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Abstract

E3 ubiquitin ligase Cbl-b is critical for establishing the threshold for T cell activation, and is
essential for induction of T cell anergy. Recent studies suggest that Cbl-b is involved in the
development of inducible CD4*CD25* regulatory T cells (iTregs). In this study, we report that the
optimal induction of Foxp3 by naive CD4*CD25™ T cells requires suboptimal TCR triggering. In
the absence of Cbl-b, the TCR strength for optimal Foxp3 induction is down-regulated in vitro.
Using TCR transgenic Rag™~ mice in combination with Cbl-b deficiency, we show that in vivo
iTreg development is also controlled by Cbl-b via tuning the TCR strength. Furthermore, we show
that Akt-2 but not Akt-1 regulates Foxp3 expression downstream of Cbl-b. Therefore, we
demonstrate that Cbl-b regulates the fate of iTregs via controlling the threshold for T cell
activation.

INTRODUCTION

CD4*CD25* regulatory T cells (Tregs) are vital for keeping the immune system in check,
which helps to avoid immune-mediated pathology and unrestricted expansion of effector T
cell populations (1). It has been shown that naive CD4*CD25™ T cells, which do not express
Foxp3, can be converted into CD4*CD25*Foxp3* inducible Tregs (iTregs) in the presence
of TGF-B in vitro (2). Furthermore, CD4*CD25*Foxp3* Tregs can also be induced in TCR
transgenic/Rag™'~ mice, which do not have naturally-occurring Tregs (nTregs), upon chronic
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Ag stimulation (2-6). The conversion of CD4*CD25™ T cells into CD4*CD25" iTregs
appears to be negatively regulated by PI3K/Akt/mTOR or Foxo1/3a pathway (7-10).

Casitas-B-lineage lymphoma protein-b (Cbl-b), an E3 ubiquitin ligase, is a gatekeeper
involved in maintaining the balance between immunity and tolerance (11-13). Indeed, we
previously demonstrated that CD28 and CTLA-4 tightly regulate Cbl-b expression which is
critical for establishing the threshold for T cell activation and tolerance (14, 15). Although
Cbl-b may potentiate TGF-B-induced conversion of naive CD4*CD25™ T cells into
CD4*CD25*Foxp3* iTregs (9, 16), whether T cell activation threshold controlled by Cbl-b
regulates this process is unknown. Furthermore, as previous studies used the same dose of
anti-CD3 to induce iTregs in vitro (9, 16), it remains to be determined whether defective
iTreg generation in the absence of Cbl-b represents an artifact of the different thresholds for
T cell activation. In this study, we utilized both in vitro and in vivo iTreg differentiation
protocols to assess the role of Cbl-b in this process. Our data indicate that Cbl-b facilitates
iTreg generation, and this process is achieved by tuning the threshold for T cell activation.
We also first demonstrate that Akt-2 but not Akt-1 is involved in the regulation of Foxp3
expression downstream of Cbl-b.

Materials and Methods

Mice

Reagents

BALB/c, C57BL/6 (B6), Akt-17~, Akt-27/~, Scurf, DO11.10, and Rag-1~/~ mice were
purchased from The Jackson Laboratory (Barr Harbor, ME). Cbl-b™~ mice described
previously (11) were obtained from Dr. Josef M. Penninger (University of Toronto, ON,
Canada), and have been backcrossed onto BALB/c background for 14 generations.
DO011.10.Rag-17~, DO11.10.Rag-1~/~Scurf and DO11.10.Rag-1~"~Cbl-b~/~ mice were
generated by extensive crossing. Cbl-b™~ mice (B6 background) were crossed onto Akt-17/~
and Akt-27/~ mice, respectively, to generate Cbl-b*/~Akt-1*/~ and Cbl-b*/~Akt-2*/~ mice
which were then inter-crossed to generate Cbl-b™/~Akt-17~ and Cbl-b~/~Akt-27/~ mice.
Foxp39% reporter mice (17) were obtained from Dr. Alexander Rudensky (University of
Washington; Seattle, WA), and have been crossed onto Cbl-b™~ mice to generate Cbl-b™~
Foxp397? mice. All experimental protocols followed NIH Guidelines and were approved by
Institutional Animal Care and Use Committees of the University of Chicago and The Ohio
State University. All the mice were used for experiments at ages of 6-10 wks.

The following reagents were obtained from BD Biosciences (San Jose, CA): recombinant
mouse IL-2 (rmIL-2), purified anti-CD3 (Clone 145-2C11), hamster 1gG isotypic control,
FITC-anti-murine CD25 (Clone 7D4), PE-anti-CD25 (Clone PC61), and APC-anti-mouse
CD4 (clone RM4-5). FITC- or PE-Cy7-anti-Foxp3 (Clone FJK-16s), and the respective
isotypic control mAbs were obtained from eBioscience (San Diego, CA). Recombinant
human TGF-B1 was purchased from R&D Systems (Minneapolis, MN). LY 294002,
Aktil/2, 124029 Akt Inhibitor XI1 (Akt-2i), IKKy NEMO bounding domain (NBD)
inhibitory peptide (SC-514), and rapamycin were purchased from Calbiochem (San Diego,
CA).

Cell Preparation

Naive CD4* T cells were purified from spleens using a mouse CD4*CD62L* isolation kit 11
(Miltenyi Biotec.; Auburn, CA). Naive CD4*CD25™ T cells were further purified as
previously described (18). The purity of naive CD4*CD25~ T cells was >95%. T cell-
depleted splenocytes of BALB/c or B6 mice (irradiated, 3,000 Rad) were used as APCs.
CD4*CD25"GFP~ T cells from Foxp39% and Cbl-b~/~Foxp39% mice were purified by
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FACS sorting. Untouched naive mature B cells were purified from mouse spleens using B
cell isolation kit (Miltenyi Biotec.), and further purified by FACS sorting using a FACSAria
Il cell sorter (BD Biosciences).

In vitro induction of CD4*CD25*Foxp3* iTregs from naive CD47CD25~ T cells

Naive CD4*CD25~ T cells from WT BALB/c or B6, Cbl-b™~ (BALB/c and B6
backgrounds), Akt-17/=, Cbl-b™~Akt-17/~, or Akt-27/=, Cbl-b~~Akt-2~/~ mice, or Foxp39%
or Cbl-b"Foxp39% mice were plated in 96-well plates coated with anti-CD3 and soluble
anti-CD28 with 100 U/ml rmIL-2, 2.5 ng/ml TGF-B1 (R&D Systems). Naive CD4*CD25~ T
cells from DO11.10.Rag-17~ and DO11.10.Rag-1~~ mice were incubated with T-depleted
BALBY/c splenocytes as APCs pulsed with different doses of OV A3»3.339 peptide in the
presence of TGF-p and IL-2. Cells were harvested 72 h later and stained for CD4, CD25,
and Foxp3. For an in vitro suppression assay, CD4*CD25*GFP* cells from the above
culture were sorted by FACS and cultured with naive CD4*CD25™ T cells from WT B6
mice in the presence of anti-CD3 and anti-CD28 for 72 h. Alternatively, CD4*CD25* T
cells were isolated from WT and Cbl-b~~ mice, and cultured with naive CD4*CD25~ T
cells from DO11.10.Rag-17~ and DO11.10.Rag-1"-Cbl-b™~ mice in the presence of T-
depleted WT APCs and OV A3p3.339 peptide for 72 h. T cell proliferation was determined by
[3H]thymidine incorporation.

Induction of iTregs in vivo and allergic airway inflammation

Oral tolerance to OVA was induced by offering to the animals, ad libitum, 0.1% and 1 %
OVA (grade Il; Sigma-Aldrich, St. Louis, MO) solution dissolved in drinking water for 5
consecutive days (4). To induce allergic airway inflammation, DO11.10.Rag-1~/~ and
DO011.10.Rag-1""Cbl-b™~ mice adoptively transferred (i.v.) with highly purified mature B
cells (5 x 108/mouse) were immunized by i.p. injection of OV Az3.339 peptide (667 pg/ml,
peptide 2.0; Chantilly, VA) adsorbed to 2 mg of an aqueous solution of aluminum hydroxide
and magnesium hydroxide (Imject®Alum; Thermo Scientific, Rockford, IL) on day 0.
Challenge of OVAz23.339 (10 g in 50 pl PBS) was given on day 14 and day 21
intranasally. The mice were sacrificed and assessed for allergic inflammation of the lungs 24
h after the last aerosol exposure. Bronchoalveolar lavage (BAL) fluid was collected at the
sacrifice, and the cell differentials in BAL fluid were assessed as described (19). Serum IgE
level was measured by ELISA.

Western blotting analysis

Naive CD4*CD25~ T cells from WT, Akt-17/~, and Akt-27=, or WT, Cbl-b™~, Akt-17-,
Cbl-b™~ Akt-17/~, Akt-27/~, and Cbl-b~/~Akt-27/~ mice were stimulated with anti-CD3 for
time-points as indicated, and lysed. The cell lysates were blotted with phospho-Abs against
Foxol and Foxo3a. The membranes were stripped and reprobed with Akt-1, Akt-2, Cbl-b,
and actin. For detection of Akt activation, Naive CD4*CD25™ T cells from WT and Cbl-b~/~
mice were pretreated with or without LY 294002, and stimulated with anti-CD3. The cell
lysates were blotted with anti-phospho-Akt (Ser473), and reprobed with anti-Akt.
Quantitative reprentations of the results are shown as relative band intensities measured by
The Li-Cor Odyssey® Infrared Imaging System (Li-Cor; Lincoln, NE).

Statistical analysis

A two-tailed Student’s £test was applied for statistical comparison of two groups or, where
appropriate, a Mann-Whitney test for nonparametric data (airway inflammation scoring). A
Pvalue of 0.05 or less was considered significant.
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The threshold for T cell activation regulated by Cbl-b determines the fate of iTreg
development

As it is well established that Cbl-b controls the threshold for T cell activation (14, 15), and
regulates the affinity of antigen to their TCR (20), we decided to examine whether T cell
activation threshold regulated by Cbl-b determines the fate of iTregs. To test this hypothesis,
we stimulated naive wild type (WT) and Cbl-b™~ CD4*CD25 T cells with different
concentrations of anti-CD3 (0.01 to 5 g/ml) and constant anti-CD28 (1 pg/ml) in the
presence of TGF-B (2.5 ng/ml). Surprisingly, anti-CD3 at 0.01 pg/ml induced a significant
iTreg population from naive Cbl-b™~ CD4*CD25~ T cells as did 0.05-0.5 g/ml of anti-
CD3 in naive WT CD47CD25™ T cells (Fig. 1A). Increasing anti-CD3 concentration led to a
dose-dependent reduction of iTregs converted from both WT and Cbl-b™~ CD4*CD25~ T
cells, however this reduction occurred at 0.05 pg/ml of anti-CD3 for Cbl-b~~ T cells but at
1-5 pg/ml for WT T cells (Fig. 1A). To verify this in a more physiological setting, we
crossed Chl-b™~ mice with DO11.10 transgenic mice which express CD4* TCR specific for
OVA323.339 peptide on a Rag-1~/~ background. Placing a TCR transgene on the Rag-17~/~
background results in all peripheral T cells expressing single Ag specificity without
detectable expression of the transcription factor Foxp3 (4), which are devoid of the
confounding effects of Chl-b function in nTregs. Consistent with the data presented in Fig.
1A, the absence of Cbl-b shifted the TCR strength required for iTreg conversion to much
lower levels (Fig. 1B). Therefore, our data indicate that the impaired iTreg generation in
vitro in the absence of Cbl-b is due to the lower threshold for T cell activation through the
TCR.

To assess the role of Cbl-b on the suppressive activity of iTregs, we isolated
CD4*CD25"GFP~ T cells from Foxp39% mice and Cbl-b~/~Foxp39% mice, and stimulated
them with anti-CD3 and anti-CD28 in the presence of TGF-f. We found that iTregs from
Cbl-b~/~Foxp39% mice suppressed the proliferation of WT T cells in a manner similar to
iTregs from Foxp39™ mice (Fig. 1C). Our data indicate that Cbl-b deficiency does not
impair the function of iTregs. The discrepancy between our findings and those described
previously may be due to the purity of iTreg isolation (9). We generated iTregs from naive
CD4*CD25"GFP~ T cells of Cbl-b~Foxp39% mice, and iTregs were isolated by FACS
sorting. Note that although WT and Cbl-b~~ iTregs could suppress in vitro CD4*CD25~ T
effector cell (Teff) proliferation, Chl-b™~ Teffs are resistant to inhibition by both WT and
Cbl-b~/~ Tregs (Fig. 1D), consistent with the previous report (21).

To establish that T cell activation threshold regulated by Cbl-b controls iTreg development
in an in vivo setting, we generated DO11.10.Rag-1~/~Cbl-b™~ mice. As it was reported that
iTregs can be induced in DO11.10.Rag-1~/~ mice by oral feeding of OVA Ag (4), we fed
DO011.10.Rag-17~ and DO11.10.Rag-17~Cbl-b™~ mice (transferred with highly purified
mature B cells from BALB/c mice) with 0.1% or 1% OVA solution dissolved in drinking
water for 5 consecutive days (Fig. 2A). The transfer of mature B cells to Rag-1~~ mice
allows the recipients to develop a Th2-mediated Ab response which is critical for allergic
airway responses (4). As predicted, feeding DO11.10.Rag-1~/~ mice with 0.1% OVA in the
drinking water did not induce a significant population of KJ1-26*Foxp3* T cells compared
to DO11.10.Rag-1"/~ mice without oral feeding with OVA but with OVA/alum
immunization. However, the 0.1% OVA oral dose did elicit a population of KJ1-26*Foxp3*
T cells in DO11.10.Rag-1~/~Cbl-b~'~ mice which was comparable with 1% OVA feeding in
DO011.10.Rag-17~ mice (Fig. 2B).

To monitor the function of newly-generated iTregs, we used an allergic airway inflammation
model (4). We immunized the mice which received oral feeding with 0.1% or 1 % OVA
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with OV Ag3»3.339 in alum. To elicit an asthma-like inflammatory response, mice were
challenged with OVA on day 14 and 21 after i.p. immunization (4). Analysis of serum IgE,
BAL cell differentials, and lung inflammation was performed 1 day after the respiratory
challenge. Oral feeding of DO11.10.Rag-1~/~ mice with 1% but not 0.1% OVA inhibited
airway inflammation, accumulation of eosinophils in the BAL fluid, and higher titers of
serum IgE, whereas this inhibition occurred at 0.1% OVA feeding in DO11.10.Rag-1"-Cbl-
b=/~ mice (Fig. 2C-E). Note that although significant inhibition of airway inflammation and
serum IgE was observed in DO11.10.Rag-1~/~Cbl-b~'~ mice fed 0.1% OVA in drinking
water, this inhibition was not as effective when observed in DO11.10.Rag-1"/~ mice fed 1%
OVA in drinking water. This is possibly due to hyper-activation of effector T cells in
DO011.10.Rag-17"Cbl-b™~ mice, which were resistant to suppression by CD4*CD25* Tregs
(Fig. 1D). Intriguingly, feeding DO11.10.Rag-1/~Cbl-b™~ mice with 1% OVA in drinking
water, impaired iTreg generation (Fig. 2B), which was associated with heightened airway
inflammation, increased BAL eosinophils, and serum IgE (Fig. 2C-E). To further verify that
the suppression of airway inflammation by oral feeding with OVA was mediated by iTregs,
we generated DO11.10.Rag-17~Scurfmice. These mice carry a point mutation of Foxp3
which abrogates the expression of Foxp3 (22). Feeding these mice orally with 1% OVA did
not prevent severe airway inflammation (Fig. 2G). Our data strongly indicate that Cbl-b
indeed regulates the threshold for T cell activation, which determines the fate of iTregs in
vivo and controls allergic airway inflammation.

Cbl-b regulates iTreg development via an Akt-but not NF-kB-dependent manner

It has been documented that PI3K/Akt/mTOR or Foxo1/3a pathway may inhibit iTreg
generation (7-10). As we have shown that Akt but not ERK, JNK, and p38 MAPK is hyper-
activated in Cbl-b™~ T cells upon optimal TCR stimulation (23, 24), it is possible that the
threshold for T cell activation regulated by Cbl-b is mediated by Akt. To test this we
stimulated naive CD4*CD25~ T cells from WT and Cbl-b~~ mice with 0.01 to 5 pg/ml of
anti-CD3, and cell lysates were blotted with anti-phospho-Akt. In support of our notion,
Cbl-b™~ CD4*CD25™ T cells required markedly less anti-CD3 to induce the activation of
Akt (Fig. 3A, e.g. compare 0.01 g/ml for Cbl-b™= vs. 0.1 pg/ml for WT), which correlated
with in vitro iTreg generation at these doses (Fig. 1A).

To confirm that Cbl-b regulates the development of iTregs via the PI3K/Akt/mTOR
pathway, we pretreated naive WT and Cbl-b™~ CD4*CD25 T cells with LY 294002,
Akti1/2 and rapamycin, and cultured them under iTreg differentiation condition. Inhibition
of PI3/Akt/mTOR significantly rescued defective Foxp3 expression caused by optimal TCR
stimulation in the absence of Cbl-b (Fig. 3B, upper panel). We recently showed that 40 .M
LY294002 completely inhibits Akt phosphorylation induced by CD3 stimulation in WT T
cells, but that this dose does not completely abolish Akt activation in Cbl-b™~ T cells (24).
In support of this finding, complete inhibition of TCR-induced Akt activity in Cbl-b™~ T
cells required a much higher dose of LY294002 (Fig. 3B, lower left panel). Consistent with
this finding, increasing LY 294002 to 40 LM to treat naive Chl-b™~ CD4*CD25™ T cells
induced a level of iTregs comparable to that seen in naive WT CD4*CD25~ T cells treated
with 10 pM LY294002 (Fig. 3B, lower right panel). Taken together, our data strongly
suggest that Cbl-b facilitates iTreg development by suppressing the PI3K/Akt/mTOR
pathway.

We have shown that Cbl-b negatively regulates TCR-induced activation of NF-xB (23),
whereas NF-xB p50 is involved in iTreg generation in vitro, possibly due to IL-2 production
(25). Recent studies suggest that CARMA-1, a critical molecule involved in TCR-mediated
NF-xB activation, is required for thymic but not peripheral Treg development (26-28). To
test whether NF-xB signaling is involved in the regulation of iTreg generation controlled by
Cbl-b, we treated naive CD4*CD25 T cells from Cbl-b~~ mice with a NF-xB specific
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inhibitor. In support of this notion, we find that inhibition of NF-xB by the specific NF-xB
inhibitor only minimally rescues defective TGF-B-induced Treg generation in vitro by Cbl-
b=~ CD4*CD25~ T cells upon optimal TCR stimulation (Fig. 3C), suggesting that Cbl-b
facilitates Foxp3 expression by naive CD4*CD25™ T cells predominantly through Akt.

Akt-2 but not Akt-1 is the downstream signaling pathway of Cbl-b regulating Foxp3

expression

It has been reported that T cells predominantly express Akt-1, and to a lesser extent Akt-2,
but do not express detectable Akt-3 (Supplemental Fig. 1)(29), and that both Akt-1 and
Akt-2 are activated upon TCR stimulation (Supplemental Fig. 1). To determine which Akt
isoform is the major mediator in suppressing Foxp3 expression by naive Cbl-b~/~
CD4*CD25" T cells upon optimal TCR stimulation, we introduced Akt-1 deficiency into
Cbl-b™'~ background. Surprisingly, Akt-1 deficiency did not overcome the defective in vitro
iTreg generation caused by optimal TCR stimulation in the absence of Cbl-b (Fig. 4A),
suggesting that Akt isoform(s) other than Akt-1 may be involved in iTreg generation. To
assess whether Akt-2 is responsible for the inhibition of Foxp3, we pretreated naive
CD4*CD25™ T cells from WT, Cbl-b™, Akt-17~, and Cbl-b™~Akt-17/~ mice with Akt-2i, a
specific Akt-2 inhibitor. This treatment significantly increased iTregs generated not only
from naive WT CD4*CD25™ T cells but also from naive CD4*CD25~ T cells of Chl-b~/~
and Cbl-b~/~Akt-17~ mice, suggesting that Akt-2 may be the isoform responsible for the
inhibition of Foxp3 expression in the absence of Cbl-b (Fig. 4B). To further confirm that
Akt-2 is involved in the regulation of Foxp3 expression downstream of Cbl-b, we made use
of the Akt-27/~ mice and generated Cbl-b~~Akt-2~/~ mice. Elimination of Akt-2 completely
rescued iTreg generation by naive CD4*CD25~ T cells from Cbl-b~'~ mice induced by
optimal TCR stimulation to a level comparable to that seen in naive WT CD4*CD25~ T
cells (Fig. 4B).

Foxol and Foxo3a are the downstream targets of Akt-2 but not Akt-1in T cells

Foxol and Foxo3a have been shown to be crucial for iTreg development (9, 10), and are the
downstream targets of Akt. Akt phosphorylates Foxol at Thr24, Ser256, and Ser319. In
Foxo3a, the three sites phosphorylated by Akt are Thr32, Ser253, and Ser315 (30-32). The
phosphorylation of Foxol and Foxo3a results in their export from the nucleus and prevents
activation of their target genes, including Foxp3, in the nucleus (31, 32). To elucidate
whether Akt-1 and Akt-2 differentially phosphorylate Foxol and Foxo3a, we examined the
phosphorylation status of Foxol and Foxo3a in T cells from WT, Akt-17/-, and Akt-27/~
mice, or WT, Cbl-b™=, Akt-17~, Akt-27/=, Cbl-b~Akt-17/~, and Cbl-b™~Akt-27/~ mice.
We found that Akt-2 but not Akt-1 deficiency led to impaired phosphorylation of Foxol and
Foxo3a (Fig. 5A). Furthermore, Akt-2 deficiency diminished hyper-phosphorylation of
Foxol and Foxo3a in the absence of Chl-b (Fig. 5B). Therefore, we are the first to
demonstrate that Akt-2 is the isoform responsible for phosphorylating Foxol and Foxo3a in
T cells, which regulates Foxp3 expression. We and others have shown that inhibition of
mTOR facilitates Foxp3 expression (Fig. 3B, upper panel) (7, 8). As mTORC2 can
phoshorylate Akt at Ser473, functioning as a PDK-2, it is speculated that mMTORC2 may
phosphorylate Akt-2 which phosphorylates Foxol and Foxo3a, thus regulating Foxp3
expression.

DISCUSSION

Previously, we have shown that Cbl-b is crucial for CD28- and CTLA-4-mediated T cell
costimulatory signaling (14, 15), suggesting that Cbl-b plays a critical role in the induction
of peripheral T cell tolerance. In support of this notion, Cbl-b has been implicated in T cell
anergy induction (33, 34). Recently, two reports suggest that Cbl-b facilitates the
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development of iTregs (9, 16). Therefore, Cbl-b may regulate peripheral T cell tolerance via
multiple mechanisms. The molecular mechanism by which Cbl-b regulates Foxp3
expression by naive CD4*CD25~ T cells remains to be further defined. The study led by Dr.
Clark’s group suggested that Cbl-b deficiency impairs TGF-p-mediated phosphorylation of
Smad?2/3 which is crucial for the induction of Foxp3 (16), whereas the latter study led by Dr.
Liu’s group suggested that Chl-b favors the Foxp3 expression by naive CD4*CD25~ T cells
via inactivating Foxol and Foxo3a by Akt (9). As both studies used the same dose of anti-
CD3 for inducing iTregs from naive WT and Cbl-b™~ CD4*CD25" T cells (9, 16), it is
unknown whether the threshold for T cell activation, regulated by Cbl-b, plays a role in this
process. In this study, we titrated the TCR strengths for inducing Foxp3 expression in vitro
while maintaining the other conditions constant. We found that that even suboptimal doses
of anti-CD3 or Ag for WT T cells are optimal for Chl-b™~ T cells, which impair iTreg
development. This observation was also true in vivo when we used DO11.10.Rag-1~/~Cbl-
b=/~ mice orally fed with 0.1% or 1% OVA in drinking water (Fig. 2A-F). Our data
therefore indicate that lowering the TCR strengths by decreasing the doses of anti-CD3 or
Ag induces normal expression of Foxp3 by naive Cbl-b~~ CD4*CD25™ T cells.

It has been documented that Foxol and Foxo3a can potentiate Foxp3 expression by binding
to the promoter region of Foxp3 CNS 1 and 3 (9, 10). Mice lacking Foxol and Foxo3
develop autoimmunity due to reduced Tregs (10). Akt has been shown to phosphorylate
Foxol and Foxo3a, thereby inactivating them (31). The hyper-activation of Akt caused by
loss of Chl-b significantly suppresses Foxol and Foxo3a, thus inhibiting Foxp3 expression
upon suboptimal stimulation of WT T cells with anti-CD3. There are three isoforms of Akt:
Akt-1, Akt-2, and Akt-3. It has been shown that Akt-1, and to a lesser extent Akt-2, are
expressed in T cells, while Akt-3 is not detectable in T cells (Supplemental Fig. 1) (29). It is
unknown which isoform of Akt is responsible for phosphorylating Foxol and Foxo3a in T
cells. Our data indicate that Akt-2 but not Akt-1 phosphorylates Foxol and Foxo3a in
response to TCR stimulation (Fig. 5A), and that inhibition of Akt-2 by a specific Akt-2
inhibitor, or loss of Akt-2, rescues defective iTreg development in the absence of Cbl-b
upon an optimal dosage of stimulation with anti-CD3 (Fig. 4A and B). Consistent with this
data, Akt-2 deficiency abrogates the heightened phosphorylation of Foxol and Foxo3a
induced by TCR stimulation in the absence of Cbl-b (Fig. 5B). Taken together, our data
strongly suggest that Cbl-b facilitates Foxp3 expression by suppressing Akt-2.

In summary, our data indicate that the threshold for T cell activation, regulated by Cbl-b,
determines the fate of iTreg development via an Akt-2-dependent pathway, which is crucial
for establishing peripheral tolerance. Our study also suggests that Cbl-b may be a potential
drug target for treating autoimmune/inflammatory diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

T cell activation threshold regulated by Cbl-b determines the fate of iTreg development in
vitro. (A) Naive CD4*CD25~ T cells from WT and Cbl-b™~ mice were stimulated with anti-
CD28 (1 pg/ml) and TGF-B (2.5 ng/ml) in the presence of increasing amounts of anti-CD3
for 72 h, and CD4*CD25*Foxp3™ T cells were determined by flow cytometry. (B) Naive
CD4*CD25™ T cells from DO11.10.Rag-17"~ and DO11.10.Rag-1~/~ Cbl-b~'~ mice were
stimulated with different doses of OV A3,3.339 peptide in the presence of BALB/c
splenocytes depleted of T cells as APCs with or without TGF-p for 72 h. Foxp3 expression
was determined by flow cytmetry. (C) Naive CD4*CD25"GFP~ T cells from Foxp397 or
Cbl-b™~Foxp-39% mice were stimulated as above. After three days, GFP* cells were
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purified by FACS sorting, and co-cultured them with CD4*CD25~ T cells from WT mice. T
cell proliferation was determined by [3H]thymidine incorporation. (D) Naive CD4*CD25~ T
cells from DO11.10.Rag-17~ or DO11.10.Rag-1~/~Cbl-b~/~ mice were stimulated by
OVA323.339 (10 pg/ml) with irradiated WT T-depleted spleen cells in the presence or
absence of WT or Cbl-b™'~ CD4*CD25* Tregs (the ratio of Teffs to Tregs was 2:1) for 72 h,
and T cell proliferation was determined by [3H] thymidine incorporation. Student’s #test,
*p<0.05 and **p<0.001, compared the same time-point of % and/or # of WT vs. Cbl-b™/~
iTregs, or compared the difference in in vitro suppressive activity of WT and Cbl-b Tregs
toward WT Teffs. The data are one representative of three independent experiments.
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FIGURE 2.

The threshold for T cell activation controlled by Cbl-b dominates the fate of in vivo
generation of iTreg which regulates allergic airway inflammation. (A) Tolerization protocol
and experimental groups. DO11.10.Rag-17~ and DO11.10.Rag-1~/~Cbl-b™~ mice (n=5)
were intravenously injected with highly purified mature B cells (5 x 108/mouse), and then
pretreated with different doses of OVA in drinking water (0.1% and 1 %, respectively) for 5
days. Mice were then immunized by intraperitoneal (i.p.) injection of OVA in alum (day 0).
At 14 and 21 days after immunization, mice were challenged with 10 mg OVA intranasally
(i.n). Analysis was performed one day after the final i.n. OVA exposure. No untreated mice
represented. (B) KJ1-26*CD4*Foxp3* T cells in lymph nodes were determined by flow
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cytometry. (C) Airway inflammation and mucus production in OVA-sensitized
DO011.10.Rag-17~ and DO11.10.Rag-1""Cbl-b™~ mice determined by H&E staining
(upper panel) and PAS staining (lower panel). Original magnification, x 40 (H&E); x 100
(PAS). Semi-quantitative analysis of the severity of peribronchial inflammation and the
abundance of PAS-positive mucus-containing cells was performed. (D) The inflammatory
cells from BAL fluid were assessed. (E) Serum IgE was detected by ELISA. (G)
DO011.10.Rag-1"~ and DO11.10. Rag-1~"~Scurf mice were orally fed with 1% OVA,
followed by OV A3»3.339 in alum immunization, and challenged as in A. Lung inflammation
was analyzed. The data shown are one representative of three independent experiments.
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FIGURE 3.

Cbl-b potentiates the conversion of CD4*CD25™ T cells into iTregs via an Akt-dependent
manner. (A) Naive CD4*CD25™ T cells were incubated with anti-CD3 (0.01 to 5 pwg/ml) on
ice for 30 min, washed in pre-warmed RPMI1640 medium twice, and crosslinked with
rabbit anti-mouse IgG for 5 min, and lysed. The cell lysates were blotted with anti-phospho-
Akt (Serd73) and reprobed with anti-Akt. The fold changes of phospho-Akt bands in
arbitrary densitometric units were determined by Li-Cor Odyssey Imaging System. (B)
Naive CD4*CD25~ T cells from WT and Cbl-b~~ mice were stimulated with plate-bound
anti-CD3 (0.5 pg/ml) and soluble anti-CD28 in the presence or absence of TGF-f together
with or without LY294002 (10 M), Aktil/2 (3 M), or rapamycin (Rap; 25 nM) for 72 h.
T cells were surface stained with anti-CD4 and anti-CD25, and intracellularly stained with
anti-Foxp3, and analyzed by flow cytometry (upper panel). Naive WT and Cbl-b~/~
CD4*CD25™ T cells were pretreated with different concentrations of LY 294002 at 37°C for
30 min and stimulated with anti-CD3 for 5 min. Akt phosphorylation was determined by
immunolotting with anti-phospho-Akt, and quantitated using Li-Cor Odyssey Imaging
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System (lower left panel). Naive WT or Cbl-b™~ CD4*CD25™ T cells were pretreated with
10 1M or 40 M LY 294002, respectively, and then cultured under iTreg conditions. iTreg
expression was determined as above (lower right panel). (C) Naive Cbl-b™~ CD4*CD25™ T
cells were pretreated with 10 to 50 M IKK+y NBD inhibitory peptide (SC-514), and then
cultured under iTreg conditions. iTreg expression was determined as above. The conversion
of naive WT CD4*CD25™ T cells to iTregs was used as a control. The data shown are one
representative of three independent experiments.
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Akt-2 but not Akt-1 is the downstream target of Cbl-b in regulating Foxp3 expression. (A)
Naive CD4*CD25™ T cells from WT, Akt-17=, Cbl-b™"~, and Cbl-b™~Akt-17~ mice in the
presence or absence of Akt-2i (3 M) were stimulated and cultured as in B, and the
expression of Foxp3 in CD4*CD25* T cells was determined. (B) Naive CD4*CD25 T cells
from WT, Cbl-b™/~, Akt-27/~, and Chl-b™~Akt-27/~ mice were stimulated with anti-CD3
(0.5 pg/ml) together with anti-CD28 and TGF-f as shown in Figure 1A, and the expression
of Foxp3 in CD4*CD25* T cells was determined. The data shown are one representative of

two independent experiments.
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FIGURE 5.

Akt-2 but not Akt-1 phosphorylates Foxol and Foxo3a downstream of Chl-b. Naive
CD4*CD25™ T cells from WT, Akt-17/-, and Akt-27~ (A), or WT, Cbl-b~/~, Akt-17~, Cbl-
b~/~Akt-17/-, Akt-27/~, and Cbl-b~/~Akt-2~/~ mice (B) were stimulated with anti-CD3 for
times indicated and lysed. The cell lysates were blotted with phospho-Abs against Foxol
and Foxo3a, and reprobed with anti-actin. The presence or absence of Akt-1, Akt-2, and
Cbl-b was determined by immunoblotting with anti-Akt-1, anti-Akt-2, and anti-Cbl-b,
respectively. The data shown are one representative of three independent experiments.
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