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Background: Regulatory DCs are important in tolerance maintenance, whereas the mechanisms for maintaining their
immunosuppressive function in immune microenvironment remain unclear.
Results: Fas signal enhances the immunosuppressive function of splenic stroma-educated regulatory DCs via the ERK/�-
catenin pathway.
Conclusion: Fas signal, at least from activated T cells, enhances regulatory function of regulatory DCs.
Significance: This study provides new mechanistic insight for immune homeostasis.

Dendritic cells (DCs) play important roles in the initiation of
immune response and also in the maintenance of immune tol-
erance. Now, many kinds of regulatory DCs with different phe-
notypes have been identified to suppress immune response and
contribute to the control of autoimmune diseases. However, the
mechanisms by which regulatory DCs can be regulated to exert
the immunosuppressive function in the immunemicroenviron-
ment remain to be fully investigated. In addition, how T cells,
once activated, can feedback affect the function of regulatory
DCs during immune response needs to be further identified.We
previously identified a unique subset of CD11bhiIalow regulatory
DCs, differentiated from mature DCs or hematopoietic stem
cells under a stromal microenvironment in spleen and liver,
which can negatively regulate immune response in a feedback
way.Here, we show that CD11bhiIalow regulatoryDCs expressed
high level of Fas, and endothelial stromal cell-derived TGF-�
could induce high expression of Fas on regulatory DCs via ERK
activation. Fas ligation could promote regulatory DCs to inhibit
CD4� T cell proliferation more significantly. Furthermore, Fas
ligation preferentially induced regulatory DCs to produce IL-10
and IP-10 via ERK-mediated inactivation of GSK-3 and subse-
quent up-regulation of �-catenin. Interestingly, activated T
cells could promote regulatory DCs to secrete more IL-10 and
IP-10 partially through FasL. Therefore, our results demon-
strate that Fas signal, at least from the activated T cells, can
promote the immunosuppressive function of Fas-expressing
regulatory DCs, providing a newmanner for the regulatory DCs
to regulate adaptive immunity.

Dendritic cells (DCs),3 professional antigen-presenting cells
(APCs) with a unique capacity to prime naive T cells, play an
essential role in linking innate and adaptive immune responses
(1). Recently, subsets of regulatory DCs have been identified to
be important in maintaining immune homeostasis and play
important roles in the pathogenesis or treatment of autoim-
mune diseases (2, 3). Some kinds of regulatory DCs negatively
regulate immune responses by inducing generation of regula-
tory T (Treg) cells or preferentially programmingTh2 response
(4). However, the regulatory DCs, commonly used in most cur-
rent work, are prepared in vitro by culturing DC progenitors in
the presence of immunosuppressive agents, including IL-10 or
TGF-�, or other substances, such as vitaminD receptor ligands
and galectin-1 (5, 6). How the immunosuppressive function of
regulatory DCs is maintained in the immune microenviron-
ment, especially being feedback-regulated during their interac-
tion with other kinds of immune cells, such as activated T cells,
remains to be fully investigated.
The roles of DCs in regulating T cell activation and T cell

tolerance have been abundantly documented (7). DCs provide
at least two signals required for T cell activation: a signal via the
TCR-CD3 complex that is transmitted upon recognition of
antigen and an additional signal(s) delivered through one or
more costimulatory molecule interactions, like B7-CD28 or
LFA-ICAM (8, 9). Once activated, T cells also provide signals to
activate APCs. For example, CD40 ligand up-regulated on CD4
T cells after exposure to antigen is an important stimulus for
DC activation (10). However, the feedback effect of the T cells,
once activated, on the function of regulatory DCs during their
interaction and the underlying mechanism have remained
unclear up to now.
The microenvironment in lymphoid organs has been found

to be important in regulating the development and function of
immune cells (11). Although many studies have shown that
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several subsets of DCs display unique functions in large part
due to the localmicroenvironment in different organs or tissues
(12), little is known about the role thatmicroenvironment plays
in the DC subset and T cell interactions. Our previous studies
show that stromal cells, which mimic the lymph organ
microenvironment of spleen and liver can drive mature DCs
(maDCs) or hematopoietic stem cells to proliferate and further
differentiate into a unique subset of CD11bhiIalow regulatory
DCs (diffDCs, DCs differentiated from mature DCs), which
express a higher level of IL-10 butminimal IL-12p70 and inhibit
maDC-initiated T cell proliferation (13–15). Overactivation of
ERK and suppression of p38MAPK pathways contribute to the
unique cytokine profile of regulatory DCs (16). Moreover, the
regulatoryDCs can chemoattractmoreTh1 cells through IP-10
in favor of their suppression of Th1 response, enhance NK cell
cytotoxicity via IL-10, and also program generation of Th2
memoryCD4T cells aswell as regulatory B cells, thus providing
a newmanner for negative feedback control of immune response
and maintenance of immune homeostasis (16–19). However,
whether signals emanating from T cells of the adaptive immune
system may modulate the function of regulatory DCs at the late
stage of the immune response remains unknown.
In this study, we show that endothelial stromal cell-derived

TGF-� contributes to the preferential Fas expression of regula-
tory DCs via an ERK-dependent pathway. Furthermore, Fas
ligation induced regulatory DCs to preferentially secret IL-10
and IP-10 through ERK-mediated inactivation of GSK-3 and
subsequent up-regulation of �-catenin. Therefore, our data
demonstrate that Fas signal can enhance the immunosuppressive
function of regulatory DCs in the immune microenvironment,
providing a new feedback route for the negative regulation of
immune response andmaintenance of immune homeostasis by
regulatory DCs.

MATERIALS AND METHODS

Mice and Reagents—C57BL/6J mice were obtained from
Joint Ventures Sipper BK Experimental Animal Co. (Shanghai,
China). OVA(323–339)-specific TCR-transgenic DO11.10
mice, Mx-Cre mice, Ctnnb1fl/fl mice, Fas-deficient B6.MRL-
Tnfrsf6lprmice, and FasL-deficient B6.Smn.C3-Tnfsf6gldmice
were obtained from Jackson Laboratory (Bar Harbor, ME) and
bred under specific pathogen-free conditions. Transgenic mice
expressing Cre recombinase under control of the interferon-
inducible Mx1 promoter (Mx-Cre) were crossed with mice in
which essential portions of the gene encoding �-catenin were
flanked by loxP sequences (Ctnnb1fl/fl mice; Jackson Labora-
tory). Mx-Cre � Ctnnb1fl/fl mice were treated with five intra-
peritoneal injections of 250 �g of poly(I:C) (Amersham Biosci-
ences) at 2-day intervals to induce Ctnnb1-deficient mice (20).
2 days after the last injection, mice were killed, and genomic
DNAwas prepared frombonemarrow cells using standard pro-
tocols and assessed by PCR to confirm that it was deleted in
Mx-Cre � Ctnnb1fl/fl mice. Poly(I:C)-treated Mx-Cre �
Ctnnb1fl/fl mice are referred to as “�-catenin-deficient mice”
here; poly(I:C)-treated Mx-Cre mice and poly(I:C)-treated
Ctnnb1fl/fl mice served as controls. Animal experiments were
performed in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals, with the

approval of the Scientific Investigation Board of the Second
Military Medical University (Shanghai, China). Recombinant
mouse GM-CSF and IL-4 were from PerproTech (London,
UK). Anti-mouse TGF-� Ab was from R&D Systems (Minne-
apolis, MN). Anti-mFas Ab Jo-2 (15400D) and isotype Ab
(11150D) were from BD PharMingen (San Diego, CA).
PD98059, an inhibitor of MEK1, was from Calbiochem. Anti-
phospho-ERK and anti-�-catenin Ab were from Santa Cruz
Biotechnology, Inc. Anti-phospho-STAT3mAb and anti-phos-
pho-GSK3�/�(Ser21/9) mAb were from Cell Signaling (Bev-
erly, MA).
Preparation of Mouse Immature DCs, Mature DCs, and Reg-

ulatory DCs—Bone marrow-derived imDCs and maDCs from
C57BL/6J mice were generated as described previously (18).
Briefly, bone marrow progenitors were cultured in 10 ng/ml
GM-CSF and 1 ng/ml IL-4. Nonadherent cells were gently
washed out on day 4 of culture; the remaining loosely adherent
clusters were cultured for an additional 4–5 days in the pres-
ence of 10 ng/ml LPS. At day 8, maDCs were positively selected
using CD11c magnetic microbeads (Miltenyi Biotec, Auburn,
CA). The cells cultured only with the same concentrations of
GM-CSF and IL-4 for 6 days were harvested as imDCs. Regula-
tory DCs (designated as diffDCs in our previous studies)
derived from mature DCs were generated by coculturing with
splenic stroma as described previously (15). Once monolayers
of endothelial-like splenic stromal cells (ESSCs) had reached
50–60% confluence,maDCswere seeded at a density of 2� 106
cells/5 ml/well in 6-well plates in RPMI 1640 medium supple-
mented with 5% FCS for at least 7 days. Regulatory DCs were
washed off the layer using 0.1% trypsin and 5 mM EDTA and
purified using CD11c magnetic microbeads.
Immunofluorescence Microscopy and Analysis—Cells were

cultured on microscope coverglasses placed on a 6-well plate
for 3 h, and glass coverslips were precoated with 0.1% polyly-
sine. For immunofluorescence staining, cells were stained with
the indicated Abs. Cells on slides were fixed in 4% paraformalde-
hyde for 30 min at 4 °C and counterstained with Hoechst. Then
slides were visualized through a �40 lens with an inverted Leica
TCS-NT confocal laser-scanningmicroscope as described (21).
Flow Cytometry—Cell surface marker and intracellular cyto-

kine detection, proliferating T cell counts, and cell death anal-
ysis were carried out as described before (13, 22, 23). To analyze
Fas expression, DCs were stained with anti-Fas, followed by
incubation with SAv-phycoerythrin for 30min at 4 °C. Staining
was carried out in the presence of purified antibody to CD16/
CD32 (rat IgG2b; clone 2.4G2) to block Fc receptor binding. To
test T cell proliferation in 96-well plates after 7 days of culture,
cells were double-stained with anti-CD4-FITC and 7-amino-
actinomycin D (7-AAD) and resuspended in exactly 300 �l of
PBS, and cellular data were acquired for 56 s using flow cytom-
etry. The number of CD4� 7-AAD� live cells was calculated to
represent the altitude of CD4 T cell proliferation. For intracel-
lular staining, brefeldin A (Sigma-Aldrich) was added to a
coculture system at a final concentration of 10 �g/ml simulta-
neously. After 24 h of coculture, cells were harvested and
stained intracellularly for IL-10 expression detected by flow
cytometry (cytokine, CD4, and CD11c triplicate staining). Cells
were analyzed by flow cytometry using a BD LSR II flow cytom-
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eter, and data were analyzed with CellQuest version 3.3 soft-
ware (BD Biosciences) or FlowJo version 5.7.2 software (Tree
Star).
Assay for IL-10, IP-10, and NO—The culture supernatants

were detected for IL-10 and IP-10 by ELISA kits (R&D,Minne-
apolis, MN) and for NO bymeasurement of the nitrite concen-
tration with the Griess assay as described (15, 24).
Western Blot Analysis of ERK, GSK3, and STAT3 Activation—

Cells were lysed with M-PERTM protein extraction reagent
(Pierce) supplemented with protease inhibitor mixture, and
protein concentrations of the extracts weremeasured by a BCA
assay (Pierce). Proteins were subjected to SDS-PAGE, trans-
ferred onto nitrocellulose membranes, and then blotted as
described previously (25).
Assessment of �-Catenin Expression and Nuclear Translo-

cation—Cytoplasmic, nuclear, and total cell extracts were pre-
pared using NE-PER nuclear and cytoplasmic extraction
reagents and M-TER mammalian protein extraction reagent
(Pierce) containing protease inhibitor mixture (Calbiochem).
Blots were probed for 1 h with �-catenin (1:1000) and then
incubated with 1:5000 dilutedHRP-conjugated secondary anti-
body for 1 h at room temperature. Proteins were subjected to
SDS-PAGE, transferred onto nitrocellulose membranes, and
then blotted.
Isolation, Purification, and Activation of CD4� T Cells—

Resting splenic CD4� T cells from wild-type (WT) or FasL�/�

C57BL/6Jmice were enriched using CD4-conjugatedmicrobeads
(Miltenyi Biotec). For T cell activation, freshly isolated CD4� T
cells (5.0�105/well)werecultured in96-well roundbottomplates
in the presence of plate-bound anti-CD3 (1 �g/ml) and soluble
anti-CD28 (1 �g/ml).
Regulatory DC-activated T Cell Coculture—Coculture experi-

mentswere performedwith activated T cells andDCs fromWT
or Fas�/� C57BL/6J mice. Purified imDCs, maDCs, regulatory
DCs, or Fas�/� regulatory DCs were resuspended in RPMI
1640 supplemented with 10% FCS and plated in 96 U-bottom
well plates, and then activated T cells were seeded to DCs in a
total volume of 200 �l/well.
Transwell Separation Assay—24-well transwell chambers

with 1.0-�m pore size polycarbonate filters (BD Biosciences)
were used. For IL-10 and IP-10 determination, activated T cells
were seeded to the upper chamber at 0.1 ml/well, and various
DCs were plated at the bottom at 0.5 ml/well. After coculture
for the indicated time, supernatants at the bottom were col-
lected to measure IL-10 and IP-10 production.
Sorting of a Natural Counterpart of Regulatory DCs in Vivo—

CD11c� cells enriched by CD11c-conjugated microbeads from
spleen were stained with fluorescently labeled anti-Ia-FITC, and
then CD11c�Ialow cells were sorted as described previously (15).
Statistical Analysis—Data are shown asmean� S.D. for sep-

arate experiments. Statistical significance was determined by
Student’s t test.

RESULTS

TGF-�-induced ERK Activation Is Responsible for the Higher
Expression of Fas by Regulatory DCs—TNF superfamily recep-
tors are expressed on a variety of cell types and play important
roles in cell-cell interactions in the immune system (26). Con-

focal microscopy showed that regulatory DCs could express a
significantly higher level of Fas than imDCs and maDCs (Fig.
1A). Our previous studies showed that ESSCs could secrete
TGF-�, whichwas important for the ESSC-driven generation of
regulatory DCs in the coculture system (15). Because TGF-�
has been shown to be important in Fas expression and ERK
activation, we tested whether TGF-� was responsible for the
higher Fas expression on regulatory DCs compared with that
on imDCs ormaDCs. The neutralizing antibody against TGF-�
could decrease the Fas expression and ERK activation in regu-
latory DCs (Fig. 1, B and C). In addition, regulatory DCs
expressed a high level of activated ERK at the steady state. To
confirm the role of ERK in the higher expression of Fas in reg-
ulatory DCs compared with that on imDCs or maDCs, we
assayed the level of Fas by regulatory DCs in the presence of 25
�M ERK inhibitor PD98059 and found that ERK inhibitor
decreased Fas expression in regulatory DCs (Fig. 1D). These
results demonstrate that the increased ERK activation by
TGF-� derived from ESSCs contributes to a high level of Fas
expression in regulatory DCs.
Fas Ligation Promotes Regulatory DCs to ProduceMore IL-10

and IP-10 and Suppression of T Cell Proliferation—It is well
known that resistance to Fas-induced apoptosis is of great bio-
logical significance for DCs in their roles as professional APCs.
Thus, we tested whether Fas ligation could induce apoptosis of
regulatory DCs. Ligation of Fas with 1 �g/ml Jo-2 for 8 h could
effectively induce apoptosis of mouse thymocytes but failed to
induce apoptosis of regulatory DCs (Fig. 2A). As reported pre-
viously, regulatory DCs secreted significantly higher levels of
IL-10 and IP-10 than imDCs and maDCs (16, 18). In light of
these results, wewonderedwhether Fas ligation could influence
the unique cytokine secretion of regulatory DCs. As shown in
Fig. 2, B and C, Fas ligation could stimulate regulatory DCs to
producemore IL-10 and IP-10 than imDCsormaDCs in a dose-
and time-dependent manner.
Our previous studies showed that ligation of Fas could

inducematuration of DCs and enhance the capability of DCs to
primeT cell proliferation and, as a result, positively regulate the
immune response. Therefore, we observedwhether Fas ligation
can induce regulatory DCs to be active in T cell proliferation or
promote the inhibitory function of regulatory DCs for T cell
proliferation. OVA(323–339)-specific TCR transgenic CD4�T
cells purified from DO11.10�C57BL/6 F1 mice were used as
responders to imDCs ormaDCs and/or regulatory DCs derived
from wild-type or Fas-deficient mice in the presence of
OVA(323–339) peptides. After 7 days, viable CD4� T cells
present in T cell/DC cultures were counted by flow cytometry.
As shown in Fig. 2D, regulatory DCs could not promote T cell
proliferation but significantly inhibited maDC-induced anti-
gen-specific CD4� T cell proliferation. Fas ligation could fur-
ther enhance the inhibitory function of regulatory DCs for T
cell proliferation. Furthermore, regulatory DCs from Fas-defi-
cient mice lost their ability to inhibit T cell proliferation. These
data indicate that Fas ligation can enhance the immunosup-
pressive function of regulatory DCs on T cell proliferation.
Inourprevious study (15),we found that the inhibitory function

of regulatory DCs was partially mediated by NO. Therefore, we
asked whether Fas endowed regulatory DCs with NO-dependent

Fas Signaling in Regulatory DCs

SEPTEMBER 27, 2013 • VOLUME 288 • NUMBER 39 JOURNAL OF BIOLOGICAL CHEMISTRY 27827



immunosuppressive function. Compared with that in the super-
natant of the DCreg/maDC/T cell coculture system, the concen-
tration of NO in supernatant of the Fas�/�DCreg/maDC/T cell
coculture system decreased significantly along with the
impaired ability of Fas-deficient regulatoryDCs to inhibit T cell
proliferation (Fig. 2E). This indicated that a high level of NO in
DCreg/activated T cell interaction was induced by Fas on reg-
ulatoryDCs, andNOwas involved inDCreg-induced inhibition
of T cell proliferation. As shown in Fig. 2F, the selective NO
synthase inhibitor dihydrobromide (PBIT) could effectively
reverse DCreg-induced inhibition of maDC-primed T cell pro-
liferation, whereas blockade of IL-10 did not affect T cell pro-
liferation in the DCreg/maDC/T coculture system. These
results further confirmed the inhibitory action of NO from reg-
ulatory DCs on T cell proliferation.
To demonstrate whether regulatory DC would induce apo-

ptosis of activated T cells to exert their inhibitory effects, we
cocultured DO11.10 CD4� T cells with maDCs and/or regula-
tory DCs derived from wild-type or Fas-deficient mice in the
presence of OVA(323–339) peptide, and then the apoptosis of
T cells was assayed by flow cytometry. As shown in Fig. 2G,
regulatory DCs could increase the percentage of the apoptosis
of the activated T cells whose activation was initiated by
maDCs. Furthermore, regulatory DCs from Fas-deficient mice
failed to induce apoptosis of activated T cells. Carboxyfluores-
cein diacetate succinimidyl ester-labeled OVA(323–339) pep-
tide-specific CD4� T cells were used as responders, and the
results demonstrated that regulatory DCs suppressed CD4� T
cell divisions, and the ability of Fas-deficient regulatory DCs to
inhibit the activated T cell proliferation decreased significantly
(supplemental Fig. S1). These results demonstrated that Fas on
regulatory DCs mediated apoptosis induction and halted pro-
liferation of activated T cells.
Fas Ligation Induces Regulatory DCs to Preferentially Pro-

duce IL-10 and IP-10 through the �-Catenin Pathway—Next,
we wanted to know the mechanisms by which regulatory DCs
secrete high levels of IL-10 and IP-10 in response to Fas ligation.
As we previously reported (15), ESSCs could induce maDCs to
undergo proliferation and differentiation by way of cell-cell
contact, fibronectin, and TGF-�. Also, it is well known that the
Wnt signaling pathway plays key roles in many cellular pro-
cesses, such as proliferation, differentiation, motility, and sur-
vival/apoptosis. �-Catenin transmits the Wnt signal into the
nucleus, where it acts as a transcriptional coactivator by bind-
ing to members of the lymphoid enhancer factor/T cell factor
(LEF/TCF) family of transcription factors and influences the
secretion of many cytokines (27, 28). Thus, we tested the acti-
vation of the Wnt/�-catenin pathway in regulatory DCs. As
shown in Fig. 3A, a higher level of �-catenin could be detected
in the nuclear and cytoplasmic extracts of regulatory DCs than
that in imDCs. As expected, regulatory DCs expressed sharply
higher nuclear �-catenin at the resting state, and the nuclear
translocation of �-catenin was also more significant following
Fas ligation as compared with that in imDCs. To further con-
firm the role of �-catenin in the elevated production of IL-10
and IP-10 by regulatory DCs, we assayed IL-10 and IP-10 pro-
duction by regulatory DCs and imDCs prepared from
�-catenin-deficient mice. We found that �-catenin deficiency

FIGURE 1. TGF-�-induced ERK activation is responsible for the increased
Fas expression of regulatory DCs. A, confocal analysis of Fas expression by
regulatory DCs. Representative images of immunofluorescence were stained
with CD11c-FITC, Fas-phycoerythrin, and Hoechst staining (nuclei) of imDCs,
maDCs, and regulatory DCs. B, endothelial stromal cell-derived TGF-� was
involved in the Fas expression of regulatory DCs. At the beginning of the
culture, neutralizing antibody against mouse TGF-� (5 �g/ml) or isotype anti-
body was added into the culture system of imDCs, maDCs, or regulatory DCs.
After 7 days, imDCs, maDCs, and regulatory DCs were collected to detect the Fas
expression by flow cytometry. C, phosphorylated ERK in imDCs, maDCs, and reg-
ulatory DCs in the presence or absence of neutralizing antibody against TGF-�
was detected by Western blotting. imDCs, maDCs, and regulatory DCs in medium
alone were used as controls. D, imDCs, maDCs, and regulatory DCs were treated
with 25 �M PD98059 (ERK inhibitor) for 12 h, and then the Fas expression was
analyzed by flow cytometry. Equal amounts of DMSO contained in medium were
used as negative controls. Data represent one of at least three experiments with
similar results. DIC, differential interference contrast.
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FIGURE 2. Fas ligation stimulates regulatory DCs to produce higher levels of IL-10 and IP-10 than imDCs. A, the resistance of regulatory DCs to Fas-
mediated apoptosis. imDCs, maDCs, regulatory DCs, and mouse thymocytes were incubated in the presence or absence of Jo2 or isotype control for 8 h. Then
the percentage of apoptotic cells was assessed by FACS by staining with Annexin V-FITC and propidium iodide. Data are shown as the sums of Annexin V-single
positive cells, Annexin V and PI-double positive cells, and PI-single positive cells. Data represent one of at least three independent experiments with similar
results. B, IL-10 (top) and IP-10 (bottom) production by imDCs, maDCs, or regulatory DCs stimulated with various concentrations of Jo2 (0.1 �g-5 �g/ml) or
isotype antibody for 24 h. Unstimulated DCs were used as controls. C, IL-10 (top) and IP-10 (bottom) production by imDCs, maDCs, or regulatory DCs following
stimulation with 1 �g/ml Jo2 for various lengths of time. D–E, regulatory DCs inhibited maDC-induced antigen-specific T cell proliferation via Fas-enhanced NO
production. Purified DO11.10 CD4� T cells (1 � 105) were cocultured with wild-type imDCs or Fas-deficient (Fas�/�) imDCs, wild-type maDCs or Fas�/� maDCs,
and/or wild-type regulatory DCs or Fas�/� regulatory DCs (with or without 1 �g/ml Jo2 stimulation for 24 h) in the presence of OVA(323–339) at a ratio of 1:10
(DC/T). After 7 days, cells were collected and double-stained with anti-CD4-FITC and 7-AAD and counted by FACS. The number of CD4� 7-AAD� live cells (D)
was calculated to represent the altitude of T cell proliferation. The concentrations of NO (E) in supernatants in each group were tested by a Griess assay. F, iNOS
inhibitor dihydrobromide (PBIT) (5 �g/ml) or neutralizing antibody against mouse IL-10 (10 �g/ml) was added into a maDC/T cell or DCreg/maDC/T cell
coculture system. On day 7, the number of viable OVA(323–339)-specific T cells was detected by flow cytometry. G, purified DO11.10 CD4� T cells were
cocultured with maDCs and/or regulatory DCs derived from wild-type or Fas-deficient mice in the presence of OVA(323–339) peptide for 7 days, and
then the apoptosis of T cells was assayed by flow cytometry. Data are shown as the sums of Annexin V-single positive cells, Annexin V and 7AAD-double
positive cells, and 7AAD-single positive cells. Data represent one of at least three independent experiments with similar results. *, p � 0.05; **, p � 0.01.
Error bars, S.D.
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impaired the secretion of IL-10 and IP-10 in regulatory DCs
after Jo2 stimulation (Fig. 3B). Furthermore, we wondered
whether a lack of �-catenin would affect the Fas expression in

regulatory DCs during coculture and found that Fas was compa-
rably expressed in�-catenin-deficient regulatoryDCs and in con-
trol cells (Fig. 3C). Such data demonstrate that the increased
�-catenin in regulatory DCs contributes to high production of
IL-10 and IP-10 in response to Jo2 stimulation.
Fas-mediated ERK Activation Is Responsible for Inactivation

of GSK-3 and SubsequentUp-regulation of�-Catenin—Wehad
previously found that ERK is overactivated in regulatory DCs.
ERK has been suggested to serve as a scaffold to hold GSK-3�,
which affects the stability of �-catenin (29). Thus, we also
examined the phosphorylation of ERK in regulatory DCs after
Jo2 treatment and found that ERKwasmore significantly phos-
phorylated following Jo2 stimulation in comparisonwith that in
imDCs (Fig. 4A). To further investigate the relationship
between ERK and �-catenin, regulatory DCs and imDCs were
stimulated with Jo2 in the presence of 25 �M PD98059. As
shown in Fig. 4B, PD98059 pretreatment could inhibit the
phosphorylation of GSK-3 at Ser-21 and Ser-9 and the up-reg-
ulation of �-catenin. These results suggest that Fas-induced
ERK activation is responsible for inactivation of GSK-3 and the
resulting up-regulation of �-catenin.
Fas/FasL Interaction Contributes to the Promotion of Regula-

tory DC-derived IL-10 and IP-10 Production by Activated T
Cells—In addition to signals being delivered by APCs to T cells,
T cells also provide signals to “condition” APCs (10, 30). It has
been reported that activated T cells may express levels of FasL
sufficient to provide signals to condition effector cells (31).
Therefore, whether activated T cells can cooperate with regu-

FIGURE 3. Up-regulated �-catenin is responsible for the preferential IL-10
and IP-10 by regulatory DCs. A, nuclear or cytoplasmic extracts from imDCs
and regulatory DCs cultured stimulated with or without Jo2 for 10, 30, 60, and
120 min were prepared, blotted, and probed with �-catenin-specific antibod-
ies, respectively. Lamin A or �-actin serves as a loading control. B, imDCs and
regulatory DCs from �-catenin-deficient (�-catenin-KO) and control (wild-
type, Mx-Cre, �-catenin-loxP) mice were stimulated with 1 �g/ml Jo2 for 24 h.
Supernatant was measured using an ELISA kit for IL-10 (top) and IP-10 (bot-
tom). Untreated DCs were used as a control. C, expression of Fas on imDCs and
regulatory DCs derived from �-catenin-deficient (�-catenin-KO) and control
(wild-type, Mx-Cre, �-catenin-loxP) mice. Data represent one of at least three
independent experiments with similar results. **, p � 0.01.

FIGURE 4. ERK overactivation-induced GSK-3 inactivation increases
�-catenin expression in regulatory DCs. A, 1 � 106 imDCs and regulatory
DCs were treated with 1 �g/ml Jo2 for 0 –120 min and then lysed. The phos-
phorylation of ERK (p-ERK) was detected by Western blotting. Total ERK in
each sample was used as the equal loading control. B, regulatory DCs and
imDCs were pretreated with 25 �M ERK inhibitor for 30 min and then stimu-
lated with Jo2 for 30 min. ERK and GSK-3 (p-GSK3) phosphorylation and
�-catenin expression were examined by immunoblotting of cell lysates. Sim-
ilar results were obtained from three independent experiments.
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latory DCs is crucial for the fulfillment of regulatory functions.
Expression of the activationmarkers CD69 and CD25 was used
to identify activated T cells, and as expected, they were up-reg-
ulated by 5 h and continued to be expressed at 24 h. We also
found that T cells highly expressed FasL and still survived when
T cells were stimulated with CD3/CD28 for 24 h (supplemental
Fig. S2). We then examined IL-10 and IP-10 production in
supernatant of regulatory DCs/T cocultures. As shown in Fig.
5A, significant IL-10 and IP-10 production in regulatory DC/T
cell cocultures appeared as soon as 5 h after the coculture, indi-
cating that IL-10 and IP-10 production could be induced rap-
idly. These results suggest that activatedT cells could condition
regulatory DCs to increase IL-10 and IP-10. We then used a
transwell separation assay to confirm that cell-to-cell direct
contact from activated T cells was required for the increased
production of IL-10 and IP-10 by regulatory DCs, suggesting
that cell-to-cell direct contactwas involved in the enhancement
of regulatory function of DCs by the activated T cells (Fig. 5B).
Because regulatory DCs expressed a high level of Fas, we

examined the role of the Fas signal in the phenomenon
observed above. Using Fas-deficient mice, we surprisingly
found that lack of Fas impaired regulatory DC production of
IL-10 and IP-10 during coculture with the activated T cells (Fig.

6A). To verify that IL-10 and IP-10 were mainly produced by
regulatory DCs or activated T cells, the presence of IL-10-pos-
itive cells was confirmed by intracellular staining after 24 h of
coculture in the presence of 10 �g/ml brefeldin A. Because
there is no commercial antibody to detect IP-10 for intracellu-
lar staining, we cannot perform the experiments for IP-10. We
found that regulatory DCs produced more IL-10, whereas Fas-
deficient regulatory DCs produced less IL-10 after coculture
with activated T cells. Meanwhile, IL-10-positive T cells were
also detected in the coculture, but IL-10 expression was rela-
tively very low (Fig. 6B). We then cocultured regulatory DCs
with FasL-deficient T cells and found that FasL deficiency in
activated T cells could also decrease IL-10 and IP-10 produc-
tion in the coculture system (Fig. 6C).Wewent further to inves-
tigate whether activated FasL-expressing T cells might induce
apoptosis of different DC subsets. As shown in supplemental
Fig. S3, activated T cells could partially induce apoptosis of
maDCs,whereas blockade of FasL failed to reverse the activated
T cell-induced apoptosis of maDCs. By contrast, apoptosis of
imDCs and regulatoryDCswas not remarkably affected by acti-
vatedT cells. These observations implied that interaction of Fas
and FasLwas not involved in activatedT cell-induced apoptosis
of DCs.
Because high levels of IL-10 and IP-10 were markers of the

regulatory function of regulatory DCs, we wondered whether
the in vivo counterpart of regulatory DCs could also produce
high level IL-10 and IP-10 by Fas and FasL interaction during
coculture with the activated T cells. As shown in Fig. 6D, lack of
Fas impaired production by CD11c�Ialow cells (the in vivo
counterpart of regulatory DCs) of IL-10 and IP-10 during
coculture with the activated T cells. The data further indicated
that Fas might contribute to the negative immune regulation in
vivo by regulatory DCs.
We went further to investigate whether regulatory DCs

could induce inhibition of the activated T cell proliferation via
Fas/FasL interaction. As shown in supplemental Fig. S4, regu-
latory DCs could inhibit the proliferation of activated T cells
initiated by anti-CD3/anti-CD28. Meanwhile, the inhibition of
CD4�T cell proliferationwas reversed significantly by Fas defi-
ciency in regulatory DCs or FasL deficiency in T cells. These
results demonstrated that Fas and FasL interaction contributed
to the inhibitory action of regulatoryDCs on the activatedT cell
proliferation independent of the presence of maDCs. Collec-
tively, these data demonstrated that Fas and FasL interaction
contributed, at least partially, to the preferential production of
IL-10 and IP-10 as well as inhibition of T cell proliferation by
regulatory DCs during coculture with the activated T cells.

DISCUSSION

Regulatory DCs have been considered to be important in
maintaining immune homeostasis. Inhibition of T cell prolifer-
ation is the functional hallmark of regulatory DCs (5, 32). How-
ever, most evidence supporting this viewpoint has been
obtained from experiments using DC only in vitro cultures,
ignoring the involvement of microenvironments in lymph
organs thatmight be important in determining the immune cell
functions (32, 33). In our previous report, splenic stromal cells
secrete a wide variety of cytokines, whereas only TGF-� is ver-

FIGURE 5. Activated T cells promote regulatory DCs to secrete IL-10 and
IP-10. A, IL-10 (left) and IP-10 (right) production in the supernatant of regula-
tory DCs/T coculture was determined by ELISA at the indicated time point (5,
16, or 24 h). B, 1 � 105 regulatory DCs were cocultured with activated T cells
separately by a transwell membrane. After 24 h of coculture, the supernatants
were collected to measure IL-10 and IP-10 production by ELISA. Data are
shown as means � S.D. (error bars) of triplicate wells. *, p � 0.05; **, p � 0.01.

Fas Signaling in Regulatory DCs

SEPTEMBER 27, 2013 • VOLUME 288 • NUMBER 39 JOURNAL OF BIOLOGICAL CHEMISTRY 27831



Fas Signaling in Regulatory DCs

27832 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 39 • SEPTEMBER 27, 2013



ified to be involved in the induction of regulatory DCs (15).
Given this observation, wewent further to investigate the influ-
ence of splenic stromal cells on maDCs with a view to elucidat-
ing more clearly the fates of DCs after they home to the spleen,
where they interact with T cells after antigen uptake or expo-
sure to inflammatory stimuli in the periphery.
We found that regulatory DCs expressed a higher level of Fas

than imDCs and maDCs, and stroma-derived TGF-� was
responsible for the high expression of Fas on regulatory DCs. It
has been proposed that in some cell types, TGF-� inhibits Fas-
mediated apoptosis by down-regulating Fas expression or by
up-regulating cFLIP, a molecule known to regulate caspase-8
activation, whereas in other cells, such as mast cells, stem cell
factor, TGF-�, and Fc�RI aggregation enhances Fas expression
(34, 35). In our coculture system, ESSCs secreted stem cell fac-
tor, TGF-�, and other soluble or cell surface factors and might
provide complex signals tomaDCs tomodulate Fas expression.
Meanwhile, regulatoryDCs could also produceTGF-�, albeit at
a low level, in this coculture. Thus, the reduced Fas expression
might be caused partially by a reduction in DCreg-derived
TGF-� (15). Moreover, it has been recently shown that rapid
activation of the Ras-ERK pathway is observed when cells are
treated with TGF-�, although detailed mechanisms are not yet
fully understood (36). This finding is confirmed by our finding
that block of TGF-� could markedly decrease the ERK overac-
tivation in regulatory DCs. In addition, we found that ERK acti-
vation was required for Fas expression of regulatory DCs. This
finding is contrary to the general view that ERK inhibits the
expression of Fas on both lymphomas and in solid tumor cells
and is only consistent with the study in which the ERK MAPK
cascade plays a partial role in regulating TCR-CD3-triggered
Fas expression (37). A possible explanation was that ESSCs
might confer complicated signals to regulatory DCs and repro-
gram ERK for a diverse function in Fas expression. Therefore,
these results suggest that splenic stromal cells might secrete
TGF-� to induce ERK activation, leading to up-regulation of
Fas expression in regulatory DCs.
NO is a pleiotropic molecule that has been found to mediate

T cell apoptosis or death directly, thus playing important roles
in the negative regulation of immune response. Our previous
study demonstrated that splenic stroma could drive mature
DCs to differentiate into regulatory DC subsets, which could
strongly inhibit T cell response via NO production (15). We
have found that a high level of NO in DCreg/activated CD4� T
cell interaction was induced by Fas on regulatory DCs, and NO
was involved in DCreg-induced inhibition of CD4� T cell pro-
liferation. These results further confirmed the inhibitory action
of NO from regulatory DCs on T cell proliferation. Splenic
stroma educates regulatory DCs to express a high level of Fas.
Furthermore, the Fas signal is involved in activated T cell-pro-

moted NO production from regulatory DCs, and Fas-induced
NO subsequently inhibits CD4 T cell proliferation. The results
will further enrich the immunoregulatory function of splenic
stromal microenvironment and clarify the mechanisms for
negative control of T cell response by regulatory DCs at the late
stage of immune response. However, how Fas enhances NO
production from regulatory DCs remains to be further studied
in the future.
IL-10 is generally considered to limit immune and inflamma-

tory responses and plays an important role in maintaining the
balance betweenTh1 andTh2 responses. TheTh2-biased cyto-
kine profile characterized by high IL-10 production was found
as one of characteristics of regulatoryDCswe identified (15). As
we have previously reported, regulatory DCs could program
generation of memory CD4 T cells with suppressive activity via
IL-10, indicating that regulatory DCs display the inhibitory
function by directly secreting IL-10 (17). Moreover, regulatory
DCs could chemoattract more Th1 cells through IP-10 and
then inhibit their proliferation, thus providing a newmanner of
negative feedback control of immune responses (18). These
results showed that regulatory DCs could display the inhibitory
function by directly secreting IL-10 and IP-10. In this study, we
went further to understand the manner in which regulatory
DCs negatively regulate immune responses by finding that the
Fas signal could promote the immunosuppressive function of
regulatory DCs as markers of IL-10 and IP-10 in the immune
microenvironment.
As to the mechanisms for preferential IL-10 and IP-10 pro-

duction by regulatory DCs, with more production in response
to Fas ligand, we showed that the ERK-mediated inactivation of
GSK-3, resulting in up-regulation of�-catenin, was responsible
for the unique cytokine secretion. It has been reported that ERK
docks to and phosphorylates GSK-3�, resulting in inactivation
of GSK-3� and in turn inhibition of �-catenin ubiquitination
(29). GSK-3 is negatively regulated by phosphorylation of an
N-terminal serine (Ser-21 for GSK-3� and Ser-9 for GSK-3�)
(38–40). Recent work has shown that GSK-3 inhibitors can
enhance both �-catenin expression and GSK-3-Ser-21/9 phos-
phorylation, resulting in elevated IL-10 secretion anddecreased
IL-12p40, IL-6, andTNF-� secretion of humanmonocytes (41–
43). Our data showed that ERK was more activated in resting
regulatory DCs than that in imDCs, and ERK activation was
more significant in regulatory DCs following Fas ligation.
Treatment with ERK inhibitor resulted in inhibition of GSK-3
phosphorylation and �-catenin expression. Thus, it is likely
that ERK-induced inactivation of GSK-3 was responsible for
up-regulation of �-catenin during Fas ligation. Once �-catenin
is accumulated in the cytoplasm, it can translocate to the
nucleus, where it binds to Tcf/Lef and acts together with its
coactivator to stimulate the transcription of target genes (44,

FIGURE 6. Fas signal is involved in activated T cell-promoted IL-10 and IP-10 production by regulatory DCs. A, similar to DCs/T coculture, 1 � 105 Fas�/�

DCs were cocultured with activated T cells. After 24 h of coculture, the supernatants were collected to measure IL-10 and IP-10 production by ELISA. Data are
shown as means � S.D. (error bars) of triplicate wells. **, p � 0.01. B, intracellular staining for IL-10 expression by regulatory DCs, Fas�/� regulatory DCs, or
activated T cells (cytokine, CD11c, and CD4 triplicate staining). Numbers in the histograms indicate the geometric mean fluorescence of the test samples. Similar
results were obtained in at least three independent experiments. C, 1 � 105 regulatory DCs were cocultured with wild-type or FasL�/� activated T cells. After
24 h of coculture, the supernatants were collected to measure IL-10 and IP-10 production by ELISA. D, CD11c�Ialow cells from the spleen of wild-type or
Fas-deficient mice were sorted by flow cytometry. Ialow DCs or Fas-deficient Ialow DCs were cocultured with activated CD4� T cells. After 24 h of coculture, the
supernatants were collected to measure IL-10 and IP-10 production by ELISA. Data are shown as means � S.D. of triplicate wells. *, p � 0.05; **, p � 0.01.
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45). We found that regulatory DCs expressed a high level of
�-catenin, and Fas ligation could increase translocation of
�-catenin to the nucleus in regulatory DCs as compared with
that in imDCs. Moreover, �-catenin-deficient regulatory DCs
are defective in the production of IL-10 and IP-10 with or with-
out Fas ligation. These results suggest that ERK/GSK-3/�-
catenin pathways might be responsible for the increased IL-10
and IP-10 production in regulatory DCs. However, determina-
tion ofwhy coculture ofmaDCswith splenic stromal cells could
program generation of regulatory DCs with high �-catenin
expression and how Fas ligation is linked to ERK activation will
require further investigation in the future.
Fas and FasL are typical members of the TNF receptor and

TNF ligand family, respectively. They play pivotal roles in the
regulation of apoptotic processes, including activation-induced
cell death, T cell-induced cytotoxicity, immune privilege, and
escape (46, 47). Fas has been shown to mediate proliferation
and activation signals in a variety of cell types and to contribute
to inflammatory responses (48). Our results showed that Jo2
could provoke regulatory DCs to secret more IL-10 and IP-10,
which was in agreement with our observation that Fas ligation
could trigger DCs to secrete proinflammatory cytokines and
cytokines (49), indicating that Fas ligation might amplify the
regulatory function of regulatory DCs as markers of IL-10 and
IP-10. The Fas-FasL system is important in the regulation of the
immune system in several ways under different physiologic or
pathologic conditions, such as autoimmune diseases and
inflammation (50–53). We thus hypothesized that regulatory
DCsmight sense the danger signals provided by FasL through a
higher expression level of Fas on their membrane and then by
feedback exert a more potent regulatory function on naive T
cells, NK cells, or Th1 cells.
In conclusion, we demonstrate that stroma-derived TGF-�

induces ERK activation, which is responsible for the high
expression of Fas on regulatory DCs. The Fas signal preferen-
tially induces secretion of IL-10 and IP-10 by regulatoryDCs via
ERK/GSK-3/�-catenin pathways. The Fas signal from the FasL
on activated T cells can promote regulatory DCs to secret more
IL-10 and IP-10. In this way, the Fas signal in regulatory DCs
may be involved in maintaining the immune homeostasis in a
feedback manner.

Acknowledgments—We thank X. Ma and M. Wen for excellent tech-
nical assistance.

REFERENCES
1. Shortman, K., and Naik, S. H. (2007) Steady-state and inflammatory den-

dritic-cell development. Nat. Rev. Immunol. 7, 19–30
2. Collin, M., Bigley, V., Haniffa, M., and Hambleton, S. (2011) Human den-

dritic cell deficiency. The missing ID? Nat. Rev. Immunol. 11, 575–583
3. Wood, K. J., Bushell, A., and Hester, J. (2012) Regulatory immune cells in

transplantation. Nat. Rev. Immunol. 12, 417–430
4. Belz, G. T., and Nutt, S. L. (2012) Transcriptional programming of the

dendritic cell network. Nat. Rev. Immunol. 12, 101–113
5. Morelli, A. E., and Thomson, A.W. (2007) Tolerogenic dendritic cells and

the quest for transplant tolerance. Nat. Rev. Immunol. 7, 610–621
6. Ilarregui, J. M., Croci, D. O., Bianco, G. A., Toscano, M. A., Salatino, M.,

Vermeulen,M. E., Geffner, J. R., and Rabinovich, G. A. (2009) Tolerogenic
signals delivered by dendritic cells to T cells through a galectin-1-driven

immunoregulatory circuit involving interleukin 27 and interleukin 10.
Nat. Immunol. 10, 981–991

7. Manicassamy, S., and Pulendran, B. (2011)Dendritic cell control of tolero-
genic responses. Immunol. Rev. 241, 206–227

8. Feigelson, S. W., Grabovsky, V., Manevich-Mendelson, E., Pasvolsky, R.,
Shulman, Z., Shinder, V., Klein, E., Etzioni, A., Aker, M., and Alon, R.
(2011) Kindlin-3 is required for the stabilization of TCR-stimulated LFA-
1:ICAM-1 bonds critical for lymphocyte arrest and spreading on dendritic
cells. Blood 117, 7042–7052

9. Keir, M. E., Butte, M. J., Freeman, G. J., and Sharpe, A. H. (2008) PD-1 and
its ligands in tolerance and immunity. Annu. Rev. Immunol. 26, 677–704

10. Ma, D. Y., and Clark, E. A. (2009) The role of CD40 and CD154/CD40L in
dendritic cells. Semin. Immunol. 21, 265–272

11. Roozendaal, R., and Mebius, R. E. (2011) Stromal cell-immune cell inter-
actions. Annu. Rev. Immunol. 29, 23–43

12. Qian, C., and Cao, X. (2012) Naturally occurring CD1c� human regula-
tory dendritic cells. Immunoregulators that are expanded in response to
E. coli infection. Eur. J. Immunol. 42, 1388–1392

13. Tang, H., Guo, Z., Zhang, M., Wang, J., Chen, G., and Cao, X. (2006)
Endothelial stroma programs hematopoietic stem cells to differentiate
into regulatory dendritic cells through IL-10. Blood 108, 1189–1197

14. Xia, S., Guo, Z., Xu, X., Yi, H., Wang, Q., and Cao, X. (2008) Hepatic
microenvironment programs hematopoietic progenitor differentiation
into regulatory dendritic cells, maintaining liver tolerance. Blood 112,
3175–3185

15. Zhang,M., Tang,H., Guo, Z., An,H., Zhu, X., Song,W., Guo, J., Huang, X.,
Chen, T., Wang, J., and Cao, X. (2004) Splenic stroma drives mature den-
dritic cells to differentiate into regulatory dendritic cells.Nat. Immunol. 5,
1124–1133

16. Qian, C., Jiang, X., An, H., Yu, Y., Guo, Z., Liu, S., Xu, H., and Cao, X.
(2006) TLR agonists promote ERK-mediated preferential IL-10 produc-
tion of regulatory dendritic cells (diffDCs), leading to NK-cell activation.
Blood 108, 2307–2315

17. Xu, X., Guo, Z., Jiang, X., Yao, Y., Gao, Q., Ding, Y., and Cao, X. (2011)
Regulatory dendritic cells program generation of interleukin-4-producing
alternative memory CD4 T cells with suppressive activity. Blood 117,
1218–1227

18. Qian, C., An, H., Yu, Y., Liu, S., and Cao, X. (2007) TLR agonists induce
regulatory dendritic cells to recruit Th1 cells via preferential IP-10 secre-
tion and inhibit Th1 proliferation. Blood 109, 3308–3315

19. Qian, L., Qian, C., Chen, Y., Bai, Y., Bao, Y., Lu, L., and Cao, X. (2012)
Regulatory dendritic cells program B cells to differentiate into
CD19hiFc�IIbhi regulatory B cells through IFN-� and CD40L. Blood 120,
581–591

20. Yang, P., An, H., Liu, X., Wen, M., Zheng, Y., Rui, Y., and Cao, X. (2010)
The cytosolic nucleic acid sensor LRRFIP1 mediates the production of
type I interferon via a �-catenin-dependent pathway. Nat. Immunol. 11,
487–494

21. Liu, X., Zhan, Z., Li, D., Xu, L., Ma, F., Zhang, P., Yao, H., and Cao, X.
(2011) Intracellular MHC class II molecules promote TLR-triggered in-
nate immune responses by maintaining activation of the kinase Btk. Nat.
Immunol. 12, 416–424

22. Guo, Z., Zhang, M., An, H., Chen, W., Liu, S., Guo, J., Yu, Y., and Cao, X.
(2003) Fas ligation induces IL-1�-dependent maturation and IL-1�-inde-
pendent survival of dendritic cells. Different roles of ERK and NF-�B
signaling pathways. Blood 102, 4441–4447

23. Bai, Y., Qian, C., Qian, L., Ma, F., Hou, J., Chen, Y., Wang, Q., and Cao, X.
(2012) Integrin CD11b negatively regulates TLR9-triggered dendritic cell
cross-priming by upregulating microRNA-146a. J. Immunol. 188,
5293–5302

24. Xu, S., Liu, X., Bao, Y., Zhu, X., Han, C., Zhang, P., Zhang, X., Li, W., and
Cao, X. (2012) Constitutive MHC class I molecules negatively regulate
TLR-triggered inflammatory responses via the Fps-SHP-2 pathway. Nat.
Immunol. 13, 551–559

25. Ma, F., Xu, S., Liu, X., Zhang, Q., Xu, X., Liu, M., Hua, M., Li, N., Yao, H.,
and Cao, X. (2011) The microRNA miR-29 controls innate and adaptive
immune responses to intracellular bacterial infection by targeting inter-
feron-�. Nat. Immunol. 12, 861–869

Fas Signaling in Regulatory DCs

27834 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 39 • SEPTEMBER 27, 2013



26. Wilson, N. S., Dixit, V., and Ashkenazi, A. (2009) Death receptor signal
transducers. Nodes of coordination in immune signaling networks. Nat.
Immunol. 10, 348–355

27. Angers, S., and Moon, R. T. (2009) Proximal events in Wnt signal trans-
duction, Nat. Rev. Mol. Cell Biol. 10, 468–477

28. MacDonald, B. T., Tamai, K., and He, X. (2009) Wnt/�-catenin signaling.
Components, mechanisms, and diseases. Dev. Cell 17, 9–26

29. Ding,Q., Xia,W., Liu, J. C., Yang, J. Y., Lee,D. F., Xia, J., Bartholomeusz,G.,
Li, Y., Pan, Y., Li, Z., Bargou, R. C., Qin, J., Lai, C. C., Tsai, F. J., Tsai, C. H.,
and Hung, M. C. (2005) Erk associates with and primes GSK-3� for its
inactivation resulting in upregulation of �-catenin.Mol. Cell 19, 159–170

30. Quezada, S. A., Jarvinen, L. Z., Lind, E. F., and Noelle, R. J. (2004) CD40/
CD154 interactions at the interface of tolerance and immunity.Annu. Rev.
Immunol. 22, 307–328

31. Askenasy, N., Yolcu, E. S., Yaniv, I., and Shirwan, H. (2005) Induction of
tolerance using Fas ligand. A double-edged immunomodulator. Blood
105, 1396–1404

32. Pulendran, B., Tang, H., and Manicassamy, S. (2010) Programming den-
dritic cells to induce TH2 and tolerogenic responses. Nat. Immunol. 11,
647–655

33. Hammer, G. E., Turer, E. E., Taylor, K. E., Fang, C. J., Advincula, R., Os-
hima, S., Barrera, J., Huang, E. J., Hou, B., Malynn, B. A., Reizis, B., De-
Franco, A., Criswell, L. A., Nakamura,M. C., andMa, A. (2011) Expression
of A20 by dendritic cells preserves immune homeostasis and prevents
colitis and spondyloarthritis. Nat. Immunol. 12, 1184–1193

34. Hartmann, K., Wagelie-Steffen, A. L., von Stebut, E., and Metcalfe, D. D.
(1997) Fas (CD95, APO-1) antigen expression and function in murine
mast cells. J. Immunol. 159, 4006–4014

35. Strobl, H., Riedl, E., Scheinecker, C., Bello-Fernandez, C., Pickl, W. F.,
Rappersberger, K.,Majdic, O., andKnapp,W. (1996) TGF-�1 promotes in
vitro development of dendritic cells from CD34� hemopoietic progeni-
tors. J. Immunol. 157, 1499–1507

36. Kalas,W., Kisielow, P., and Strzadala, L. (2002) Inhibition ofMEK induces
fas expression and apoptosis in lymphomas overexpressing Ras. Leuk.
Lymphoma 43, 1469–1474

37. Li, X. R., Chong, A. S., Wu, J., Roebuck, K. A., Kumar, A., Parrillo, J. E.,
Rapp, U. R., Kimberly, R. P., Williams, J. W., and Xu, X. (1999) Transcrip-
tional regulation of Fas gene expression by GA-binding protein and AP-1
in T cell antigen receptor. CD3 complex-stimulated T cells. J. Biol. Chem.
274, 35203–35210

38. Hughes, K., Nikolakaki, E., Plyte, S. E., Totty, N. F., and Woodgett, J. R.
(1993) Modulation of the glycogen synthase kinase-3 family by tyrosine
phosphorylation. EMBO J. 12, 803–808

39. Takahashi-Yanaga, F., Shiraishi, F., Hirata, M., Miwa, Y., Morimoto, S.,
andSasaguri,T. (2004)Glycogensynthasekinase-3� is tyrosine-phosphor-
ylated by MEK1 in human skin fibroblasts. Biochem. Biophys. Res. Com-
mun. 316, 411–415

40. Wray, J., Kalkan, T., Gomez-Lopez, S., Eckardt, D., Cook, A., Kemler, R.,

and Smith, A. (2011) Inhibition of glycogen synthase kinase-3 alleviates
Tcf3 repression of the pluripotency network and increases embryonic
stem cell resistance to differentiation. Nat. Cell Biol. 13, 838–845

41. Rodionova, E., Conzelmann, M., Maraskovsky, E., Hess, M., Kirsch, M.,
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