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Summary

Stimulation of the T-cell antigen receptor (TCR) leads to the activation of signaling pathways that
are essential for T-cell development and the response of mature T cells to antigens. The TCR has
no intrinsic catalytic activity, but TCR engagement results in tyrosine phosphorylation of
downstream targets by nonreceptor tyrosine kinases. Three families of tyrosine kinases have long
been recognized to play critical roles in TCR-dependent signaling. They are the Src, {-associated
protein of 70 kDa (ZAP-70), and Tec families of kinases. More recently, the Abl tyrosine kinases
have been shown to be activated by TCR engagement and to be required for maximal TCR
signaling. Using T-cell conditional knockout mice deficient for Abl family kinases, Abl (Abl1)
and Arg (Abl2), it was recently shown that loss of Abl kinases results in defective T-cell
development and a partial block in the transition to the CD4*CD8* stage. Abl/Arg double null T
cells exhibit impaired TCR-induced signaling, proliferation, and cytokine production. Moreover,
conditional knockout mice lacking Abl and Arg in T cells exhibit impaired CD8* T-cell expansion
in vivo upon Listeria monocytogenes infection. Thus, Abl kinase signaling is required for both T -
ell development and mature T-cell function.
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Introduction

T-cell differentiation, activation, and expansion require intimate interactions between T cells

and antigen-presenting cells (APCs) to bring the T-cell receptor (TCR) in contact with
surface-expressed antigenic complexes comprised of peptides bound to major
histocompatibility complex proteins (MHCp) on APCs. TCR engagement at the T cell-APC
contact site leads to rapid activation of a set of nonreceptor tyrosine kinases and the
assembly of proximal signaling complexes, leading to remodeling of the actin cytoskeleton
and activation of multiple pathways critical for cell proliferation, survival, adhesion, and
migration. The trigger for TCR-dependent signaling cascades is the recruitment and
activation of the Src family kinases Lck and Fyn, leading to the phosphorylation of tyrosine
residues within the immunoreceptor tyrosine-based activation motifs (ITAMs) of the CD3
subunits of the TCR, including the CD3( tails (Fig. 1). The tyrosine-phosphorylated ITAMs
recruit the ZAP-70 tyrosine kinase by binding to the tandem SH2 domains of ZAP-70,
leading to kinase activation and phosphorylation of a number of signaling proteins including
the membrane-associated adapter LAT (linker for activation of T cells) (1,2). The
phosphoryated LAT functions as a scaffold to recruit signaling molecules such as
phospholipase C-y (PLC-y), Grb2-related adapter downstream of Shc (GADS), Src
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homology 2 (SH2) domain-containing leukocyte-specific phosphoprotein of 76 kDa
(SLP76), Itk/Tec kinases, and the VVav guanine nucleotide exchange factor (GEF) (2) (Fig.
1). PLC-y promotes calcium mobilization and activation of kinase cascades that regulate
gene transcription, while Vav1 activates the Rac and Cdc42 GTPases leading to enhanced
actin polymerization. The Tec family kinases function as modulators of TCR signaling and
regulate phospholipase C-y and calcium mobilization as well as remodeling of the actin
cytoskeleton (3). This model of early signaling events downstream of TCR engagement has
remained basically unchanged for over a decade. However, it appears that the model is more
complex. We have shown that the Abl family of nonreceptor tyrosine kinases are activated
in response to engagement of both the pre-TCR and TCR and have a role in transducing
signals that affect both T-cell development and mature T-cell function in vitro and in vivo
(4,5). Our findings have provided a potential mechanistic explanation for the immune
phenotypes promoted by targeted deletion or mutation of Abl in mice, including increased
susceptibility to infection, splenic and thymic atrophy, and lymphopenia (6,7). Notably,
lymphopenia is also observed in mice deficient for several TCR signaling mediators such as
Lck, ZAP-70, LAT, and SLP76 (8).

Abl family kinases: regulation and function

Abl kinases link diverse cell surface receptors to the regulation of cytoskeletal dynamics

The Abl nonreceptor tyrosine kinases, Abl (Abl1) and Arg (Abl2), regulate cytoskeletal
reorganization, cell proliferation, survival and stress responses (reviewed in 9). Abl tyrosine
kinases are activated by stimulation of growth factor receptor tyrosine kinases such as the
platelet derived growth factor receptor (PDGFR) and the epidermal growth factor receptor
(EGFR) (10-13), the insulin-like growth factor receptor (IGF-1R) (14), the agrin-stimulated
MuSK receptor tyrosine kinase (15), and the ephrin-activated EphB4 receptor (16). Abl
kinases are also activated downstream of receptors that lack intrinsic kinase activity such as
the plexin Al-stimulated Semaphorin 6D (17) and integrins (18,19). The activated Abl
kinases link these diverse cell surface receptors to reorganization of the actin cytoskeleton
and regulation of chemotaxis, migration, and invasion. Additionally, Abl kinases regulate
PDGF-dependent cell proliferation (11,20,21).

We and others have shown that Abl kinases are also activated in response to the entry of
microbial pathogens into mammalian cells (22,23). Abl kinases regulate cytoskeletal
reorganization during pathogen infection. We showed that Abl kinases are required for
Shigella flexneri entry and also for intracellular motility, which involves regulation of actin
comet elongation at one pole of the bacterium through Abl-dependent phosphorylation of
the N-Wasp actin nucleator-promoting factor (24).

We reported more recently a novel role for Abl kinases in the regulation of cell-cell
adhesion in epithelial cells and fibroblasts (25). Abl kinases are activated by cadherin-
mediated adhesion signals and are required for the formation and maintenance of
intercellular adhesions by regulating the activities of the Rac and Rho guanosine
triphosphatases (GTPases), leading to cadherin-dependent rearrangements of the actin
cytoskeleton (25). Thus, Abl kinases function to link an increasing number of cell surface
receptors to signaling pathways required for cytoskeletal reorganization and other cellular
processes such as proliferation and survival (Fig. 2).

Structure of Abl family kinases

The Abl family of nonreceptor tyrosine kinases in vertebrates consists of two proteins, Abl
(Abl1) and Arg (Abl2) (26,27). Two predominant isoforms of Abl and Arg are generated by
alternative splicing of the first exon, and one of the isoforms (1b/IV) contains a
myristoylation site (27,28). Abl and Arg are multi-domain proteins with conserved domains
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that include three highly conserved Src kinase homology (SH) domains at the N-terminus
(Fig. 3). The SH3 domain recognizes proline-rich sequences, while the SH2 domain binds to
tyrosine phosphorylated peptides (9). The kinase or SH1 domain is the most highly
conserved domain between mammalian Abl and Arg, as well as among Abl kinases in
mammals, flies, and worms (29,30). The N-terminal sequences are critical for regulating the
activity of the kinase domain through intramolecular interactions that maintain an auto-
inhibited kinase domain conformation. Analysis of the crystal structure of the Abl kinase
domain and upstream N-terminal sequences showed that autoinhibition of the Abl kinase is
maintained by intramolecular interactions involving the SH3 domain with the linker that
connects the SH2 and the kinase domain, and with the small lobe of the kinase domain (31).
The Abl SH2 domain interacts with the large lobe of the kinase domain (31). Additionally,
the myristoyl group at the N-terminus of Abl appears to contribute to the assembly of the
autoinhibited conformation of the Abl kinase (32). Mutation of the myristoylation site was
shown to enhance Abl kinase activity and a crystal structure of the isolated Abl kinase
domain in complex with a myristoylated peptide showed that the myristoylated group bound
within a deep hydrophobic pocket in the kinase C-terminal lobe, suggesting that the
myristoylated group contributes to stabilize the closed conformation of the Abl kinase (32).

The C-terminal sequences following the kinase domain are less well conserved between Abl
and Arg, but both kinases exhibit conservation in proline-rich sequences that provide
binding sites for SH3 domain-containing proteins (9,33). A unique feature of the Abl family
of tyrosine kinase is the presence of actin-binding domains, which distinguish these kinases
from other nonreceptor tyrosine kinases. Abl and Arg share a C-terminal calponin homology
F-actin-binding domain (34,35). In the Abl kinase, a globular (G)-actin binding domain
precedes this F-actin-binding domain (34). In contrast, Arg lacks the G-actin-binding
domain but displays a microtubule-binding (MT) domain and a second talin-like F-actin-
binding domain that is characterized by an I/LWEQ sequence (35,36). The Abl C-terminus
also contains three nuclear localization signals (NLS), one nuclear export signal (NES), and
a DNA-binding domain (37-39), which are absent in Arg. The presence of NLS and NES
motifs in Abl but not Arg is consistent with the nuclear and cytoplasmic localization of Abl
and the predominant cytoplasmic localization of Arg.

Mechanisms of Abl kinase activation

Abl and Arg are activated by multiple extracellular and intracellular stimuli that modulate
intra- and inter-molecular interactions thereby promoting the inactive or active
conformations of the Abl and Arg kinases. The inactive conformation of Abl is maintained
not only by autoinhibitory intramolecular interactions, but also by intermolecular
interactions. An example of the latter is the inhibitory effect of phosphatidyl inositol
bisphosphate (P1P2) on the kinase activity of Abl and Arg (10,12). Decreasing PIP2 cellular
levels by PLC-y1-mediated hydrolysis stimulated by PDGF resulted in increased Abl and
Arg kinase activities (10,12). In addition to inositol lipids, a number of proteins such as Pag/
peroxiredoxin-1 have been reported to inhibit Abl activity, possibly by stabilizing the
autoinhibited conformation of the kinase (reviewed in 9). Activation of Abl can occur by the
binding of SH3 or SH2 domain ligands or proteins containing the corresponding target
sequences (9,40).

Activation of the Abl kinases is also regulated by tyrosine phosphorylation. Tyrosine
phosphorylation is not detectable on endogenous Abl and Arg kinases (9,41), but activation
of the Abl kinases by a variety of extracellular and intracellular stimuli results in the
phosphorylation of several tyrosines, including tyrosine (Y) 245 in the SH2 domain-kinase
linker and Y412 in the activation loop of the kinase domain (41,42). Phosphorylation of
these and other tyrosines occurs either through autophosphorylation by the Abl kinases in
trans or phosphorylation by Src family kinases (11,20,40,41). Maximal activation of the Abl
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kinases involves disruption of inhibitory interactions by binding to target proteins and
tyrosine phosphorylation of specific sites by the Abl kinases themselves or other tyrosine
kinases, including Src and the PDGF receptor (12,41). Thus, the Abl family kinases
integrate diverse signals that promote binding to target proteins and result in different levels
of tyrosine phosphorylation, thereby producing a continuum of kinase activity levels from
low to high. Oncogenic forms of the Abl family kinases are produced by retroviral
transduction (v-Abl) or chromosomal translocation events (BCR-ABL). These fusion
partners provide domains that promote oligomerization of the chimeric proteins leading to
trans-phosphorylation and enhanced tyrosine kinase activity (9). Abl1 was originally
identified as the cellular homolog of the v-Abl oncogene product of the Abelson murine
leukemia virus, which produces a gag-Abl fusion protein with constitutively elevated
tyrosine kinase activity (26,43). The Abl kinase is best known for its role in human chronic
myelogenous leukemia (CML) as a result of a chromosomal translocation event that fuses
ABL with the BCR gene to produce the BCR-ABL oncoprotein (44). The BCR coiled-coil
domain in BCR-ABL and the gag sequences in v-Abl promote oligomerization and
constitutive trans phosphorylation of the Abl kinase. Other fusion proteins have been
identified that link Abl or Arg to sequences containing oligomerization domains. These
include the TEL-ABL and TEL-ARG fusion proteins involved in rare cases of human CML
and acute myelogenous leukemia (AML), respectively (45-47). The pointed domain of TEL
mediates oligomerization of the fusion proteins, which display constitutive tyrosine kinase
activity. Two other ABL1 fusion proteins have been identified in rare cases of acute T-
lymphoblastic leukemia (T-ALL). These are the NUP214-ABL (48) and EML1-ABL (49).
Both NUP214 and EML1 contain oligomerization domains: NUP214 contains two coiled-
coil domains and EML1 has one coiled coil domain. Interestingly, whereas the majority of
the Abl and Arg fusion proteins localize to the cytoplasm or cytoskeleton, NUP214-ABL
localizes to the nuclear pore complex (50).

Pharmacological inhibitors of the Abl kinases: mechanism of inhibition, specificity and

phenotypes

A number of pharmacological inhibitors of the Abl kinases have been developed, which are
currently used for the treatment of CML. The most widely used inhibitor is imatinib
mesylate (Gleevec, STI571, CGP 57148B), which selectively inhibits Abl and Arg, as well
as the receptor tyrosine kinases PDGFR and Kit (51-53). Structural studies of the Abl kinase
domain complexed with imatinib revealed that this compound binds to the inactive
conformation of Abl and obstructs adenosine triphosphate (ATP) binding (54). Imatinib was
shown to selectively inhibit in vitro growth and in vivo leukemogenesis of BCR-ABL-
positive cells (55) and was shown initially to be effective in the treatment of CML patients
that were refractory to interferon-based therapy (56). Subsequent clinical trials showed that
greater than 90% of CML patients treated with imatinib at doses of 400 mg daily achieve
complete hematologic responses and disease progression is arrested in these patients (57).
Imatinib was approved in 2001 by the Food and Drug Administration for the treatment of
CML. However, a high percentage of CML patients in the accelerated and blast phases of
the disease become resistant to imatinib treatment (58). The major cause of resistance is the
emergence of BCR-ABL mutants that are insensitive or have reduced sensitivity to
inhibition by imatinib (59,60). Treatment of these patients with higher doses of imatinib
(800 mg/daily) resulted in toxicity with severe pancytopenia in over the half of CML
patients that failed to respond to the drug at a dose of 400 mg/daily (61). Additionally,
cardiotoxicity has been reported in a small number of patients treated with imatinib (62).
Some of these patients developed left ventricular dysfunction and even congestive heart
failure. It was suggested that imatinib-induced cardiotoxicity might be due to activation of
the endoplasmic reticulum (ER) stress response in cardiomyocytes as a result of inhibition of
the endogenous Abl kinase (62). Second-generation ABL kinase inhibitors have been used
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to circumvent imatinib-resistant CML. Among these are nilotinib and dasatinib, which are
active against some imatinib-resistant BCR-ABL mutants (63). However, both of these
drugs exhibit negligible activity against the frequent BCR-ABL T315I mutation in CML
patients. In this regard, it was recently reported that the Aurora kinase inhibitor
PHA-739358 is effective against imatinib-resistant BCR-ABL mutations including T315I
(64).

Imatinib treatment has also been linked to immunosuppression (65,66). It is notable that
higher doses of imatininb than those required to inhibit Abl kinases can inhibit Lck, a key
regulator of T-cell development and activation (67). Moreover, imatinib has also been
shown to inhibit c-Fms, the receptor for macrophage colony-stimulating factor (M-CSF),
which correlates with growth inhibition of monocytes and macrophages (68). Thus, because
imatinib targets several kinases, it is necessary to employ alternative strategies such as
conditional knockout mice lacking specific kinases in distinct cell types to define the
relevant molecular targets of imatinib and to elucidate the role of Abl kinase inactivation in
various cellular processes.

Phenotypes of mice lacking Abl and Arg

Both Abl and Arg are ubiquitously expressed and their levels vary across cell types and
tissues (9). Although Abl and Arg exhibit overlapping expression in many tissues, Arg is
most highly expressed in brain, thymus, spleen, and muscle (69). Consistent with the
widespread expression of Abl, targeted disruption of the Abl1 gene in mice resulted in
pleiotropic phenotypes including runtedness, high perinatal lethality, susceptibility to
infections, and immune deficiencies in homozygous null Abl mice (6,7). In contrast, mice
that are homozygous null for Arg (Abl2) are healthy and do not present with the immune-
deficient phenotypes associated with homozygous loss of Abl (69). Evidence for
overlapping roles of Abl and Arg was obtained by intercrossing abl~/~ and arg™~ mice,
which revealed that Abl family kinases are required for normal mouse development. Mice
with targeted deletion of both abl and arg genes die around embryonic day 10.5, and the
embryos display bleeding in the pericardial sac and peritoneal hemorrhaging (69).
Abl~'~Arg*~ mice die between embryonic day 15.5 and 16. However, approximately 60%
of Abl*/~Arg™~ mice are viable and can be used for analysis of partial loss of Abl/Arg
function (69). Complete loss of both Abl kinases results in neurulation defects, including
defective neural tube closure, and the neuroepithelial cells of Abl/Arg null mice have
striking cytoskeletal abnormalities including disruption of the apical latticework, and the
presence of ectopic, actin-rich structures at the basolateral surface. Tissue-specific,
conditional knockout mice will be required to ascertain whether Abl and Arg exhibit
overlapping as well as unique functions during mouse development, as well as during
pathological responses to various stimuli.

Abl kinases signal downstream of the B-cell receptor

A clue that Abl kinases might have a role in immunoreceptor signaling was provided by
analysis of mice that were singly deficient for Abll (6,7). Two distinct abl1 mutant mice
were generated and both displayed similar phenotypes. One was a complete null allele
(abl~") with no Abl protein expression (7). The second strain (abl™) targeted the C-
terminal sequences of Abl encompassing the DNA-binding and actin-binding domains,
while retaining the N-terminal sequences that include the SH3, SH2, and kinase domains as
well as the three proline-rich sequences downstream of the kinase domain (6). Surprisingly,
the phenotypes of these mice were similar and suggest that the functions encoded by the Abl
C-terminus are critical for lymphocyte function. Both knockout strains displayed immune
deficits, including increased susceptibility to infections and reduced size of thymus and
spleen. The Abl-deficient mice showed decreased B and T-cell numbers, with reductions in
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pro-B and pre-B cells, as well as peripheral B lymphocytes in the abl™~ mice. It appears
that cell autonomous effects in B-lymphocyte function as well as defects in the stromal
microenvironment may contribute to the immune deficits of the complete null abl=/~mice.
In one study, bone marrow transfer from abl~/~ mice to irradiated wildtype recipients did
not recapitulate the lymphopenic phenotypes of the Abl-deficient donors (7). However, in
another study, Abl-deficient pro-B cells from the abl™/M1 mice exhibited decreased
proliferation when cultured on wildtype stromal cells, and the phenotypes of pro-B and pre-
B cells could be reconstituted in wildtype irradiated hosts following bone marrow transfer
from the abl™/™1 mice (6,70). Thus, abnormalities of the Abl-deficient lymphocytes as well
as the Abl-deficient stroma may both contribute to the immune deficiencies characteristic of
Abl-deficient mice.

The premise that Abl-deficient mice exhibit B-cell autonomous defects was further
supported by our finding that proliferation in response to B-cell antigen receptor (BCR)
stimulation is markedly reduced in splenic B cells isolated from abl~~ mice compared to
wildtype controls (71). Moreover, we found that Abl kinase activity and protein levels are
elevated in the cytosol of B-cell lines following activation of the BCR. We found that the
BCR coreceptor CD19 is a target for Abl (71). CD19 is tyrosine phosphorylated following
B-cell activation, which results in the recruitment of SH2 domain-containing proteins
including Abl (71). CD19 interacts with Abl in cells and is a substrate of the Abl tyrosine
kinase. The Abl kinase phosphorylated CD19 on tyrosine 490, which is located between the
binding sites for the SH2 domains of the p85 subunit of phosphatidylinositol 3-kinase
(PI3K) and the Src family kinases. It is possible that recruitment of an SH2 domain-
containing protein to the phosphorylated Y490 may regulate the binding of PI3K and Src to
CD19. Thus, following BCR stimulation, CD19 is tyrosine phosphorylated and recruits a
number of SH2-domain-containing proteins including Abl, which in turn might be activated
via a Src/CD19 amplification loop, leading to enhanced CD19 phosphorylation by Abl and
the subsequent recruitment of additional signaling proteins.

Abl kinases signal downstream of the TCR

The possibility that Abl kinases might have a role in TCR signaling was first suggested by
the finding that mice lacking the Abl1 tyrosine kinase exhibited thymic atrophy,
lymphopenia, and increased susceptibility to infections (6,7). However, because the Abl1l
kinase is expressed in all tissues and Abl1-deficient mice exhibited pleiotropic phenotypes,
it remained unclear whether the immune phenotypes of the Abl1 knockout mice were cell
autonomous and whether Abl1 directly regulated T-cell function. Moreover, the Abl-related
Arg (Abl2) tyrosine kinase is co-expressed with Abl1 in thymus and spleen (69), and these
kinases may have overlapping functions in lymphocytes. To directly examine whether
endogenous Abl kinases are activated in response to TCR stimulation, we analyzed the
phosphorylation status of the Abl substrate CrkL using a phosphospecific antibody directed
against the conserved tyrosine phosphorylation site Y207 (5). This site is conserved in the
Crk/CrkL family of adapters and phosphorylation of this site has been shown to be
dependent on the activity of the Abl kinases in a number of cell types under various
stimulation conditions (11,15,23). We showed for the first time that TCR stimulation results
in activation of the endogenous Abl kinases and that this activation requires in part the
activity of the Src family kinase Lck (5). Further, we showed that the {-associated protein of
70 kDa (ZAP-70) tyrosine kinase and the transmembrane adaptor LAT are targets of the Abl
kinase. Inhibition of Abl kinase activity with STI571 (imatinib mesylate) or decreased Abl
kinase expression in primary T cells derived from Abl1*/~Abl2~~ mice results in reduced
TCR-induced ZAP-70 phosphorylation on tyrosine 319, decreased phosphorylation of LAT
tyrosine 132, and decreased phosphorylation of PLCy tyrosine 783 (5). Moreover, our
analysis of T-cell conditional knockout mice that are homozygous null for both Abl and Arg
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showed that Abl/Arg double null primary T cells exhibited impaired TCR-dependent
activation of ZAP-70, LAT, PLCy1, Shc, Jnk, and NF-«xB (4). The specific roles for the Abl-
dependent phosphorylation of these signaling proteins remain to be determined. Tyrosine
319 of ZAP-70 is found in the SH2-kinase linker region, and this site has been shown to be
phosphorylated by Lck, Fyn, and Abl kinases (5,72). ZAP-70 tyrosine 319 and the adjacent
tyrosine 315 participate in an autoinhibitory switch that regulates ZAP-70 kinase activity
(72,73). Tyrosines 315 and 319 in the SH2-kinase linker are involved in aromatic-aromatic
interactions with the kinase domain that stabilize the autoinhibited ZAP-70 conformation
(73). Phosphorylation of these tyrosines by Lck, Abl, or by ZAP-70 itself in the active
ZAP-70 conformation is likely to function in the recruitment of SH2 domain-containing
proteins. Future studies are needed to determine the role of Abl kinases in the regulation of
ZAP-70 activity and downstream signaling. We showed that Abl kinases phosphorylate
PLCy1 on tyrosines 771 and 783 in vitro and tyrosines 771 and 1003 in vivo (10).
Phosphorylation of tyrosine 783 is essential for PLCy1 activation, whereas phosphorylation
of tyrosine 771 may be involved in negative regulation of PLCy1 (74). Activation of Abl
kinases in response to PDGF stimulation in fibroblasts required PLCy1 activity, and in turn,
Abl-dependent phosphorylation of PLCy1 in these cells resulted in negative regulation of
PLCy1 activity, possibly through the phosphorylation of tyrosine 771 (10). Abl-mediated
PLCy1 phosphorylation on tyrosine 783 in response to TCR stimulation might modulate
PCLy1 activation and downstream signaling leading to ERK activation (5).

We showed for the first time that Abl kinase activity is required for maximal TCR-
dependent signaling leading to transcription of the IL-2 promoter in vitro in Jurkat T cells
(5). Inhibition of Abl kinases leads to reduced activation of the CD28RE/AP and NFTA
response elements of the IL-2 promoter (Fig. 1). Further, expression of an activated Abl
mutant (Abl-PP) is sufficient to drive activation of the NFAT reporter element within the
IL-2 promoter, and activate transcription of the IL-2 promoter. Abl kinases are also required
for maximal cell proliferation and IL-2 production in response to TCR stimulation of
primary T cells (5). Thus, the long-established model of TCR signaling which previously
included three types of non-receptor tyrosine kinases (Lck, ZAP-70, and Tec), must be
expanded to include the Abl kinases downstream of TCR activation.

Abl kinases modulate T-cell development and signal downstream of the

pre-TCR

Thymocyte proliferation, survival, and differentiation are tightly controlled by signaling
from the pre-TCR (75). A subset of protein kinases and adapters implicated in mature TCR
signaling are known to play critical roles downstream of the pre-TCR (76). To address
whether the Abl kinases are involved in T-cell development and function in vivo, we
successfully deleted the Abl kinases in T cells by crossing the Lck-Cre transgenic mice with
mice carrying lox-P-flanked abl1 sequences in the abl2~/~ background. These mice lack Abl
and Arg in T cells, showed reduced numbers of thymocytes, and displayed a partial block in
the transition to the CD4*CD8* double positive (DP) stage (4). Immature thymocytes lack
expression of the CD4 and CD8 cell surface receptors and proceed from the CD4~CD8~
double negative (DN) stage through a CD4*CD8* DP stage to become mature CD4" or
CD8" single positive (SP) T cells. The transition from DN into DP cells is regulated by
signaling through the pre-TCR, while differentiation from DP cells to mature T cells
requires a functional TCR o/f (77). The DN thymocytes can be subdivided into four
developmental stages (DN1, DN2, DN3, and DN4) based on the expression of the CD25 and
CDA44 cell surface molecules (76,77). These stages progress in the following order:
CD25CD44" (DN1), CD25*CD44* (DN2), CD25*CD44~ (DN3), and CD25CD44~
(DN4). TCR B gene rearrangements are initiated at the DN2 stage and continue during the
DN3 stage. The re-arranged TCR p—chain heterodimerizes with the pre-Ta chain to form the
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pre-TCR at the cell surface. Signals derived from the pre-TCR at the DN3 stage are
important for maturation to the DN4 stage and are implicated in proliferative expansion,
survival, allelic exclusion of the TCR f locus, and induction of TCR a rearrangement (77).
Thymocyte development in the Abl/Arg conditional knockout mice was analyzed by the
expression of CD25 and CD44 among the DN populations. Thymocytes from Abl/Arg
conditional knockout mice consistently presented a higher percentage of
CD25*CD44~(DNB3) cells with a corresponding decrease in DN4 stage cells compared to
wildtype mice, suggesting that loss of Abl kinases impaired the DN3 to DN4 transition
during thymocyte development. Successful TCR 3 gene rearrangement and expression of the
pre-TCR occurs at DN3 stage, and functional signaling through pre-TCR is critical for
thymocyte development. There was no significant difference in surface expression of TCR 3
in all four thymocyte sub-populations between wildtype and Abl/Arg mutant mice. Thus,
Abl kinases do not appear to affect TCR B-chain rearrangement and surface expression.
Defective transition from DN3 to DN4 might result from impaired signaling downstream of
the pre-TCR. Therefore, in vivo injections with anti-CD3g antibody, which activates the pre-
TCR and accelerates thymocyte maturation, were carried out with wildtype and Abl/Arg
mutant mice. As expected, wildtype mice exhibited accelerated maturation through the DN3
stage with few cells remaining at the DN2 and DN3 stages. In contrast, a relatively high
number of DN3 cells accumulated in the Abl/Arg double null thymocytes (4). In this regard,
knockout mice lacking Lck (78) or ZAP-70/Syk (79) kinases have arrested thymocyte
development with a partial or complete block at the DN3 stage of T cell development.

Abl kinases are required for linking pre-TCR stimulation to the activation of downstream
signaling molecules. Pharmacological inhibition of Abl kinases in a pre-T-cell line derived
from a spontaneous SCID mouse thymoma that stably expresses functionally rearranged
TCR B with endogenous pre-TCRa chains, followed by TCR stimulation showed reduced
phosphorylation of ZAP-70 (Tyr319)/Syk (Tyr352), LAT (Tyr132), and PLCy1 (Tyr783), as
well as the adapter Shc (Tyr239/240) compared to control cells (4). Together these results
suggest that Abl kinases are involved in pre-TCR signaling and modulate T-cell
development in mice.

Abl kinases regulate TCR-independent basal signaling and suppress
Recombination-activating gene expression

Ligand-independent signaling by the pre-TCR has been shown to promote developmental
progression of immature T cells (75,77). It has been proposed that in the absence of
extracellular stimulation, pre-TCR and TCRs exhibit continuous low level signaling (known
as basal or tonic signaling) that regulates gene expression. It was reported that basal
signaling in thymocytes contributes to the regulation of recombination-activating gene
(Rag) expression and that this signaling is dependent on the function of the LAT and SLP-76
adapter proteins and the Abl and Erk kinases (80).

The Rag-1 and Rag-2 genes are activated during T-cell development, and the corresponding
proteins regulate genetic recombination and cell surface expression of TCRs. Expression of
the Rag genes was shown to be markedly activated in T cells deficient for LAT and SLP-76
and also in cells treated with chemical inhibitors that suppress the kinase activities of Erk
and Abl (80). It appears that Abl functions downstream of LAT in this tonic signaling
pathway, leading to the repression of Rag expression and that constitutive Abl kinase
activity requires phosphorylation of tyrosine 132 in LAT (80). Erk activation is also
dependent on LAT, and Erk appears to function independently of Abl in the regulation of
Rag gene expression (80). Notably, we have shown that TCR-stimulated LAT tyrosine
phosphorylation is dependent on Abl kinase activity and protein, thereby placing LAT
downstream of Abl kinases in ligand-stimulated TCR signaling. It is possible that the LAT
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multiprotein complex recruits Abl kinases and Abl-target proteins and that the activities of
complex components are interdependent, thereby making it difficult to determine whether
specific proteins in this complex function upstream or downstream of one another.

Role for Abl kinases in cytoskeletal remodeling processes in T cells:
immunological synapse formation, migration, and adhesion

Interaction of T cells with APCs results in dynamic reorganization of the T-cell actin
cytoskeleton and segregation of the TCR and other signaling proteins at the interface with
the APC (81). The polarized rearrangement of the cytoskeleton and signaling complexes
leads to the formation of the immunological synapse (IS). Recent studies suggest that Abl
kinases play a role in promoting actin polymerization at the 1S (82).

Imaging studies have revealed that the T-cell synapse is a radially symmetrical structure that
is comprised of three concentric compartments, the supra-molecular activation clusters
(SMACSs) (83). The central SMAC (c-SMAC) is enriched in TCRs, whereas the peripheral
SMAC (p-SMAC) is enriched in integrins such as LFA-1, the Lck tyrosine kinase, and
cytoskeletal proteins such as talin. Outside of the p-SMAC is the distal SMAC (d-SMAC),
which is enriched with the CD45 tyrosine phosphatase, CD43, and protein kinase C-(. The
localization of the SMAC components is highly dynamic. Microscopy studies with planar
bilayers show that TCR microclusters appear to form in the d-SMAC and translocate
through the p-SMAC to the c-SMAC (84). TCR signaling is required for synapse formation
and stability, and in turn, a mature IS which is sustained for several hours, is required for T-
cell activation (1). The recruitment of TCRs, integrins, co-receptors, and signaling
molecules at the 1S promotes sustained TCR signaling and increased adhesion. It appears
that at early time points following T cell-APC conjugation, signaling initiates at the pSMAC
under conditions of both high and low antigenic stimulation (85). However, signaling also
occurs at the c-SMAC at later time points and weak antigenic stimuli trigger sustained
protein tyrosine phosphorylation predominantly in the cSMAC, as measured by staining
with antibodies against phosphotyrosine and phosphorylated ZAP-70 (85). Importantly, the
cSMAC is also a region of signaling termination, where internalization and degradation of
the TCR and other receptors occurs (83,85). Other functions of the IS are to direct cytokine
secretion and to set up an axis of asymmetry with the segregation of protein complexes into
the proximal and distal poles, which may lead to segregation of signaling pathways
important for asymmetric cell division and subsequent T-cell fate differentiation (83).

Actin polymerization in response to TCR engagement at the T cell-APC contact site requires
the activity of a number of proximal signaling molecules, including kinases such as Lck,
ZAP-70, and Itk, as well as the LAT adapter protein (1,81). More recently, it was shown that
inhibition of Abl kinase with imatinib or suppression of Abl expression by RNA
interference, although dispensable for the formation of conjugates between T cells and
activated B cells, inhibited the accumulation of actin at the T cell-B cell interface in vitro
(82). Abl was also shown to be required for other cytoskeletal responses such as chemokine-
induced T-cell migration and spreading on anti-TCR-coated coverslips (82).

Which molecules mediate the effects of Abl on these various cytoskeletal processes? Actin
polymerization events in T cells have been shown to be mediated by Wave, Wiskott-Aldrich
syndrome protein (WASP), and HS1/cortactin, and all of these proteins have been linked to
the Abl kinases in various cell types (24,82,86—-88). Actin nucleation through Arp2/3
produces the branched actin networks observed in lamellipodia and drives actin
polymerization during cell migration and cell-cell junction formation (89,90). Actin
nucleation by Arp2/3 is enhanced by nucleation-promoting factors, which include the
WASP family: WASP, N-WASP, Wavel, Wave2, and Wave3 (91). The widely expressed
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cortactin and its hematopoietic ortholog HS1 are weak activators of Arp2/3-dependent actin
polymerization and prolong the half-life of branched actin structures (92,93). We and others
showed that the Abl interactor protein (Abi), which binds to Wave in a multiprotein complex
regulates actin polymerization in response to T cell-APC engagement (94,95). The Wave
proteins link activated Rac to Arp2/3-mediated actin polymerization by forming a complex
that contains the Rac-binding protein Sral (also known as PIR121), Hem1 or Hem2 (also
known as Napl), and the Abl-interactor proteins, Abil and Abi2. The Abi proteins function
to directly connect Hem/Nap1 proteins to Wave. Depletion of Wave and Abi decreases T
cell- B cell conjugate formation and impairs actin accumulation at the IS (94,95). Moreover,
we showed that partial loss of Abi proteins in mice (Abi1*/~Abi2~/~) impairs TCR-induced
cell proliferation and IL-2 production of primary T cells (95). Thus, the Wave/Abi complex
plays a critical role in the polymerization of actin during IS formation, which is essential for
T-cell activation. In contrast, the Wave-related WASP protein is not required to polymerize
F-actin at the T cell-APC interface or for initial IS formation and TCR-mediated integrin
activation (1). However, WASP appears to be required for re-establishment of the IS
following symmetry breaking of migratory, naive T cells (96).

Recent reports link the Abl kinases to HS1 and Wave2 in T cells (82,86) (Fig 1 and Fig 4).
Similar to the effects of Abl inhibition or depletion, HS1-deficient T cells have decreased
actin polymerization at the T cell-B cell contact site, while conjugate formation is unaffected
by loss of either Abl or HS1 (82,97). However, the effects of Abl deletion in T cells are
more profound than those of HS1 deletion. Abl-deficient T cells exhibit marked defects
during spreading on anti-TCR-coated coverslips and show decreased persistence in the
formation of lamellipodial protrusions (82). In contrast, TCR-stimulated actin
polymerization during spreading and lamellipodial protrusions can occur in HS1-deficient
cells, but these cells are defective in maintaining these actin-dependent structures (97). In
this regard, the immune phenotypes of Abl-deficient mice are more severe than those of HS1
knockout mice (4,6,7,98). In contrast to Abl- and Abl/Arg-deficient mice, development of
the lymphoid system is normal in HS1-deficient mice. However, Abl protein and kinase
activity are required for maximal tyrosine phosphorylation of HS1 and the related cortactin
(82,86) (Fig. 1). A recent study has shown that distinct tyrosine phosphorylation sites on
HS1 are required for chemotaxis and for adhesion to intercellular adhesion molecule-1
(ICAM-1) in natural killer (NK) cells (99). It would be interesting to examine the role of
Abl-mediated phosphorylation of HS1 in T cells during distinct cytoskeletal processes in T
cells. However, because Abl-deficient T cells exhibit a more profound defects than HS1-
deficient T cells, additional Abl targets are likely to mediate the Abl-dependent phenotypes.

Among other potential Abl targets in T cells is Wave2 (Fig 1 and Fig 4). It was observed
that in Abl-deficient T cells, Wave localization to the IS was impaired (82). The mechanism
whereby loss of Abl affects Wave localization remains to be determined. One possibility is
that Rac activation might be impaired in the absence of Abl activity and thereby would
impair Wave recruitment to the IS. However, it appears that Rac activity was unaffected by
treatment with imatinib. Depletion or complete loss of Abl and Arg proteins could affect
multiple cellular targets that might indirectly affect Wave recruitment to the IS. In contrast
to these findings, another study reported that Wave2 recruits Abl to the membrane in
response to TCR ligation (88). These contrasting results remain unexplained and future
experiments are needed to identify the factors that contribute to the localization of Abl
kinases and the Wave complex to the IS. Moreover, although Abl interacts with the Wave
complex, it is likely that the interaction is indirect. It is unclear whether Wave2 is
phosphorylated by Abl in T cells. It was reported that Wavez2 is tyrosine phosphorylated in
an Abl-dependent manner in fibroblasts and B16F1 cells in response to PDGF stimulation
(87). However, others have failed to detect tyrosine phosphorylation of Wave2 in T cells
(82).
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Abl kinases also are implicated in the regulation of integrin-mediated adhesion to
fibronectin and vascular cell adhesion molecule-1 (VCAM-1) (88). Stimulation of the TCR
by MHCp complexes on APCs promotes the activation of T-cell integrins, an event that is
required for the formation of stable T cell-APC conjugates (1). This TCR-stimulated process
is known as inside-out signaling and results in clustering of integrins on the plasma cell
membrane (avidity) and changes in integrin conformation (affinity). The leukocyte function-
associated antigen-1 (LFA-1) (aLp2) and very late antigen 4 (VLA4) (a4B1) integrins are
involved in regulation of T cell-APC conjugate formation and localize to the pSMAC within
the IS. LFA-1 has a major role during conjugate formation by binding to ICAM-1 on the
surface of the APC, and functions as a costimulatory molecule for T-cell activation. The
a4f1 integrin binds to the extracellular matrix protein fibronectin and to VCAM-1 and
regulates T-cell extravasation. TCR-stimulated integrin activation requires the activity of
Lck, LAT, Vavl, and Wave2, but not WASP (1). The Rapl, RhoA, Rac, and Cdc42
GTPases are also important in the regulation of TCR-dependent integrin activation.

Abl kinases were shown to interact with the Wave complex, and similar to Wave2, depletion
of Abl resulted in impaired activation of Rapl and reduced integrin-mediated adhesion (88)
(Fig. 4). Previously, Wave2 was shown to regulate high-affinity integrin binding through the
recruitment of vinculin and talin to the IS (100). Wave2 regulates TCR-mediated activation
of Rap1 through a pathway involving Abl and the activation of the CkrL-C3G complex (88).
C3G is a guanine nucleotide exchange factor (GEF) for Rapl and associates with CrkL, a
known substrate of the Abl kinases. Moreover, the CrkL-C3G complex has been shown to
function downstream of both BCR-ABL and Abl in various cell types (101,102).
Knockdown of Abl, Wave2, CrkL, or C3G result in decreased integrin-mediated adhesion
and decreased IL-2 production (88) (Fig. 4). Analysis of these signaling proteins tagged with
different fluorescent proteins will be required to examine the dynamics of their recruitment
to the IS in response to TCR stimulation by APCs.

Rapl regulates multiple processes in addition to integrin-mediated adhesion (103). Rapl
was first reported to antagonize Ras signaling and induce T-cell anergy (104). TCR-
mediated T-cell stimulation in the absence of CD28 costimulation resulted in anergy, which
correlated with elevated Rap1 activity and decreased Ras signaling (104,105). In contrast,
studies using transgenic mice expressing the activated Rap1A-V12 mutant (106) or mice
with a targeted disruption of the Rap1A gene (107,108) have shown that Rap1A does not
antagonize T-cell activation but rather Rap1A positively regulates T cells by promoting
integrin-mediated adhesion. Moreover, T-cell proliferation and IL-2 production are
decreased in Rap1A-deficient mice in response to CD3 stimulation alone or CD3/CD28
costimulation (107). However, the phenotypic consequences of Rap1A deficiency in T cells
are mild compared to that of the Abl/Arg T-cell-conditional knockout mice. In contrast to
the Abl/Arg T-cell-conditional knockout mice, the Rap1A~~ mice do not exhibit defective
T-cell development (4,107). Moreover, the decreased IL-2 production in the Rap1A-
deficient mice is very mild compared to that observed in mice lacking Abl and Argin T
cells. Thus, it is unlikely that Rap1A mediates the defects in T-cell proliferation, IL-2
production, and T-cell development characteristic of the Abl/Arg T-cell-deficient mice.
Rap1-independent pathways involving other GTPases such as Rac and Rho might be
targeted by the Abl kinases in T cells. In this regard, we have shown that Abl kinases
activate Rac and inhibit Rho downstream cadherin-mediated adhesion (25).

Abl kinases are required for both humoral and cellular immunity in mature
T cells in vivo

In vitro studies have shown that Abl kinases are activated by TCR stimulation and that the
activated Abl kinases regulate multiple signaling pathways leading to T-cell proliferation,
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development, adhesion, migration, and IS formation. What is the role of Abl kinases in
immune function in vivo? Analysis of the role of Abl kinases in mature T cells showed that
the total number of T cells was greatly reduced in mice lacking the Abl and Arg kinases and
that Abl/Arg double null T cells exhibit reduced proliferation and cytokine production in
response to TCR stimulation (4). Notably, T cells lacking Abl kinases were deficient in both
IL-2 and IFNy production but displayed similar levels of IL-4 (4). Significantly, antibody
production in response to T-cell-dependent antigen was severely impaired in Abl/Arg
conditional null mice (4). As expected, wildtype and mutant mice secreted equal amounts of
IgM in response to T-cell-independent antigen. A striking result was the finding that mice
lacking Abl kinases were compromised in their ability to produce IFN-positive CD8* T cells
upon Listeria monocytogenes infection (4). The number of IFNy-positive CD8* T cells in
the Abl/Arg-conditional knockout mice was reduced by greater than 80% compared to
wildtype controls following infection. Also, the number of specific CD8* T cells binding to
the H-2KP peptide was also significantly reduced (73% reduction) in the Abl/Arg-null mice
compared to wildtype. Thus, expansion of specific CD8* T cells upon Listeria infection was
impaired in Abl/Arg-null mice. The total number of IFNy-positive CD4* T cells in Abl/Arg-
null mice was ~50% of the wildtype, and the total number of CD4*CD154* DP cells in the
Abl/Arg mutant mice was also ~50% of the wildtype (4). Thus, Abl kinases are required for
the production of effector CD8* T cells and to a lesser extent CD4* and CD4*CD154* T
cells in response to Listeria infection. Together these findings reveal that Abl kinases
regulate T-cell development and activation and that loss of Abl kinases specifically in T
cells results in compromised immunity. These results are consistent with the reported
immunosuppressive effects of ST1571/imatinib treatment in some CML patients. A subset of
CML patients receiving standard imatinib therapy develop varicella zoster virus infection as
a consequence of reactivation of latent viral infection (109). This effect is likely due to
defects in cell-mediated immunity as a result of low numbers of CD4" T cells (109). The
availability of mouse models lacking Abl family kinases in the T-cell compartment should
allow for greater insights into the pathways regulated by Abl kinases and the identification
of specific targets that are required for mediating the effects of Abl in distinct cellular
processes. Future studies will reveal whether Abl kinases play a role in pathologies
associated with immune deficiency in mice and humans.
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Fig. 1. Abl kinases are activated in response to TCR engagement and regulate downstream
signaling events

Abl kinases are activated in response to TCR stimulation in a pathway that requires Lck
kinase activity. The activated Abl kinases promote the phosphorylation of ZAP-70 and LAT
leading to activation of IL-2 transcription. Abl kinases also regulate actin polymerization
through the Abi/Wave complex and HS1. The Wave complex promotes actin polymerization
downstream of activated Rac leading to Arp2/3-mediated actin polymerization. The role of
Abi and Wave phosphorylation by Abl is unclear. HS1 is also phosphorylated by Abl and
regulates F-actin stabilization.
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Fig. 2. Multiple cell surface receptors promote Abl kinase activation and signaling

Abl kinases are activated by ligand-stimulated receptor tyrosine kinases (RTKs), adhesion
receptors such as integrins and cadherins, and immunoreceptors such as the BCR and TCR.
The activated Abl kinases signal to modulate cell proliferation, survival, or cytoskeletal
processes in multiple cells types.
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Fig. 3. Structural domains of Abl and Arg

The Abl and Arg kinases are highly homologous in their SH3, SH2, and SH1 (kinase)
domains in the N-terminal half. The C-terminus contains proline-rich (PXXP) motifs that
recruit SH3-containing proteins. Both Abl and Arg have a C-terminal calponin-homology F-
actin binding domain. Arg also has an internal talin-like F-actin binding domain and a
microtubule binding domain. Abl has a DNA binding domain, three nuclear localization
sequences (NLS), and one nuclear export sequence (NES). A G-actin binding domain is
present in Abl just upstream of the C-terminal F-actin binding domain.
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Fig. 4. Abl kinases regulate TCR-mediated integrin activation and adhesion

Abl kinases interact with the Wave protein complex and regulate Rapl activation via CrkL-
C3G resulting in inside-out integrin activation and adhesion. Wave also regulates TCR-
mediated integrin clustering and high affinity binding through the recruitment of a complex
containing Arp2/3, vinculin, and talin.
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