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Dysregulated expression of Bcl-xL and Bcl-2 may initiate the development of autoimmune diseases
including systemic lupus erythematosus (SLE). A tolerogenic peptide designated hCDR1 was shown to
ameliorate manifestations of spontaneous and induced murine SLE. Recently, we demonstrated that
Bcl-xL plays a critical role in the modulating effects of hCDR1, as manifested by reducing the state of
activation of lymphocytes and by down-regulating the secretion of the pathogenic cytokines, IFN-g and
IL-10. Here we studied the role of Bcl-xL in the development and function of CD4 regulatory T-cells (Treg)
from hCDR1-treated, SLE-afflicted (New-Zealand-Black � New-Zealand-White) F1 mice. We report that
Bcl-xL was up-regulated in CD4 Treg of tolerized mice, where it played a role in inducing the regulatory/
inhibitory molecules Foxp3, CTLA-4, and TGF-b and in repressing PD-1. Further, Bcl-xL mediated the
induction of CTLA-4 and TGF-b in effector T cells (Teff) by CD4 Treg of the tolerized mice. The induction of
Bcl-xL in Teff by Treg was TGF-b dependent and CTLA-4 independent, leading to inhibition of prolifer-
ation and to a decrease in activated Teff. We conclude that Bcl-xL is required for the development and
function of CD4 Treg, which ameliorate lupus following treatment with a tolerogenic peptide.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction (CDR)-1 of an anti-DNA monoclonal antibody (mAb) that bears the
Bcl-xL and Bcl-2 belong to the Bcl-2 family of proteins [1].
Dysregulated expression of either of the two molecules may result
in hematological malignancies as well as in autoimmunity [2].
Bcl-xL is induced in T cells once the T-cell receptor and CD28 are
stimulated, thereby affecting mainly activated cells, whereas Bcl-2
is predominantly expressed in resting cells [3,4]. Bcl-xL also plays
a role in the development, differentiation, and clonal selection of B
cells [5,6]. Transgenic expression of Bcl-xL or Bcl-2 in murine B cells
was shown to modify the repertoire of B cells and to result in the
production of pathogenic antibodies and the development of
autoimmune diseases including systemic lupus erythematosus
(SLE) and the exacerbation of collagen-induced arthritis [7–9].
In contrast, when Bcl-2 was transgenically expressed in T cells, the
mice were found to be long-lived and without evidence of auto-
immunity, and they were also resistant to the development of
collagen-induced arthritis and SLE [10–12].

Our laboratory designed and prepared a peptide, namely,
hCDR1, which is based on the complementarity determining region
y, The Weizmann Institute of
972 8 934 3646; fax: þ972 8

ozes).

All rights reserved.
common idiotype (Id), namely, 16/6Id [13,14]. Treatment with
hCDR1 ameliorated the serological and clinical (e.g. renal) mani-
festations of spontaneously developed or experimentally induced
SLE [14–20]. Treatment with hCDR1 up-regulated regulatory T cells
(Treg) [17–19] and reduced the rate of apoptosis [15,16,18,20].
Recently, we were able to show that Bcl-xL plays a critical role in
the immunomodulating effects of hCDR1 on lupus-related
responses [20]. In particular, the expression of Bcl-xL, which was
enhanced in B cells and diminished in T cells of SLE-afflicted mice,
was reversed following treatment with hCDR1, in association with
clinical improvement [20]. The expression of Bcl-xL was up-regu-
lated in both the CD4 Treg and effector T cells (Teff) of hCDR1-
treated mice. However, the contribution of Bcl-xL expression to the
induction of Treg has not yet been explored. The purpose of this
report was to study the role of Bcl-xL in the induction and function
of CD4 Treg in SLE-afflicted (New-Zealand-Black � New-Zealand-
White)F1 (BWF1) mice following treatment with the tolerogenic
peptide, hCDR1. We show here that Bcl-xL is directly involved in
inducing the expression of Foxp3 in the CD4 Treg of tolerized mice,
in association with down-regulated expression of PD-1. In addition,
Bcl-xL plays a direct role in the expression of TGF-b and CTLA-4 in
both CD4 Treg and Teff. Further, the induced expression of Bcl-xL in
Teff by CD4 Treg is TGF-b dependent and CTLA-4 independent.
Finally, Bcl-xL induction in Teff by CD4 Treg of tolerized mice led to
the inhibition of proliferation and a decrease in activated Teff.
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2. Materials and methods

2.1. Mice

Female BWF1 mice were purchased from The Jackson Labora-
tory (Bar Harbor, ME, USA). This study was approved by the Animal
Care and Use Committee of the Weizmann Institute of Science.

2.2. Synthetic peptides

A peptide [14], GYYWSWIRQPPGKGEEWIG (hCDR1), based on
the CDR1 of the human anti-DNA mAb, bearing the 16/6Id [13], was
synthesized by Polypeptide Laboratories (CA, USA).

2.3. mAbs

Anti-CD4-PE (clone GK1.5), anti-CD4-allophycocyanin (clone
L3T4), anti-CD25-FITC (clone 7D4), anti-CTLA-4-PE (clone 1B8),
anti-CTLA-4 neutralizing mAb (clone MR1), and their matched
isotype controls were obtained from Southern Biotechnology
Associates (Birmingham, AL). Anti-TGF-b1-PE (clone TB21) and its
matched isotype control were purchased from IQ Products
(Groningen, The Netherlands). Anti-Foxp3-FITC (clone FJK-16s Set),
and anti-PD-1-FITC (clone J43) were purchased from eBioscience
(San Diego, CA). Anti-Bcl-xL-PE (clone H-5) and its isotype control
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Anti-CD45RB-PE (clone 16A), and its matched isotype controls were
purchased from PharMingen (San Diego, CA, USA). Anti-TGF-
b neutralizing mAb (clone 1D11) was obtained from R&D Systems.
Bcl-2 inhibitor was obtained from Calbiochem� (San Diego, CA).

2.4. Treatment of SLE-afflicted BWF1 mice with hCDR1

Eight-mo-old BWF1 female mice with established manifesta-
tions of lupus (e.g. high titers of anti-dsDNA antibodies and levels of
proteinuria �2 g/L) were given 10 weekly s.c. injections of hCDR1
(50 mg/mouse) or the vehicle alone (Captisol�, sulfobutylether beta
cyclodextrin, CyDex, Inc., KS, USA).

2.5. Enrichment of CD4þCD25þ cells

The procedure for depletion and enrichment of CD25þ cells was
described elsewhere [17].

2.6. FACS analysis

Cells were incubated with the relevant Ab and analyzed by FACS,
with forward and side scatter gates adjusted to include all cells and
to exclude debris. For intracellular staining, the cells were incu-
bated with a fixation solution, washed, and resuspended in
permeabilization solution (Serotec; Oxford, UK).

2.7. Protein extraction and Western blot analysis

The procedure for protein extraction and Western blotting is
described elsewhere [20]. Anti-Bcl-xL (Santa Cruz Biotechnology,
Santa Cruz, CA), anti-neuropilin (Santa Cruz Biotechnology) and
anti-tubulin (Sigma–Aldrich) antibodies were used.

2.8. In vitro assays

Cells (5 � 106/well) were incubated for 24 h in the presence of
Bcl-xL inhibitor (Calbiochem�, San Diego, CA), as described else-
where [20]. Rates of apoptosis (detected by annexin V/PI staining)
in cultures were found to be 13.9 � 0.6%.
2.9. Statistical analysis

Student’s t-test and the Mann–Whitney U test were used. Values
of p < 0.05 were considered significant.

3. Results

3.1. Bcl-xL affects the intensity of Foxp3 and the frequency
of Foxp3-expressing CD4þCD25þ cells

We determined the levels of spleen cells that co-express CD4,
CD25, Foxp3, and Bcl-xL in SLE-afflicted BWF1 mice (n ¼ 9/group)
following 10 weekly s.c. injections of hCDR1 or the vehicle. Fig. 1A1
shows that both the percentages and absolute numbers of
CD4þCD25þFoxp3þBcl-xLþ cells were significantly higher in the
spleens of hCDR1-treated mice as compared with the vehicle-
treated mice. The results of further analyses are presented in
Fig. 1A2, and show that most CD4þCD25þBcl-xLþ cells in the
hCDR1-treated mice co-expressed Foxp3 in comparison to the
vehicle-treated mice (78� 11% vs. 50� 12%, respectively; p¼ 0.02).
Also, the expression of Bcl-xL in CD4þCD25þFoxp3þ cells was
significantly elevated in the SLE-afflicted mice following treatment
with hCDR1 (72 � 2.1% vs. 6.2 � 2.4%, respectively; p ¼ 0.007).

Next, CD4þCD25þ cells were isolated from the spleens and
incubated (5�106/ml) for 24 h in the presence of two doses (25 and
100 mM) of Bcl-xL inhibitor. As shown in Fig. 1(B1 and B2), a higher
percentage of CD4þCD25þ cells derived from hCDR1-treated mice
expressed Foxp3 in comparison with cells from vehicle-treated
mice. Importantly, the expression of Foxp3 in CD4þCD25þ cells
from both the vehicle- and hCDR1-treated mice diminished
significantly in a dose-dependent manner in the presence of the
Bcl-xL inhibitor. Apoptosis rates in the enriched culture that con-
tained the higher dose of the inhibitor were less than 15%, thus
supporting a genuine effect of Bcl-xL inhibition that was not related
to apoptosis. The mean fluorescence intensity (MFI) of Foxp3 in
CD4þCD25þ cells from hCDR1-treated mice was higher than that in
cells of vehicle-treated mice, but the addition of Bcl-xL inhibitor to
the cultures substantially down-regulated the MFI levels in both
treatment groups (Fig. 1, B1 and B2). The effect of Bcl-xL on the
induced Treg was also confirmed by Western blot analysis of neu-
ropilin, a specific marker for CD4 Treg [21]. As shown in Fig. 1C, the
levels of neuropilin in CD4þCD25þ cells of hCDR1-treated mice
were significantly higher than those in cells of vehicle-treated mice,
and inhibition of Bcl-xL resulted in a substantial reduction in the
protein levels in both treatment groups.

3.2. Bcl-xL affects the expression of CTLA-4 and TGF-b

in CD4þCD25þ cells

To study the direct role of Bcl-xL in the expression of CTLA-4 and
TGF-b in CD4þCD25þ cells, we incubated enriched CD4þCD25þ cells
from SLE-afflicted BWF1 mice that were treated with hCDR1 or the
vehicle, in the presence or absence of Bcl-xL inhibitor. Whereas
comparable percentages of CD4þCD25þ cells were stained for
intracellular expression of CTLA-4 in both treatment groups, the
percentage of CD4þCD25þ cells that expressed CTLA-4 on their
surface was higher after having been treated with hCDR1 (Fig. 2, A1
and A2). Moreover, treatment with hCDR1 significantly up-regu-
lated MFI of intracellular and surface CTLA-4 in the CD4þCD25þ

cells. Inhibition of Bcl-xL resulted in a significantly reduced rate of
intracellular, and to a lesser extent the surface levels of CTLA-4 on
CD4þCD25þ cells of both hCDR1- and vehicle-treated mice in
a dose-dependent manner. Nevertheless, inhibition of Bcl-xL
resulted in reduced surface and intracellular MFI levels of CTLA-4 in
hCDR1-derived CD4þCD25þ cells, similar to the levels observed for



Fig. 1. Bcl-xL is required for the development of Foxp3-expressing CD4þCD25þ cells. SLE-afflicted BWF1 mice (n ¼ 9/group) were treated with 10 weekly s.c. injections of
hCDR1 (50 mg/mouse) or the vehicle. (A1) Mean (�SD) percentage and absolute count in spleens of individual mice. (A2) Representative dot plots. (B1) CD4þCD25þ cells
were enriched from the spleens of the experimental mice and incubated (5 � 106/ml) for 24 h in the presence of Bcl-xL inhibitor. Representative histograms are shown.
(B2) Mean (�SD) percentages and MFI for Foxp3 in CD4þCD25þ cells of three experiments. (C) Western blot analysis of neuropilin and tubulin in CD4þCD25þ cells in the
presence of Bcl-xL inhibitor (100 mM) or solvent. Results are also expressed as mean (�SD) of two experiments based on densitometry. *p < 0.05 compared with the
vehicle-treated group.
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cells of vehicle-treated mice. The percentage of CD4þCD25þ cells
that express TGF-b intracellularly and even more prominent on the
surface, was significantly higher in hCDR1-treated mice in
comparison with vehicle-treated mice, although the MFI of TGF-
b was similar in both treatment groups (Fig. 2, B1 and B2). Inhibi-
tion of Bcl-xL resulted in down-regulated percentages of
CD4þCD25þ cells that express TGF-b both intracellularly and on the
cell surface. Inhibition of Bcl-xL in CD4þCD25þ cells had no effect
on the intensity of expression of intracellular TGF-b in either of the
treatment groups, although the high dose of the inhibitor dimin-
ished the MFI of surface TGF-b in the vehicle-derived CD4þCD25þ

cells (Fig. 2B2).
3.3. Bcl-xL is required by hCDR1-induced CD4 Treg to enable the
up-regulation of CTLA-4 and TGF-b in Teff

We investigated the association between Bcl-xL expression and
the induction of the expression of CTLA-4 and TGF-b in Teff from
SLE-afflicted BWF1 mice. To this end, enriched CD4þCD25þ cells
(0.5�106/ml) from hCDR1- and vehicle-treated SLE-afflicted BWF1
mice were incubated for 24 h together with CD4þCD25� Teff
(5 � 106/ml) from SLE-afflicted mice, in the presence or absence of
Bcl-xL inhibitor (100 mM). As shown in Fig. 3, the addition of
CD4þCD25þ cells to the culture from hCDR1 but not from the
vehicle-treated mice resulted in a significant up-regulation of Teff



Fig. 2. Bcl-xL affects the expression of CTLA-4 and TGF-b in CD4þCD25þ cells. Enriched CD4þCD25þ cells (5 � 106/ml) were incubated for 24 h in the presence of Bcl-xL inhibitor.
Representative histograms (A1 and B1) and mean results (�SD) of three experiments (A2 and B2) for surface and intracellular expression of CTLA-4 and TGF-b, in CD4þCD25þ cells.
*p < 0.05 compared with the vehicle-treated group.
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that expressed high levels of CTLA-4 and TGF-b. However, this
effect was abrogated when the Bcl-xL inhibitor was added to the
culture mixture.

3.4. Induced expression of Bcl-xL in Teff is TGF-b dependent and
CTLA-4 independent

To characterize the mutual effects between Bcl-xL, CTLA-4 and
TGF-b, splenocytes (5 � 106/ml) from SLE-afflicted BWF1 mice
(n ¼ 9/group) that were treated with hCDR1 or the vehicle were
incubated in the presence of neutralizing mAb against CTLA-4
(20 mg/ml) or TGF-b (10 mg/ml). The protein levels of Bcl-xL,
determined by Western blotting, are shown in Fig. 4A. It can be seen
that the levels of Bcl-xL were elevated in the diseased mice
following treatment with hCDR1, in comparison with the vehicle-
treated mice. Also, the levels of induced Bcl-xL in the hCDR1-
treated splenocytes were significantly down-regulated after
neutralization of TGF-b; however, neutralization of CTLA-4 had no
substantial diminishing effect on the expression of Bcl-xL.

Next, we incubated enriched CD4þCD25þ cells (0.5 � 106/ml)
from hCDR1- and vehicle-treated SLE-afflicted BWF1 mice (n ¼ 9/
group) for 24 h together with CD4þCD25� cells (5 � 106/ml) from
SLE-afflicted mice, in the presence of neutralizing mAb against
either CTLA-4 (20 mg/ml) or TGF-b (10 mg/ml). As shown in Fig. 4B,
CD4þCD25þ cells derived from hCDR1-treated mice induced the
expression of Bcl-xL in Teff of the SLE-afflicted mice, unlike Treg
derived from vehicle-treated mice, which had no additive effect on
the expression of Bcl-xL. The elevated expression of Bcl-xL in Teff
following incubation with hCDR1-induced Treg was abolished in
the presence of neutralizing mAb specific to TGF-b but not to
CTLA-4. The isotype control of the neutralizing Abs had no effect on
the Bcl-xL expression (data not shown).

3.5. Up-regulation of Bcl-xL in hCDR1-induced Treg is associated
with down-regulation of PD-1

Since PD-1 was reported to affect Bcl-xL expression [22,23], we
studied the possible interaction between PD-1 and Bcl-xL in
hCDR1-induced Treg. To this end, splenocytes (5 � 106/ml) from
SLE-afflicted mice were incubated following in vitro addition of
either hCDR1 (25 mg/ml; n ¼ 3) or the vehicle (n ¼ 3) for 24 h. The
expressions of surface and intracellular PD-1 as well as Bcl-xL were
determined in CD4þCD25þ gated cells using flow cytometry. Fig. 5A
shows representative histograms and Fig. 5B presents the mean



Fig. 3. Bcl-xL plays a role in the up-regulation of CTLA-4 and TGF-b in CD4 Teff by hCDR1-induced CD4 Treg. CD25� Teff (5 � 106/ml) from vehicle-treated, SLE-afflicted mice were
incubated alone or together with CD4þCD25� cells (0.5 � 106/ml) from vehicle- or hCDR1-treated, SLE-afflicted BWF1 mice for 24 h with Bcl-xL inhibitor (100 mM), or with the
inhibitor’s solvent. Shown are the mean (�SD) percentages of CD4þCD25þ cells expressing CTLA4 (A1) or TGF-b (B1) in three experiments, and representative histograms (A2 and
B2). *p < 0.05 compared with incubation of vehicle-derived CD25� Teff alone.
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percentages of CD4þCD25þ cells that express the various mole-
cules. Accordingly, Treg in the cultures that contained hCDR1 up-
regulated the expression of Bcl-xL whereas it down-regulated
mainly the surface expression of PD-1 in comparison to the cultures
with the vehicle. These effects were more prominent when hCDR1
(as compared with the vehicle) was administered in vivo to SLE-
afflicted mice (n ¼ 5/group), as shown in Fig. 5C. Accordingly,
hCDR1-treated mice had significantly higher percentages of
CD4þCD25þ cells that expressed Bcl-xL, whereas the intracellular,
Fig. 4. The induced expression of Bcl-xL in Teff is TGF-b dependent and CTLA-4 independe
incubated for 24 h in the presence of neutralizing mAb against CTLA-4 (20 mg/ml) or TGF-b (1
is shown based on densitometry. (B) CD25� Teff (5 � 106/ml) from vehicle-treated, SLE-affli
vehicle- or hCDR1-treated, SLE-afflicted BWF1 mice for 24 h with or without anti-CTLA-4 (
CD4þCD25� Teff was determined by FACS. Mean (�SD) percentages of cells of three experim
the effect of hCDR1-induced CD25þ cells.
and to a lesser extent, the surface expression of PD-1 was down-
regulated. The results of the in vitro and in vivo experiments were
reproduced in two independent experiments.

We further studied the effects of Bcl-xL on the simultaneous
expression of PD-1 (at the surface and intracellular) and Foxp3 in
the hCDR1-induced Treg. Fig. 5D and E shows the results of in vitro
experiments, in which splenocytes of SLE-afflicted mice were
cultured (5 � 106/ml) for 24 h in the presence of hCDR1 (25 mg/ml)
and Bcl-xL inhibitor at different concentrations, or in the presence
nt. Splenocytes (5 � 106/ml) from hCDR1- or vehicle-treated SLE-afflicted mice were
0 mg/ml). (A) Western blot analysis. Mean (�SD) percent expression of two experiments
cted mice were incubated alone or together with CD4þCD25þ cells (0.5 � 106/ml) from
20 mg/ml) or anti-TGF-b (10 mg/ml) neutralizing mAb. The expression of Bcl-xL in the
ents are shown. *p < 0.05 compared with the effect of hCDR1. yp < 0.05 compared with



Fig. 5. Up-regulated expression of Bcl-xL is associated with Foxp3 induction and PD-1 down-regulation in CD4þCD25þ cells. (A) Splenocytes (5 � 106/ml) from SLE-afflicted mice
were incubated with hCDR1 (25 mg/ml; n ¼ 3), or the vehicle (n ¼ 3) for 24 h. (A) Representative histograms and (B) Mean (�SD) percentages of CD4þCD25þ gated cells for the
expression of Bcl-xL and PD-1. Gray contours indicate staining with the isotype control. (C) In vivo effects of treatment with hCDR1 (50 mg/mouse; 10 weekly s.c. injections; n ¼ 5), or
with the vehicle (n ¼ 5). The results of in vitro and in vivo experiments were reproduced in two different experiments. (D) Representative dot plots and (E) mean (�SD) absolute
numbers for the expression of Foxp3 and surface PD-1 in CD4þCD25þ gated cells of splenocytes (5 � 106/ml) from SLE-afflicted mice following incubation with different doses of
Bcl-xL inhibitor or its solvent together with hCDR1 (25 mg/ml; n ¼ 3) for 24 h. Results are expressed as means (�SD) of absolute numbers of cells per culture. Results were
reproduced in two independent experiments. (F) In vivo effects of treatment with hCDR1 (50 mg/mouse; 10 weekly s.c. injections; n ¼ 5), or with the vehicle (n ¼ 5). Results were
reproduced in two independent experiments.
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of hCDR1 and the solvent of the inhibitor. It can be seen that the
inhibition of Bcl-xL affected the CD4þCD25þ cells in the cultures by
progressively enhancing the expression of PD-1, along with
a simultaneous decrease in the expression of Foxp3 (Fig. 5D). It can
be seen that the number of CD4þCD25þ cells that express Foxp3
was down-regulated in association with the inhibition of Bcl-xL;
however, the number of CD4þCD25þ cells that express PD-1 was
up-regulated (Fig. 5E). The effects of Bcl-xL inhibition on cells from
hCDR1-treated (in vivo) SLE-afflicted mice are shown in Fig. 5F, and
are similar to those determined for the in vitro cultures except that
the numbers of non-Foxp3-expressing CD4þCD25þPD-1þ cells
continued to increase even at a high-dose inhibition of Bcl-xL,
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suggesting that in vivo treatment with hCDR1, as compared with in
vitro incubation, conferred a stronger resistance to apoptosis.

3.6. Bcl-xL mediates the suppressive activity of hCDR1-induced CD4
Treg on proliferation and the state of activation of Teff derived from
SLE-afflicted mice

To determine whether Bcl-xL plays a role in the suppressive
function of hCDR1-induced Treg, vehicle-derived CD25� Teff were
pooled from SLE-afflicted mice (n ¼ 5–7/group), and then labeled
with CFSE and put into a 36 h culture with enriched CD4þCD25þ cells
(at 2 ratios) from mice that received 10 weekly s.c. injections of
either hCDR1- or the vehicle, with or without the addition of Bcl-xL
inhibitor. Fig. 6A shows two distinct populations in CD4þ cells of
which CD4high cells were the main subset to proliferate. The latter
were previously reported to represent the helper-inducer subset of
lymphocytes [24–26]. It is shown in the figure that the baseline
proliferative levels of CFSE-labeled, vehicle-derived CD25� Teff from
the diseased mice were inhibited following incubation with
CD4þCD25þ cells from hCDR1-treated mice (35 � 4% in CD25� Teff
alone vs. 28� 3% and 15�4% in the presence of hCDR1-induced Treg
at ratios of 1/100 and 1/10, respectively; p ¼ 0.02). The addition of
Bcl-xL inhibitor to the cultures abrogated the suppressive effects of
hCDR1-induced Treg on proliferation, and led to proliferation in cell
cultures that contained either hCDR1- or vehicle-derived
CD4þCD25þ cells. It is noteworthy that incubation of Teff in the
presence of Bcl-xL inhibitor resulted in the up-regulation of
Fig. 6. Bcl-xL mediates the suppressive functions of hCDR1-induced Treg on proliferation an
weekly s.c. injections of hCDR1 (50 mg/mouse) or with the vehicle. Pooled splenocytes from th
cells were then labeled with CFSE, and thereafter incubated for 36 h with enriched CD4þCD2
addition of Bcl-xL inhibitor (100 mM). (A) Representative dot plots showing the effects on CF
and (C) CD4þCD45RBhigh cells among the CFSE-labeled, vehicle-derived CD25� Teff. Results
bation of vehicle-derived CD25� Teff alone.
proliferating cells as compared with incubation excluding the
inhibitor (77 � 8% versus 41 � 4%, respectively), in accordance with
our previous report [20]. Likewise, the addition of Treg from hCDR1-
and not vehicle-treated mice to cultures of CFSE-labeled CD25� Teff
from vehicle-treated, SLE-afflicted mice resulted in a significant
down-regulation in CD4þCD69þ cells (Fig. 6B) and CD4þCD45RBhigh

cells (Fig. 6C), which represent activated T cells [27,28]. The latter
effect was abrogated in the presence of Bcl-xL inhibitor. These
results were reproduced in three independent experiments.

4. Discussion

The main findings of the present study are that the elevated
expression of Bcl-xL in T cells of SLE-afflicted BWF1 mice, treated
with the tolerogenic peptide hCDR1, plays a key role in the induction
of CD4 Treg. The hCDR1-induced expression of Bcl-xL in the cells
resulted in down-regulation of PD-1 and in up-regulation of Foxp3
and CTLA-4. Further, Bcl-xL mediated the influence of Treg on Teff of
the diseased mice by inducing two inhibitory molecules, CTLA-4 and
TGF-b, in the latter cells. It is thus suggested that Bcl-xL is pivotal for
the induction of T-cell-associated immunosuppressive molecules
that are important for tolerance. To the best of our knowledge, this
unrecognized role of Bcl-xL in the T-cell compartment of mice with
an autoimmune disease is reported here for the first time.

Several studies reported increased expression of Bcl-xL and
Bcl-2 in CD4þCD25þ cells but only to explain the superior survival
rates or a numerical increase in the latter cells [12,29–31]. In fact,
d the state of activation of Teff. SLE-afflicted mice (n ¼ 5–7/group) were treated with 10
e vehicle-treated group were depleted of CD4þCD25þ cells. The vehicle-derived CD25�

5þ cells (at 2 ratios) from either hCDR1- or the vehicle-treated mice with or without the
SE-labeled, vehicle-derived CD25� Teff. (B) The effects on the rates of CD4þCD69þ cells
were reproduced in three independent experiments. *p < 0.05 compared with incu-
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the association between the expression of Bcl-xL and Foxp3 could
be indirectly suspected, based on retrospective data. Hence, the
expression of CD28, which was reported to be essential for
the development of Treg [32,33], was also reported to initiate the
expression of Bcl-xL [34]. Likewise, STAT-5, which was shown to be
important for the development of Treg [35], was also capable of
inducing the expression of Bcl-xL [36]. Herein, we demonstrated
that the hCDR1-induced expression of Foxp3 and neuropilin in
CD4þCD25þ cells was directly linked to the expression of Bcl-xL
(Fig. 1). It is noteworthy that T cells from mice expressing OVA
systematically and therefore are chronically exposed to the self-Ag
(i.e. OVA protein) remained anergic even when apoptosis was
prevented, in association with the induction, though transiently, of
Foxp3 and Bcl-xL [37].

Several signaling pathways can mediate the ability of Bcl-xL to
lead to the development of hCDR1-induced Treg. JNK was reported
previously to affect the induction of Bcl-xL [38]. Therefore, the
ability of hCDR1 to reduce the levels of pJNK [15] may impair the
formation of AP-1 [39], and as a result, NFAT will become more
available for association with Foxp3 instead of with AP-1, thereby
promoting the differentiation of anergized/regulatory cells [40,41].

The presence of Bcl-xL in Treg of tolerized SLE-afflicted mice
affected two additional immunosuppressive molecules, CTLA-4 and
TGF-b, however, in different manners (Fig. 2). Whereas treatment
with hCDR1 did not affect the frequency of CTLA-4-expressing
CD4þCD25þ cells, it did up-regulate both the surface and intracel-
lular expression of CTLA-4, and this effect was Bcl-xL dependent.
CTLA-4 is a molecule that has been shown to enable both the TGF-
b-mediated expansion [42] and the in vivo suppressive function
[43] of CD4 Treg. As for TGF-b, the intensity of its expression was
not affected by hCDR1 (Fig. 2B). In contrast, treatment with hCDR1
resulted in a higher rate of TGF-b-expressing CD4þCD25þ cells, an
effect that was dependent on Bcl-xL expression. Therefore, these
data indicate that Bcl-xL is involved in the ability of TGF-b to
expand the population of hCDR1-induced CD4þCD25þ cells.

Bcl-xL was shown here to also play a role in up-regulating the
expression of CTLA-4 and TGF-b, in Teff of the SLE-afflicted BWF1
mice by hCDR1-induced Treg (Fig. 3). Our findings, supported by
previous reports showing that anergized T cells express Bcl-xL [44],
may suggest that Bcl-xL could also suppress activated T cells by
inducing a state of anergy through the induction of CTLA-4 and TGF-
b (Fig. 3). The hCDR1-induced expression of Bcl-xL in Teff was TGF-
b dependent. In agreement, it was previously demonstrated that the
induction of Bcl-xL in activated Tcells was dependent on TGF-b [45].

The inhibition of Bcl-xL prevented the up-regulation of CTLA-4
in Teff by hCDR1-induced Treg (Fig. 3A). However, neutralization of
CTLA-4 did not interfere with the ability of the Treg to up-regulate
Bcl-xL in Teff (Fig. 4B). Therefore, it is likely that the induced
expression of Bcl-xL occurred prior to the up-regulation of CTLA-4.
In accordance with a previous report [46], the fact that Bcl-xL was
still expressed when CTLA-4 was already induced may suggest that
Bcl-xL by itself contributes to the reduction of T-cell activation.

The up-regulated levels of Bcl-xL in the hCDR1-induced CD4 Treg
contributed to the inhibitory effect on PD-1 expression together
with the induction of Foxp3 expression (Fig. 5). In line with our
findings, Hahn’s group demonstrated that treatment of murine
lupus with an artificial tolerogenic peptide resulted in a decrease in
PD-1 and an increase in Foxp3, in CD8 suppressor cells [47]. It thus
appears that the expression of PD-1 is down-regulated in hCDR1-
induced Treg in order to potentiallyacquire a suppressive phenotype
in the cells. Because PD-1 was shown to inhibit the expression of
Bcl-xL [23,48], it is likely that the down-regulation of PD-1 could also
trigger the induction of Bcl-xL in Treg of the tolerized mice.

Two distinct populations in CD4þ cells were shown in SLE-
afflicted BWF1 mice (Fig. 6). However, activated proliferating CD4þ
cells were determined to be within the CD4high subset of cells.
These observations are in agreement with previous reports
demonstrating that CD4 cell activation and proliferation, which are
hallmarks of T-helper cells occur exclusively in the CD4high subset of
cells [24–26]. Our previous report demonstrated that the reduction
in the state of activation of the Teff and the down-regulated
secretion of pathogenic cytokines (IFN-g and IL-10), following
treatment of SLE-afflicted mice with hCDR1, were both mediated by
Bcl-xL [20]. Here we showed that Bcl-xL played an important role in
the ability of hCDR1-induced Treg to suppress proliferation and to
reduce the state of activation of CD4þCD25� Teff in SLE-afflicted
mice (Fig. 6). Apparently, the Bcl-xL suppressive effects were
accomplished because Bcl-xL mediated the up-regulation of TGF-
b and CTLA-4, which are essential for hCDR1 activity [17,18], on Teff
of the tolerized mice (Fig. 3).

Altogether, the mechanisms underlying the therapeutic effects
of hCDR1 on SLE-afflicted mice involve different functions of the
survival molecule, Bcl-xL, in tolerance induction. The consequences
of up-regulation of Bcl-xL in the tolerized mice are as follows:
1) CD4þCD25þ cells acquire regulatory/suppressor activity; 2)
CD4þCD25� Teff up-regulate inhibitory molecules; 3) CD4þCD25�

Teff are suppressed by CD4 Treg. This unrecognized role of Bcl-xL in
the T-cell compartment of an autoimmune background provides
a novel mechanism of induction of Treg. Therefore, manipulations
aimed at immunomodulating the expression of Bcl-xL in the T-cell
compartment might be of importance for controlling and treating
a wide range of diseases that are affected by Treg.
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