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It has previously been shown that E3 ubiquitin ligase Casitas B-lineage lymphoma-b (Cbl-b) negatively
regulates T-cell activation, but the molecular mechanism(s) underlying this inhibition is not completely
defined. In this study, we report that the loss of Cbl-b selectively results in aberrant activation of NF-�B upon
T-cell antigen receptor (TCR) ligation, which is mediated by phosphatidylinositol 3-kinase (PI3-K)/Akt and
protein kinase C-� (PKC-�). TCR-induced hyperactivation of Akt in the absence of Cbl-b may potentiate the
formation of caspase recruitment domain-containing membrane-associated guanylate kinase protein 1
(CARMA1)–B-cell lymphoma/leukemia 10 (Bcl10)–mucosa-associated lymphatic tissue 1(MALT1) (CBM)
complex, which appears to be independent of PKC-�. Cbl-b associates with PKC-� upon TCR stimulation and
regulates TCR-induced PKC-� activation via Vav-1, which couples PKC-� to PI3-K and allows it to be
phosphorylated. PKC-� then couples I�B kinases (IKKs) to the CBM complex, resulting in the activation of
the IKK complex. Therefore, our data provide the first evidence to demonstrate that the down-regulation of
TCR-induced NF-�B activation by Cbl-b is mediated coordinately by both Akt-dependent and PKC-�-depen-
dent signaling pathways in primary T cells.

The Casitas B-lineage lymphoma (Cbl) family of proteins
consists of an N-terminal (variant) Src homology 2 domain, a
RING finger domain, and a C-terminal proline-rich region
with potential tyrosine phosphorylation sites. It is known that
Cbl functions as an E3 ubiquitin (Ub) ligase; its RING finger
domain recruits an Ub-conjugating enzyme (E2), and its Src
homology 2 domain recognizes target proteins for Ub conju-
gation (19, 42). It has been demonstrated that Cbl-b negatively
regulates T-cell activation. T cells from Cbl-b�/� mice show
enhanced proliferation and interleukin-2 production in re-
sponse to T-cell antigen receptor (TCR) stimulation (2, 4). The
reduction of the cell activation threshold (caused by the loss of
Cbl-b) has been correlated with an increased susceptibility to
the development of autoimmunity (2, 4). Therefore, Cbl-b is
believed to be a key regulator of susceptibility to autoim-
munity.

Interestingly, the loss of Cbl-b relieves a T cell from requir-
ing CD28 costimulation (2, 4), suggesting that Cbl-b may be
involved in CD28-dependent T-cell activation. In support of
this idea, the elimination of Cbl-b may favor CD28-mediated
Vav-1 activation and cytoskeletal reorganization (2, 4, 25),
possibly through a phosphatidylinositol 3-kinase (PI3-K)-de-
pendent mechanism (7). Although Cbl-b inhibits TCR-induced
Vav-1 activation, it does not regulate the activation of mitogen-
activated protein kinases (MAPKs), such as extracellular sig-

nal-regulated kinase (ERK), c-Jun-NH2-terminal kinase
(JNK), and Ca2� influx (2, 25), which have been shown to be
downstream of either PI3-K or Vav-1 (38–40). Therefore, the
specific signaling pathway(s) emanating from the TCR and
leading to hyper-T-cell activity in the absence of Cbl-b has not
been fully characterized.

NF-�B proteins are present in the cytoplasm in association
with inhibitors of NF-�B (I�Bs). Engagement of the TCR
leads to the activation of an I�B kinase (IKK) complex that
phosphorylates I�B�. This phosphorylation is then recognized
by the �-TrCP-containing Skp1/Cell/F-box Ub ligase complex,
leading to its ubiquitination and degradation by the protea-
some and thereby releasing NF-�B dimers from the cytoplas-
mic NF-�B-I�B complex, which allows them to translocate to
the nucleus (43). T-cell activation is dependent upon not only
TCR signaling but also costimulatory signaling. Although TCR
signaling itself can activate NF-�B modestly, CD28 costimula-
tory signaling is required for the efficient activation of NF-�B.

Protein kinase C-� (PKC-�), a Ca2�-independent PKC iso-
form, plays a central role in TCR and CD28 costimulatory
signaling pathways (28, 43). Two proteins have been suggested
to couple PKC-� to NF-�B activation in T cells. One of those
proteins is B-cell lymphoma/leukemia 10 (Bcl10), which is a
caspase recruitment domain (CARD)-containing adaptor pro-
tein. The other protein is the CARD-containing membrane-
associated guanylate kinase protein 1 (CARMA1), which is the
only lymphocyte-specific member in the family of membrane-
associated guanylate kinase scaffolding proteins that interacts
with Bcl10 by way of CARD-CARD interactions. Bcl10 also
associates with mucosa-associated lymphatic tissue 1 (MALT1),
which depends upon amino acids 106 to 120 of Bcl10 and the
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immunoglobulin (Ig)-like domains of MALT1 (28, 43). The
signaling complex consisting of CARMA1, Bcl10, and MALT1
(CBM complex) functions as an intermediate, linking the TCR
to the IKK complex, and this process is facilitated by CD28
costimulation (28, 43). PKC-� associates with and phosphoryl-
ates CARMA1 in Jurkat T cells (31, 52), suggesting that PKC-�
may favor the formation of the CBM complex. Mice deficient
in CBM show severe defects in antigen receptor-induced
NF-�B activation (6, 12, 21), placing CBM in the same path-
way, leading to the activation of NF-�B. It has been shown,
however, that the physical association of PKC-� with a lipid
raft-associated IKK complex plays a role in the activation of
the NF-�B cascade by both TCR and CD28 (23). Therefore,
the relationship between PKC-�, CARMA1, Bcl10, MALT1,
and IKKs in activating NF-�B remains to be further deter-
mined, especially for primary T cells.

To define the potential signaling pathway(s) regulated by
Cbl-b in T cells, we compared the activation states of MAPKs,
activator protein 1 (AP-1), NF-�B, and nuclear factor of acti-
vated T cells (NF-AT) induced by either TCR or TCR/CD28
stimulation. We demonstrate that the loss of Cbl-b does not
affect the activation of MAPKs, AP-1, and NF-AT but selec-
tively results in the hyperactivation of NF-�B upon TCR liga-
tion, obviating the need for optimal NF-�B activation from
CD28 costimulation. TCR-induced hyperactivation of NF-�B
in Cbl-b�/� T cells is mediated by Akt, which is required for
the formation of the CBM complex, and by PKC-�, which
couples IKKs to the CBM complex in primary T cells.

MATERIALS AND METHODS

Mice. Wild-type (WT) BALB/c and C57BL/6 mice were purchased from the
Jackson Laboratory (Frederick, MD). Vav-1�/�, Cbl-b�/�, and PKC-��/� mice
have previously been described (2, 25, 46). CARMA1�/� mice (6) were obtained
from Daniel Littman (New York University School of Medicine, New York,
NY). Mice were used for experiments at 6 to 10 weeks of age.

Reagents. Purified anti-mouse CD3 (clone no. 145-2C11) and anti-mouse
CD28 (clone no. 37.51) monoclonal antibodies (MAbs) were purchased from BD
Pharmingen (San Diego, CA). Protein G-agarose and Abs against Cbl-b (clone
no. G-1), NF-ATc (clone no. 7A6), PKC-� (clone no. C-18), PI3-K p85 (clone no.
B-9), Vav-1 (clone no. c-14), Bcl-10 (clone no. H-197), MALT1 (clone no.
H-300), IKK� (clone no. S-13), and IKK� (clone no. FL-419) were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). Phospho-Abs against Akt
(Thr308), I�B� (clone no. 14D4), PKC-� (Thr538), glycogen synthase kinase 3�
(GSK-3�) (Ser9), PDK1 (Ser241), ERK (Thr202/Tyr204), JNK (Thr183/Tyr185),
and p38 MAPK (Thr180/Tyr182) (clone no. 12FB) were purchased from Cell
Signaling Technology (Beverly, MA). The glutathione S-transferase (GST)–
I�B� fusion protein was purchased from Upstate Biotechnology, Inc. (Lake
Placid, NY). T-cell enrichment columns were obtained from R&D Systems
(Minneapolis, MN). Horseradish peroxidase (HRP)-conjugated goat anti-rabbit
IgG and rabbit anti-mouse IgG were purchased from Kierkegaard & Perry
Laboratories (Gaithersburg, MD). Myelin basic protein (MBP; clone no.
m1891), rabbit anti-hamster IgG, rabbit anti-mouse IgG, and antiactin (clone no.
AC40) Abs, biotin-cholera toxin B subunit (CTx B), and streptavidin-HRP were
purchased from Sigma (St. Louis, MO). The pan-PKC inhibitor, bisindolylma-
leimide I (BIM I), and the Akt inhibitor, Akti 1/2, were obtained from Calbio-
chem (San Diego, CA). Anti-CARMA1 (CARD11) (clone no. AL220) Ab was
purchased from Alexis Biotechnology (San Diego, CA).

T-cell isolation and activation. Splenic T cells from naive wild-type (WT) and
Cbl-b�/� mice were isolated (purity of �95% as determined by fluorescence-
activated cell sorter analysis of CD3� cell surface expression) on T-cell enrich-
ment columns. For in vitro activation, T cells were incubated with anti-CD3 (2
�g/ml) and anti-CD28 (1 �g/ml) MAbs for 30 min on ice, followed by cross-
linking with rabbit anti-hamster IgG (10 �g/ml). The cells were lysed in either 0.5
or 1% NP-40 lysis buffer (10 mM Tris [pH 7.5], 150 mM NaCl, 2 mM EGTA, 50
mM �-glycerophosphate, 2 mM Na3VO4, 10 mM NaF, 1 mM dithiothreitol

[DTT], 1 mM phenylmethylsulfonyl fluoride [PMSF], 10 �g/ml leupeptin, and 10
�g/ml aprotinin).

Lipid raft isolation. Purification of the lipid raft fraction was performed as
described previously (41). Cells were lysed by a brief sonication in ice-cold lysis
buffer containing 25 mM MES (morpholineethanesulfonic acid) (pH 6.5), 150
mM NaCl, 5 mM EDTA, and 1% Triton X-100, supplemented with a mixture of
protease and phosphatase inhibitors. Lysates were mixed with an equal volume
of 80% sucrose made in lysis buffer and overlaid with 2 ml of 30% sucrose and
1 ml of 5% sucrose. Lipid rafts were collected from the 5%-30% interface
following an overnight ultracentrifugation at 200,000 	 g. The relative purity of
these fractions was monitored by the presence of CTx B (insoluble fractions) and
its absence in the Triton X-100 soluble membrane fractions.

Coimmunoprecipitation and Western blotting. Protein concentrations in the
cell lysates were determined using a bicinchoninic acid assay kit (Pierce, Rock-
ford, IL). Cell lysates were precleared, postnuclear cell lysates were normalized
for protein concentration levels, and proteins were immunoprecipitated (over-
night at 4°C) with specific polyclonal Abs or control isotype-matched preimmune
immunoglobulin coupled to protein G-agarose. The immunoprecipitates were
resolved on sodium dodecyl sulfate-polyacrylamide gel electrophoresis and trans-
ferred to nitrocellulose membranes (HybondC Super; Amersham). Blots were
blocked for 1 h at room temperature in phosphate-buffered saline (PBS) con-
taining 2% bovine serum albumin (BSA) and 0.05% Tween 20. Membranes were
incubated overnight with specific Abs, washed three times in PBS containing
0.05% Tween 20, and detected using HRP-conjugated goat anti-rabbit IgG or
rabbit anti-mouse IgG. After three washes in PBS containing 0.05% Tween 20,
signals were revealed by an enhanced chemiluminescence detection system (Am-
ersham) and visualized by autoradiography. To determine the nuclear entry rate
of NF-ATc between WT and Cbl-b�/� T cells upon either TCR or TCR/CD28
stimulation, cytoplasmic and nuclear NF-ATc bands were quantitated using the
Molecular Imager system and Molecular Analyst imaging software (Bio-Rad
Labs, Hercules, CA).

Nuclear extract preparation and electrophoretic mobility shift assay (EMSA)
of AP-1 and NF-�B. Nuclear extracts were harvested according to protocols
described previously (55). In brief, 6 	 106-purified T cells, either untreated or
stimulated for 30 min with various treatments, were washed twice with PBS and
resuspended in 500 �l buffer A (10 mM HEPES [pH 7.8], 10 mM KCl, 0.1 mM
EDTA, 0.1 mM EGTA, 1 mM DTT, and 1 mM PMSF) and then incubated on
ice for 5 min. After centrifugation, cytoplasmic proteins were removed and the
pelleted nuclei were resuspended in 50 �l buffer C (20 mM HEPES [pH 7.9], 0.4
M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, and 1 mM PMSF). After a
30-min agitation at 4°C, the samples were centrifuged and the supernatants,
containing nuclear proteins, were transferred to a fresh vial. Equal amounts of
nuclear extracts (5 �g protein), as determined using the Bio-Rad protein assay,
were incubated with a [32P]dATP-labeled, double-stranded, AP-1-specific oligo-
nucleotide probe (5
-CGCTTGATGACTCAGCCGGAA-3
) and a NF-�B-spe-
cific oligonucleotide probe (5
-CAACGGCAGGGGAATTCCCCTCTCCTT-
3
) (15). The reaction was performed in a total of 20 �l binding buffer [5 mM
HEPES (pH 7.8), 50 mM KCl, 0.5 mM DTT, 1 �g poly(dI-dC), and 10%
glycerol] for 30 min at room temperature. After incubation, samples were frac-
tionated on a 4% nondenaturing polyacrylamide gel and visualized by auto-
radiography.

In vitro kinase assay. After stimulation, cells were lysed in ice-cold lysis buffer
containing 1% NP-40, 10 mM Tris, pH 7.5, 150 mM NaCl, 2 mM EGTA, 50 mM
�-glycerophosphate, 2 mM Na3VO4, 10 mM NaF, 1 mM DTT, 1 mM PMSF, 10
�g/ml leupeptin, and 10 �g/ml aprotinin. Lysates were clarified by centrifugation
at 12,000 rpm for 10 min at 4°C, and their protein content was determined by the
Bradford assay using BSA as a standard. Lysates were incubated for 1 h at 4°C
with anti-PKC-� Ab and further reacted with protein G-agarose for an additional
2 h at 4°C. Immunoprecipitates were washed three times with lysis buffer and
twice with kinase buffer (20 mM HEPES [pH 7.5], 20 mM MgCl2, 20 mM MnCl2,
2 mM DTT, 25 mM �-glycerophosphate, and 100 nM Na3VO4). Immunopre-
cipitates were resuspended in 18 �l kinase buffer containing 5 �g MBP in the
presence of 20 �M cold ATP and 20 �Ci-[�-32P]ATP (Amersham Life Science,
Arlington Heights, IL) and incubated for 30 min at 30°C. Equal loading of
precipitated proteins was confirmed by probing an aliquot of the same lysates
with antiactin Ab. For in vitro IKK assay, the IKK� immunoprecipitates were
incubated with GST-I�B� fusion protein in the presence of kinase buffer. I�B�
phosphorylation was detected using an anti-phospho-I�B� Ab.

Measurement of Ca2� mobilization. For the detection of cytosolic Ca2�, 5 	
106 freshly isolated splenic T cells were loaded with 2 �g/ml of INDO-1 (Mo-
lecular Probes; Eugene, OR) for 45 min at 37°C in the presence of probenecid
(4 mM) in cell loading medium (Hanks’ balanced salt solution supplemented
with 1 mM CaCl2, 1 mM MgCl2 and 0.5% BSA). After loading, cells were
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incubated with anti-CD3 for 30 min at 4°C and cross-linked using rabbit anti-
hamster IgG. Cytosolic Ca2� flux was recorded by a BD LSR2 flow cytometer.
The final data were analyzed by FlowJo flow cytometric data analysis software.

RESULTS

Cbl-b selectively inhibits TCR-induced activation of NF-�B
but not that of MAPKs, AP-1, and NF-AT. Although Cbl-b has
been shown to negatively regulate Vav-1-mediated actin poly-
merization (25), the precise biochemical mechanisms under-
lying the effects of Cbl-b deficiency on downstream signaling

pathways have not previously been examined. To further de-
fine the target signaling pathway(s) regulated by Cbl-b, both
WT and Cbl-b�/� T cells were stimulated with anti-CD3 Ab in
the presence or absence of anti-CD28 Ab and the phosphory-
lation state of MAPKs was determined using specific phospho-
Abs against ERK, JNK, and p38 MAPK. The loss of Cbl-b did
not have any effect on the activation of ERK, JNK, and p38
MAPK (Fig. 1A). Consistent with this observation, AP-1 ac-
tivity, as revealed by EMSA, was comparable between WT and
Cbl-b�/� T cells upon either TCR or TCR/CD28 stimulation

FIG. 1. Cbl-b negatively regulates the activation of NF-�B but not that of MAPKs, AP-1, and NF-AT in T cells. (A) WT and Cbl-b�/� T cells
were stimulated with anti-CD3 Ab or anti-CD3 and anti-CD28 Abs for 5, 15, and 30 min and lysed. The cell lysates were analyzed with Abs against
phospho-ERK, phospho-JNK, and phospho-p38 MAPK. The membranes were reprobed with antiactin Ab. (B) For detection of AP-1 activity, both
WT and Cbl-b�/� T cells were stimulated with anti-CD3 Ab or anti-CD3 and anti-CD28 Abs for 30 min and nuclear extracts were prepared. AP-1
activity was detected by EMSA. (C) WT and Cbl-b�/� T cells were stimulated as in A. The cell lysates were immunoprecipitated with anti-IKK�,
and incubated with GST-I�B� fusion protein. The phosphorylation of I�B� was detected using anti-phospho-I�B� Ab (upper panel). WT and
Cbl-b�/� T cells were stimulated with anti-CD3 Ab or anti-CD3 and anti-CD28 Abs for 30 min, and nuclear extracts were subjected to EMSA
analysis with either the NF-�B or the Oct-1 probe. Alternatively, the nuclear extracts were blotted with anti-p50 and -p65 Abs (lower panel).
(D) WT and Cbl-b�/� T cells were stimulated with anti-CD3 Ab or anti-CD3 and anti-CD28 Abs for 5, 15, and 30 min, and cytosolic and nuclear
fractions were prepared and analyzed with anti-NF-ATc Ab. NF-ATc translocates rapidly from the cytoplasm (cyto) to the nucleus (nuc). NF-ATc
in its phosphorylated state is present as several bands migrating with apparent sizes of 160 to 190 kDa (filled arrows). Nuclear NF-ATc is
dephosphorylated and migrates more rapidly as apparent bands at 80 to 150 kDa (open arrows). The cytoplasmic and nuclear NF-ATc bands were
quantitated by densitometry, and the ratio of nuclear to cytoplasmic NF-ATc was calculated. The WT nuclear to cytoplasmic NF-ATc ratio was
defined as 1. (E) WT and Cbl-b�/� T cells were loaded with INDO-1, incubated with anti-CD3, and cross-linked with rabbit anti-hamster IgG. Ca2�

flux was monitored by flow cytometry. Arrowheads indicate time of addition of cross-linking Ab. The data shown are representative of three
independent experiments. �, absence of; �, presence of.
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(Fig. 1B). To investigate whether the NF-�B signaling pathway
is affected by the loss of Cbl-b, both WT and Cbl-b�/� T cells
were stimulated as above and IKK� kinase activity was deter-
mined by in vitro kinase assay using GST-I�B� as a substrate.
Although optimal IKK� activation required CD28 costimula-
tion in WT T cells, IKK� was optimally activated in Cbl-b�/�

T cells in response to CD3 stimulation alone (Fig. 1C, upper
panel). To confirm this observation, NF-�B EMSA and assays
for the nuclear expression of p50 and p65 were performed.
Analyses of EMSA and the nuclear translocation of p50 and
p65 showed that although CD28 costimulation was required
for the activation of NF-�B in WT T cells, the loss of Cbl-b
obviated the need for optimal NF-�B activation by CD28 co-
stimulation (Fig. 1C, lower panel). In support of our results,
double-positive thymocytes from c-Cbl/Cbl-b double-knockout
mice were shown to have constitutively high NF-�B activity
(15).

The NF-AT family of transcription factors has been impli-
cated in the activation of the interleukin-2 gene. Whereas
NF-AT proteins are phosphorylated and reside in the cyto-
plasm in resting cells, these proteins are dephosphorylated and
translocate rapidly to the nucleus upon stimulation of cells with
calcium-mobilizing agents (32, 34). To investigate whether the
loss of Cbl-b also affects the activation of NF-AT, both WT and
Cbl-b�/� T cells were stimulated with anti-CD3 or anti-CD3
plus anti-CD28 Ab. The cytosolic and nuclear fractions were
prepared and blotted with anti-NF-ATc Ab. The translocation
of NF-ATc from the cytoplasm to the nucleus was not signif-
icantly changed between WT and Cbl-b�/� T cells (Fig. 1D,
upper panel). To further verify whether the loss of Cbl-b affects
TCR-induced activation of NF-AT, which is dependent upon
Ca2� signaling, we performed Ca2� influx assay. Consistent
with previous publications (4, 25), Ca2� influx in response to
CD3 stimulation was comparable between WT and Cbl-b�/� T
cells (Fig. 1E). These data support the notion that TCR-in-
duced NF-AT pathway is not affected in the absence of Cbl-b.
Therefore, our data suggest that Cbl-b selectively regulates
TCR-induced NF-�B activation. Note that flow cytometric
analysis revealed that the surface expression of TCR�, CD3,
CD25, CD69, CD44, and CD62L was comparable between WT
and Cbl-b�/� T cells (data not shown), suggesting that Cbl-
b�/� T cells are not activated in vivo. Therefore, the hyperac-
tivation of NF-�B induced by TCR stimulation in Cbl-b�/� T
cells does not result from an activated/memory phenotype.

Loss of Cbl-b releases the need for activation of PI3-K/Akt
and PKC-� from CD28 costimulation. Having shown that the
hyperactivation of NF-�B was induced by TCR stimulation in
Cbl-b�/� T cells, we examined the activation status of two key
mediators in T cells lacking Cbl-b, PI3-K and PKC-�, which
have been shown to be involved in TCR-induced NF-�B acti-
vation (8, 37). PI3-K phosphorylates PI lipids at the D3 posi-
tion of the inositol ring to form active lipid second messengers.
It also recruits both Akt and PDK-1 to the plasma membrane
through the binding of these active lipid products to the pleck-
strin homology (PH) domains of Akt and PDK-1, allowing for
direct phosphorylation of Akt by PDK-1 at Thr308 (24). There-
fore, the phosphorylation state of Akt can be used as a surro-
gate indicator of PI3-K activation (22, 35). To examine
whether Cbl-b downregulates PI3-K/Akt activity in T cells,
both WT and Cbl-b�/� T cells were stimulated with anti-CD3

Ab with or without anti-CD28 Ab and lysed. The cell lysates
were analyzed using anti-phospho-Akt (Thr308) Ab. CD28 co-
stimulation synergistically enhanced PI3-K/Akt activity in-
duced by TCR stimulation in WT T cells, whereas optimal
PI3-K/Akt phosphorylation did not require CD28 costimula-
tion in Cbl-b�/� T cells (Fig. 2A). To determine the functional
activity of phosphorylated Akt in Cbl-b�/� T cells, we re-
probed the membrane with an Ab specific to phospho-GSK-3,

FIG. 2. Cbl-b down-regulates TCR-induced Akt and PKC-� activa-
tion in primary mouse T cells. (A) WT and Cbl-b�/� T cells were
stimulated as in Fig. 1 and lysed. The cell lysates were analyzed with
anti-phospho-Akt (Thr308) Ab, anti-phospho-GSK Ab, and anti-phos-
pho-PDK-1 Ab, and reprobed with antiactin Ab. (B) BALB/c T cells
were pretreated with Akt inhibitor for 15 min, stimulated with anti-
CD3 and anti-CD28 Abs for 1, 5, and 15 min, and then lysed. The cell
lysates were analyzed with anti-phospho-I�B� and anti-phospho-Akt
Abs. The membrane was reprobed with antiactin Ab. (C) The cell
lysates from A were immunoprecipitated with anti-PKC-�, and the
kinase activity associated with PKC-� immunoprecipitates was deter-
mined by in vitro kinase assay using MBP as a substrate, or alterna-
tively, analyzed by anti-phospho-PKC-� Ab and reprobed with antiac-
tin Ab. (D) Inhibition of Akt does not affect TCR/CD28-induced
PKC-� activation. BALB/c T cells were treated with 10 �M Akti 1/2 for
30 min, stimulated with anti-CD3 and anti-CD28 Abs for 1, 5, and 15
min, and lysed. The phosphorylation of PKC-� was detected by anti-
phospho-PKC-� Ab, and the membrane was stripped and reprobed
with antiactin Ab. Data are from one of four independent experiments.
�, absence of; �, presence of.
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a well-characterized substrate of Akt that exists in an activated
nonphosphorylated form in resting cells (5). As shown in Fig.
2A, activated Akt in Cbl-b�/� T cells was able to target GSK-3
and cross-linking CD3 alone was sufficient to activate this path-
way. In keeping with this finding, PDK-1 activity was optimally
induced without CD28 costimulation in Cbl-b�/� T cells (Fig.
2A). To ascertain the role of Akt in TCR-induced NF-�B
activation, BALB/c T cells were pretreated with Akti 1/2, a
specific Akt inhibitor, and then stimulated with anti-CD3 and
anti-CD28 Abs. The cell lysates were analyzed with anti-phos-
pho-I�B�. The inhibition of Akt activity significantly sup-
pressed TCR/CD28-induced activation of NF-�B (Fig. 2B).

PKC-� is a member of the “novel” subclass of PKC family
members and is critical for TCR/CD28-induced activation of
NF-�B (28, 43). The activation of PKC-� is associated with
both auto- or heterophosphorylation events that regulate its
enzymatic activity (29, 36). PDK-1 is believed to be responsible
for the phosphorylation of PKC-� at Thr538 in the activation
loop (26). Although the phosphorylation of PKC-� at Thr538

may not correlate with its catalytic activity, the mutation of this
residue results in the abrogation of PKC-� activity, suggesting
that this residue is required for PKC-� activation (3, 29). To
examine the kinase activation state of PKC-�, we used both an
in vitro kinase assay and analysis of the phosphorylation status
of PKC-� (Thr538). As expected, CD28 costimulation pro-
moted TCR-induced activation of PKC-� in WT T cells. The
loss of Cbl-b obviated the requirement for PKC-� activation
from CD28 stimulation (Fig. 2C). Note that the inhibition of
Akt does not affect PKC-� phosphorylation (Fig. 2D), suggest-
ing that Akt and PKC-� reside in parallel downstream path-
ways of PI3-K. Therefore, the data presented above indicate
that Cbl-b negatively regulates the activation of both Akt and
PKC-�, two key molecules involved in TCR- and CD28-signal-
ing pathways, leading to NF-�B activation. Although PKC-� is
activated by diacylglycerol, a product of the cleavage of phos-
phatidylinositol 4,5-bisphosphate (PIP2) by phospholipase C�1
(PLC-�1) (1, 3, 16), the data generated from our laboratory
and others indicate that the loss of Cbl-b does not affect
PLC-�1 activation and Ca2� influx (Fig. 1E) (2, 4, 18, 25),
suggesting that Cbl-b has a minimal effect on PLC-�1-medi-
ated activation of PKC-� in T cells.

Suppression of TCR-induced PKC-� activation by Cbl-b
requires PI3-K and Vav-1. It has previously been shown that
Cbl-b targets PKC-� for monoubiquitination in anergic T cells
(14), suggesting that Cbl-b plays a crucial role in the induction
of T-cell anergy. Vav-1 appears to be required for the recruit-
ment of PKC-� to the plasma membrane (50). Whether Cbl-b
directly associates with PKC-� or whether this association, if it
occurs, is mediated by Vav-1 is currently unknown. To test this
hypothesis, WT and Vav-1�/� T cells were stimulated with
anti-CD3 and anti-CD28 Abs and lysed. The cell lysates were
immunoprecipitated with anti-Cbl-b Ab and blotted with anti-
PKC-� Ab. In WT T cells, Cbl-b associated with PKC-� upon
TCR/CD28 stimulation, while in the absence of Vav-1, Cbl-b
failed to bind to PKC-� (Fig. 3A). Our findings indicate that
Cbl-b does not directly bind to PKC-�. To confirm this sugges-
tion, a reciprocal experiment was performed. Both WT and
Vav-1�/� T cells were stimulated as above and immunopre-
cipitated with anti-PKC-� Ab and blotted with anti-Cbl-b Ab.
Consistent with the result shown in Fig. 3A, PKC-� inducibly

bound to Cbl-b in WT but not Vav-1�/� T cells (Fig. 3B).
These data suggest that Cbl-b regulates PKC-� activation in T
cells in a Vav-1-dependent manner. We did not observe any
ubiquitination of PKC-� upon TCR/CD28 stimulation (data
not shown), suggesting that PKC-� ubiquitination is unique to
anergic T cells.

PKC-� is also an important downstream effector molecule of
Vav-1 in T cells (50, 51). It was reported that PI3-K may
regulate the exchange activity of Vav-1 in vitro through its
product phosphatidylinositol 3,4,5-trisphosphate (PIP3), which
binds to the PH domain of Vav-1 and recruits Vav-1 to the
plasma membrane (10, 30). However, it has also been reported
that PI3-K may act downstream of Rac-1, a downstream sub-
strate of Vav-1 (9). Therefore, the relationship among Vav-1,
PI3-K, and PKC-� in primary T cells is not fully characterized.
To further define the relationship among these three mole-
cules in T-cell activation, both WT and PKC-��/� T cells were
stimulated with anti-CD3 Ab, with or without anti-CD28 Ab,
and lysed. The cell lysates were analyzed with anti-phospho-
Akt Ab or immunoprecipitated with anti-Vav-1 Ab and blotted
with anti-phospho-Tyr MAb. Both Akt and Vav-1 activation in
PKC-��/� T cells was normal compared with that in WT T
cells (Fig. 3C), supporting the idea that PI3-K and Vav-1 may
lie upstream of PKC-� in primary T cells. To ascertain the
relationship between PI3-K and Vav-1, T cells from WT and
Vav-1�/� mice were stimulated as described above, and the
cell lysates were analyzed with anti-phospho-Akt and anti-
phospho-PKC-� Abs, respectively. The phosphorylation of Akt
was comparable between WT and Vav-1�/� T cells, but the
activation of PKC-� was defective in T cells lacking Vav-1 in
response to either TCR or TCR/CD28 stimulation (Fig. 3D).
These data suggest that Vav-1 is downstream of, or parallel
with, PI3-K/Akt, but upstream of PKC-� in primary T cells.
Since it has been demonstrated that PDK-1 is required for the
phosphorylation of PKC-� at Thr538, which is essential for its
activity (3), the failure to induce PKC-� phosphorylation in the
absence of Vav-1 suggests that Vav-1 may bring PKC-� in the
proximity of PI3-K and allow it to be phosphorylated by
PDK-1. To test this hypothesis, both WT and Vav-1�/� T cells
were stimulated with anti-CD3 Ab plus anti-CD28 Ab and
lysed. The cell lysates were immunoprecipitated with anti-
PKC-� Ab and blotted with anti-p85 and anti-Vav-1 Abs.
PKC-� was inducibly associated with PI3-K in the presence of
Vav-1. In contrast, the loss of Vav-1 resulted in the uncoupling
of PI3-K from PKC-� (Fig. 3E). Taken together, these data
indicate that Cbl-b regulates TCR/CD28-mediated PKC-� ac-
tivation via Vav-1 which functions as an adaptor protein to
bring PKC-� in the proximity of PI3-K-dependent kinase(s).

Cbl-b controls formation of a signaling complex consisting of
PKC-�, CBM, and IKKs in primary mouse T cells. Although how
signaling pathways induced by TCR/CD28 costimulation lead
to the activation of NF-�B is not fully understood, PKC-� is
essential for the TCR/CD28 costimulation-induced NF-�B ac-
tivation through a CBM-dependent pathway (28, 47). One
could expect the loss of Cbl-b to result in increased recruitment
of PKC-� with CBM and IKKs. To test whether this increased
recruitment is the case, both WT and Cbl-b�/� T cells were
stimulated with anti-CD3 Ab with or without anti-CD28 Ab
and lysed in 0.5% NP-40 lysis buffer. The cell lysates were
immunoprecipitated with anti-PKC-� Ab and blotted with Abs
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against CARMA1, Bcl10, MALT1, IKK�, and IKK�. As
shown in Fig. 4A, a small amount of CARMA1, Bcl10,
MALT1, IKK�, and IKK� associated with PKC-� following
TCR stimulation in WT T cells, and CD28 costimulation po-
tentiated this TCR-induced formation of the signaling com-
plex. The loss of Cbl-b obviated the requirement from CD28
engagement for the formation of the PKC-�-associated signal-
ing complex, which was present even in unstimulated Cbl-b�/�

T cells (Fig. 4A). Although it has been reported that TCR/
CD28-induced PKC-� activation is mediated by PDK-1 (26),
we could not detect any physical association between PDK-1
and PKC-� in either WT or Cbl-b�/� T cells following TCR or
TCR/CD28 stimulation, suggesting that the association of
PDK-1 with PKC-� might be very weak or transient. Interest-
ingly, PKC-� was found to be constitutively associated with
IKKs in the absence of the CBM complex in resting WT T cells
(Fig. 4A), suggesting that PKC-� may couple IKKs to the CBM
complex.

To test this notion, both WT and PKC-��/� T cells were
stimulated with anti-CD3 and anti-CD28 Abs and the forma-
tion of CBM-IKK complex was determined. The absence of
PKC-� did not affect the formation of the CBM complex, but

this complex could no longer associate with IKKs (Fig. 4B,
upper panel). These data indicate that PKC-� is indeed re-
sponsible for coupling IKKs to the CBM complex. To rule out
the possibility that another isoform(s) of PKC may compensate
for the deficiency in PKC-�, BALB/c T cells were treated with
bisindolylmaleimide I, a pan-PKC inhibitor, and then stimu-
lated with anti-CD3 and anti-CD28 Abs. In the presence of the
pan-PKC inhibitor, the formation of CBM was still intact, but
this complex no longer bound to IKK� (Fig. 4B, lower panel),
suggesting that there is PKC-independent formation of the
CBM complex. To assess whether Akt could potentiate the
formation of the CBM complex, BALB/c T cells were pre-
treated with Akti 1/2 and stimulated with anti-CD3 and anti-
CD28 Abs. The inhibition of Akt activity suppressed TCR-
induced formation of the CBM complex and uncoupled IKK�
from the Bcl10-MALT1 complex (Fig. 4C). This observation
suggests that the recruitment of CARMA1 is required for the
coupling of the PKC-�-IKK complex to the Bcl10-MALT1
complex. If this is true, one could expect that CARMA1 defi-
ciency might result in the uncoupling of PKC-�-IKKs from the
Bcl10-MALT1 complex. To test this hypothesis, WT and
CARMA1�/� T cells were stimulated with anti-CD3 and anti-

FIG. 3. Inhibition of TCR-induced PKC-� activation by Cbl-b requires PI3-K and Vav-1. (A) WT and Vav-1�/� T cells were stimulated with
anti-CD3 and anti-CD28 Abs for 15 min and lysed in 0.5% NP-40 lysis buffer; the cell lysates were immunoprecipitated with anti-Cbl-b Ab and
analyzed with anti-PKC-� and anti-Cbl-b Abs, respectively. (B) WT and Vav-1�/� T cells were stimulated and lysed as described for panel A; the
cell lysates were immunoprecipitated with anti-PKC-� Ab and analyzed with anti-Cbl-b and anti-PKC-� Abs, respectively. (C) WT and PKC-��/�

T cells were stimulated with anti-CD3 Ab in the presence or absence of anti-CD28 Ab for 5 and 15 min and lysed. The cell lysates were blotted
with anti-phospho-Akt (Thr308) Ab, or alternatively, the cell lysates were immunoprecipitated (IP) with anti-Vav-1 Ab and analyzed with
antiphosphotyrosine MAb (PY20). The membrane was stripped and reprobed with anti-Vav-1 Ab. (D) T cells from WT and Vav-1�/� mice were
stimulated and lysed as described for panel C. The cell lysates were analyzed with anti-phospho-Akt (Thr308) and anti-phospho-PKC-� Abs and
reprobed with antiactin Ab. Alternatively, the cell lysates were immunoprecipitated with anti-PKC-� Ab, and the kinase activity associated with
PKC-� immunoprecipitates was detected by in vitro kinase assay using MBP as a substrate. (E) WT and Vav-1�/� T cells were stimulated as
described for panel A and lysed. The cell lysates were immunoprecipitated with anti-PKC-� and analyzed with anti-p85, anti-Vav-1, and anti-PKC-�
Abs. Data represent one of three independent experiments. �, absence of; �, presence of.
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CD28 Abs. The cell lysates were immunoprecipitated with
anti-PKC-� Ab and blotted with anti-CARMA1, anti-Bcl10,
anti-MALT1, and anti-IKK� Abs. In the absence of CARMA1,
the PKC-�-IKK complex no longer bound to the Bcl10-
MALT1 complex (Fig. 4D). Consistent with our observation,
CARMA1 was reported to connect the PKC-�-IKK complex to
the BCL10-MALT1 complex in Jurkat T cells (44). These data
suggest that Akt is required for the formation of the CBM
complex, whereas CARMA1 links PKC-�-IKKs to the Bcl10-
MALT1 complex to form a large functional signaling complex
that leads to the activation of NF-�B.

Cbl-b regulates the aggregation of PKC-�, CARMA1, Bcl10,
and IKK� in lipid rafts. Plasma membranes of many cell types
contain domains enriched in specific lipids and cholesterol,

called lipid rafts. In T cells, key TCR signaling molecules
associate with rafts, and the disruption of the raft association
of certain of these molecules abrogates TCR signaling. The
TCR itself associates with lipid rafts, and TCR cross-linking
causes the aggregation of raft-associated proteins (13). T-cell
activation induced by CD3 stimulation is associated with the
translocation of PKC-� from the cytosol to the plasma mem-
brane, which can be further enhanced by CD28 costimulation
(1, 48–51). To substantiate whether Cbl-b controls the aggre-
gation of PKC-�, CARMA1, Bcl10, and IKK� in the lipid rafts,
both WT and Cbl-b�/� T cells were stimulated with anti-CD3
or anti-CD3 Ab plus anti-CD28 Ab, and lipid rafts were iso-
lated using sucrose gradient centrifugation (41). In resting WT
T cells, PKC-�, CARMA1, Bcl10, and IKK� were localized to

FIG. 4. Cbl-b controls the assembly of a signaling complex consisting of PKC-�, CARMA-1, Bcl-10, MALT-1, IKK�, and IKK�. (A) WT and
Cbl-b�/� T cells (108/ml) were stimulated with anti-CD3 Ab in the presence or absence of anti-CD28 Ab for 15 min and lysed in 0.5% NP-40 lysis
buffer. The cell lysates were immunoprecipitated (IP) with anti-PKC-� Ab and analyzed with anti-CARMA1, anti-Bcl10, anti-MALT1, anti-IKK�,
anti-IKK�, and PKC-� Abs. (B) WT and PKC-��/� T cells or BALB/c T cells pretreated with bisindolylmaleimide I (0.5 �M) for 15 min were
stimulated with anti-CD3 and anti-CD28 Abs for 15 min, immunoprecipitated with anti-MALT1 Ab, and analyzed with anti-CARMA1, anti-
MALT1, anti-Bcl10, and anti-IKK� Abs, respectively. The specificity of BIM I was determined by analyzing the lysates of T cells treated with BIM
I with anti-pan-phospho-PKC and anti-phospho-PDK-1 Abs, respectively. (C) BALB/c T cells were pretreated with a specific Akt inhibitor, Akti
1/2, for 15 min, stimulated with anti-CD3 and anti-CD28 Abs for 15 min, and lysed. The formation of the CBM complex was determined as in B.
(D) WT and CARMA1�/� T cells were stimulated with anti-CD3 and anti-CD28 Abs as above, immunoprecipitated with anti-PKC-� Ab, and
analyzed with anti-Bcl10, anti-MALT1, and anti-IKK� Abs, respectively. Data represent one of three independent experiments. �, absence of; �,
presence of.
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the nonlipid raft fraction, whereas CD28 costimulation favored
TCR-induced translocation of these molecules into lipid rafts.
In contrast, small amounts of PKC-�, CARMA1, Bcl10,
MALT1, IKK�, and IKK� were present in lipid rafts in
unstimulated Cbl-b�/� T cells and the loss of Cbl-b obviated
the need of CD28 to propel these molecules into lipid rafts
(Fig. 5).

DISCUSSION

We have demonstrated that Cbl-b is one of the key regula-
tors that influences the threshold for T-cell activation regu-
lated by CD28 and CTLA-4 (27, 54). This notion is supported
by the recent findings that Cbl-b plays a crucial role in the
induction of T-cell anergy (14, 18). In this report, we have
further characterized the signaling pathway regulated by Cbl-b
in T cells. We demonstrate that (i) Cbl-b selectively downregu-
lates TCR-induced NF-�B activation (Fig. 1); (ii) the inhibi-
tion of NF-�B-activation by Cbl-b is mediated by Akt, which is
required for CBM formation, and by PKC-�, which is respon-
sible for the coupling of IKKs to the CBM complex (Fig. 2 to
4); (iii) Cbl-b-mediated inhibition of PKC-� is regulated ac-
cordingly by PI3-K and Vav-1, the latter of which functions as
an adaptor protein to bring PKC-� into proximity of PI3-K,
resulting in its activation (Fig. 3); and (iv) Cbl-b negatively
regulates the assembly of a signaling complex consisting of

PKC-�, CARMA1, Bcl10, and IKKs and their aggregation into
lipid rafts (Fig. 4 and 5).

Although it was reported that Cbl-b selectively regulates
Vav-1 activation in T cells, presumably through a PI3-K-de-
pendent, proteolysis-independent mechanism (7), the signaling
pathway downstream of Cbl-b is still poorly defined. In this
study, we found that NF-�B is hyperactivated by TCR stimu-
lation in T cells lacking Cbl-b, and the loss of Cbl-b obviates
the requirement for CD28 engagement for optimal NF-�B
activation, which closely correlates with PI3-K/Akt and PKC-�
activity (Fig. 1 and 2). Therefore, to our knowledge, these data
provide the first piece of evidence for the regulation of T-cell
activation by Cbl-b via an NF-�B-dependent mechanism. It has
previously been shown that Akt plays a role in NF-�B induc-
tion in T cells (20, 33). Our data reveal that the loss of Cbl-b
results in the optimal activation of Akt in the absence of CD28
costimulation (Fig. 2A), and the inhibition of Akt attenuates
TCR-induced activation of NF-�B, possibly by inhibiting the
recruitment of CARMA1 to the Bcl10-MALT1 complex (Fig.
4C). Consistent with our findings, CARMA1 was reported to
be required for Akt-mediated NF-�B activation in T cells (17).

PI3-K may regulate Vav-1 via the interaction between PIP3,
a PI3-K substrate, and the PH domain of Vav-1 (10, 30). We
showed that the Cbl-b–PKC-� association is mediated by Vav-1
(Fig. 3A and B). Furthermore, Vav-1 has been shown to be
required for the membrane targeting of PKC-� (50). It was also

FIG. 5. Aggregation of PKC-�, CARMA1, Bcl-10, and IKK� in lipid rafts is negatively modulated by Cbl-b. T cells from WT and Cbl-b�/� mice
were stimulated with anti-CD3 Ab or anti-CD3 plus anti-CD28 Abs or were left unstimulated. The lipid rafts were isolated by sucrose-gradient
ultracentrifugation, and the lipid raft and nonlipid raft fractions were blotted with Abs against PKC-�, CARMA-1, Bcl-10, and IKK�. The purity
of lipid rafts was determined by CTx analysis. The data represent one of four independent experiments. �, absence of; �, presence of.
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suggested that PI3-K may act downstream of Rac-1, a down-
stream substrate of Vav-1 (9). Therefore, the relationship be-
tween PI3-K, Vav-1, and PKC-� is still not fully defined. The
inability of PKC-� to bind to p85 as well as the defective PKC-�
activation in the absence of Vav-1 (Fig. 3C to E), suggests that
Vav-1 functions as an adaptor protein to recruit PKC-� to the
cell membrane in proximity to p85, subsequently allowing it to
be phosphorylated by PI3-K-dependent kinase(s). Although
during T-cell activation, membrane-associated Vav-1-SLP-76
leads to PLC-� activation and production of diacylglycerol,
which is important for PKC-� activation (1, 3, 16), the loss of
Cbl-b does not elicit elevated activation of PLC-�1 or in-
creased Ca2� influx in response to TCR stimulation (Fig. 1E)
(2, 4, 25), arguing that Cbl-b may have a specific effect on
Vav-1-mediated signaling events, independent of PLC-� acti-
vation. Therefore, Cbl-b negatively regulates TCR-induced
NF-�B activation via a PI3-K–Vav-1–PKC-�-dependent
pathway.

Recently, it has been shown that in transformed cells, PKC-�
can associate with and phosphorylate the CARMA1 linker
region, which binds to and blocks the accessibility of the
CARD motif (31, 45, 52). It has previously been suggested that
TCR-triggered, PKC-dependent linker phosphorylation is re-
quired to release this inhibition, thereby allowing for Bcl10
recruitment and signal propagation to the IKK complex (31,
45, 52). Recent studies also indicate that CARMA1 links
PKC-� to downstream signaling components that lead to the
activation of NF-�B. These studies suggest that PKC-� is es-
sential for TCR/CD28-induced NF-�B activation, possibly
via a CBM-dependent pathway. It has been reported that
CARMA1 recruits IKKs to lipid rafts at the immunological
synapse, whereas the translocation of PKC-� to lipid rafts at
the immunological synapse may be independent of CARMA1
(11). On the other hand, other studies indicate that CARMA1
controls the recruitment of PKC-�, Bcl10, MALT1, and IKK�
to the immunological synapse (52). Therefore, the precise role
of PKC-� and CARMA1 in mediating NF-�B activation is still
not completely elucidated, especially for primary T cells. Sur-
prisingly, we found that the formation of the CBM complex is
largely independent of PKC (Fig. 4B), which contradicts two
recent reports (31, 45). We speculated that this discrepancy is
due to different cell types used, namely primary mouse T cells
versus Jurkat T cells. Nevertheless, our data suggest that there
is a PKC-�-independent pathway that induces formation of the
CBM complex. Indeed, either Akt or CaM kinase II may as-
sociate with CARMA1 or induce CARMA1 phosphorylation
(17, 33), which may represent this alternative pathway. In sup-
port of this notion, the inhibition of Akt blocks CBM complex
formation and the subsequent coupling of PKC-�-IKKs to the
Bcl10-MALT1 complex (Fig. 4C). We should note that in the
absence of PKC-�, the CBM complex fails to associate with
IKKs upon TCR ligation (Fig. 4B), indicating that PKC-� is
responsible for coupling IKKs to the CBM complex and leads
to NF-�B activation. An analysis of CARMA1�/� T cells sug-
gests that the loss of CARMA1 results in the uncoupling of
PKC-�-IKKs from the Bcl10-MALT1 complex (Fig. 4D). Our
findings are consistent with the observations made by Shamb-
harkar et al., in which CARMA1 was shown to link the PKC-
�-IKK complex to the Bcl10-MALT1 complex and to be es-
sential for the regulation of IKK� ubiquitination upon TCR

stimulation (44). Note that we did not observe any constitutive
association of IKKs with the MALT1-Bcl10 complex, which is
different from the results of a recent report in which Jurkat T
cells were used (53). Therefore, our data provide an additional,
but not mutually exclusive, mechanism by which both PKC-�
and CARMA1 mediate TCR/CD28-induced NF-�B activation.

In summary, we demonstrate that in primary T cells, Cbl-b is
a key negative regulator of NF-�B activation in a manner
mediated by both PI3-K/Akt and PKC-�. Akt may potentiate
the formation of the CBM complex, whereas PKC-� couples
IKKs to the CBM complex, resulting in the activation of IKK�
(Fig. 6). Our findings indicate that Cbl-b regulates TCR-in-
duced NF-�B activation via Akt-dependent and PKC-�-depen-
dent pathways in primary T cells.
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