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The mechanism by which regulatory T (Treg) cells suppress
the immune response is not well defined. A recent study has
shown that �-catenin prolongs Treg cell survival. Because
�-catenin is regulated by glycogen synthase kinase 3� (GSK-
3�)-directed phosphorylation, we focused on GSK-3� and the
role it plays in Treg cell function. Inhibition of GSK-3� led to
increased suppression activity by Treg cells. Inhibitor-treated
Treg cells exhibited prolonged FoxP3 expression and increased
levels of �-catenin and of the antiapoptotic protein Bcl-xL. Sys-
temic administration ofGSK-3� inhibitor resulted in prolonged
islet survival in an allotransplantmousemodel.Ourdata suggest
that GSK-3� could be a useful target in developing strategies
designed to increase the stability and function of Treg cells for
inducing allotransplant tolerance or treating autoimmune
conditions.

Regulatory T (Treg)5 cells are charged with the important
task of maintaining homeostatic T cell reactivity and are
thought to prevent autoimmunity by restraining self-reactive T
cells that escape thymic deletion (1, 2). Moreover, Treg cells
have been shown to down-regulate all T cell-driven immunity
(3, 4), which is of increasing interest in the transplant commu-
nity. However, expansion of Treg cells has proved challenging
because of their anergic potential. Although some studies have
shown induction ofCD4�CD25�Treg cells fromCD4�CD25�

cells with various exogenous cytokines or peptides (5–7),
their functional profile may not be the same as that of natu-
rally occurring CD4�CD25� Treg cells (8). This difference
has given impetus to those searching for a method to
improve CD4�CD25� Treg cell stability and activity.
Recent work shows that �-catenin may play a central role in

Treg cell stabilization. Ding et al. (9) have shown that ectopic
expression of a mutated form of �-catenin that lacks the classic
Ser-33/Ser-37/Thr-41/Ser-45 N-terminal amino acids and is
therefore nondegradable was able to enhance Treg cell survival
in vitro. �-Catenin is best known for its role inWnt signaling, a
pathway that governs patterning and cell fate determination
during embryogenesis (10, 11). �-Catenin is regulated by the
serine/threonine kinase glycogen synthase kinase 3� (GSK-3�).
Phosphorylation of �-catenin by GSK-3� targets �-catenin for
ubiquitination and degradation, terminating the signal (11). In
contrast, inhibiting GSK-3� activity with Li� or other GSK-3�
inhibitors or by expressing a dominant inhibitory mutant of
GSK-3� leads to a significant increase in �-catenin levels (12).
When cellular levels of �-catenin rise, �-catenin interacts with
transcription factors of the high mobility group box family,
LEF-1 andT cell factor; enters the nucleus; and regulates induc-
tion of genes believed to be involved in the proliferative
response (13). It is this downstream activation of cellular
growth that hasmade�-catenin especially interesting to immu-
nologists searching for immunosuppressive targets. Recently,
manipulation of theWnt/�-catenin pathway has been shown to
alter T cell expansion and their cytokine profile (14–17). This
association between �-catenin and T cell proliferation has
prompted strong query into the action of �-catenin in Treg
cells.
By utilizing the GSK-3� inhibitor SB216763, we examined

what role GSK-3� plays in Treg cell activity. We also suggest
a possible mechanism by which SB216763 may act on
increasing Treg cell suppressive function. Treg cells treated
with SB216763 were found to maintain elevated levels of
FoxP3 protein and the antiapoptotic protein Bcl-xL as com-
pared with the untreated controls. Given the possible overt
relationship between SB216763 and prevention of apoptosis in
Treg cells, we also examined what effects DEVD-CHO, a
caspase-3 inhibitor, had onTreg cell function. Caspase-3 inhib-
itor, when used alone, resulted in an increase in Treg cell sup-
pression activity. When used in combination with GSK-3�
inhibitor, we observed no further augmentation in this suppres-
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sive effect, suggesting that the two inhibitors may be acting on
the same or parallel pathways. Additionally, when SB216763
was given systemically in an islet allotransplant mouse model,
islet allograft survival was observed. Nevertheless, SB216763
and drugs similar in function provide obvious laboratory and
clinical advantages in defining the role of Treg cell activity in
models for autoimmunity and transplantation.

EXPERIMENTAL PROCEDURES

Animals—C57BL/6 (designated B6 for clarity) (H-2b),
BALB/c (H-2d), and C3H (H-2k) mice were purchased from
The Jackson Laboratory (Bar Harbor, Maine). All mice were
kept in pathogen-free, filter top isolator cages. All animals were
cared for according to methods prescribed by the American
Association for the Accreditation of Laboratory Animal Care.
All protocols were approved by the Institutional Committee for
Research Animal Care.
CD4�CD25� Effector T Cell and CD4�CD25� Treg Cell

Isolation—Single cell suspensions were prepared from B6
and BALB/c mice using standard methods. After a brief
erythrocyte lysis using Red Blood Cell Lysing Buffer (Sigma-
Aldrich), the cells were resuspended in degassed PBSwith 0.5%
BSA and 2 mM EDTA. Separation of CD4�CD25� and
CD4�CD25� cells was accomplished with magnetic labeling
using a MACS CD4�CD25� Treg Cell Isolation kit (Miltenyi
Biotec, Bergisch Gladbach, Germany). CD4�CD25� cells were
negatively selected with the flow-through fraction, whereas the
CD4�CD25� cells were positively selected. The purity of
CD4�CD25� fractions was confirmed by fluorescence-acti-
vated cell sorting (FACS) analysis because anti-CD25-PE anti-
body was used for purification. The final purity of the cell pop-
ulation was 90–95% (data not shown).
In Vitro Suppression Assay—CD4�CD25� Treg cells were

co-cultured with CD4�CD25� T cells stimulated with anti-
CD3/CD28 Dynabeads (Invitrogen) with 5 �M SB216763
(Sigma-Aldrich) or with 0.05% DMSO (vehicle control).
CD4�CD25� Treg cells were added in increasing ratios to
CD4�CD25� T cells for dose-response measurements. Prolif-
eration was measured in triplicates by the incorporation of tri-
tiated thymidine over the last 18–20 h of the co-culture. All
cells were cultured in complete RPMI 1640 medium. The
DEVD-CHO CPP32/apopain inhibitor (Calbiochem) was used
at 10 and 100 �M.
Flow Cytometry—Flow cytometry was accomplished using a

BD FACScan flow cytometer (BD Biosciences) and was per-
formed on cells incubated with 0.5 �g of PE-Cy5-conjugated
anti-mouse CD4 (L3T4) antibody (BD Pharmingen) for 30 min
at 4 °C. Cells were then washed and permeabilized with 0.2%
Igepal CA-630 (Sigma-Aldrich) and stained intracellularly with
0.5 �g of antibody for 30 min at room temperature with FITC-
conjugated anti-mouse FoxP3 (FJK-16s) (eBioscience), anti-
mouse GSK-3� (Tyr(P)-216) (Cell Signaling Technology), anti-
mouse �-catenin (Ser(P)-33/Ser(P)-37/Thr(P)-41) (27C10)
(Cell Signaling Technology), anti-mouse �-catenin (H-102)
(Santa Cruz Biotechnology), or anti-mouse Bcl-xL (Santa Cruz
Biotechnology). Secondary goat anti-rabbit Alexa Fluor 488-
conjugated antibody was purchased from Invitrogen.

Western Blot Analysis—Column-purified CD4�CD25� cells
were plated at 400,000 cells/well in a 96-well plate and incu-
bated in the absence or presence of 10 �M SB216763 (Sigma-
Aldrich). Cells were counted and lysed in a volume of 1� SDS
loading buffer (Bio-Rad), proportionate to the number of cells,
at 42 and 66 h. To evaluate Bcl-2 levels, proportionate samples
were loaded on a 10% sodium dodecyl sulfate-polyacrylamide
gel, electrophoresed, and transferred onto Immobilon-P mem-
brane (Millipore). Western blotting was performed as de-
scribed previously (18) by using anti-Bcl-2 antibodies (1:1,000;
Cell Signaling Technology). As a loading control, the immuno-
blot was stripped and reprobed with anti-�-actin antibody
(1:1,000; Cell Signaling Technology).
Mouse Islet Isolation and Transplantation—In this in vivo

model, B6 mice were used as recipients, and C3H mice were
used as islet donors. Prior to islet transplantation, B6mice were
rendered diabetic by intraperitoneal injections of 200 mg/kg
streptozotocin (Sigma-Aldrich). Diabetes was defined as blood
glucose levels �200 mg/dl for at least 2 consecutive days. Islets
from C3Hmice were isolated by the standard technique of col-
lagenase digestion and Ficoll purification. Following isolation,
500 fresh islets were transplanted under the kidney capsule of
diabetic B6 mice treated with saline containing 1% DMSO in
the control group or with daily intraperitoneal injections of
SB216763 (100 �M) in the experimental group. Euglycemia was
defined as a non-fasting blood glucose level�200mg/dl. Rejec-
tion was diagnosed when animals became hyperglycemic again
with blood glucose �200 mg/dl for at least 2 consecutive days.
For Treg cell depletion studies, mice were injected intraperito-
neally with 250 �g of PC61 anti-CD25 (BioXCell, Lebanon,
NH) on days �8 and �3 prior to islet transplantation. On the
day of transplant, peripheral blood was analyzed with GK1.5
anti-CD4 and 7D4 anti-CD25 (eBioscience) to demonstrate
Treg cell depletion.
Statistical Analyses—Data are presented as means � S.E.

Where indicated, we determined the statistical significance
between two groups by the log rank test (Mantel-Cox test).
Values of p � 0.05 were considered statistically significant.

RESULTS

Naïve CD4�CD25�FoxP3� Treg Cells Exhibit Elevated
GSK-3� Activity and Increased �-Catenin Phosphorylation in
Vitro—Activated GSK-3� is characterized by phosphorylation
of Tyr-216. In Fig. 1, A and B, we analyzed by FACS isolated,
column-purified, CD25-PE-labeled B6 splenic naïve
CD4�CD25� cells for the presence of phospho-Tyr-216 and
showed thatCD4�CD25�hi cells exhibited the greatest staining
with phospho-Tyr-216 antibody (Fig. 1A, panels C, F, and I).
GSK-3� phosphorylates �-catenin on serines 33/37 and threo-
nine 41, resulting in the degradation of �-catenin. Using anti-
bodies specific to phospho-�-catenin (Ser-33/37 and Thr-41),
we show that CD4�CD25�hi cells also displayed the greatest
phospho-�-catenin (Ser-33/37 andThr-41) staining as revealed
by FACS analysis (Fig. 1A, panel B). We obtained similar FACS
analysis results with similarly purified CD4�CD25� cells from
B6 naïve lymph nodes (Fig. 1A, panel E) and fromBALB/c naïve
spleen (Fig. 1A, panel H). These results are important because
they show that naïve CD4�CD25�hi cells, which also have the
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greatest FoxP3 levels, possess the highest GSK-3� activity as
indicated by having the highest degree of phospho-�-catenin
(Ser-33/37 and Thr-41) (60–70%) labeling when compared
with CD4�CD25�med and CD4�CD25�lo cells. In addition,
analysis of CD4�CD25�FoxP3� cells revealed a lower GSK-3�
activity when compared with CD4�CD25�hi cells as ascer-
tained by phospho-�-catenin (Ser-33/37 and Thr-41) labeling
(Fig. 1B).
Inhibition of GSK-3� with SB216763 Increased Suppressive

Activity of CD4�CD25�FoxP3� Cells—To assess the effect of
GSK-3� inhibition on the functional properties of Treg cells,

we performed an in vitro suppression assay in the absence or
presence of SB216763, a specific GSK-3� inhibitor (Fig. 2). We
isolated CD4�CD25� effector T cells and CD4�CD25� Treg
cells using magnetic separation. CD4�CD25� effector T cells
were incubated in the presence or absence of anti-CD3/CD28
microbeads with increasing amounts of CD4�CD25� Treg
cells with or without SB216763. Proliferation was assessed by
[3H]thymidine uptake. Notably, CD4�CD25� T effector cells
incubated with an equal number of anti-CD3/CD28 micro-
beads and in the absence of Treg cells showed a 25% increase in
[3H]thymidine uptake with the addition of SB216763 when
compared with vehicle-treated control. This is not unprece-
dented becauseOhteki et al. (19) have demonstrated previously
that inhibition of T cells with lithium, an inhibitor of GSK-3�,
resulted in increased T cell proliferation. More importantly,
therewas amarked difference in suppression ofCD4�CD25�T
cells cultured with CD4�CD25� Treg cells with and without
SB216763. At a 1:1 ratio of CD4�CD25� T cells and
CD4�CD25� Treg cells, the suppression was 65% as measured
by [3H]thymidine uptake. Although this was not unexpected,
we observed an increase in suppression by CD4�CD25� Treg
cells in cultures supplemented with SB216763. Moreover, this
enhanced suppression was titratable with increasing numbers
of SB216763-treated CD4�CD25� Treg cells, yielding better
suppression than with control CD4�CD25� Treg cells.
Namely, 95% suppression was seen when CD4�CD25� T cells
were combined in a 1:8 ratio with CD4�CD25� Treg cells and
SB216763, whereas CD4�CD25� T cells without the GSK-3�
inhibitor yielded 78% inhibition.

FIGURE 1. A, FACS analysis of purified CD4�CD25� cells for FoxP3, active
GSK-3�, and phosphorylated �-catenin. Single cell suspensions of isolated
CD4�CD25� cells from B6 and BALB/c spleen and lymph nodes demon-
strate co-staining of FoxP3�, GSK-3� (Tyr(P)-216), and phosphorylated
�-catenin (Ser(P)-33/Ser(P)-37/Thr(P)-41). This finding demonstrates that
CD4�CD25�hiFoxP3� cells exhibit high GSK-3� activity. Moreover, the signal
overlaps with CD4�CD25�hi cells stained for �-catenin (Ser(P)-33/Ser(P)-37/
Thr(P)-41), suggesting that CD4�CD25�hiFoxP3� cells possess elevated
GSK-3� activity, reflected in increased �-catenin phosphorylation. Panels A–C,
B6 spleen; panels D–F, B6 lymph nodes; panels G–I, BALB/c spleen. Data are
representative of at least three independent experiments, gating on the puri-
fied lymphocyte population. B, histogram analyses of purified CD4�CD25�

and CD4�CD25� cells for phosphorylated �-catenin (Ser(P)-33/Ser(P)-37/
Thr(P)-41). This finding demonstrates that CD4�CD25�hi cells exhibit higher
GSK-3� activity than CD4�CD25�FoxP3� cells. Panel A, B6 spleen; panel B, B6
lymph nodes; panel C, BALB/c spleen. Shaded area, CD4�CD25�hi cells plus
Alexa Fluor 488-labeled secondary antibody alone; dashed line (---),
CD4�CD25�FoxP3� cells plus Alexa Fluor 488-labeled secondary antibody
alone; solid line (—), CD4�CD25�hi cells plus anti-phosphorylated �-catenin
(Ser(P)-33/Ser(P)-37/Thr(P)-41) antibody; dotted line (���), CD4�CD25�FoxP3�

cells plus anti-phosphorylated �-catenin (Ser(P)-33/Ser(P)-37/Thr(P)-41) anti-
body. Data are representative of at least three independent experiments,
gating on the purified, lymphocyte population.

FIGURE 2. Effect of GSK-3� inhibition, using SB216763, on Treg cell sup-
pression. Performing a classical suppression assay, CD4�CD25� T cells and
CD4�CD25� Treg cells were isolated using magnetic separation and co-cul-
tured in a 1:1 ratio with anti-CD3/CD28 microbeads with and without
SB216763. Cells were pulsed with tritiated thymidine after 18 –20 h, and pro-
liferation was measured. Using this assay, we show that SB216763 potentiates
Treg cell function in vitro as judged by increased suppression of T effector
CD4�CD25� cell proliferation when T effector CD4�CD25� cells were incu-
bated at a 1:1 ratio with CD4�CD25� Treg cells in 5 �M SB216763 (86% inhi-
bition versus 65% without the drug (DMSO vehicle control)). Moreover, cells
incubated in a 1:8 ratio, respectively, with Treg cells again in 5 �M SB216763
demonstrate 95% inhibition versus 78% without the drug, suggesting that
GSK-3� inhibition can significantly enhance Treg cell suppression. Data are
represented as means � S.E. of triplicate samples. All data are representative
of at least two independently performed experiments.
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Inhibition of GSK-3� with SB216763 Results in Stabilization
of �-Catenin in CD4�CD25�hiFoxP3� Cells—Ding et al. (9)
have shown that the introduction of a stable mutant form of
�-catenin leads to the increased survival of Treg cells. GSK-3�
has been shown to phosphorylate �-catenin, targeting it for
degradation via ubiquitination. Therefore, we analyzed what
effect inhibition ofGSK-3� by SB216763would have on�-cate-
nin levels in our experimental system. We co-cultured
CD4�CD25� effector T cells and CD4�CD25� Treg cells with
anti-CD3/CD28 microbeads in the presence or absence of
SB216763. Using FACS analysis, we assessed untreated and
SB216763-treated cultures for �-catenin while gating on the
CD4�CD25�hiFoxP3� Treg cells (Fig. 3). In this experimental

design, �-catenin was elevated in
Treg cells during all time points.
CD4�CD25� cells also showed
increased �-catenin levels (data not
shown), which would explain why
they exhibited greater proliferation
in the presence of SB216763 in the
absence of Treg cells (Fig. 2). This is
unsurprising given that �-catenin is
implicated in cellular proliferation
with its heightened presence due to
GSK-3� inhibition. Interestingly,
although there were increased
�-catenin levels in treated cells, we
also observed �-catenin protein
stabilization in untreated CD4�

CD25�hiFoxP3� cells. This stabi-
lization of �-catenin was observed
in CD4�CD25�hiFoxP3� cells
only when they were co-cultured
with CD4�CD25� cells (data not
shown).
CD4�CD25�FoxP3� Treg Cells

Exhibit Less FoxP3 Protein Turnover
in Presence of SB216763—We
noticed that CD4�CD25�hiFoxP3�

cells, when grown in vitro, exhibited
rapid loss of FoxP3 protein (data
not shown). Given that inhibition
of GSK-3� enhanced Treg cell
activity, we wanted to assess
whether SB216763 treatment
influenced FoxP3 turnover.
CD4�CD25� T cells and CD4�

CD25� Treg cells were isolated
using magnetic separation and co-
cultured in a 1:1 ratio with anti-
CD3/CD28 microbeads with and
without SB216763. The collective
grouping ofT effector andTreg cells
was fixed and stained with anti-
CD4-PE-Cy5 and -FoxP3-FITC at
intervals of 0, 24, 48, and 72 h (Fig.
4). CD4�CD25� T cells alone incu-
bated with anti-CD3/CD28 micro-

beads with and without SB216763 served as controls for this
experiment. Using FACS analysis and gating on FoxP3� cells,
we found that CD4�CD25� Treg cells co-cultured with
CD4�CD25� T cells and treated with SB216763 maintained
their FoxP3� signature. FoxP3 expression in untreated
CD4�CD25�Treg cells was detected in 39.7% of cells at 24 h, in
51.6% at 48 h, and in 18.3% at 72 h. Contrastingly, SB216763-
treated CD4�CD25� Treg cells displayed a slower pace of loss
of FoxP3 protein. These cells had a FoxP3 signal of 54.6% at
24 h, 32.5% at 48 h, and 31.2% at 72 h. This finding suggests that
treatment with SB216763 slows FoxP3 cell turnover in Treg
cells in vitro. When CD4�CD25� effector T cells that had pro-
liferated in the presence of anti-CD3/CD28 microbeads were

FIGURE 3. FACS analysis of total �-catenin protein levels in presence or absence of SB216763. To assess
�-catenin levels in active Treg cells, we elected to mimic a suppression assay without radioactive isotopes. A
time course was performed to trend the �-catenin intensity in Treg cells in intervals of 0, 24, 48, and 72 h. Given
that GSK-3� targets �-catenin for degradation, the effect of GSK-3� inhibition on �-catenin was measured
using flow cytometry with targeting FITC antibodies. Unsurprisingly, an increase in total �-catenin protein was
observed in FoxP3� Treg cells co-cultured with CD4�CD25� cells and treated with SB216763. All data are
representative of at least two independently performed experiments, gating on CD4�CD25�hiFoxP3� cells.

FIGURE 4. Assessment of FoxP3 protein levels in presence or absence of SB216763. Again a co-culture of
isolated Treg cells and T effector cells in a 1:1 ratio with anti-CD3/CD28 microbeads with and without 5 �M

SB216763 was performed. The collective grouping of T effector and Treg cells was fixed and stained with
FoxP3-FITC in intervals of 0, 24, 48, and 72 h. Using FACS analysis, we clearly show that CD4�CD25� Treg cells
co-cultured with CD4�CD25� T cells and treated with SB216763 maintain their FoxP3� signature. This striking
finding suggests that SB216763 slows FoxP3 cell turnover in vitro. All data are representative of at least two
independently performed experiments, gating on CD4�CD25�hiFoxP3� cells.
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examined, they were found to display minimal to no FoxP3
expression (data not shown).
Increase in Levels of Antiapoptotic Proteins Bcl-xL and Bcl-2

in Treg Cells following GSK-3� Inhibition—Previous studies
have shown that inhibition of GSK-3� results in increased cell
survival by the stabilization of �-catenin (9). Our data suggest
that SB216763 treatment results in increased Bcl-xL protein
expression in Treg cells. Bcl-xL is an antiapoptotic protein that
works to counteract cellular death through inhibitory binding
of apoptotic mediators (9). Interestingly, we demonstrated
heightened Bcl-xL protein levels in CD4�CD25� Treg cells
when they were co-cultured with CD4�CD25� T cells and
with anti-CD3/CD28 microbeads. FACS analysis on gated
CD4�CD25�hi cells demonstrated that untreated cells exhib-
ited a 19% increase in Bcl-xL signal, whereas SB216763-treated
cells exhibited a 31% increase in Bcl-xL within 24 h (Fig. 5a). By
48 h, untreated cells returned to their original Bcl-xL levels,
whereas treated cells maintained 13% higher levels of Bcl-xL
protein even after 72 h. Western blot analysis of purified
CD4�CD25� cells treated in vitro with SB216763 showed that
Bcl-2 levels were maintained at least up to 66 h following
GSK-3� inhibition versus untreated cells (Fig. 5b). The increase
in Bcl-xL and Bcl-2 protein levels correlated with increased cell
survival of CD4�CD25� cells where SB216763-treated cells
exhibited 20% more cells at 66 h versus controls (data not
shown). Collectively, these findings suggest that the GSK-3�
inhibitor SB216763may work through Bcl-xL and Bcl-2 to pro-
tect CD4�CD25� Treg cells from apoptosis in vitro.
Caspase-3 Inhibition with CPP32/Apopain Results in In-

creased Suppression Activity in Treg Cells—GSK-3� has been
shown to play a role in apoptosis in part by destabilizing Bcl-2
(20, 21). Because we observed a stabilization of the antiapop-
totic proteins Bcl-xL and Bcl-2 following GSK-3� inhibition,
we next examined whether SB216763 inhibition acted concor-
dantly with inhibition of apoptosis. To explore this, we made
use of a caspase-3 inhibitor, DEVD-CHO. In Fig. 5c, we show
that addition of 100 �MDEVD-CHO resulted in a 30% increase
in suppressive activity at a 1:1 ratio of CD4�CD25� T cells to
CD4�CD25� Treg cells in the presence of anti-CD3/CD28
microbeads. There was no additive effect when cells were co-
treated with SB216763 and DEVD-CHO. These results suggest
that DEVD-CHO and SB216763 may act through similar
and/or parallel pathways to lessen Treg cell apoptosis and
enhance suppressive activity.
Prolonged Survival of Islet Allotransplants following

SB216763 Treatment—In an attempt to extrapolate our in vitro
work to an in vivo system, we used an allograft islet transplan-
tation system to assess any potential effects on islet allograft
survival in the presence of GSK-3� inhibition. Systemic inhibi-
tion of GSK-3� has been used in animal models ranging from
inflammation to Alzheimer disease to type II diabetes (22–27),
but the effect of inhibiting GSK-3� in animal models for organ
transplantation has not yet been reported. In an islet transplant
model where C3H islets were transplanted into B6 mice, we
showed that there was at least a modest prolongation of
allograft islet survival in mice that were treated daily with 100
�M SB216763 beginning 1 day post-transplantation (Fig. 6A).
We next depleted Treg cells using anti-CD25 antibody (PC61)

and assessed whether the SB216763 effect was negated. The
two-dose PC61 treatment of mice prior to transplantation
resulted in an 87–90% depletion of CD4�FoxP3� cells in
peripheral blood lymphocytes as determined by FACS analysis
(data not shown). In Fig. 6B, we show that prolongation of
allograft islet survival was not seen if Treg cells were depleted.

DISCUSSION

A recent study has shown that introduction of a stable form
of �-catenin results in increased Treg cell survivability. This
paralleled the need for fewer modified Treg cells in the allevia-
tion of inflammatory bowel disease in amousemodel (9). In this
study, we analyzed which upstream components of �-catenin
regulation may play a role in Treg cell function. We focused on
the serine/threonine kinase GSK-3�, which phosphorylates
�-catenin, marking it for ubiquitination, resulting in its degra-
dation. Our results show that the inhibition of GSK-3� poten-
tiates Treg cell suppressive activity and that it does so by
increasing Treg cell survivability, consistent with observations
by Ding et al. (9).
To address the issue of the role of GSK-3� in Treg cell func-

tion, we isolated CD4�CD25� cells and by FACS analysis
showed that the highest portion of activated GSK-3�, as char-
acterized by phosphorylation of tyrosine 216, was observed in
CD4�CD25�hi cells. These cells also exhibited the greatest
level of phospho-�-catenin (Ser-33/37 and Thr-41), indicative
of greater GSK-3� activity. Inhibition of GSK-3� using
SB216763, a specific GSK-3� inhibitor, resulted in increased
Treg cell activity as exhibited by at least 20% greater suppres-
sion in cells treated with SB216763. This enhanced suppression
was not a result of direct inhibition of CD4�CD25� cell prolif-
eration by SB216763 because treatment of CD4�CD25� cells
alone with inhibitor resulted in increased cellular proliferation.
This is consistent with previous observations by Ohteki et al.
(19) who demonstrated that inhibition of T cells with lithium,
an inhibitor of GSK-3�, resulted in increased T cell prolifera-
tion and IL-2 production. But this is in contrast with what was
observed byDing et al. (9) who found that ectopic expression of
stable �-catenin in CD4�CD25� effector T cells results in
anergy. This could be simply due to the fact thatmutant�-cate-
nin in CD4�CD25� cells is competing with the endogenous
wild type form by competing for binding to transcriptional fac-
tors and/or regulatory molecules, such as GSK-3� complex,
resulting in the alteration in proliferation of T effector cells.
Using the Miltenyi Biotec kit for the isolation of

CD4�CD25� cells gives the added advantage that the cells
are prestained with anti-CD25-PE antibody, and therefore
phenotypic changes can be assessed in mixed cultures with
unlabeled CD4�CD25� cells by following the labeled cells.
Analysis of�-catenin protein showed that therewas an increase
in total �-catenin protein in CD4�CD25�hiFoxP3� cells
treated with GSK-3� inhibitor versus untreated cells. But
although there was an increased level of �-catenin protein in
treated cells, �-catenin protein stabilization also occurred in
untreated CD4�CD25�hiFoxP3� cells. This was only observed
in CD4�CD25�hiFoxP3� cells co-cultured with CD4�CD25�

cells. This could be attributable to the fact that �-catenin stabi-
lization may be a molecular event that occurs in Treg cells dur-
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FIGURE 5. a, FACS analysis of the antiapoptotic protein Bcl-xL following SB216763 treatment. Our co-cultured group of cells treated with SB216763 demon-
strates a higher intensity of Bcl-xL after 24 h than untreated cells. Moreover, the kinetics of Bcl-xL loss is significantly slower temporally in the treated group.
Collectively, these findings suggest that the GSK-3� inhibitor SB216763 may work through Bcl-xL to protect Treg cells from apoptosis in vitro. All data are
representative of at least two independently performed experiments, gating on CD4�CD25�hiFoxP3� cells. B, Western blot analysis of CD4�CD25� cells
treated in vitro with SB216763. Cells treated with SB216763 maintain increased Bcl-2 levels up to 66 h versus untreated cells. The Western blot was stripped and
reprobed with anti-�-actin antibody as a loading control. inh., inhibitor. C, effect of caspase-3 inhibition, using DEVD-CHO, on Treg cell suppression. Performing
a classical suppression assay, the use of 100 �M DEVD-CHO, a caspase-3 inhibitor (Casp. Inh), resulted in a 20% increase in suppression activity. When caspase-3
inhibitor was used with GSK-3� inhibitor (GSK-3 Inh), we observed no additive affect, suggesting that the two inhibitors may be acting on the same or parallel
pathways. Data are represented as means � S.E. of triplicate samples. All data are representative of at least two independently performed experiments.
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ing the process of suppression and that what Ding et al. (9) and
our laboratory have shown is an enhancement of this process
either through the introduction of non-hydrolyzable �-catenin
or through the inhibition of GSK-3�, respectively. It is possible
that co-staining for FoxP3 and �-catenin could serve as identi-
fying markers for assessing activated Treg cells in vivo.
We also looked at the status of FoxP3 expression in cells

treated with or without SB216763 and found that treated
CD4�CD25�hiFoxP3� cells exhibited prolonged FoxP3
expression as compared with untreated cells. A possible expla-
nation for this is that active GSK-3� has been shown to phos-
phorylate the transcriptional factor NFAT, resulting in its exit
from the nucleus, negatively regulating its NFAT activity (28).
NFAT is important in the transcriptional activation of FoxP3
expression (29). Therefore, inhibition of GSK-3� may result in
the stabilization of NFAT activity, resulting in increased FoxP3
expression. In addition, it is well documented that TGF-� treat-
ment results in increased FoxP3 expression (5, 30–33) in part
by activating the Smad3 transcriptional factor (29), and it also
can result in the inhibition of GSK-3� (34–38).
Ding et al. (9) have shown that messenger RNA levels of the

antiapoptotic protein Bcl-xL are increased in Treg cells that
ectopically express stable �-catenin as assessed by RT-PCR.
Using FACS analysis and gating on FoxP3� cells, we found that
Bcl-xL protein levels were increased in SB216763-treated
CD4�CD25�hiFoxP3� cells versus untreated cells. This is in
agreement with Ding et al. (9) and suggests that increased Treg
cell suppressive function following GSK-3� inhibition may be
due in part to increased Treg cell survival. To further validate
that inhibition of apoptosis increases Treg cell function, we
treated cells with the caspase inhibitor DEVD-CHO and
observed about a 30% increase in the suppressive activity of
Treg cells. When cells were treated with DEVD-CHO together
with SB216763, we observed no additive effect, suggesting that
GSK-3� inhibition may affect pathways similar or parallel to
those inhibited by DEVD-CHO.
Because GSK-3� inhibition potentiates the suppressive

activity of Treg cells in vitro, we have begun to study the effect
of inhibition of GSK-3� in vivo using an islet transplant model
where C3H islets are transplanted into B6 mice. Moreover,

although we cannot draw definitive
inferences on the effect of Treg cells
in SB216763-treated animals, it is
notable that euglycemia was pro-
longed in grafted animals in the
treated group. Interestingly, al-
though explanted islet grafts from
both the control and experimental
groups displayed lymphocytic in-
filtration suggestive of rejection
(data not shown), the time to rejec-
tion was significantly different in
animals treated with SB216763.
Although we cannot exclude a myr-
iad of variables involved, it is strik-
ing to note that islet grafts survived
twice as long with GSK-3� inhibi-
tion than in the control. Depletion

of Treg cells by PC61 resulted in the elimination of the
SB216763 effect on prolonging allograft islet survival. Although
the imprecise nature of these experiments cannot be understated,
this disparity coupled with our in vitro work does raise the possi-
bility that enhancedTreg cells, due toGSK-3� inhibition, contrib-
ute in promoting tolerance. Preliminary data suggest that naïve
mice treated daily for 7 days with 100 �M SB216763 show a
decrease in thenumberofFoxP3positivecells in thespleenwithan
increase in the number of FoxP3-positive cells in the peripheral
blood without a change in the overall number of FoxP3� cells in
treated versus untreated naïve mice (data not shown).
In summary, we have shown that inhibition of GSK-3�

resulted in increased suppression activity by Treg cells. Analy-
sis of SB216763-treated Treg cells showed that there was a sta-
bilization of �-catenin and that this in part may account for the
increased functionality of Treg cells. This is consistent with the
findings of Ding et al. (9) when they ectopically expressed a
non-hydrolyzable mutant form of �-catenin in Treg cells. We
further show that GSK-3� inhibition was accompanied by
increased stabilization of FoxP3 protein in Treg cells as well as
an increase in Bcl-xL protein levels. There was no additive
effect when cells were co-treated with SB216763 and DEVD-
CHO, suggesting that the inhibitors are acting on similar
and/or parallel pathways. When SB216763 was given systemi-
cally to recipients of transplanted islets, these allospecific cells
exhibited prolonged survival. Knowledge of how GSK-3�
affects FoxP3 stability and function and what role this plays in
increasing Treg cell suppressive activity is timely, especially in
light of the recent study by Zhou et al. (39) showing that the loss
of FoxP3 expression in Treg cells results in the generation of
“exFoxP3” T cells that have a potent, pathogenicmemory T cell
phenotype. Therefore, understanding the important molecular
mechanism(s) underlying this form of immune regulation
could aid in the development of therapeutics formanaging allo-
transplantation rejection and autoimmunity.
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FIGURE 6. Increased survival of allograft islet transplantation following SB216763 treatment. A, diabe-
togenic B6 recipients of C3H islets were injected daily with 100 �M SB216763 postoperatively. Interestingly,
these islets had a 2-fold slower rejection time than untreated B6 recipients as demonstrated by prolonged
euglycemia. p � 0.0056 (log rank test). B, diabetogenic B6 recipients of C3H islets, depleted of CD25� cells prior
to transplantation, were injected daily with 100 �M SB216763 postoperatively. Depletion of Treg cells resulted
in the elimination of SB216763 effect. This demonstration of GSK-3� inhibition (GSKi) in an in vivo model hints
at the powerful possibilities of potential Treg cell therapy in transplantation. p � 0.1616 (log rank test). Casp.,
caspase-3; Inh, inhibitor.
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