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ABSTRACT Cbl is the product of the protooncogene c-cbl
and is involved in T cell antigen receptor (TCR)-mediated
signaling. To understand the role of Cbl for immune system
development and function, we generated a Cbl-deficient mouse
strain. In Cbl-deficient mice, positive selection of the thymo-
cytes expressing major histocompatibility complex class II-
restricted transgenic TCR was significantly enhanced. Two
factors may have contributed to the altered thymic selection.
First, Cbl deficiency markedly up-regulated the activity of
ZAP-70 and mitogen-activated protein kinases. The mitogen-
activated protein kinase pathway was shown previously to be
involved in thymic positive selection. Second, Cbl-deficient
thymocytes expressed CD3 and CD4 molecules at higher
levels, which consequently may increase the avidity of TCRy
major histocompatibility complexycoreceptor interaction.
Thus, Cbl plays a novel role in modulating TCR-mediated
multiple signaling pathways and fine-tunes the signaling
threshold for thymic selection.

Thymic positive and negative selections are two major events
that form the peripheral T cell repertoire. Both require
interactions of T cell antigen receptors (TCR) and coreceptors
on thymocytes with major histocompatibility complex (MHC)
and other ligands on thymic antigen-presenting cells (1–4).
The outcome of the selection is believed to be determined by
the strength of intracellular signals delivered by TCR. The
current consensus is that thymocytes receiving a moderate-
strength TCR signal are positively selected and develop further
into mature T cells, whereas cells receiving either too weak or
strong signals will be eliminated by ‘‘neglect’’ or negative
selection, respectively, during development (5–8). Although
the definition of the signal ‘‘strength’’ remains elusive, it
probably reflects a combinatory effect of the affinity and
avidity of TCRyMHC interactions and the efficiency of intra-
cellular signal transduction determined by the availability of
the relevant signal-transducing molecules.

Most of our knowledge concerning the signal transduction
during thymic positive and negative selections came from
either natural or engineered genetic mutant animals (9). It has
been demonstrated that inactivation of the tyrosine kinases
Lck and ZAP-70 or the tyrosine phosphatase CD45 abrogates
both positive and negative selections (10–13). In contrast,
activation of Vav and Ras-Raf-MAP kinase pathway is nec-
essary for positive selection but dispensable for negative
selection (14–17). Molecules such as CD5, CD30, IRF-1, and
Itk are also known to be involved in thymic selection (18–21)
although their place in the TCR-mediated signal transduction
pathway is not clear.

c-cbl was identified previously as a cellular homologue of the
oncogene v-cbl from Cas-NS1 retrovirus, which causes hema-

topoietic malignancies in mice (22). While c-cbl transcripts are
detected in a variety of tissues, the highest level of expression
was observed in thymus and testis (23). The function of Cbl, a
protein product of the c-cbl gene, as a signaling protein has
been evidenced by its prominent tyrosine phosphorylation
upon engagement of various growth factor receptors and
antigen receptors (24, 25). Despite lacking any known enzy-
matic activity, Cbl forms complexes with many different
signaling proteins, including Src- and Syk-family tyrosine
kinases, phosphatidylinositol-3 kinase (PI-3K), and the
adapter proteins such as Grb2 (24, 25). Ota and Samelson
reported that Cbl was involved in the control of Syk activity in
a mast cell line (26). Genetic studies from Caenorhabditis
elegans and Drosophila suggested that Cbl homologues were
involved in the regulation of epidermal growth factor receptor-
Ras signaling pathway in these organisms (27–29). More
recently, T cell signaling was shown to be enhanced in Cbl-
deficient mouse thymocytes (30). However, it remains to be
determined how the enhanced signaling affects T cell devel-
opment and function.

MATERIALS AND METHODS

Mice. All the mice used in this study were bred and
maintained at National Institute of Allergy and Infectious
Diseases Twinbrook II Animal Facility under specific patho-
gen-free conditions in accordance with institutional guide-
lines. To generate the targeted embryonic stem (ES) cell clone,
30 mg of the linearized targeting vector was electroporated into
E14.1 ES cells. ES cells were selected with G418 and gancy-
clovir, and double-resistant clones were screened for homol-
ogous recombination by Southern hybridization. Correctly
targeted clones were transiently transfected with a Cre recom-
binase expression vector to remove the neomycin-resistance
gene and an exon of the c-cbl gene as indicated in Fig. 1A.
Resultant ES clones were injected into blastocysts to obtain
chimeric mice. TCR nontransgenic mice used in this study are
of mixed C57BLy6 and 129 background (H-2b). Transgenic
mice (5C.C7) were selected for the absence of mouse mam-
mary tumor virus (MMTV)-3 and -13 integrants because the
129 background of the ES cells deletes this TCR through
superantigen stimulation in the thymus (31). H-Y TCR trans-
genic mice are of H-2b background.

Antibodies and Flow Cytometry. Anti-CD3« (145–2C11),
anti-CD4 (RM4–5), anti-CD5 (53–7.3), anti-CD8 (53–6.7),
anti-CD28 (37.51), anti-CD69 (H1.2F3), anti-TCR Va11
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(RR8–1), and anti-TCR Vb3 (KJ25) mAbs were obtained
from PharMingen.

Flow cytometry was performed with FACScan (Becton
Dickinson). Data were analyzed with FLOWJO analysis pro-
gram (Tree Star, San Carlos, CA).

Detection of MMTV Genomes. Genomic DNA was analyzed
by PCR for the presence of MMTV-3 and -13. Primers were
designed to amplify MMTV sequences specific for Vb3-
deleting virus integrants (32). The 129 strain does not have
MMTV-1 or -6. Primer sequences are: sense, 59-AAA AAG
GGG AAA GAG GAG TGC GCT TGT CAA-39, and anti-
sense, 59-ATT ATA TGT CTT TTG GCC TCC TCT CTA
CTG-39.

Peripheral T Cell Proliferation Assay. CD41 T cells were
purified by depleting CD81, B2201, and Mac11 cells from
mesenteric lymph node cells by using magnetic beads (Per-
Septive Biosystems, Framingham, MA). Purity of CD41 cells
was 85–95% as assessed by flow cytometry. After stimulating
with plate-bound anti-CD3 antibody for 42 hr, the culture was
pulsed with 5 mCiyml of [3H]thymidine and incubated for an
additional 12 hr. [3H]Thymidine incorporation was measured
by a scintillation counter, and the values were normalized
against those of cells stimulated with PMA and ionomycin.

Western Blotting, Immunoprecipitation, and PI-3K Assay.
For all biochemical analyses, thymocytes were isolated and
cultured ex vivo overnight before the experiment. Splenocytes
were used fresh. Cells (5 3 107) were stimulated with 10 mgyml
of biotinylated anti-CD3«, CD4, or CD28 antibodies followed
by crosslinking with 25 mgyml of streptavidin at 37°C. Stimu-
lated cells were lysed in 1% Triton X-100 containing buffer
with protease and phosphatase inhibitors and immunoprecipi-
tated with indicated antibodies as described previously (33).
Protein was separated by SDSyPAGE, electrotransferred to
polyvinylidene difluoride membranes, and blotted with indi-
cated antibodies.

The following antibodies were used: antiphosphotyrosine
(4G10, Upstate Biotechnology, Lake Placid, NY), anti-Cbl and
anti-Lck (Santa Cruz Biotechnology), anti-ZAP-70 (Transduc-
tion Laboratories, Lexington, KY), and anti-MAP kinase
(Promega).

For the determination of PI-3K activity, cell lysate was
immunoprecipitated with 4G10 and the associated PI-3K was
assayed in vitro by 32P incorporation into phosphatidylinositol.
The resulting phosphatidylinositol 3-phosphate was resolved
by TLC in chloroformymethanolywateryammonium hydrox-
ide as described (34). 32P-labeled spots were visualized by
autoradiography and quantitated by a densitometer.

RESULTS

Generation of Cbl-Deficient Mice. Mice deficient in Cbl
were generated by using a gene-targeting strategy depicted in
Fig. 1A. The targeting vector was designed to delete one exon
of the c-cbl gene and introduce a reading-frame shift in the
resulting c-cbl transcripts (Fig. 1 A). In c-cbl mutant mice,
absence of aberrant transcripts of the c-cbl gene was confirmed
by reverse transcription–PCR, and the Cbl protein was not
detected by an antibody against the C terminus of the protein
(Fig. 1 B and C). Homozygous c-cbl mutant (c-cbl2y2) mice are
generally healthy and fertile. Inspection of various tissues in
the adult c-cbl2y2 animals (up to 4 months old) revealed no
gross abnormality except a mild splenomegaly. Spleens from
c-cbl2y2 mice were two to three times larger than those of their
wild-type (wt) littermates, primarily because of erythroid
hyperplasia (data not shown).

Cbl Deficiency Elevates Cell Surface Molecules Related to
Thymic Positive Selection. Thymus is one of the adult organs
in which Cbl is most highly expressed (23). We therefore
examined whether the thymocyte development was affected by
Cbl deficiency. Although the total number of thymocytes and
the ratio of CD4yCD8 double-positive (DP), CD4, and CD8
single-positive (SP) thymocytes were almost the same in
c-cbl2y2 and wt mice, an increased proportion of thymocytes
from c-cbl2y2 mutants expressed higher levels of TCRaby
CD3, CD5, and CD69 molecules than those from wt mice (Fig.
2). In DP cells, the expression of CD4 molecule was elevated
moderately in c-cbl2y2 mice (CD4 mean fluorescence intensity
of wt and c-cbl2y2 DP cells are 48.6 and 54.9, respectively).
Since the up-regulation of TCR, CD5, and CD69 molecules are
associated with thymocytes undergoing positive selection (35–

FIG. 1. Generation of Cbl-deficient mice by gene targeting. (A)
Partial restriction map of the c-cbl locus, the targeting construct, and
the mutated c-cbl locus. The second exon in the figure, which
subsequently was deleted by CreyloxP-mediated DNA recombination,
corresponds to nucleotides 681–837 of the published mouse c-cbl
cDNA sequence (GenBank accession no. X57111). Black rectangles
represent exons, and triangles represent loxP sequence. Sa, SacI; S,
SphI. (B) Reverse transcription–PCR analysis of c-cbl transcripts from
wild-type (1y1), heterozygous (1y2), and homozygous (2y2) c-cbl
mutant thymocytes. The sequences of the primers used in the PCRs
correspond to nucleotides 640–663 (sense orientation) and to nucle-
otides 996-1019 (antisense orientation) of mouse c-cbl cDNA. (C)
Immunoblot analysis of the Cbl protein. Thymocyte lysate was immu-
noblotted with a polyclonal antibody against the C terminus of the Cbl
protein.

FIG. 2. Flow-cytometric analysis of thymocytes. (A) CD4 and CD8
staining of thymocytes from c-cbl1y1 and c-cbl2y2 mice. (B) Expres-
sion of surface markers on thymocytes. Shaded patterns and the thick
lines represent c-cbl wt and homozygous mutant cells, respectively.
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40), these results suggested that Cbl deficiency might have
influenced the TCR signaling and thymic selection.

Positive Selection of CD41 T Cells Is Enhanced in Cbl-
Deficient Mice. The apparent normal cellularity in c-cbl2y2

thymus prompted us to speculate that changes of the thymo-
cyte development caused by Cbl deficiency might have been
masked by the heterogeneity of the TCR repertoire in normal
mice. To explore this possibility, we analyzed the positive and
negative selection of T cells expressing a defined transgenic
TCR in the absence of Cbl.

We tested thymic positive selection in 5C.C7 TCR trans-
genic mice that express a Va11yVb3 TCR transgene specific
for a pigeon cytochrome c peptide presented by the MHC class
II Ek molecules (41). During development, thymocytes ex-
pressing the transgenic TCR are positively selected in mice
expressing Ek, whereas the development of the same cells is
arrested at DP stage in the absence of this selecting class II
molecule. This is shown clearly by the presence of a large
number of CD4 SP cells in Ebyk and Ekyk mice and the nearly
complete absence of CD4 SP T cells in Ebyb mice (Fig. 3A and

Table 1). Additionally, the degree of positive selection is
strongly affected by the dosage of the ligand for TCR (42); in
wt Ekyk mice (with two Ek alleles) there were significantly more
CD4 SP T cells (63.7%) and fewer DP thymocytes (26.6%)
than in the Ebyk (one Ek allele) littermate (47.8% SP CD4 and
43.3% DP thymocytes, Fig. 3 and Table 1). Comparison of
thymocytes from c-cbl2y2 and wt Ebyb mice revealed similar
frequencies of DP, CD4, and CD8 SP T cells (Fig. 3A and
Table 1), indicating that positive selection of the mutant CD4
SP T cells still requires the interaction of transgenic TCR and
its ligand, Ek. However, in c-cbl2y2 Ebyk mice, positive selec-
tion of CD4 SP T cells apparently was enhanced to a level
equivalent to that seen in wt Ekyk mice, as the percentage of
CD4 SP T cells increased to 70.4% and that of DP thymocytes
decreased to 20.3% while the total number of thymocytes and
CD8 SP T cells remained comparable to that in the wt Ebyk

mice (Fig. 3A and Table 1). The enhancement of positive
selection also was observed in Ekyk mice, where there was a
further increase of CD4 SP cells and a reduction of DP
thymocytes in c-cbl2y2 mice as compared with wt mice (Fig. 3A
and Table 1). As shown in Table 1, this observation was
reproducible in multiple independent experiments.

Selection of Thymocytes with MHC Class I-Restricted TCR
Is Not Affected in the Absence of Cbl. To examine whether the
c-cbl2y2 mutation influences selection of thymocytes with
MHC class I-restricted TCR, we crossed the c-cbl2y2 mice to
a transgenic line expressing a TCR specific for the H-Y antigen
(43). In this model, thymocytes with the transgenic TCR are
positively selected in female but deleted by negative selection
in male mice (43). As shown in Figs. 3B and 4A, the ratio of
DP to CD8 SP thymocytes was comparable between wt and
c-cbl2y2 female mice, and DP thymocytes were almost com-
pletely absent in both wt and c-cbl2y2 male mice. Therefore,
we concluded that in the absence of Cbl neither positive nor
negative selection was affected in H-Y TCR transgenic model.

Superantigen-Mediated Negative Selection Is Not Altered in
Cbl-Deficient Mice. It has been proposed that viral superan-
tigen-mediated negative selection might have a different sig-
naling requirement compared with MHCypeptide-mediated
negative selection (19). Therefore, we examined clonal dele-
tion of T cells reactive to endogenous viral superantigen in
c-cbl2y2 mice. Normally, T cells expressing TCR with Vb3
element normally are deleted in the 129 mouse strain, which
carries endogenous superantigens encoded by MMTV-3 and
-13 (31). In both wt and c-cbl2y2 mice, the percentage of Vb31

peripheral T cells was equally reduced in the presence of these
viral superantigens (Fig. 4B). From these results we conclude
that both the MHCypeptide- and superantigen-mediated neg-
ative selections are not impaired in the absence of Cbl.

FIG. 3. Positive selection in Cbl-deficient mice. (A) Positive se-
lection of 5C.C7 TCR transgenic thymocytes. Freshly isolated thymo-
cytes of indicated genotypes were stained with antibodies and analyzed
by flow cytometry. The percentage of each cell population is indicated
in the 5% contour profiles. More than 95% of thymocytes expressed
transgenic TCR a and b chains. Total thymocyte numbers are: Ebyb wt,
2.3 3 108; Ebyb c-cbl2y2, 1.7 3 108; Ebyk wt, 4.7 3 108; Ebyk c-cbl2y2,
2.5 3 108; Ekyk wt, 1.8 3 108; Ekyk c-cbl2y2, 0.9 3 108. There was no
statistically significant difference in total cell numbers between
groups. (B) Positive selection of H-Y TCR transgenic thymocytes in
female mice. Total thymocyte numbers of the wt and c-cbl2y2 mice are
1.0 3 108 and 1.3 3 108, respectively. More than five pairs of mice were
analyzed, and a representative experiment is shown here. There was no
statistically significant difference in total thymocyte numbers.

Table 1. Positive selection of 5C.C7 TCR transgenic thymocytes

Experiment

DP CD4 SP CD8 SP

1y1
or

1y2 2y2

1y1
or

1y2 2y2

1y1
or

1y2 2y2

Ebyb 1* 80.0% 79.8 7.2 9.2 1.7 2.2
2 87.1 87.6 2.4 3.7 2.9 2.1
3 79.7 67.5 3.9 4.8 2.7 3.0

Ebyk 1* 43.3 20.3 47.8 70.4 4.1 4.0
2 50.3 25.5 37.2 61.3 7.5 4.3
3 45.4 24.9 44.3 65.2 6.6 4.2

Ekyk 1* 26.6 16.0 63.7 68.5 3.9 6.0
2 24.8 12.2 62.0 69.3 3.5 3.1

Thymocytes from 7- to 8-week-old mice of indicated genotypes were
analyzed by flow cytometry. 1y1, 1y2, and 2y2 refer to c-cbl
genotype.
*These experiments are shown in Fig. 3A.
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Cbl Deficiency Affects Various Signaling Pathways in Thy-
mocytes. Phosphorylation of multiple signaling proteins is the
earliest event during TCR-mediated T cell activation. We first
compared the protein phosphorylation in c-cbl2y2 and wt
thymocytes after stimulation with anti-CD3« antibody. To
reduce the variations introduced by different levels of TCR
expression between wt and c-cbl2y2 thymocytes, both wt and
mutant cells were incubated overnight at 37°C before stimu-
lation. Such a treatment up-regulated TCRyCD3 on wt thy-
mocytes to a level comparable to that on mutant cells (data not
shown). In both wt and c-cbl2y2 thymocytes, multiple protein
bands became tyrosine-phosphorylated 1 min after stimulation
(Fig. 5A). However, the level of tyrosine phosphorylation was
elevated significantly on almost all phosphoprotein bands in
c-cbl2y2 thymocytes. In addition, two unidentified tyrosine
phosphoprotein bands, pp110 and pp140, were observed re-
producibly only in stimulated c-cbl2y2 thymocytes. These
results collectively indicate that in normal thymocytes, Cbl
provides an inhibitory signal and negatively regulates tyrosine
phosphorylation of multiple cellular proteins.

Hyperphosphorylation of multiple proteins in the stimulated
c-cbl2y2 thymocytes suggested that the absence of Cbl had
disregulated the upstream components of the TCR signaling
cascade. Therefore, we next examined the phosphorylation of
two tyrosine kinases, Lck and ZAP-70, that have been shown
to transduce signals at the proximal end of the TCR signaling
pathway (44–46). Phosphorylation of Lck was comparable
between c-cbl2y2 and wt thymocytes after stimulation with
either anti-CD3« or anti-CD3«yCD4 antibodies (Fig. 5B). In
contrast, stimulation with anti-CD3« or anti-CD3«yCD4 an-
tibodies led to an approximately 10-fold increase in tyrosine
phosphorylation of ZAP-70 in c-cbl2y2 thymocytes compared
with wt cells (Fig. 5B). These results, together with the
observation that ZAP-70 associates with Cbl (47, 48), strongly
suggest that ZAP-70 is the most upstream component of the
tyrosine kinase cascade affected by Cbl deficiency.

Activation of tyrosine kinases through TCR leads to acti-
vation of multiple signaling pathways including the Ras-Raf-
MAP kinase cascade, PI-3K, and phospholipase C (PLC)-g
(44–46, 49). Therefore, we investigated whether these down-

stream signals were affected in c-cbl2y2 thymocytes. Mitogen-
activated protein (MAP) kinase activity in total cell lysate was
determined with antibodies against the active form of ERK1
and ERK2 (50). We repeatedly detected approximately three
times more active ERK1 and ERK2 in c-cbl2y2 thymocytes
than in wt thymocytes after stimulation with anti-CD3« or
anti-CD3«yCD4 antibodies (Fig. 5B). This result clearly indi-
cates that MAP kinase activity is negatively regulated by Cbl.

In contrast to the enhanced ZAP-70 and MAP kinase
activation, both PI-3K and PLCg1 activities were reduced in
c-cbl2y2 thymocytes. PI-3K activity in c-cbl2y2 thymocytes was
approximately half of that in wt cells when cells were stimu-
lated with either anti-CD3« or anti-CD3«yCD28 antibodies
(Fig. 5C). Similar to PI-3K, the level of PLCg1 phosphoryla-
tion was reduced in c-cbl2y2 thymocytes after CD3«yCD4
cross-linking (Fig. 5B), indicating that the absence of Cbl
prevented full activation of PLCg1 in the mutant cells.

Peripheral T Cells from Cbl-Deficient Mice Are Less Re-
sponsive to Antigenic Stimulation. How does the altered
thymic selection affect the function of mature T cells? We first
examined in vitro T cell proliferative responses upon stimula-
tion through TCR. Purified peripheral CD41 T cells from
5C.C7 transgenic mice (Ebyk background) were stimulated with
anti-CD3 antibodies, and cell proliferation was measured by
[3H]thymidine incorporation. As shown in Fig. 6A, cells from
both wt and c-cbl2y2 mice responded to anti-CD3 stimulation
in a dose-dependent manner. However, cells from the mutant
mice incorporated only half as much thymidine compared with
those from wt mice at each antibody concentration.

To study whether the lower responsiveness of T cells from
c-cbl2y2 mice was reflected at the biochemical level, we
analyzed protein tyrosine phosphorylation in peripheral T cells
in response to TCR stimulation. Consistent with the above
results, the level of protein tyrosine phosphorylation in the
c-cbl2y2 peripheral T cells was reduced significantly compared
with that in the wt T cells (Fig. 6B).

FIG. 4. Negative selection in Cbl-deficient mice. (A) Negative
selection of self-reactive T cells in H-Y male mice. Thymocytes from
age-matched wt and c-cbl2y2 male mice with transgenic H-Y TCR
were compared. Total thymocyte numbers of the wt and c-cbl2y2 male
mice are 1.7 3 107 and 2.4 3 107, respectively. A total of four pairs of
mice were analyzed, and there was no significant difference in total
thymocyte numbers between wt and c-cbl2y2 mice. (B) Clonal dele-
tion by superantigen. Peripheral blood lymphocytes were stained with
anti-CD4, anti-CD8, and anti-Vb3 antibodies and analyzed by flow
cytometry. Integration of MMTV-3 andyor -13 genomes was detected
by PCR (PCR does not distinguish between MMTV-3 and -13). The
percentage of Vb31 cells out of total T cells is plotted.

FIG. 5. Altered TCR-mediated signal transduction in Cbl-deficient
thymocytes. (A) Tyrosine phosphorylation of cellular proteins upon
CD3« stimulation. Thymocytes were stimulated with anti-CD3« anti-
body for indicated time periods. Equal amount of protein from cell
lysate was separated by SDSyPAGE and immunoblotted with 4G10
antiphosphotyrosine antibody. The positions of Cbl and molecular size
standards are indicated. (B) Analysis of individual signaling molecules.
Thymocytes were stimulated for 2 min with antibodies against CD3«
and CD4 as indicated. Equal amount of protein from cell lysate was
immunoprecipitated (IP) with indicated antibodies and immunoblot-
ted with antibodies specific for phosphotyrosine (pY), Lck, ZAP-70,
or PLCg1. For MAP kinase (MAPK), total cell lysate was immuno-
blotted with antibodies specific for active MAP kinase or total MAP
kinase. (C) PI-3K activity of thymocytes. Thymocytes were stimulated
with anti-CD3« and anti-CD28 antibodies for 2 min. PI-3K activity was
measured as described previously (34). The data are presented as fold
increase over control (unstimulated) and represent the average 6
range from two separate experiments.
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DISCUSSION

Cbl has been shown to be involved in the signal transduction
of various growth-factor receptors and antigen receptors.
However, the physiological significance of this molecule for the
immune system remained elusive. The results presented here
demonstrate that Cbl is involved in positive selection of T cells
in thymus. In the absence of Cbl, thymocytes with MHC class
II-restricted transgenic TCR were more efficiently selected.
Preliminary experiments using another class II-restricted
transgenic TCR mouse strain showed similar results (unpub-
lished data).

Previous experiments revealed that loss of CD5 molecule
also enhanced thymic positive selection in some TCR trans-
genic mice (18). However, intracellular signals affected in
CD5- and Cbl-deficient mouse models are different. In CD5-
deficient thymocytes, phosphorylation of PLCg1 and Vav was
enhanced. In contrast, Cbl deficiency led to a marked increase
of tyrosine phosphorylation on multiple proteins and elevated
ZAP-70 and MAP kinase activities while PLCg1 phosphory-
lation was reduced (Fig. 5). These results indicate that Cbl is
a negative regulator of thymic positive selection but its mech-
anism of action is distinct from that of CD5.

Stimulation of T cells through TCR leads to a concerted
activation of multiple signaling pathways. We demonstrated
that ZAP-70 and MAP kinase were hyperactivated in Cbl-
deficient thymocytes. On the other hand, activity of PLCg and
PI-3K was reduced in the absence of Cbl. Therefore, Cbl may
function as an organizer to coordinate the action of multiple
signaling pathways during thymocyte activation. Current avail-
able data suggest that different mechanisms may be employed
by Cbl to modulate each signaling pathway. For instance, Syk,
a homologue of ZAP-70, has been shown to bind to Cbl
directly, and its kinase activity was reduced when Cbl was
overexpressed (26). Because Cbl is known to associate with
ZAP-70 as well (47, 48), Cbl may regulate ZAP-70 activity in
a similar manner. As for the MAP kinase pathway, because no
direct interaction between Cbl and MAP kinases has been
demonstrated, the regulation of MAP kinase activity by Cbl
may be mediated by intermediary molecules. Cbl may control
MAP kinase activation by inhibiting the tyrosine kinases (such
as ZAP-70) that are linked with MAP kinase activation in T
cells (44–46, 49). Alternatively, SOS, a Ras GDP release
factor, and Cbl bind to the same Src homology 3 domain of
Grb2 (25, 46). Therefore, Cbl may compete with SOS for the
binding sites on Grb2 and consequently reduces the number of
Grb2 molecules available for SOS-mediated activation of
Ras-MAP kinase pathway. Activation of PI-3K requires the
recruitment of its regulatory subunit, p85, to the membrane,
and Cbl is known to be the major phosphoprotein associated
with the p85 subunit in T cells activated through TCR (49, 51).
Therefore, the reduction of PI-3K activity was most likely

caused by the failure of the membrane localization of the p85
subunit mediated by Cbl. The mechanism of PLCg1 phosphor-
ylation remains unclear at present. One may postulate that Cbl
regulates PLCg phosphorylation by establishing a bridge be-
tween PLCg and its tyrosine kinase.

Our results demonstrated that loss of Cbl enhanced positive
selection of CD4 but not CD8 lineage T cells, suggesting that
Cbl might be involved in the control of cell lineage determi-
nation. The function of Cbl as a negative regulator of MAP
kinase pathway is compatible with genetic evidence from C.
elegans and Drosophila and indicates that the function of Cbl
is evolutionarily conserved (27–29). Previous reports indicated
that thymic positive but not negative selection was impaired in
transgenic mice expressing either a dominant-negative form of
Ras or Raf protein or a catalytically inactive Mek-1 (a MAP
kinase kinase) (15–17). Sharp et al. (52) demonstrated that
transgenic expression of the gain-of-function mutant of ERK2
favored CD4 commitment while a MAP kinase inhibitor could
direct thymocytes into the CD8 lineage. Another recent study
showed that in the absence of Csk, a negative regulator of
Src-family tyrosine kinases, CD4 but not CD8 lineage cells
were generated without TCR engagement (53). These reports
collectively indicate that positive selection requires the acti-
vation of the MAP kinase pathway, that CD4yCD8 lineage
determination may require different intracellular signals, and
that the activation of Src-family kinases andyor the MAP
kinase pathway may selectively favor CD4 lineage commitment
or survival. We showed that in Cbl-deficient thymocytes, both
tyrosine kinase and MAP kinase activities were increased. This
may explain why positive selection of thymocytes with MHC
class II-restricted TCR in c-cbl2y2 mice was enhanced whereas
class I-restricted H-Y female thymocytes did not show a
comparable change in thymic selection in the absence of Cbl.

One interesting observation in c-cbl2y2 mice is that thymo-
cytes expressed an increased level of cell surface markers such
as TCRyCD3, CD4, CD5, and CD69. The increased expression
of TCR, CD5, and CD69 molecules has been associated with
the thymocytes undergoing positive selection in normal mice
(35–40). However, up-regulation of TCR in Cbl-deficient mice
appears to be independent of the TCR triggering, because in
5C.C7 TCR transgenic thymocytes the high-level expression of
the transgenic TCR was maintained even in the Ebyb or MHC
class II-deficient environment (unpublished data). Cbl is a
RING-finger domain containing protein (25). It has been
reported recently that the RING-finger domain may bind to
the membrane lipid phosphatidylinositol-3-phosphate and reg-
ulate endocyticyvacuolar membrane traffic (54, 55). There-
fore, it is conceivable that Cbl deficiency impairs the traffick-
ing of membrane proteins in thymocytes and alters the ex-
pression of certain surface molecules. Based on these
considerations, we propose that the negative regulatory role of
Cbl for thymic positive selection may operate at two levels: at
the cytoplasmic level, Cbl directly inhibits intracellular signal-
ing machinery downstream of TCR, and at the membrane
level, it may down-regulate the expression of cell surface TCR
complexes and coreceptors and consequently reduce the avid-
ity of TCRyMHC interactions.

Present data also indicated that peripheral T cells from
c-cbl2y2 mice responded rather poorly to TCR stimulation.
Considering that Cbl is expressed at a much lower level in wt
mature T cells (less than 5% of that in thymocytes; unpublished
data), it may not play a significant regulatory role in mature T
cells. The level of total tyrosine phosphorylation in mature
c-cbl2y2 T cells upon TCR stimulation was reduced compared
with that in wt cells (Fig. 6B). Since the absence of Cbl
enhanced overall tyrosine phosphorylation in c-cbl2y2 thymo-
cytes, it seems unlikely that the same molecule has complete
opposite functions in thymus and periphery and that the
absence of Cbl directly inhibited proliferation and phosphor-
ylation of the stimulated mutant peripheral T cells. A more

FIG. 6. Function of Cbl-deficient peripheral T cells. (A) Prolifer-
ative response of peripheral T cells. Purified CD41 T cells from 5C.C7
transgenic mice were stimulated with plate-bound anti-CD3 « anti-
body. Culture was pulsed with [3H]thymidine for the last 12 hr of
incubation. (B) Total tyrosine phosphorylation of splenocytes. Spleno-
cytes were enriched for T cells by passing through nylon wool columns.
T cells were stimulated with anti-CD3« and anti-CD4 antibodies for 2
min. Equal amount of protein from total cell lysate was separated by
SDSyPAGE and immunoblotted with 4G10 antibody.
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likely explanation is that Cbl deficiency promoted positive
selection of T cells with lower responsiveness to TCR-
mediated signals. Since the expression level of molecules
involved in TCR signaling may vary among individual thymo-
cytes, wt thymocytes expressing a smaller amount of signaling
molecules should be less sensitive to TCR triggering and may
eventually be eliminated by ‘‘neglect’’ during thymic selection,
whereas in c-cbl2y2 mice, the same weak selection signal may
be amplified to a level above the threshold for positive
selection and consequently rescue these lower responders from
death and allow them to become mature T cells.

Taken together, our results indicate that Cbl plays a novel
role in thymic positive selection by fine-tuning the signaling
threshold of the developing thymocyte. In the absence of Cbl,
DP thymocytes can be more efficiently selected even when they
receive a relatively weak signal from TCRyMHC interaction.
Selection as such may lead to the enrichment of T cells with
reduced responsiveness to TCR triggering in the mature T cell
pool and ultimately attenuate the peripheral T cell response in
the mutant mice. Thus, regulation of TCR signals by Cbl
provides a mechanism that ensures selection of a T cell pool
with a proper responsiveness to antigen stimulation.
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