 in DCs
balances iTreg and Th17 differentiation. Therefore, Notch stim-
ulation of DCs may represent a novel treatment strategy for Th1-
and Th17-mediated autoimmune diseases. In summary, our findings
could have important clinical implications in treating autoimmune
diseases and inducing immune tolerance in transplantation settings.
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Expression of coreceptor molecules on DCs
Bone marrow-derived CD8α-CD11c+ cells from Rbpj-/- (dot, light grey) or Rbpj+/+ (dark grey) mice were stained with MHC 
class II, CD80 or CD86. As the negative control (solid line), cells were stained with isotype matched IgG.
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Th1 and Th2 differentiations are not affected by Rbpj deficiency in DCs
Bone marrow-derived CD8α-CD11c+ cells from Rbpj-/- or Rbpj+/+ mice were cultured with CD4+ T cells from OT-II TCR transgenic 
mice in the presence of OVA peptide for 3 days. The concentration of IFN-γ in the supernatant was evaluated by ELISA. For IL-4 
assay, three days after stimulation in the presence of IL-4 (10 ng/ml), cells were washed and restimulated with plate-coated 
anti-CD3 mAb (1 μg/ml) for 1 day and the concentration of IL-4 in the supernatant was evaluated by ELISA. Data are means ±
S.D. 
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iTreg differentiation is restored by overexpressing Aldh1a2 in DCs from Rbpj-/- mice
iTregs were obtained by stimulation of naïve CD4+ T cells by anti-CD3 mAb (1 μg/mL) and bone marrow-derived CD8α-CD11c+

cells infected with control retrovirus or Adh1a2-carrying retrovirus from Rbpj-/- or Rbpj+/+ mice in the presence of TGF-β (2 ng/mL) 
for 3 days. Then, Foxp3 positive cells in CD4+ cells were evaluated. The number shown in the figure is Foxp3+ cells in CD4+ cells. 
Cells stained with anti-CD4 antibody alone was used as the negative control. Data from three independent experiments are 
shown as means ± S.D. *, P < 0.05. 
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DCs survival is not affected by overexpressing Aldh1a2 in DCs
DCs (1 x 106) from Rbpj-/- mice (CD45.2) infected with control retrovirus (open circle) or retrovirus carrying Aldh1a2 (open square), 
or wild type DCs (closed circle) (CD45.1) were transferred into Rag1-/- mice.  Then cell numbers of donor cells in the spleen were 
counted. The relative cell number (cell counts after transfer/1 x 106) is shown. Data are means ± S.D (n=5). 
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