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Abstract
Linker for activation of T cells (LAT) is a transmembrane adaptor protein that
lacks any intrinsic enzymatic or transcriptional activity. Upon TCR engagement, LAT is
phosphorylated at its membrane-distal tyrosine residues, which mediate the binding of
Grb2/Sos, PLCγ1, and GADS/SLP-76 complexes. SLP-76 (SH2 domain-containing
leukocyte protein of 76kD) is a cytosolic adaptor protein that can interact with a variety
of other adaptor proteins and signaling effectors. Through its constitutive binding of
GADS, SLP-76 is recruited to the plasma membrane via LAT following TCR stimulation.
Together, LAT and SLP-76 nucleate a large multi-molecular signaling complex, which
couples TCR proximal signaling to downstream biochemical events, including calcium
mobilization and Ras-MAPK pathway activation.
LAT is important in early thymocyte development as LAT-deficient mice have a
complete block at the DN3 stage. To study the role of LAT beyond the DN3 stage, we
generated mice in which the lat gene could be deleted by Cre recombinase. Deletion of
LAT after the DN3 stage allowed largely normal development of DP thymocytes.
However, LAT-deficient DP thymocytes were severely defective in responding to
stimulation via the TCR and failed to efficiently differentiate into SP thymocytes.
Moreover, deletion of LAT in peripheral mature T cells rendered these T cells completely
unresponsive to CD3 crosslinking due to abolished calcium mobilization and Ras-ERK
activation. Long-term survival and lymphopenia-driven homeostatic proliferation of the
LAT-deficient naïve T cells were also severely impaired. Together, these data indicate
that, in addition to its role in pre-TCR signaling, LAT also plays an essential role in

iv

thymocyte development during the transition from the DP to SP stage, as well as in
mature T cell activation and homeostasis.
Similar to LAT, SLP-76 is also critical for T cell function and thymocyte
development. While the functions of various SLP-76 domains have been extensively
studied, the role of the sterile alpha motif (SAM) domain in SLP-76 function remains
unknown. By generating SLP-76 knock-in mice with the SAM domain deleted, we
showed that the absence of the SAM domain resulted in impaired positive and negative
thymic selections, leading to a partial block of thymocyte development at the DP to SP
transition. TCR-mediated IP3 production, calcium flux, and ERK activation were all
decreased in these ΔSAM-SLP-76 knockin T cells, leading to defective IL-2 production
and proliferation. Moreover, despite normal association between GADS and SLP-76,
TCR-mediated SLP-76 clustering was inhibited by the deletion of the SAM domain,
likely causing the aforementioned TCR signaling defects. These data demonstrated for
the first time that the SAM domain is indispensable for optimal SLP-76 signaling.
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1. Introduction
1.1 Thymocyte development
All postnatal T lymphocytes originate from hematopoietic stem cells (HSCs) that
migrate to the thymus after exiting the bone marrow. Intrathymic T cell maturation is a
highly regulated progress. The precursor cells proceed through several sequential stages
of development, guided by a variety of signaling events at each step, eventually maturing
into self-tolerant, yet self-MHC-restricted functional T cells.

1.1.1 Pre-TCR signaling mediated DN to DP thymocyte maturation
The newly migrated intrathymic precursors are CD4 -CD8 - double negative (DN)
cells (Mathieson and Fowlkes, 1984; Scollay, et al., 1984). Based on their surface
expression of CD25 and CD44, DN cells can be further divided into four successive
developmental stages that are phenotypically and genetically distinct (Lesley, et al.,
1990; Pearse, et al., 1989; Petrie, et al., 1990; Godfrey, et al., 1993).
The CD4 -CD8 -CD25 -CD44 + (DN1) subset contains cells that possess multilineage differentiation potential, including T and B lymphocytes as well as dendritic cells
and natural killer (NK) cells, but not myeloid or erythroid cells (Ardavin, et al., 1993;
Wu, et al., 1991; Wu, et al., 1996b). The next stage of thymocyte development (DN2),
marked by the upregulation of CD25 (CD4-CD8-CD25 + CD44 + ), loses B and NK
precursor activity, but still maintains their potential to give rise to T lymphocytes and
dendritic cells (Ardavin, et al., 1993; Wu, et al., 1991; Wu, et al., 1996b). These
precursor cells first become fully committed to the T lymphocyte lineage during the
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CD4 -CD8 -CD25 +CD44 - (DN3) stage, as they no longer have the capacity to give rise to
dendritic cells (Petrie, et al., 1992).
The DN2 and DN3 stages are accompanied by the induction of recombinase
activating genes rag-1 and rag-2 (Wilson, et al., 1994), which are critical for the
rearrangement of the T cell receptor (TCR) genes (Mombaerts, et al., 1992b; Oettinger, et
al., 1990; Schatz, et al., 1989; Shinkai, et al., 1992). TCR-β, γ and δ genes, but not the
TCR-α gene, are consequently rearranged during these two stages (Wilson, et al., 1994;
Godfrey, et al., 1994). DN3 cells that successfully rearrange the TCR-β locus express a
pre-TCR, which consists of the TCRβ chain covalently associated with the invariant preTCRα chain (pTα) (Groettrup, et al., 1993; Saint-Ruf, et al., 1994). The pre-TCR
constitutively localizes in the glycolipid-enriched membrane domains (GEMs, also
known as lipid rafts) and can initiate signaling without apparent ligand engagement
(Irving, et al., 1998; Saint-Ruf, et al., 2000). DN3 cells receiving pre-TCR signals undergo
extensive proliferation, downregulate CD25 (CD25 -CD44 - DN4 stage) and subsequently
mature into CD4 +CD8 + double positive (DP) thymocytes (von Boehmer and Fehling,
1997). Alternatively, cells that have successfully rearranged their TCRγ and TCRδ loci
express the γδTCR and proceed along the γδ T cell lineage pathway. Cells that fail to
express either the γδTCR or the pre-TCR will die at the DN3 stage (Penit, et al., 1995).
Successful assembly of the pre-TCR complex also leads to the arrest of further
rearrangement of the TCRβ locus (allelic exclusion), transient downregulation of
RAG-1/RAG-2 expression, silencing of the pTα locus, as well as initiation of germline
transcription of the TCRα locus (Wilson, et al., 1994; Levelt, et al., 1995; Koyasu, et al.,
1997). Before maturing into DP thymocytes, DN4 thymocytes enter a brief stage during
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which they become rapidly cycling immature single positive (ISP) thymocytes that are
TCRloHSA hi and mostly CD4 -CD8 + (MacDonald, et al., 1988; Paterson and Williams,
1987; Shortman, et al., 1988). RAG-1/RAG-2 expression, which is transiently absent in
DN4 cells, can be again detected at the ISP stage and is highly upregulated at the DP
stage (Wilson, et al., 1994). This wave of RAG expression leads to the rearrangement
and transcription of the TCR-α locus (Pearse, et al., 1989; Wilson, et al., 1994; Petrie, et
al., 1995; Wilson, et al., 1996). Newly expressed TCR-α chain replaces the invariant
pTα chain, resulting in a low level of TCRαβ expression on the surface of DP
thymocytes.

1.1.2 αβTCR signaling mediated positive and negative selection of DP
thymocytes
DP thymocytes constitute approximately 90% of the lymphoid compartment in
the thymuses of young individuals. However, only 1-3% of these cells will be able to
downregulate one coreceptor, develop into either CD4 or CD8 single positive (SP)
thymocytes, and enter the periphery as mature T cells. The fate of these DP thymocytes
depends on signals mediated by the interaction between their TCRs and the selfpeptide-MHC ligands they encounter (Germain, 2002).
The majority of DP thymocytes (~90%) express αβ-TCRs that do not interact
with self-peptide-MHC ligands. These cells fail to receive sufficient intracellular signals
that are required for survival and consequently die by neglect. Cells with TCRs capable
of binding self-MHCs undergo positive selection in the thymic cortex, where the cortical
thymic epithelial cells (cTEC) provide a high density of MHC-class-I and MHC-class-II
molecules associated with self-peptides (Anderson, et al., 2007).
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On the other hand, a small fraction of DP thymocytes express αβ-TCRs that
exhibit strong interaction with self-ligands. The resulting intracellular signaling leads to
rapid apoptosis of such cells (negative selection). Negative selection is generally believed
to occur in the thymic medulla, where the medulla thymic epithelial cells (mTEC) and
thymic dendritic cells express tissue-specific-antigens under the control of AIRE
(autoimmune regulator) (Su and Anderson, 2004). Recent findings suggest that negative
selection can also occur in the cortex, and is possibly mediated by rare CD11c + cortical
dendritic cells (McCaughtry, et al., 2008). Through negative selection, vast majority of
the self-reacting T lymphocytes that could potentially cause autoimmune pathology
upon entering the periphery are eliminated within the thymus. Ultimately, only the DP
thymocytes expressing αβ−TCRs that are capable of interacting with self-peptide-MHC
ligands yet receive these signals with intermediate intensity will be allowed to further
differentiate into mature T cells.

1.1.3 CD4/CD8 lineage commitment
Typically, two functionally different αβ T cell lineages, the helper and killer T cell
lineages, can be defined by the exclusive surface expression of either the CD4 or the CD8
molecule, respectively. CD4 and CD8 are TCR-coreceptors localized in close proximity
to the TCR complex that can bind to all-MHC-class-II molecules (CD4) or all-MHCclass-I-molecules (CD8) (Biddison, et al., 1982; Swain, 1983; Janeway, 1992). DP
thymocytes with MHC-class-I-restricted αβ-TCRs develop into CD8 + SP thymocytes,
while the ones with MHC-class-II-restricted αβ-TCRs become CD4+ SP thymocytes
(Kruisbeek, et al., 1985; Kaye, et al., 1989). The mechanism behind such near-perfect
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correlation between the MHC specificity of TCRs and the CD4-CD8 lineage commitment
has been a subject of intense investigation.
Many models have been proposed to explain this. The “instructive” model
suggests that the co-binding of TCR and CD4 or CD8 with MHC-class II or I ligands
delivers qualitatively different signals that determines the lineage choice. Alternatively,
the “signaling strength” model suggests that the lineage-specifying signals are
quantitatively different, with stronger signals driving CD4 lineage commitment and
weaker signals leading to CD8 lineage commitment (Schmedt, et al., 1998; HernandezHoyos, et al., 2000; Legname, et al., 2000; Liu and Bosselut, 2004). In contrast, the
“selective” model proposes that the CD4-CD8 lineage commitment is randomly decided
and that SP thymocytes with mismatched TCR specificity and co-receptor expression are
eliminated (Germain, 2002; He and Kappes, 2006).
These classic models all propose that the termination of either CD4 or CD8 gene
expression is inreversible and is an indication of lineage commitment. However, it has
been demonstrated that TCR-signalled DP thymocytes first downregulate CD8
expression, while still maintaining differentiation potential of either CD4 + or CD8+ SP
thymocytes (Brugnera, et al., 2000; Lundberg, et al., 1995; Suzuki, et al., 1995).
Accumulating data obtained in recent years have prompted a new “kinetic signaling”
model (Singer, et al., 2008). This model proposes that TCR-signaled DP thymocytes first
terminate CD8 expression and that the CD4-CD8 lineage decision is subsequently made
based on the TCR signaling received thereafter. If TCR signaling persists, these
thymocytes proceed to commit to CD4 + lineage. If termination of CD8 expression
abolishes TCR signaling, CD8 gene will be reactivated while CD4 expression will now
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be suppressed. Currently, this kinetic signaling model can best explain most
experimental data regarding CD4-CD8 lineage decision.

1.1.4 αβ/γδ lineage commitment
γδ T cells are generally defined by their surface expression of the TCRγ-TCRδ
heterodimer. Unlike αβ T cells, which are restricted to MHC-class-I or II molecules and
express CD4 or CD8 molecules, respectively, γδ T cells typically remain CD4-CD8-.
Furthermore, they do not appear to be MHC-restricted although some can recognize
non-classical MHC molecules. While the development and selection processes of the αβ
T cells have been extensively studied and are understood in certain detail, the same can
not be said for the γδ T cells.
αβ and γδ T cells arise from the same progenitor cell, and their divergence occurs
as early as the DN2 stage, when the rearrangement of TCRγ, TCRδ, and TCRβ chains
begins (Capone, et al., 1998; Livak, et al., 1999). The αβ/γδ lineage commitment decision
is intriguing, as the rearrangements of all three TCR genes occur within the same cell.
The “instructive” and “signaling strength” models propose that the expression of TCRγδ
or pre-TCR per se is sufficient to deliver qualitatively and/or quantitatively different
signals that dictate the fate of the bipotent precursor cells. The “selective” model,
however, suggests that the αβ/γδ T cell lineage choices are made prior to (or
independent of) TCR expression, but that matched expression of the correct TCR
provides necessary signals to rescue the precursor cells from cell death (Pennington, et
al., 2005; Xiong and Raulet, 2007).
Supporting the “selective” model, IL-7R+ DN2 thymocytes display much higher
differentiation potential for γδ T cells than the IL-7R- DN2 cells, even though the two
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populations contain a similar level of TCRγ gene rearrangement and expression (Kang,
et al., 2001). This “selective” model is also supported by the fact that αβTCR and γδTCR
can promote the development of γδ and αβ T cells reciprocally, at least to some degree.
A small number of CD4 +CD8+ DP thymocytes (αβ lineage) that contain productive
rearrangements of TCRγ and TCRδ genes are detectable in TCRβ-/- mice (Livak, et al.,
1997). Development of such DP thymocytes is abolished in TCRβ-/-TCRδ-/-mice
(Mombaerts, et al., 1992a). Meanwhile, premature expression of αβTCRs on the CD4CD8- thymocytes in TCRαβ-transgenic mice can convert such DN thymocytes into γδlike T cells (Terrence, et al., 2000). These data are all consistent with a model in which the
αβ/γδ T cell lineage commitment is independent of TCR rearrangement and expression.
The pre-TCR differs from the γδTCR in that it is constitutively localized in lipid
rafts and initiates signaling independent of ligand engagement (Saint-Ruf, et al., 2000). It
has also been demonstrated that pre-TCR and γδTCR signals differ qualitatively in their
use of CD3δ (Hayes, et al., 2003), p56Lck (Saint-Ruf, et al., 2000), linker for activation of
T cells (LAT) (Aguado, et al., 2002; Sommers, et al., 2002) , Vav1 (Swat, et al., 2003), and
p38 mitogen-activated protein kinase (MAPK) (Mulroy and Sen, 2001). Other lines of
evidence demonstrated different signaling strengths delivered by these two types of
TCRs, as the γδ TCR tends to induce stronger signals while the pre-TCR is associated
with weaker signals (Haks, et al., 2005; Hayes, et al., 2005). Reducing γδTCR signaling
effectively skews thymocyte development toward the αβ lineage (Hayes, et al., 2003;
Haks, et al., 2005). While these findings are all in support of the “instructive” or
“signaling strength” models, they are not necessarily incompatible with the “selective”
model. It is possible that effective rescue of γδ- or αβ-committed precursors requires
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quantative and qualitative signals that are usually provided by the γδ-TCR or the preTCR, respectively.

1.1.5 Thymic development of regulatory T cells
One of the most remarkable features of the vertebrate immune system is its
ability to distinguish self from non-self, maintaining unresponsiveness to self-antigen
while being capable of mounting robust immune responses against foreign antigens. For
T cells, whose antigen recognition specificity can be as diverse as 1013, the task of
avoiding self-responsiveness is achieved in two ways. Central tolerance prevents
potentially hazardous self-reacting T cells from leaving the thymus and peripheral
tolerance dominantly terminates the activation of self-reactive T cells that manage to
escape from the thymus. One of the most phenomenal breakthroughs in the field of T
cell peripheral tolerance was the discovery of a subset of CD4+ T cells with
immunosuppressive capacity, termed regulatory T cells (Treg).
In 1995, a unique subset of CD4+ T cells with constitutively high surface
expression of CD25 was found to be capable of suppressing self-reactive T cells in vitro
and in vivo (Sakaguchi, et al., 1995). This finding marked the beginning of more than a
decade of extensive studies on T cell-mediated suppression. CD4+CD25+ T cells, which
were later designated as naturally occurring regulatory T cells (nTregs) as opposed to
inducible regulatory T cells (iTregs), constitute approximately 5-10% of the CD4 + T cells in
the peripheral lymphoid organs. In addition to CD25, nTregs also display a number of
other cell surface markers, including CD103 (McHugh, et al., 2002), glucocorticoidinduced tumor necrosis factor (GITR) (Shimizu, et al., 2002), cytotoxic T lymphocyte
antigen-4 (CTLA-4) (Takahashi, et al., 2000), neuropilin-1 (Bruder, et al., 2004), and
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lymphocyte activation gene-3 (LAG-3) (Huang, et al., 2004). However, similar to CD25,
all of these markers are upregulated on activated T cells, making them unsuitable as
definitive markers for defining Treg lineage.
In 2001, a series of studies reported that spontaneous mutations in Foxp3, an X
chromosome-encoded forkhead transcription factor family member, caused a rare Xlinked fatal autoimmune disease in humans known as IPEX (immune dysregulation,
polyendocrinopathy, enteropathy, X-linked), as well as an analogous
lymphoproliferative disorder in “scurfy” mice (Chatila, et al., 2000; Bennett, et al., 2001;
Brunkow, et al., 2001; Wildin, et al., 2001). In 2003, more detailed analysis (Fontenot, et
al., 2003) revealed the specific expression of Foxp3 in naturally arising CD4 +CD25+ Tregs,
but not in conventional CD4+CD25- T cells or activated T cells. Foxp3-deficient mice fail
to develop CD4+CD25+ Tregs and display a scurfy-like autoimmune disease. Ectopic
expression of Foxp3 in conventional CD4+CD25- T cells is capable of conferring
suppressive activity. These data establish the role of Foxp3 not only as a unique marker
for regulatory T cells, but also as a master regulator of Treg development and function.
Upon the discovery of the role of Foxp3, interests in the field of regulatory T cells
exploded. While most research focused on Treg function and molecular mechanisms of
Foxp3, relatively little was uncovered about the thymic development and selection of
regulatory T cells.
The existence of CD4+Foxp3+ thymocytes and the high level of similarity in the
TCR repertoires between thymic and peripheral regulatory T cells indicate that, similar
to conventional T cells, nTregs in the secondary lymphoid organs also originate from
thymic differentiation (Hsieh, et al., 2006). Key studies in recent years have
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demonstrated that regulatory T cells are apparently self-reactive themselves. In some
TCRαβ transgenic systems, the development of Tregs is enhanced upon thymic expression
of antigens specifically recognized by the transgenic TCR (Jordan, et al., 2001;
Apostolou, et al., 2002). Furthermore, nonregulatory T cells transduced with TCRs
derived from CD4+CD25+ Tregs, but not CD4+CD25- cells, acquire the ability to rapidly
expand and induce wasting disease upon transfer into a lymphopenic environment
(Hsieh, et al., 2004).
To explain the self-reactivity of the Treg TCR repertoire, a simple model of Treg
development was proposed in which TCR affinity for self-ligands is the sole basis for
cell fate decisions. Low affinity leads to positive selection, high affinity leads to negative
selection or anergy, while intermediate affinity dictates Treg lineage commitment.
This model is consistent with the differential TCR signaling requirements for Treg
and non-Treg development. Mice harboring a single mutation at the PLCγ1 binding site of
LAT completely lack Foxp3 + Tregs in both thymus and periphery (Koonpaew, et al., 2006).
Yet the positive selection of conventional CD4 + T cells in these mice are only partially
affected (Sommers, et al., 2005). On the other hand, mice with partial loss-of-function
alleles of slp-76 and zap70 also exhibit partial defects in positive selection of non-Tregs, but
they contain normal percentages of Foxp3+ thymocytes (Liston and Rudensky, 2007). It is
possible that different TCR signaling pathways are utilized based on TCR affinity for
self-antigen.
This model predicts that thymocytes with the same TCRαβ affinity should share
the same cell fate. However, it cannot explain why the shared usage of TCR repertoires
between Tregs and nonregulatory self-reactive T cells is observed (Hsieh, et al., 2006).
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Therefore, factors other than TCR affinity may also affect Treg lineage commitment. One
such factor, CD28-B7 costimulation, has been identified, as both thymic and peripheral
Foxp3+ Treg subsets are markedly reduced in CD28 -/- mice (Salomon, et al., 2000; Tang, et
al., 2003). To better explain these data, a modified “two-step” model has been proposed,
in which Treg lineage commitment not only depends on intermediate αβ-TCR affinity for
self-ligands, but also requires other cofactors, including the local concentration of B7
ligands (Liston and Rudensky, 2007).

1.2 Naïve T cell homeostasis in the periphery
After rigorous thymic selection processes, newly generated mature T cells exit the
thymus and form a naïve T cell pool that primarily circulates in the peripheral lymphoid
tissues. It has long been known that the overall size and composition of the naïve T cell
pool remains relatively constant in normal individuals. For example, transplantation of
multiple thymus grafts into normal mice fails to significantly increase the size of T cell
pool (Matsuyama, et al., 1966; Leuchars, et al., 1978). On the other hand, when the T
cell pool is depleted, the remaining T cells can sense the availability of “space” and
proliferate extensively to fill such “space” (Bell, et al., 1987; Rocha, et al., 1989).
The mechanisms by which naïve T cell homeostasis is regulated have been
vigorously studied. However, data in this field have been rather difficult to interpret as
many experimental systems fail to clearly distinguish between two closely linked
processes, T cell long-term survival and T cell homeostatic proliferation. Work from the
past several years has led to a general understanding that naïve T cell homeostasis is
mainly regulated by interleukin-7 (IL-7) signaling, as well as TCR signaling from
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interaction with self-peptide-MHC ligands (Surh and Sprent, 2008; Jameson, 2002; Surh
and Sprent, 2005).

1.2.1 Regulation of naïve T cell survival
The essential role of IL-7 for naïve T cell survival has been well established.
Naïve T cells transferred into syngeneic IL-7-deficient mice disappear after only a few
weeks (Schluns, et al., 2000; Vivien, et al., 2001). Also, blocking IL-7 by injecting antiIL-7 antibodies leads to a dramatic decrease in naïve T cell numbers (Vivien, et al.,
2001; Kondrack, et al., 2003), while overexpression of IL-7 results in a marked increase
in naïve T cell numbers (Mertsching, et al., 1995; Kieper, et al., 2002).
IL-7 receptor (IL-7R) is composed of the IL-7-receptor-α-chain (IL-7Rα)
associated with the common cytokine-receptor-γ-chain (γ c ). The intracellular domains of
IL-7Rα and γ c chains bind to tyrosine kinases Janus kinase 1 (JAK1) and Janus kinase 3
(JAK3), respectively. IL-7R signaling is initiated when IL-7 crosslinking of IL-7Rα and γ c
chains brings JAK1 and JAK3 together to phosphorylate each other. The JAK kinases in
turn phosphorylate IL-7Rα, creating a docking site to recruit STAT5a (signaling
transducer and activator of transcription 5a) and STAT5b. The activated STAT5
subunits then dimerize and translocate to the nucleus where gene transcription is
induced. Meanwhile, the phosphatidylinositol 3-kinase (PI3K)-AKT pathway is also
activated upon IL-7 engagement. Mechanistically, IL-7 signaling promotes naïve T cell
survival by preventing the mitochondrial pathway of apoptosis, mainly through
increasing the expression of anti-apoptotic proteins Bcl-2 (B-cell lymphoma 2) and Mcl1 (myeloid-cell leukemia-1) (Surh and Sprent, 2008; Mazzucchelli and Durum, 2007;
Khaled and Durum, 2002).
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Unlike IL-7 signaling, the role of TCR-signaling in naïve T cell survival is much
less clear. In fact, whether or not TCR recognition of self-peptide-MHC is required for
naïve T cell survival has been debated for years (Dorfman and Germain, 2002) (Surh
and Sprent, 2008). Over a decade ago, it was first reported that the life span of CD4 +
and CD8 + naïve T cells is shortened in the absence of MHC-class-II and MHC-class-I
molecules, respectively (Takeda, et al., 1996; Tanchot, et al., 1997). However,
subsequent studies from other groups failed to confirm such an MHC requirement, at
least for CD4 + naïve T cells (Dorfman, et al., 2000; Grandjean, et al., 2003). Much of
this controversy stemmed from the complications of cell rejection and T cell homeostatic
proliferation in the adoptive transfer systems employed in these studies (Grandjean, et
al., 2003; Dorfman and Germain, 2002).
A more physiologically relevant approach utilized to address this issue was
genetic ablation of TCR expression at the level of mature T cells (Labrecque, et al., 2001;
Polic, et al., 2001). Peripheral T cells (particularly CD8 + T cells) stripped of their TCR
expression gradually decayed in number, suggesting that TCR-mediated signaling is
required for maintaining long-term naïve T cell survival. Similarly, perturbing TCR
signaling by deleting TCR-proximal tyrosine kinases Fyn and Lck within the mature T
cells also caused a shortened lifespan of both CD4 + and CD8 + naïve T cells (Seddon
and Zamoyska, 2002b). One caveat of these studies is that the TCR may transduce tonic
signaling without the engagement of self-peptide-MHC ligands.
Recent studies found that naïve TCR-transgenic CD4 + T cells displayed a shorter
life span when transferred into wildtype syngeneic mice in large numbers compared to
when they were transferred in very low numbers (Hataye, et al., 2006). The correlation
between T cell life span and their clonal frequency suggests that the survival of naïve T
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cells depends on the availability of self-ligands in their surrounding environment. In
accordance with this finding, naïve TCR-transgenic T cells with different antigen
specificity do not appear to compete with each other for survival and homeostatic
proliferation (Moses, et al., 2003; Kieper, et al., 2004). Altogether, these data provide
strong support that TCR signaling transduced upon interaction with self-peptide-MHC
ligands is indeed essential for naive T cell survival. However, the exact intracellular
signaling pathways are poorly understood.

1.2.2 Regulation of naïve T cell homeostatic proliferation
As described earlier, the size and composition of the naïve T cell pool is
maintained at a constant level. In situations where such balance is broken, complicated
homeostatic mechanisms are in place to ensure that the “steady-state” is re-established.
To avoid overexpanding the T cell pool, naïve T cells have to compete for the limited
amount of survival factors, mainly IL-7 and self-peptide-MHC ligands, in the
environment. Conversely, when the T cell pool is depleted, naïve T cells undergo
homeostatic proliferation to replenish their numbers. Accumulating data have revealed
that homeostatic proliferation primarily responds to the same factors governing naïve T
cell survival, namely IL-7 and self-ligands.
The bulk of study on homeostatic proliferation involves creating a T-celldepleted, lymphopenic environment. Depending on how this environment is created,
different and sometimes contradicting observations were made, resulting in much of the
controversy in this field. Naïve T cells proliferate relatively slowly upon adoptive
transfer into syngeneic hosts with a partially lymphopenic environment that is acutely
created, for example, by irradiation or antibody-mediated T cell depletion. Typically,
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these transferred naïve T cells undergo 3 to 5 divisions by 5-10 days post-transfer, with
CD8+ cells proliferating faster than CD4+ cells. However, when naïve T cells are
transferred to syngeneic hosts that are chronically and completely lymphopenic, for
example, RAG-deficient, TCR-deficient, or SCID (severe combined immunodeficiency)
mice, a fraction of transferred T cells proliferate much more rapidly. Within a week, the
progeny of such fast-proliferating cells typically takes over the T cell pool. (Ernst, et al.,
1999; Goldrath and Bevan, 1999; Schluns, et al., 2000; Tan, et al., 2001; Kieper, et al., 2005;
Min, et al., 2005) Accumulating data from recent studies suggest that these two types of
homeostatic proliferation are mechanistically different (Surh and Sprent, 2008).
First, the two forms of homeostatic proliferation differ in their requirement for
IL-7. The “slow” proliferation is severely abolished in the absence of IL-7, while the
“rapid” proliferation remains unaffected by IL-7 deprivation (Schluns, et al., 2000;
Kieper, et al., 2005; Min, et al., 2005). Interestingly, while naïve T cell survival and
“slow” homeostatic proliferation both require IL-7R signaling, the specific signaling
pathways involved in these two processes appear to be different. As reported recently,
knockin mice harboring a point mutation at IL-7Rα Y449, a motif that is essential for
STAT5 activation, have mature T cells that completely lose their ability to undergo
“slow” homeostatic proliferation upon adoptive transfer. However, the mature T cell
number in these IL-7Rα Y449F knockin mice is only mildly decreased, likely caused by
the partially defective thymocyte development. This suggests that at least some Y449independent IL-7Rα signals are capable of promoting T cell survival (Osborne, et al.,
2007).
Secondly, the two types of homeostatic proliferation appear to be driven by
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different peptide-MHC ligands. The “slow” proliferation is dependent on MHC
molecules as it is severely diminished in the absence of MHC. Yet many TCR-transgenic
T cell lines can still undergo such “slow” proliferation without expression of their
cognate antigen in the environment, suggesting that the “slow” proliferation is dependent
on TCR signaling upon interaction with self-ligands (Ernst, et al., 1999; Goldrath and
Bevan, 1999; Schluns, et al., 2000). Strikingly, if the TCR-transgenic T cells are
transferred into RAG-deficient or SCID mice lacking any expression of their cognate
antigen, only the “slow” proliferation can be observed, suggesting that the “rapid”
proliferation is in fact dependent on foreign antigen (Kieper, et al., 2005; Min, et al.,
2005). This hypothesis is further supported by the finding that “rapid” proliferation of
transferred polyclonal T cells in RAG-deficient or SCID mice is markedly reduced when
the host mice are kept in a germ-free environment (Kieper, et al., 2005). While this
finding suggests that the commensal microflora residing in these chronically lymphopenic
mice may be the source of foreign antigens inducing the “rapid” proliferation, it is not
clear why such “rapid” proliferation fails to occur in acutely lymphopenic hosts.
Lastly, the “rapid” homeostatic proliferation of CD4 + (but not CD8 + ) T cells
depends on costimulatory signals through CD28 (Hagen, et al., 2004), while the “slow”
proliferation of both CD4 + and CD8 + T cells does not (Prlic, et al., 2001). Consistent
with this finding, T cells that have undergone “rapid” homeostatic proliferation display
phenotypes characteristic of activated T cells, including rapid CD44 and CD25
upregulation and CD62L downregulation. Moreover, these T cells also acquire effector
functions, such as the ability to produce IFN-γ, IL-2, and TNF-α. However, T cells
undergoing the “slow” proliferation retain a naïve CD25 lo CD44 lo CD62L hi phenotype
and fail to produce cytokines (Kieper, et al., 2005; Min, et al., 2005).
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In conclusion, in normal individuals, both long term survival and homeostatic
proliferation of naïve T cells rely upon IL-7R signaling, as well as TCR signaling that
results from contact with self-peptide-MHC. However, the specific signals downstream
of the IL-7R and the TCR that drive these two different processes need to be further
explored.

1.3 Adaptor proteins in TCR-mediated signaling
1.3.1 TCR mediated signaling
Like all immune cells, the development, homeostasis, and function of T
lymphocytes heavily depend upon their ability to detect and translate various signaling
cues from the environment. The most important signaling pathway in T cells originates
from the engagement of the T cell antigen receptor (TCR), which triggers a series of wellorchestrated signals that eventually lead to the appropriate responses.
All jawed vertebrates are able to express two types of TCRs on mature T lineage
cells, the αβ-TCR and the γδ-TCR. A third TCR, the pre-TCR, is only expressed on
immature T cells. αβ-TCR mediated signaling will be the main topic in the following
section, as it constitutes the main focus of this thesis study.
αβ-TCR is a multimeric complex composed of a clonotypic antigen-recognizing
TCRα-TCRβ heterodimer and a non-covalently associated signal transducing complex
(Hayes, et al., 2003). The TCRα and TCRβ chains are members of the immunoglobulin
(Ig) superfamily. Both chains contain one N-terminal Ig-variable domain, one Igconstant domain, a transmembrane domain, and a short cytoplasmic tail. While the
TCRαβ heterodimer is responsible for binding to the MHC-peptide ligand, downstream
signaling is transduced by the accompanying complex, which consists of the CD3γε and
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CD3δε heterodimers, as well as the TCR-ζ homodimer. Unlike TCRα or TCRβ, the TCR-ζ
chain contains a short extracellular domain and a long cytoplasmic tail, which possesses
three immunoreceptor tyrosine-based activation motifs (ITAMs). The ITAMs, a hallmark
of all immunoreceptor-associated signaling subunits, contain the consensus sequence
YXX(L/I/V)X6-8YXX(L/I/V) (where X denotes any amino acid) (Reth, 1989). One ITAM
can be found in the cytoplasmic tails of CD3δ, γ, and ε as well.
The TCR proximal signaling is illustrated in Figure 1.1. TCR signaling is initiated
by the interaction of TCRαβ with its cognate antigen. Antigen recognition results in the
aggregation of TCRs, which then move to lipid rafts where the Src-family protein
tyrosine kinases (PTKs) Lck and Fyn constitutively reside (Parolini, et al., 1996). Lck and
Fyn phosphorylate the tyrosines located in the ITAMs of the CD3-TCRζ subunits
(Gauen, et al., 1994; Kanda, et al., 1999). These phosphotyrosines subsequently function
as docking sites for the SH2 (Src homology 2) domain of the Syk-family PTK ZAP-70 (ζchains-associated protein of 70kD). ZAP-70 is also phosphorylated and activated by the
Src-family PTKs (Iwashima, et al., 1994). Together, the Src and Syk family PTKs
phosphorylate various cellular substrates, thereby coupling ligation of the TCR to
intracellular signaling pathways.
Two major signaling events triggered downstream of TCR engagement are
calcium mobilization and Ras-MAPK activation, both of which are dependent upon the
phosphorylation and activation of phospholipase C (PLC)-γ1. Upon TCR stimulation,
activated PLCγ1 breaks down the membrane phosphatidylinositol-4,5-bisphosphate
(PIP2) into two important secondary messengers, inositol triphosphate (IP3) and
diacylglycerol (DAG). IP3 binds to IP3 receptors (IP3R) on the membrane of the
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Figure 1. 1

TCR proximal signaling

The αβ-TCR complex is composed of a TCRα/TCRβ heterodimer and a signal
transducing complex, which consists of the CD3γε and CD3δε heterodimers, as well as
the TCR-ζ homodimer. Upon antigen recognition, the TCR complex moves to lipid rafts
where the Src family protein tyrosine kinases (PTKs) Lck and Fyn reside. Lck and Fyn
become activated and phosphorylate the immunoreceptor tyrosine-based activation
motifs (ITAMs) within the cytoplasmic tail of TCRζ chain. Phosphorylated ITAMs serve
as docking sites for the Syk family PTK ZAP-70, which is subsequently phosphorylated
and activated by Src family PTKs. Together, activated ZAP-70 and Src family PTKs
phosphorylate various downstream signaling molecules, eventually leading to T cell
activation. (Adapted from (Horejsi, et al., 2004))
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endoplasmic reticulum (ER), which contains the main intracellular Ca2+ store. IP3R-I, II, II
are all expressed in T cells (Grafton and Thwaite, 2001). Upon activation by IP3, the IP3Rs
serve as calcium channels through which Ca2+ is released from the ER store into the
cytosol (Lewis, 2001). Very recent studies identified STIM1 and STIM2, two proteins
present in the ER membrane, as Ca2+ sensors that can detect the depletion of the ER Ca2+
store (Liou, et al., 2005; Roos, et al., 2005; Brandman, et al., 2007; Oh-Hora, et al., 2008).
The STIM proteins, through unknown mechanisms, trigger store-operated calcium entry
(SOCE), in which extracellular Ca2+ enters the cell via the Ca2+-release-activated calcium
(CRAC) channels. Recent studies have identified a transmembrane protein, ORAI1, as a
pore subunit of the CRAC channels (Feske, et al., 2006; Vig, et al., 2006; Zhang, et al.,
2006). At present, among all of the store-operated calcium channels, the CRAC channels
are believed to be solely responsible for SOCE in T cells. Calcium influx through the
CRAC channels results in a sustained elevation of intracellular Ca2+ ([Ca2+]i), which
activates multiple Ca2+-dependent signaling molecules, including the phosphatase
calcineurin (Clipstone and Crabtree, 1992). Calcineurin dephosphorylates and activates
cytosolic NFAT (nuclear factor of activated T cells), which proceeds to translocate into
the nuleus and to mediate TCR-inducible transcription of various genes (Clipstone and
Crabtree, 1992).
Ca2+ also participates in the activation of the Ras-ERK pathway. Ras is a member
of the small GTP-binding protein family, and its activation is controlled by DAG, the
other product of PLCγ1-mediated PIP2 hydrolysis (Downward, et al., 1990). While the
guanine nucleotide exchange factor (GFF) Sos (son of sevenless) has been shown to be
capable of promoting Ras activation in T cells (Holsinger, et al., 1995), RasGRP1 (Ras
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guanine nucleotide releasing protein 1) appears to be the main GEF coupling DAG to
Ras upon TCR stimulation (Dower, et al., 2000). DAG activates RasGRP1 through its
interaction with the RasGRP1 C1 domain. Increased concentration of intracellular Ca2+,
which can bind to the EF-hand motifs of RasGRP1, has also been shown to contribute to
RasGRP1 activation (Ebinu, et al., 1998; Bivona, et al., 2003). Through the faciliation of
GEFs, Ras triggers the successive activation of Raf-1, MEK-1/MEK-2, and ultimately
leads to the phosphorylation and activation of ERK1 and ERK2. ERK1/2 are members of
the MAP kinase family, and they play an essential role in the induction of c-Fos, a
component of transcription factor AP-1 (activator-protein 1) (Dong, et al., 2002). In
addition to ERK, TCR signaling also activates two additional members of the MAPK
family, p38 and JNK (c-Jun amino-terminal kinase), through the regulation of Rhofamily proteins Rac and cdc42 (Dong, et al., 2002).
In addition to their roles in Ras-ERK activation, DAG and Ca2+ also regulate the
activation of PKC (protein kinase C). Among all known PKC family members, PKCθ is
the only one recruited to the site of TCR engagement (Monks, et al., 1997). In mature T
cells, PKCθ is required for activation of transcription factors NFkB (via activation of
IKK) and AP-1 (via activation of JNK) (Arendt, et al., 2002). TCR-mediated cell
proliferation and IL-2 production are severely impaired in PKCθ deficient mature T cells
(Sun, et al., 2000).
Ultimately, either through the calcium dependent pathway, or the Ras-MAPK
pathway, TCR-mediated signaling leads to the activation of transcription factors AP-1,
NFκB, and NFAT. These factors are critical in inducing the expression of genes that are

22

required for T cell proliferation and differentiation (Macian, 2005; Macian, et al., 2001;
Weil and Israel, 2004).

1.3.2 Adaptor proteins in TCR-mediated signaling
The ways by which TCR proximal signaling was further propagated, regulated,
and eventually converted into distal biochemical events were not understood until the
discovery and study of adaptor proteins. Adaptor proteins are a group of signaling
molecules that do not contain intrinsic enzymatic or transcriptional activity. Instead,
they possess various structural features that facilitate intermolecular interactions
between proteins or proteins and lipids. Adaptor proteins act as scaffolds, nucleating
multi-molecule signaling complexes and localizing such complexes into specific
subcellular regions. Depending on their subcellular localization in resting cells, adaptor
proteins can be categorized into two groups, the transmembrane adaptor proteins
(TRAPs) and the cytosolic adaptor proteins (CAPs).
Thus far, seven TRAPs have been identified: LAT (linker for activation of T cells),
PAG (protein associated with GEMs), LAB (linker for activation of B cells), LIME (Lckinteracting membrane protein), TRIM (TCR-interacting molecule), SIT (SHP2-interacting
TRAP), and LAX (linker for activation of X cell). The first four TRAPs mentioned are
localized in lipid rafts, while the latter three are not. (Horejsi, et al., 2004; Zhu, et al.,
2002; Marie-Cardine, et al., 1999; Bruyns, et al., 1998; Brdickova, et al., 2003; Hur, et al.,
2003; Kawabuchi, et al., 2000; Zhang, et al., 1998a; Janssen, et al., 2003)
TRAPs typically contain a very short extracellular domain, a transmembrane
domain, and a long cytoplasmic domain. A variable number of tyrosine residues can be
found within the tyrosine-based signaling motifs (TBSMs) in the cytoplasmic domains.
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Upon phosphorylation, these tyrosine residues can serve as docking sites for cytosolic
proteins that contain SH2 domains or phosphotyrosine binding (PTB) domains. These
features allow TRAPs to recruit other signaling adaptors or effectors in close proximity
to the plasma membrane, thereby connecting membrane-tethered receptors to the
intracellular signaling pathways.
Unlike TRAPs, in which phosphotyrosines are the major motifs mediating
intermolecular interactions, CAPs contain various modular domains, such as Src
homology 2 (SH2) domains, SH3 domains, WW domains, PTB domains, proline-rich
(PR) domains, and pleckstrin homology (PH) domains. Together with TBSMs, these
domain features allow the CAPs to be recruited to the plasmamembrane through
TRAPs. Additionally, these domains also allow them to interact with a larger variety of
signaling effectors, which eventually induce the appropriate cellular responses. The
structure and function of some CAPs have been well-characterized, such as Grb2
(growth factor receptor-bound protein 2), GADS (Grb2 related adaptor downstream of
Shc), Nck (non-catalytic region of tyrosine kinase adaptor protein), ADAP (adhesion and
degranulation-promoting adapter protein), and SLP-76 (SH2 domain containing
lymphocyte protein of 76kD), which will be described in detail later.

1.3.3 Linker for activation of T cells
One of the most important and best-characterized TRAPs is LAT, linker for
activation of T cells. LAT is an integral transmembrane protein of 36-38 kDa and is
widely expressed in thymocytes, mature T cells, NK cells, mast cells, magakaryocytes, as
well as pre-B cells (Su and Jumaa, 2003; Facchetti, et al., 1999; Zhang, et al., 1998a). Like
other adaptor proteins, LAT lacks any enzymatic or transcriptional activity. However, it
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contains 9 conserved tyrosine residues in its cytoplasmic tail that can potentially provide
docking sites for other signaling molecules. Indeed, upon TCR engagement, human LAT
protein is phosphorylated by ZAP-70 protein tyrosine kinase at its five membrane-distal
tyrosines, Y127, Y132, Y171, Y191, and Y226 (Paz, et al., 2001; Zhu, et al., 2003), resulting
in direct or indirect binding of various signaling components, including Grb2/Sos, Grap
(Grb2-related adaptor protein), PLCγ1, GADS/SLP-76, the p85 subunit of PI3K, Vav,
Cbl, 3BP2 (SH3 binding protein 2), and Shb (SH2 domain containing adaptor protein B)
(Liu, et al., 1999; Welsh, et al., 1998; Zhang, et al., 1998a; Deckert, et al., 1998; PerezVillar, et al., 2002; Meisner, et al., 1995).
LAT contains a transmembrane region constituted of 20 hydrophobic amino
acids. Palmitoylation of two conserved cysteine residues in the juxtamembrane region of
LAT, C26 and C29 (in human), allows LAT to localize to the lipid rafts. Mutations of
these cysteine residues, particularly C26, not only abolish LAT partitioning into lipid
rafts but also greatly diminish its TCR-mediated tyrosine phosphorylation. Not
surprisingly, most of the phosphorylated LAT protein is found in lipid rafts (Zhang, et
al., 1998b). Lipid rafts play an essential role in TCR signaling as they contain a plethora
of signaling proteins important for T cell activation, bringing these proteins into close
proximity of each other. Some signaling proteins are constitutively localized in lipid
rafts, including Src family protein tyrosine kinases Lck and Fyn, TCR coreceptors CD4
and CD8 that associate with Lck, and the pre-TCR. Other proteins are recruited to lipid
rafts upon TCR engagement, including the TCR complex itself, PLCγ1, Grb2, GADS,
SLP-76, Itk, Vav, PI3K, and PKCθ (Horejsi, 2003).
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The importance of LAT localization to lipid rafts is further highlighted by recent
studies on T cell anergy. It was found that LAT palmitoylation was specifically
abolished in anergic CD4 T cells, resulting in defective LAT localization in lipid rafts,
diminished LAT phosphorylation, as well as impaired PLCγ1 activation (Hundt, et al.,
2006). However, it has also been reported that a chimeric LAT protein containing the
transmembrane domain of the non-raft adaptor protein LAX can effectively rescue TCR
signaling in LAT-deficient T cells, as well as T cell development in LAT-deficient mice.
These data suggest that LAT localization in lipid rafts may not be necessary for its
function (Zhu, et al., 2005). Therefore, the true significance of LAT localization to lipid
rafts remains to be further clarified.
The essential role of LAT in T cell activation was first demonstrated in LATdeficient Jurkat T cells (J.CaM2). While TCR proximal signals remain intact in these
LAT-deficient cells, TCR-mediated calcium mobilization, Ras-MAPK activation, as well
as NFAT activation are all abolished (Zhang, et al., 1999a; Finco, et al., 1998).
Reconstitution of J.CaM2 cells with different LAT mutants contributed to the
identification of binding partners for specific phosphotyrosines. Y171, Y191, and Y226
are responsible for Grb2 binding, while only Y171 and Y191 are required for GADS
binding. Mutation of Y132 alone or mutation of Y171, Y191, and Y226 together abolished
LAT binding of PLCγ1 (Zhang, et al., 2000b). Using the same approach, the functions of
the different LAT tyrosine residues in T cell activation were also demonstrated. LAT
protein carrying mutations at Y171, Y191, Y226, and Y132 together completely fail to
restore TCR signaling in J.CaM2 cells, suggesting that the signaling activity of LAT is
mediated primarily through these four tyrosines (Zhang, et al., 2000b). Specifically, the
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minimal tyrosine residues required for calcium mobilization are Y132, Y171, and Y191,
while two additional tyrosines, Y110 and Y226, are also required for full Ras pathway
activation (Lin and Weiss, 2001).
In essence, phosphorylated LAT acts as a scaffold to assemble various signaling
complexes into a large membrane-tethered signalosome (Figure 1.2). LAT binding of
Grb2 recruits Sos to the plasma membrane where it can catalyze Ras activation (Buday
and Downward, 1993; Chardin, et al., 1993). LAT binding of GADS recruits SLP-76,
which in turn interacts with protein tyrosine kinase Itk and PLCγ1, a direct binding
partner of LAT. Through LAT and SLP-76, PLCγ1 is localized to the plasma membrane,
where it is fully activated by ZAP-70 and Itk, and can then cleave membrane PIP2 into
secondary messengers IP3 and DAG (Wu and Koretzky, 2004). The cooperative
activities of these signaling cascades couple the TCR proximal signals with downstream
biochemical events, such as Ras-MAPK pathway activation, calcium mobilization, and
subsequent activation of transcription factors, including NF-AT, AP-1 and NF-kB.
The role of LAT in T cell development was demonstrated upon generation of and
assessment of LAT-deficient mice (Zhang, et al., 1999b). In these mice, αβ T cell
development is completely blocked at the DN3 thymocyte stage, suggesting that LAT is
crucial in transducing pre-TCR mediated signals required for DN to DP differentiation.
As a result, no DP thymocytes or mature T cells can be found in LAT-deficient mice. γδ
T cell development is also abolished in these mice.
To understand the function of different LAT tyrosine residues in thymocyte
development, knockin mice with various LAT tyrosine mutations were generated.
Consistent with the finding in J.CaM2 cells that the four membrane-distal tyrosine
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Figure 1. 2

The signalosome organized by LAT and SLP-76

LAT is palmitoylated at the juxtamembrane CXXC motif (C denotes cysteine; X denotes
any amino acid), which allows it to localize into lipid rafts. Following phosphorylation
by ZAP-70, LAT recruits Grb2/Sos complex, which is involved in Ras-ERK activation.
LAT also recruits PLCγ1 and GADS, the latter constitutively associated with SLP-76.
Upon phosphorylation by ZAP-70, SLP-76 recruits Itk to the close proximity of PLCγ1.
Together, ZAP-70 and Itk phosphorylate and activate PLCγ1, which subsequently
cleaves PIP2 into IP3 and DAG. IP3 triggers an elevation in the cytoplasmic Ca 2+ level,
thereby ultimately activating transcription factor NFAT. DAG binds to Ras-GRP, which
is involved in the activation of Ras-ERK pathway that eventually leads to the activation
of transcription factor AP-1. DAG also activates PKCθ, which is required for the
activation of transcription factor NFκB. SLP-76 further recruits Vav, Nck, and ADAP,
thereby regulating TCR-induced actin cytoskeleton rearrangement and possibly cell
adhesion (see text in section 1.3.4 for details). (Modified from (Horejsi, et al., 2004))
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residues are the main mediators of LAT signaling activity (Zhang, et al., 2000b), LAT
4YF knockin mice harboring mutations of the corresponding tyrosines (Y136, Y175,
Y195, and Y235) exhibit the same phenotype as the LAT -/- mice (Sommers, et al., 2001;
Nunez-Cruz, et al., 2003). In LAT 3YF knockin mice with mutations at the Y175, Y195
and Y235 residues, αβ T cell development is also totally blocked at the DN3 thymocyte
stage, while γδ T cell development is partially impeded (Nunez-Cruz, et al., 2003). LAT
Y136F knockin mice, in which a single mutation of the tyrosine residue Y136 principally
eliminates LAT binding of PLCγ1, exhibit a different pattern of thymocyte development
(Aguado, et al., 2002; Sommers, et al., 2002). In these mice, αβ T cell development is
only partially blocked as DP and SP thymocytes are both generated, albeit in reduced
numbers. However, the development of γδ T cells remains relatively normal. Therefore,
αβ and γδ T cell development appear to differ in their requirements of specific signaling
pathways downstream of LAT.
Strikingly, LAT Y136F mice as young as 5 weeks old develop a severe
lymphoproliferative disorder with dramatically enlarged spleens and lymph nodes. CD4
T cells in these mice expand rapidly in the periphery and infiltrate the thymus. These T
cells acquire an effector/memory-like phenotype (CD44 hiCD62L lo CD69 + ) and produce
large amounts of Th2-type cytokines. These cytokines are in turn responsible for thymic
infiltration of eosinophils, as well as an increased amount of activated B cells producing
IgG1 and IgE (Aguado, et al., 2002; Sommers, et al., 2002). Coincidentally, LAT 3YF
mice older than 20 weeks also develope a similar Th2-type disorder characterized by
IgG1 and IgE hypergammaglobulinemia and hyperproliferative γδ T cells (Nunez-Cruz, et
al., 2003).
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Further characterization of the LAT Y136F mice demonstrates that the
abolishment of LAT-PLCγ1 binding impairs the negative selection of DP thymocytes
(Sommers, et al., 2005). Therefore, autoreactive T cells that would otherwise have been
deleted in the thymus are allowed to survive and circulate in the periphery, eventually
leading to the aforementioned autoimmune lymphoproliferative disease. In addition,
naturally arising CD4 + CD25 +Foxp3 + regulatory T cells, which can dominantly suppress
such autoreactive T cell responses in normal individuals, fail to develop in these LAT
Y136F mice, suggesting an important role for LAT in mediating T reg cell development
(Koonpaew, et al., 2006). Adoptive transfer of wildtype regulatory T cells, or ectopic
expression of Foxp3 in the knockin T cells, proved to be sufficient to suppress disease.
Therefore, the autoimmune disease in LAT Y136F mice appears to be a consequence of
the combined breakdowns of both central and peripheral tolerance.
The shared Th2-type autoimmune disorder between LAT 3YF and Y136F mice
suggests that LAT may also mediate inhibitory TCR signaling. Indeed, the role of LAT as
a negative regulator of TCR signaling has been demonstrated in various studies. LAT
binding of Grb2/GADS recruits the Gab2 (Grb2-associated binding protein
2)/PI3K/SHP2 (SH2-containing phosphotyrosine phosphatase 2) complex to lipid
rafts, resulting in the inhibition of TCR signaling via SHP2 mediated dephosphorylation
of signaling molecules (Yamasaki, et al., 2003; Yamasaki, et al., 2001). LAT also recruits
another signaling complex constituted of Dok2 (downstream of tyrosine kinase 2) and
SHIP (SH2 containing inositol-5 phosphatase), leading to attenuated TCR signaling that
includes decreased ZAP-70 activation and Akt phosphorylation (Dong, et al., 2006).
Moreover, LAT is also involved in lipid raft recruitment of TCR signaling inhibitor SHP1 (SH2-containing phosphotyrosine phosphatase 1) (Kosugi, et al., 2001).
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Interestingly, in human T cells, TCR-activated ERK and JNK kinases can
phosphorylate LAT at its threonine 155 residue, triggering a negative feedback loop.
This leads to decreased LAT binding of PLCγ1 and SLP-76, as well as diminished
calcium mobilization and ERK activation (Matsuda, et al., 2004). Additionally, recent
data obtained in Jurkat cells propose that Cbl-mediated LAT ubiquitination,
internalization, and degradation constitutes a novel way of TCR signaling inhibition
(Brignatz, et al., 2005; Balagopalan, et al., 2007). Altogether, these data demonstrate
that LAT can also function as a negative regulator of TCR signaling. However, how the
balance of positive and negative LAT activities is achieved, and how such balance may
have been disturbed in the LAT 3YF and Y136F knockin mice, are yet to be understood.

1.3.4 SH2 domain-containing leukocyte protein of 76kD
SLP-76 is a hematopoietic cell-specific cytosolic protein that is widely expressed
in T cells, pre-B cells, mast cells, macrophages, NK cells, neutrophils, as well as platelets
(Wu and Koretzky, 2004). It does not contain intrinsic enzymatic or transcriptional
activity. Yet, the structure of SLP-76 reveals a N-terminal sterile alpha motif (SAM)
domain, three tyrosine-based signaling motifs (Y112ESP, Y128 ESP, and Y145 EPP in the
mouse), a central proline-rich region, and a C-terminal SH2 domain (Figure 1.3). All of
these domains typically mediate protein-protein interactions, thereby placing SLP-76
among the adaptor proteins. The essential role of SLP-76 in TCR-mediated signaling
was demonstrated in SLP-76 deficient Jurkat T cells (J14). In the absence of SLP-76,
phosphorylation of PLCγ1 and ERK, as well as subsequent calcium flux and
NFAT/AP1 activation are all significantly decreased in these J14 cells (Yablonski, et al.,
1998).
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To understand the molecular mechanism by which SLP-76 mediates TCR
signaling, extensive work has been done to identify its binding partners (Figure 1.2 and
1.3). Like LAT, SLP-76 is phosphorylated by ZAP-70 upon TCR engagement (Bubeck
Wardenburg, et al., 1996; Raab, et al., 1997). The two N-terminal phosphotyrosines,
Y112 and Y128, mediate the interaction of SLP-76 with the Rho-family guaninenucleotide exchange factor (GEF) Vav1 and the adaptor protein Nck (Tuosto, et al.,
1996; Wu, et al., 1996a; Raab, et al., 1997; Bubeck Wardenburg, et al., 1998;
Wunderlich, et al., 1999). Vav1 mediates GEF activity of the Rho-family GTPases
(Crespo, et al., 1997), while Nck interacts with two effector proteins of Rho-GTPases,
p21-activated kinase (PAK1) and Wiskott-Aldrich syndrome protein (WASP) (RiveroLezcano, et al., 1995; Bokoch, et al., 1996; Galisteo, et al., 1996). Therefore, the
assembly of the SLP-76/Vav/Nck complex potentially localizes GEF activity and RhoGTPases to their effectors PAK1 and WASP, both of which have been implicated in
actin cytoskeletal rearrangement upon TCR stimulation (Sells, et al., 1997; Snapper, et
al., 1998; Zhao, et al., 1998). Indeed, disruption of this tri-molecular complex has been
shown to inhibit normal TCR mediated actin assembly (Bubeck Wardenburg, et al.,
1998).
A third N-terminal phosphotyrosine, Y145, is essential for binding of the SH2
domain of Tec-family kinase Itk (Su, et al., 1999; Bunnell, et al., 2000). Additionally,
proline residues located just downstream of the phosphotyrosines also interact with Itk
(Bunnell, et al., 2000). The functional consequence of SLP-76/Itk interaction will be
discussed in detail later. Beside mediating Itk binding, the central proline-rich region of
SLP-76 is also responsible for interactions with multiple signaling proteins, including
GADS, PLCγ1, and Lck. SLP-76 constitutively binds to the SH3 domain of
33

Figure 1. 3

Domain structure and binding partners of SLP-76

SLP-76 contains an N-terminal sterile alpha motif (SAM) domain, three N-terminal
tyrosine based signaling motifs (TBSMs), a central proline-rich domain, and a C-terminal
Src homology-2 (SH2) domain. The potential binding partners of the SAM domain are
currently unknown. Phosphotyrosines Y112 and Y128 bind to the SH2 domains of Vav
and Nck, while the third phosphotyrosine Y145 binds to the SH2 domain of Itk. The
proline-rich domain mediates direct association with Itk, GADS, Lck, and PLCγ1. The
SH2 domain can interact with the phosphotyrosines of the adaptor protein ADAP and
the serine/threonine kinase HPK1. (Modified from (Koretzky, et al., 2006))
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GADS (Liu, et al., 1999), through which SLP-76 is recruited to LAT and lipid rafts upon
TCR engagement. While it was originally believed that SLP-76 indirectly interacts with
PLCγ1 through GADS and LAT, it has been recently demonstrated that at least three
distinct sites in the SLP-76 proline-rich region mediate constitutive binding with the SH3
domain of PLCγ1 (Yablonski, et al., 2001; Jia, et al., 2005). Moreover, a 10-aa-long
sequence (aa185-194) within this proline-rich region has been shown to bind the Src
family kinase Lck (Sanzenbacher, et al., 1999; Kumar, et al., 2005).
The C-terminal SH2 domain of SLP-76 mediates TCR-inducible interaction with
two phosphorylated proteins, the adhesion- and degranulation-promoting adapter
protein (ADAP) and the hematopoietic progenitor kinase-1 (HPK-1) (Musci, et al.,
1997; Sauer, et al., 2001). ADAP plays a positive role in T cell effector functions, such
as cell proliferation and IL-2 production. Also, ADAP regulates TCR-mediated
clustering and adhesion of integrins LFA-1 and VLA-4, implicating an interesting role of
SLP-76 in the integrin-mediated signaling pathway (Griffiths, et al., 2001; Peterson, et
al., 2001). HPK-1 is a serine/threonine kinase that inhibits ERK and NFAT/AP1
activation in T cells (Liou, et al., 2000; Le Bras, et al., 2004). Recent studies
demonstrated that HPK1 phosphorylates SLP-76 at serine 376, which then in turn
recruits 14-3-3ε and ζ proteins (Di Bartolo, et al., 2007), both of which have been
implicated in negatively regulating T cell signaling (Liu, et al., 1996; Bonnefoy-Berard, et
al., 1995; Foucault, et al., 2003). These data reveal a novel role of SLP-76 in
downmodulating TCR-mediated signaling.
SLP-76 mainly exerts its effects on TCR signaling through its regulation of
PLCγ1 activation. PLCγ1 is recruited to the plasma membrane through the interaction of
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its SH2 domain with the phosphotyrosines of LAT. While SLP-76 is not essential for
LAT-PLCγ1 binding, its inducible and indirect interaction with LAT and PLCγ1 via
GADS appears to stabilize the PLCγ1-LAT association and is essential for optimal
activation of PLCγ1. Mutation of the GADS-binding site of LAT significantly reduces
the binding of PLCγ1 with LAT, leading to reduced activation of PLCγ1 (Zhang, et al.,
2000b). Similarly, when either the GADS-binding site of SLP-76 or GADS itself is
deleted, phosphorylation of PLCγ1 is markedly decreased (Myung, et al., 2001; Yoder,
et al., 2001; Kumar, et al., 2002). Moreover, the constitutive binding of SLP-76 and
PLCγ1 also appears to be important for PLCγ1 activation, as abolishment of such basal
association greatly reduces TCR-dependent PLCγ1 phosphorylation, resulting in
defective calcium flux (Yablonski, et al., 2001; Singer, et al., 2004). These data suggest
that, in order to fully activate PLCγ1, it is critical to establish optimal association
between PLCγ1 and SLP-76.
How exactly does SLP-76 regulate PLCγ1 activity? It has been suggested that the
interactions among the LAT-SLP-76-PLCγ1 complex may help maintain PLCγ1 in an
“open” conformation, allowing it to be activated. However, accumulating data have
demonstrated that SLP-76 mainly regulates PLCγ1 phosphorylation by recruiting the
Tec-family protein tyrosine kinase Itk into close proximity with PLCγ1. Upon TCR
stimulation, Itk is recruited to the cell membrane via its interaction with membrane
phosphatidylinositol 3,4,5-trisphosphate (PIP3 ), which is generated by activated PI3K
(August, et al., 1997). Meanwhile, the SH2 and SH3 domains of Itk bind to
phosphotyrosine Y145 and the proline-rich region of SLP-76, respectively, resulting in
the juxtaposition of Itk and PLCγ1. It has been demonstrated that, along with ZAP-70,
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Itk contributes to the phosphorylation of PLCγ1. Catalytically active Itk that is
associated with SLP-76 can mediate in vitro PLCγ1 phosphorylation on Y783 (Beach, et
al., 2007), which is important for PLCγ1 activation (Serrano, et al., 2005). Mutations in
the SH2 and SH3 domains of Itk, or the deletion of Itk itself, diminish TCR-mediated
PLCγ1 phosphorylation and calcium flux (Liu, et al., 1998; Bunnell, et al., 2000). These
data collectively suggest that the recruitment of Itk to PLCγ1 via SLP-76 is essential for
PLCγ1 activation.
Interestingly, very recent data suggest that the SLP-76-Itk interaction not only
allows Itk to be positioned close to PLCγ1, but also plays a critical role in the catalytic
activation of Itk (Bogin, et al., 2007). The TCR-mediated activation of Itk is diminished
in the absence of SLP-76. Further more, the majority of active Itk is found to be
associated with SLP-76, and the removal of such Itk from SLP-76 results in a loss of
catalytic activity. These authors suggest that multiple interactions between SLP-76 and
Itk may help maintain Itk in an active conformation.
The role of SLP-76 in T cell development was first demonstrated in SLP-76 -/mice (Clements, et al., 1998; Pivniouk, et al., 1998). Thymocyte development in SLP-76 -/mice is completely blocked at the DN3 checkpoint; thus, no DP thymocytes or mature T
cells develop, suggesting that, like LAT, SLP-76 is also essential in transducing pre-TCR
mediated signaling. Conditional deletion of SLP-76 after the DN3 stage largely rescued
the development of DP thymocytes, however the absence of SLP-76 in DP cells caused
defective positive and negative thymic selections, leading to severely impaired
generation of SP thymocytes (Maltzman, et al., 2005). Moreover, very recent data
showed that transgenic expression of either low or high levels of SLP-76 protein in the
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SLP-76 -/- mice led to markedly defective thymic positive and negative selections,
suggesting that maintaining the endogenous expression level of SLP-76 is key to these
selection processes (Ramsey, et al., 2008).
The functional relevance of the various domains of SLP-76 in T cell development
and activation was studied in transgenic mice expressing different SLP-76 mutants on a
SLP-76 -/- background (Myung, et al., 2001; Kumar, et al., 2002). N-terminus-deleted
SLP-76 mutant almost completely failed to reconstitute thymopoiesis, and SLP-76 with
the three N-terminal phosphotyrosines mutated (3YF) partially rescued the development
of DP and SP thymocytes. A third mutant with the GADS-binding site-deleted exhibited
a better ability to restore thymocyte development than the 3YF mutant, while mice
reconstituted with a SH2-domain-deleted SLP-76 mutant showed almost normal T cell
development. However, as we mentioned earlier, SLP-76 contains a N-terminal sterile
alpha motif (SAM) domain, whose potential binding partner(s) and function in T cell
development and activation have not been reported. We will try to address this issue in
Chapter 5.
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2. Materials and Methods
2.1 Mouse model
2.1.1 Mouse strains
C57BL/6J, Flp transgenic, β-actin Cre transgenic, and CD4Cre transgenic mice
were all purchased from Jackson Laboratory. HY-TCR transgenic mice were purchased
from Taconic. ERCre transgenic mice were kindly provided by Dr. Thomas Ludwig,
Columbia University, New York. GADS -/- mice were kindly provided by Dr. Alec M.
Cheng, Washington University in St. Louis, Missouri.
All mice were used in accordance with the National Institutes of Health
guidelines. The experiments described in this study were reviewed and approved by the
Duke University Institute Animal Care and Use Committee. Mice were housed in
specific pathogen-free conditions at the Duke University Animal Care facility.

2.1.2 Generation of LAT knock-in mice
Exons 7-11 of the lat gene were replaced by an artificial exon containing their
corresponding cDNA fragment (Figure 3.1). A modified gfp gene that lacks the start
codon and fits the lat reading frame was inserted before exon 12 of the lat gene. The
correctly targeted embryonic stem (ES) cells were injected into 129/sv blastocytes,
which were subsequently implanted into the uteri of pseudo-pregnant female C57BL/6J
(B6) mice. The resulting chimera mice were then mated with Flp transgenic mice to
generate LAT f/+ mice, in which the PGK-Neo cassette was deleted from the targeted
allele. The LAT f/+ mice were backcrossed with B6 mice for at least 6 generations before
being crossed with each other to generate LAT f/f mice. The LAT f/+ mice were also crossed
with β-actin Cre transgenic mice to obtain LAT d/+ mice, in which the artificial LAT exon
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was deleted. Both LAT f/+ and LAT d/+ mice were subsequently crossed with LAT -/- mice
to generate LAT f/- and LAT d/- mice respectively.
CD4Cre and ERCre transgenic mice were crossed onto LAT -/- background to
obtain CD4Cre+LAT -/- and ERCre+LAT -/- mice, respectively. These strains were then
further mated with LAT f/f mice to generate CD4Cre+LAT f/- and ERCre+LAT f/- mice.

2.1.3 Generation of ΔSAM-SLP-76 knock-in mice
The strategy for generating the ΔSAM-SLP-76 mice is illustrated in Figure 5.1.
slp-76 genomic fragments were amplified from ES cells by PCR and cloned into the
targeting plasmid. The short arm comprises a 1.5kb sequence upstream of the slp-76
start codon and a modified exon 1, ATGGCCTTGAAGAATTCAAG. The long arm
comprises a 5kb sequence in the intron between exons 3 and 4. G418-resistant ES cells
were screened by PCR and further confirmed by Southern blotting analysis of the
genomic DNA. The correctly targeted ES cells were injected into 129/Sv blastocysts to
generate chimeric mice. To delete the PGK Neo cassette, chimeric mice were crossed with
β-actin Cre transgenic mice to generate SLP-76 m/+ mice. SLP-76 m/+ mice were
subsequently backcrossed with C57BL/6 mice for at least six generations before
analysis. SLP-76 m/+ mice were then intercrossed to generate SLP-76 m/m mice. PCR
genotyping of littermates was performed using three primers: 5’-GAA TCA GAA GAG
CCA AGG ACA C-3’, 5’-ACA GTG GGT TGT GTC TGA CAA G-3’, 5’-GGT CTC TCC
CAT CCC TTT ATT T-3’.
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2.2 Antibodies
2.2.1 Fluorochrome-conjugated antibodies
All fluorochrome-conjugated antibodies were purchased from eBioscience unless
indicated otherwise. These antibodies include anti-CD3ε, CD4, CD8α, CD11c, Mac-1,
Gr-1, NK1.1, Ter119, CD25, CD44, CD62L, CD5, CD69, HSA, TCRβ, TCRγδ, B220,
IAb, IgD, IgM, Foxp3, CTLA-4, IL-2, IL-4, and IFN-γ. Cell viability marker
7-aminoactinomycin D (7-AAD) was purchased from Invitrogen.

2.2.1 Antibodies for Western blotting
Monoclonal anti-phospho-Erk1/2 (Thr202/Tyr204) antibody, as well as
polyclonal anti-SLP-76 and anti-phospho-PLCγ1 (Tyr783) antibodies, were purchased
from Cell Signaling Technology. Monoclonal anti-phospho-SLP-76 (Y128) antibody was
purchased from BD Biosciences. Polyclonal anti-Erk2 antibody was purchased from
Santa Cruz Biotechnology. Monoclonal anti-phospho-tyrosine (4G10), anti-LAT
(11B12), and anti-PLCγ1 antibodies, as well as polyclonal anti-GADS antibody, were
all purchased from Upstate Biotechnology. For secondary antibodies, Alexa Fluor® 680
anti-mouse-IgG was purchased from Molecular Probes, and RDyeTM 800 anti-rabbit-IgG
was purchased from Rockland Immunochemicals.

2.3 Cell isolation and purification
Thymuses, spleens, and lymph nodes were harvested and subsequently
homogenized using frosted glass slides. The cell suspensions were then filtered through
mesh. For splenocyte preparation, erythrocytes were lysed with ACK lysis buffer (0.15M
NH4 Cl, 10mM KHCO3 , 0.1mM EDTA pH 7.4) at room temperature for 2 minutes,
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washed with RPMI 1640 medium (Sigma-Aldrich), and resuspended to the desired
concentration.
The purification of DP thymocytes, as well as CD4 +CD44 lo splenic T cells, was
obtained by FACS sorting on FACSDiva (Beckton Dickinson). The post-sort purity was
>95%.
CD4 + peripheral T cells were negatively enriched using the EasySep® Mouse
CD4 + T Cell Enrichment Kit (Stemcell Technologies). The purity was >90%.

2.4 Southern blotting
Southern blotting was performed to further confirm the PCR-screened correctly
targeted SLP-76 knockin ES cell clones. The probe was PCR amplified from ES cell
genomic DNA using the primers: 5’-CTC CCT GGT GAT TTA TCT GAG G-3’, 5’-ACC
AGG ACA ATG ACA ATG AAC A-3’. The PCR products were then separated by
agarose gel electrophoresis. The ~470-bp-long probe was purified using the Gel
Extraction Kit (Qiagen).
25ng of the purified hybridization probe DNA was labeled with α-P32 -dCTP
(MP Biomedicals) using the Random Primers DNA Labeling System (Invitrogen), and
subsequently separated from the free dNTPs using Micro Bio-spin P-30 columns (BioRad). The radioactivity of the labeled probes was measured on the Liquid Scintillation
Counter (SpectroFUGE).
20 µg of total genomic DNA from each embryonic stem cell clone was digested
with the restriction endonuclease XbaI (New England Biolabs) at 37°C over night. The
digested genomic DNA fragments were separated by agarose gel electrophoresis,
transferred onto a nylon membrane, and fixed by UV crosslinking. The membrane was
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incubated with ExpressHyb Hybridization Solution (Clontech) containing 100ng/ml
salmon sperm DNA at 60°C for at least one hour. Labeled probes (1-2×10 7 CPM) were
heated at 95°C for 5 minutes and immediately cooled on ice for 5 minutes. They were
then added into the hybridization buffer. The membrane was blotted over night at 60°C
with gentle rotating, and then washed extensively to remove the free probes. The
membrane was finally developed using the Storage Phosphor Screen (GE Healthcare)
and the Typhoon scanner (GE Healthcare).

2.5 RT-PCR and DNA sequencing
To confirm that the sequences encoding the SLP-76 SAM domain was
successfully deleted in the knockin mice, total RNAs from 1×10 6 SLP-76 m/+ or
SLP-76 m/m thymocytes were extracted with the Trizol reagent (Invitrogen) and reversetranscribed using Superscript III Reverse Transcriptase (Invitrogen). The cDNAs were
then used as templates in PCR amplification with Taq polymerase. For PCR, the
following primers were used: 5’-AGA GCA TCT GGG AAT CAG AAG A-3’, 5’-GGC
TTT CTG TCT CCT CAA GAA-3’. The resulting PCR products from the wildtype and
mutant SLP-76 templates were approximately 410-base-pairs and 260-base-pairs long,
respectively.
The PCR products were subsequently separated by agarose gel electrophoresis,
and the ~210-bp band from the SLP-76 m/m sample was purified using the Gel Extraction
Kit (Qiagen). Purified DNA fragment was sent to Duke University DNA Analysis
Facility for sequencing. The primer used for sequencing was: 5’- GAA TCA GAA GAG
CCA AGG ACA C-3’.
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2.6 Flow cytometry analysis
For cell surface marker staining, single cell suspensions were prepared from
mouse thymuses, lymph nodes, or spleens as described in section 2.3, and were
incubated with anti-CD32/16 (2.4G2) supernatant on ice for 15 minutes. Cells were
washed with FACS staining buffer (1×PBS, 2% FBS) and then stained with
fluorochrome-conjugated antibodies on ice for 20 minutes. The antibodies were diluted
in FACS buffer at their optimal concentrations. If biotin-conjugated antibodies were
used, cells were washed again with FACS buffer and stained with fluorochromeconjugated streptavidin (eBiosciences) on ice for 20 minutes. Cells were then washed
and resuspended in FACS buffer.
For intracellular staining, cells were fixed and permeabilized using the
eBioscience Fixation/Permeabilization Buffer at 4°C for at least 2 hours following the
surface staining procedures described above. They were then stained with
fluorochrome-conjugated antibodies in eBioscience Permeabilization Buffer at 4°C for 30
minutes. Cells were then washed and resuspended in FACS buffer.
FACS data were collected on FACSCanto or FACSDiva (Becton Dickinson) and
subsequently analyzed using Flowjo software.

2.7 TCR-mediated calcium flux
For Indo-1 loading, 1×10 7 total thymocytes or splenocytes were first resuspended
in 1ml of loading buffer (1×HBSS with 10 mM HEPES and 1% FBS). Indo-1
acetoxymethyl ester (Molecular Probes) was dissolved in DMSO and added to the cell
suspension to a final concentration of 2µg/ml. The cells were then incubated at 30°C for
30 minutes and subsequently washed with the loading buffer. These Indo-1 loaded cells
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were then stained with fluorochrome-conjugated anti-CD4 and anti-CD8α antibodies in
loading buffer at room temperature. Cells were again washed and resuspended in the
loading buffer (2×106 /ml). To measure calcium release from intracellular calcium stores,
a modified loading buffer (Ca 2+-free 1×HBSS, 10 mM HEPES, 1% FBS, and 5mM EGTA)
was used instead.
TCR stimulation was initiated by the addition of biotin-anti-CD3ε (final
concentration 5µg/ml) with biotin-anti-CD4 and/or biotin-anti-CD8α (1µg/ml)
followed by crosslinking with streptavidin (25µg/ml, Sigma-Aldrich). To induce TCRindependent calcium flux, 1µg/ml Ionomycin was used. The calcium response was
monitored using FACStar (Beckton Dickinton). The intracellular free Ca 2+ was measured
by the fluorescence emission ratio at 405/510 nm and analyzed using the Flowjo
software.

2.8 Immunoprecipitation and Western blotting
For immunoprecipitation, 1×10 7 activated T cells or 2.5×107 primary
lymphocytes were lysed in 500µl of Brij Lysis Buffer (25mM Tris•HCl (pH 7.5), 150mM
NaCl, 5mM EDTA, 1% Brji, 1mM AEBSF, 1mM aprotinin, 1mM leupeptin hemisulfate,
and 1mM sodium vanadate) on ice for 5 minutes. The lysates were centrifuged and the
insoluble portion was discarded. Protein-G-conjugated agarose beads as well as
appropriate antibodies were then added to the supernatant, and the mixture was gently
rotated at 4°C for one hour. The agarose beads were then gently washed 3 times with
the Brij Lysis Buffer, and subsequently resuspended in 50µl of 1×SDS Sample Buffer
(50mM Tris•HCl (pH 6.8), 2% SDS, 10% glycerol, 2.5% β-mercaptoethanol and 0.01%
bromphenol blue). The bead suspensions were then boiled at 95°C for 5 minutes.
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For direct Western blotting, 1×10 7 activated T cells or 2.5×10 7 primary
lymphocytes were lysed in 500µl of RIPA buffer (25mM Tris•HCl (pH 7.5), 150mM
NaCl, 5mM EDTA, 1% Triton-100, 0.1% SDS, 0.5% deoxycholic aicd, 1mM AEBSF,
1mM aprotinin, 1mM leupeptin hemisulfate, and 1mM sodium vanadate) on ice for 5
minutes. The lysates were centrifuged and the insoluble portion was discarded. The
supernatant was then mixed with an equal volume of 2×SDS Sample Buffer and boiled
at 95°C for 5 minutes.
The protein lysates were resolved on SDS-PAGE and transferred onto nitrocellulose membranes (Bio-Rad Laboratories). The membranes were incubated at room
temperature in blocking buffer (1×PBS, 1% fish gelatin) for one hour, and then blotted
with different primary antibodies overnight at 4°C. Membranes were washed with
1×PBST buffer and then blotted with either Alexa Fluor 680 anti-mouse-IgG or
IRDye-800 anti-rabbit-IgG at room temperature for one hour. Finally, the membranes
were washed and scanned by the Licor Odyssey infrared imaging system.

2.9 TCR-mediated cell proliferation
FACS sorted CD4 + CD44 lo T cells (2×105 cells/150µl) were seeded in U-bottom
96-well plates with different concentrations of plate-bound anti-CD3ε (eBioscience)
plus soluble anti-CD28 (1µg/ml, e-Bioscience), or with PMA (20ng/ml, Sigma-Aldrich)
plus ionomycin (0.5µg/ml, Sigma-Aldrich). Triplicates were performed for each assay.
36 hours later, cells were pulsed with 1µCi of [6-3 H]-thymidine (GE Healthcare) for an
additional 6 hours, and then harvested for scintillation counting. Cell proliferation was
represented by the counted radioactivity (counts per minute, CPM).
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2.10 TCR-mediated IL-2 production
Purified CD4 + T cells (2×105 cells/150µl) were seeded in U-bottom 96-well
plates with different concentrations of plate-bound anti-CD3ε (eBioscience) plus soluble
anti-CD28 (1µg/ml, e-Bioscience), or with PMA (20ng/ml, Sigma-Aldrich) plus
ionomycin (0.5µg/ml, Sigma-Aldrich). Triplicates were performed in each assay. 8 hours
later, 50µl of supernatant was collected from each well and subjected to an IL-2 ELISA
(Enzyme-linked ImmunoSorbent Assay).
The IL-2 ELISA was performed according to the recommended protocol from
eBioscience. Anti-mouse-IL-2 capture antibody, biotin-anti-mouse-IL-2 detection
antibody, horseradish peroxidase (HRP)-conjugated avidin, and the recombinant mouse
IL-2 standard were all purchased from eBioscience. The tetramethylbenzidine (TMB)
peroxidase substrate kit was purchased from Bio-Rad.

2.11 TCR-mediated IP3 production
1×10 7 total thymocytes or purified CD4 + T cells were pre-labeled with
biotin-anti-CD3ε on ice. Cells were then stimulated by streptavidin crosslinking at 37°C
for 2 minutes. The incubation was terminated with an equal volume of ice-cold 20%
(w/v) trichloracetic acid (Sigma-Aldrich). The soluble fraction was then washed three
times with 10 volumes of water-saturated diethyl ether to eliminate the acid. IP3 levels
were measured using a GE Healthcare IP3 assay kit (TRK1000). The procedures are
described in the manual provided by the manufacturer.
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2.12 BrdU in vivo labeling and ex vivo detection
BrdU (Sigma-Aldrich) was dissolved in DPBS buffer (Invitrogen) at a
concentration of 10mg/ml. Six-to-eight-week-old mice were injected with 200µl of the
BrdU solution or DPBS buffer alone intraperitoneally. 4 hours later, the same amount of
BrdU or DPBS buffer was administrated intraperitoneally again. An additional 48
hours later, thymuses were harvested and single-cell thymocyte suspensions were
prepared.
The main procedures for intracellular BrdU staining and flow cytometry analysis
were described in BrdU Flow Kits Instruction Manual provided by BD Biosciences.
1×10 6 thymocytes were stained for appropriate cell surface markers and then fixed and
permeabilized in 100µl of BD Cytofix/Cytoperm Buffer at room temperature for 30
minutes. After being washed with BD Perm/Wash Buffer, the cells were treated with
100µl BD Cytoperm Plus Buffer on ice for 10 minutes. After another 5-minute treatment
with 100µl BD Cytofix/Cytoperm Buffer, the cells were resuspended in 1ml of DNAse I
solution (150mM NaCl, 4.2mM MgCl2, 500 Kunitz units/ml DNAse I (Sigma-Aldrich) )
and incubated at 37°C for 1 hour. Cells were then stained with FITC-conjugated antiBrdU antibody (BD Biosciences) in BD Perm/Wash buffer on ice for 30 minutes. Finally
the samples were washed and resuspended in FACS buffer, and analyzed on
FACSCanto.

2.13 In vitro DP thymocyte differentiation
Thymuses were harvested from six-to-eight-week-old CD45.1 + wildtype mice.
Thymic lobes were cut into small pieces and stirred in complete RPMI-1640 medium
(supplemented with 10% FBS) for at least 30 minutes to allow the release of thymocytes.
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The remaining thymic pieces were then digested in 2ml RPMI-1640 medium
supplemented with 10% FBS and 2mg/ml Collagenase D (Sigma) at 37°C for 30
minutes. The resulting cell suspension was thoroughly washed and combined with sorted
CD45.2 + GFP- LAT f/- or CD45.2 + GFP + CD4Cre +LAT f/- DP thymocytes. The cell
mixtures were then resuspended in RPMI-1640 medium supplemented with 10% FBS
and 5ng/ml murine IL-7 and seeded into 24-well plates. 48 hours later, the cells were
harvested from the culture and stained with 7-AAD, PECy7-anti-CD4, APC-anti-CD8,
PE-anti-CD45.1 and APCCy7-anti-CD45.2. The existence of newly differentiated
CD45.2 + CD4 + and/or CD8 + SP thymocytes was examined by flow cytometry on
FACSCanto.

2.14 Reconstitution of J14 Jurkat cells with SLP-76/GFP and
Δ SAM-SLP-76/GFP fusion proteins
cDNAs encoding the full length human SLP-76 or ΔSAM-SLP-76 (with the amino
acids 12 to 78 deleted) were gifts from Dr. Xiaoping Zhong , Department of Pediatrics,
Duke University, Durham, North Carolina. The cDNAs were cloned in-frame into the
multiple cloning site of the pEGFP-N3 vector to engineer SLP-76-EGFP and ΔSAM-SLP76-EGFP fusion proteins.
J14 Jurkat cells were maintained in mid-log phase in growth before
electroporation. 1.2×107 J14 cells were resuspended in 300µl RPMI-1640 medium
supplemented with 10% FBS, and mixed with 15µg of pEGFP-SLP-76 or pEGFP-ΔSAMSLP-76 plasmid DNA. After 15 minutes of equilibration at room temperature, the
cell/DNA mixture was transferred to a 4mm gap cuvette and pulsed with 300V for 10
milliseconds using the ECM 830 square-wave electroporator. The cells were again
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allowed to equilibrate at room temperature for 15 minutes before being resuspended into
10ml of complete RPMI-1640 medium and subsequently cultured.

2.15 TCR-mediated SLP-76 clustering and cellular imaging
J14 Jurkat cells were transfected with the pEGFP-SLP-76 or pEGFP-ΔSAM-SLP76 plasmids by eletroporation. 24 hours later, cells with comparable EGFP fluorescence
intensity were sorted by FACS, and cultured in complete RPMI 1640 medium overnight
to allow recovery.
The T cell spreading assay was performed as previously described (Bunnell, et
al., 2003) with some modifications. Coverslips were soaked in 1M HCl followed by 70%
Ethanol and then dried completely. The cleaned coverslips were sequentially coated
with biotinylated-poly-L-lysine, streptavidin (Sigma-Aldrich), and biotin-anti-humanCD3ε antibody (UCHT1, BioLegend). Coated coverslips were then mounted onto a
holder so that the stimulatory side served as the bottom of a well. 300µl minimal
imaging buffer (Mg2+, Ca 2+-free 1×HBSS buffer supplemented with 2mM CaCl2 , 2mM
MgCl2, and 2% FBS) was added into the well and pre-warmed to 37°C in a humidified
chamber with 5% CO2 . 2×104 GFP + J14 cells were then added into the well. Imaging data
were collected every 20 seconds after the cells made contact with the coverslip.
Alternatively, cells were added into the well, centrifuged onto the coverslips, and
incubated in the 37°C humidified chamber for 10 more minutes to allow maximal
activation. The live cell imaging was performed on a Zeiss Observer D1 station equipped
with a CoolSNAPHQ CDD camera (Roper Scientific), and a high-speed automatic
objective stage for multiple Z stack recording. The images were collected under a 40×
objective lens with 2.5× camera zoom.
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For each cell at each time point, EGFP data were collected over 21 continuous
vertical Z positions bracketing the cell/coverslip interface. The Z-stack data were first
processed by 3D deconvolution using AutoQuant X software (Media Cybernetics).
Images corresponding to the interface were then identified within the stacks. Average
fluorescence of the two Z positions immediately before and after the interface was
calculated and subtracted from the image corresponding to the interface. The brightness
of the clusters was represented as the average intensity per pixel. Unless otherwise
indicated, all imaging manipulation and analysis were done using the MetaMorph
software (Molecular Probes).
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3. The role of LAT in thymocyte development during
the transition from DP to SP stage
3.1 Introduction
LAT is a membrane-associated adaptor protein that couples the engagement of T
cell receptor (TCR) to Ras-MAPK activation and Ca 2+ mobilization. Upon TCR
engagement, LAT is phosphorylated by ZAP-70 tyrosine kinase on its membrane-distal
tyrosine residues and directly interacts with Grb2, GADS, and PLC-γ1 (Zhang, et al.,
1998a; Liu, et al., 1999; Finco, et al., 1998; Zhang, et al., 1999a; Asada, et al., 1999).
LAT binding of GADS recruits an important cytosolic adaptor protein, SLP-76, to the
membrane, which can further interact with PLC-γ1, Vav1, and other signaling molecules
(Wu, et al., 1996a; Yablonski, et al., 2001). Together, LAT and SLP-76 bring PLC-γ1 to
the plasma membrane to be phosphorylated and activated. Activated PLC-γ1 then
hydrolyzes PIP2 into IP3 and DAG. IP3 interacts with the IP3 -receptor and induces
intracellular Ca 2+ mobilization, whereas DAG activates PKCs and binds to RasGRP1 to
activate the Ras-MAPK pathway (Ebinu, et al., 2000; Wu, et al., 1996a; Dower, et al.,
2000). LAT also contributes to Ras-MAPK activation through the recruitment of Grb2,
which in turn brings Sos to the plasma membrane to activate Ras (Ebinu, et al., 2000;
Wu, et al., 1996a; Buday, et al., 1994; Dower, et al., 2000).
The essential role of LAT in pre-TCR mediated DN to DP thymocyte
development has been clearly demonstrated in LAT-/- mice (Zhang, et al., 1999b).
Thymocyte development in LAT -/- mice is completely blocked at the CD25 +CD44 - DN3
stage, indicating an absolute requirement for LAT in pre-TCR mediated signal
transduction. As a result, LAT -/- mice completely lack DP and SP thymocytes in the
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thymus and mature T cells in the periphery. Similar phenotypes were seen in mice with
the four membrane-distal tyrosines, Y136, Y175, Y195, and Y235 mutated
simultaneously, indicating the importance of these tyrosines in LAT function (Sommers,
et al., 2001).
Questions remain regarding the function of LAT in mature αβ-TCR-mediated
thymocyte development beyond the DN3 stage. A number of differences between preTCR and αβTCR signaling have been demonstrated. The αβ-TCR contains a signaltransducing complex composed of CD3γε and CD3δε heterodimers, as well as a TCR-ζ
homodimer. While the CD3δ chain is also associated with the pre-TCR, it appears to be
functionally dispensable (Hayes, et al., 2003). In CD3δ-/- mice, αβ T cell development is
not impaired until the DP stage, suggesting that CD3δ is not required for pre-TCR
mediated DN to DP development, but is essential for further maturation of the αβTCRexpressing DP thymocytes (Dave, et al., 1997). Moreover, it has been shown that the preTCR is constitutively localized in lipid rafts and can induce the phosphorylation of CD3ε
and ZAP-70, as well as receptor internalization, independently of ligand engagement
(Irving, et al., 1998; Panigada, et al., 2002; Saint-Ruf, et al., 2000). Yet, engagement of the
αβ-TCR by peptide/MHC ligands is required for such signaling events.
However, because the LAT -/- mice show such an early block in thymocyte
development, studying the role of LAT beyond the DN3 stage in these mice is
impossible. In order to circumvent this problem, we generated LAT knock-in mice in
which the lat gene could be disrupted upon expression of the Cre recombinase. In this
chapter, we report successful deletion of LAT between the DN3 and DP stages by using
CD4Cre transgenic mice. Our data showed that deletion of LAT after the DN3 stage
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allowed for the development of DP thymocytes. However, these LAT-deficient DP
thymocytes were unable to respond to TCR stimulation and failed to further
differentiate into mature T cells.

3.2 Results
3.2.1 Generation of LAT-knockin mice
The deletion of LAT results in a complete arrest in thymocyte development at the
DN3 checkpoint, leading to a total absence of DP thymocytes as well as mature T cells.
In order to study the function of LAT in T cells beyond the DN3 stage, we designed and
generated LAT-knockin mice in which the disruption of the lat gene can be triggered in a
lineage-specific and/or temporal fashion upon crossing with various Cre recombinase
transgenic mice. The strategy of generating such LAT-knockin mice is illustrated in Figure
3.1.
The lat gene consists of 12 exons. Exon 11 contains the stop codon, while exon
12 contains the 3’ untranslated region and poly-A signals. Exons 7 to 11 encode the Cterminal region of LAT, which contains its six membrane-distal tyrosine residues. These
tyrosine residues are important for LAT function in T cell activation and development;
mutation of these residues renders LAT non-functional (Zhang, et al., 2000b; Sommers,
et al., 2001). We replaced exons 7-11 with their corresponding mouse cDNA sequence
flanked by two LoxP sites. Meanwhile, an artificial exon containing the GFP-encoding
cDNA sequence was inserted immediately before exon 12 of the lat gene. The GFP
cDNA was modified so that its start codon was replaced by the splicing donor-acceptor
sequence of lat exon 12. The GFP reading frame was also modified to fit the LAT
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Figure 3. 1

Illustration of the LAT-knockin targeting strategy.

The lat gene consists of 12 exons. The start codon (∗) is in exon 1, and the stop codon
(•) is in exon 11. In the targeting construct, artificial Exon7-11 is made from the
corresponding mouse lat cDNA. The gfp gene is modified so that it does not contain its
own start codon and fits the lat reading frame.= Lox P sites; = FRT sites.
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reading frame. Without the expression of Cre recombinase, the modified lat gene should
be successfully transcribed, and GFP will not be expressed from the floxed allele because
the lat stop codon precedes it. However, upon Cre-mediated recombination, the artificial
lat exon, including the stop codon, will be excised, allowing a LAT-GFP fusion protein to
be expressed from the deleted allele. Therefore, T cells with the lat gene disrupted will be
marked with GFP fluorescence, providing us with an excellent tool to monitor LAT
deletion on a single cell basis.
Correctly targeted embryonic stem cells were used to generate mice with the
floxed lat allele (LAT f/+). To examine whether the floxed allele is functional, we crossed
LAT f/+ mice with LAT knockout mice (LAT -/-) to generate LAT f/- mice. Analysis of
thymocyte development in LAT f/- mice showed that T cells developed normally. Normal
percentages of DP and SP thymocytes were observed (Figure 3.2), and mature T cells
were also present in the periphery (Figure 3.2). T cells from LAT f/- mice expressed
normal TCR levels on their cell surface (data not shown). These data indicated that the
floxed lat allele is functional during thymocyte development.
Next, we examined whether the floxed artificial lat exon can be deleted. We first
crossed LAT f/+ mice with β-actin Cre transgenic mice, in which the Cre recombinase is
ubiquitously expressed, to generate LAT d/+ mice (d=deleted). We then crossed LAT d/+
mice with LAT -/- mice to obtain LAT d/- mice. Similar to LAT -/- mice, these LAT d/- mice
showed a profound block in thymocyte development at the DN3 stage and contained no
mature T cells in the periphery (Figure 3.2). These data indicated that the floxed lat exon
can be successfully deleted upon Cre expression and that such deletion renders LAT
non-functional during thymocyte development.
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Figure 3. 2

T cell development in LATf/-, LAT +/-, LATd/-, and LAT-/- mice.

Thymocytes and splenocytes from five-week-old LAT f/-, LAT +/-, LAT d/-, and LAT -/- mice
were analyzed by FACS. (Top) CD4 and CD8 expression on total thymocytes. (Middle)
CD25 and CD44 expression on CD4 -CD8 -Lin- DN thymocytes. Bottom: CD4 and CD8
expression on total splenocytes.
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Figure 3. 3

GFP expression in LATd/+ thymocytes.

The GFP expression in various thymocyte subsets from five-week-old LAT d/+ and
LAT +/- mice were analyzed by FACS. Grey shadow represents the LAT +/- control mice.
Solid line represents the LAT d/+ mice.
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Furthermore, we tested whether GFP expression can be successfully induced after
lat deletion. Cells that normally express LAT should now express GFP after deletion.
We monitored the GFP fluorescence in different subsets of thymocytes as well as in
peripheral T cells in LAT d/+ mice. Corresponding T cell subsets from LAT +/- mice were
used as negative controls. As shown in Figure 3.3, the GFP fluorescence signal was
detected as early as the DN1 stage, although the level was low when compared with
other subsets of thymocytes. GFP expression was seen throughout the DN subsets. The
majority of the DP thymocytes, as well as the SP thymocytes, of LAT d/+ mice also
expressed GFP. In contrast, mature B cells, which do not normally express LAT protein,
appeared GFP- (data not shown). Therefore, GFP expression can be successfully induced
upon deletion and can be used as a marker to monitor lat gene deletion by FACS.
Moreover, we did not observe any T cell developmental defects in LAT d/+ mice when
compared to the LAT +/- control mice (data not shown), suggesting that the LAT-GFP
fusion protein did not exert any dominant negative effects. In conclusion, the LATknockin mouse model worked as predicted and could be used successfully as a tool to
access the role of LAT in later stages of T cell development.

3.2.2 LAT deletion after the DN3 stage rescues the development of DP
thymocytes
To study the role of LAT in thymocyte development beyond the DN3 stage, we
used the CD4Cre transgenic system, in which the expression of Cre recombinase is
driven by the CD4 proximal promoter. We first bred the CD4Cre transgenic mice onto
LAT knockout background (CD4Cre +LAT -/-), and then crossed the progeny with
homozygous LAT knock-in mice (LAT f/f) to generate CD4Cre +LAT f/- mice, as well as
LAT f/- littermate controls. This system ensures that Cre expression is not initiated until
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late in the DN3 stage (Lee, et al., 2001; Wolfer, et al., 2002); therefore we reasoned that
the thymocyte development in CD4Cre +LAT f/- mice would proceed through the DN3
checkpoint and possibly beyond.
Thymi from four-week-old CD4Cre +LAT f/- mice were slightly smaller than those
from LAT f/- mice, and their total cellularity was moderately decreased (Figure 3.4). The
percentage of CD4 -CD8 - DN thymocytes increased in the CD4Cre+LAT f/- mice (Figure
3.5 A), while their total numbers remained largely normal (Figure 3.4). Unlike in LAT -/mice, where the DN thymocytes are comprised of mostly CD44 -CD25 + DN3 cells,
analysis of surface CD44 and CD25 expression revealed that all four DN subsets
developed normally in the conditional knockout mice as their percentages appeared
comparable to their LAT f/- counterparts (Figure 3.5 B). A normal number of
CD8 +TCRloHSA hi thymocytes were also detected in the CD4Cre+LAT f/- mice, suggesting
that the development of the immature single positive (ISP) thymocytes was also
unaffected (Figure 3.4).
We also examined the development of γδ T cells, which are absent in LATdeficient mice. The divergence of γδ and αβ T cells is first evident in the DN2 stage and
is largely complete by the DN3 stage (Ciofani, et al., 2006; Prinz, et al., 2006; Taghon, et
al., 2006). Thus, CD4Cre-mediated LAT deletion was not expected to significantly alter
the development of γδ T cells. As predicted, the numbers of CD3 +TCRγδ + thymocytes in
CD4Cre +LAT f/- mice were similar to those in control mice (Figure 3.4), although the
percentage of these cells was increased slightly due to the decreased number of total
thymocytes in these mice (Figure 3.5 C).
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Figure 3. 4
Total numbers of different thymocyte populations from CD4Cre + LATf/f/and LAT littermates.
Five four-week-old mice from each genotype were analyzed. Statistical analysis was
performed using two-tailed student t-test. ∗∗ indicates p<0.01. Filled bar represents
LAT f/- mice. Open bar represents CD4Cre+LAT f/- mice.
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Figure 3. 5

Delayed deletion of LAT rescues DP thymocyte development.

Thymocytes from four-week-old CD4Cre+LAT f/- and LAT f/- littermates were analyzed
by flow cytometry. Five mice from each genotype were analyzed. FACS plots shown are
from one representative of each genotype. The numbers in each panel represent the
average percentages of the gated population. (A) CD4 vs. CD8 profile of total
thymocytes. (B) CD25 vs. CD44 profile of CD4-CD8- DN thymocytes. (C) CD3 vs. γδTCR profile of total thymocytes.
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In contrast to the LAT-deficient mice, where the development of DP thymocytes
was completely blocked, the percentage of DP thymocytes in the conditional knockout
mice was actually increased when compared to the littermate LAT f/- controls (Figure 3.5
A). However, their absolute numbers were mildly decreased by approximately 20%
(Figure 3.4).
The data described above implied that delayed expression of Cre-recombinase,
and hence delayed deletion of LAT, allowed the DN3 thymocytes to survive the βselection checkpoint, thereby rescuing the development of DP thymocytes. Indeed
analysis of GFP expression in different thymocyte subsets of CD4Cre +LAT f/- mice
confirmed that the deletion of LAT initiated at the DN3 stage as predicted. As shown in
Figure 3.6 A, GFP signals appeared as early as the DN3 stage, and could be detected in
DN4 and ISP thymocytes as well. However, the majority of the cells at these stages did
not express GFP, which explained the relatively normal development of these subsets.
Interestingly, a small fraction of the γδ-TCR+ thymocytes also appeared GFP + (~7.5%).
We speculate that these GFP+ γδ-TCR+ thymocytes are likely derived from DN3 cells
with residual expression of LAT protein after deletion of the lat gene. It is also possible
that Cre is expressed in γδ thymocytes even though it is driven by the CD4 proximal
promoter.
In sharp contrast, the majority of the DP thymocytes clearly expressed GFP,
suggesting that the Cre-mediated LAT deletion occurred primarily at this stage. To
confirm the absence of LAT protein after deletion, we sorted GFP + DP thymocytes from
CD4Cre +LAT f/- mice and GFP- DP thymocytes from LAT f/- mice, and examined their
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Figure 3. 6

The efficiency of lat deletion in CD4Cre + LATf/- thymocytes.

(A) GFP expression in different subsets of thymocytes from four-week-old
CD4Cre +LAT f/- mice (solid line) was analyzed by flow cytometry. Corresponding
thymocyte populations from LAT f/- littermates were used as controls (grey area).
Numbers represent the percentages of the GFP+ cells. (B) GFP + DP thymocytes from
CD4Cre +LAT f/- mice and GFP- DP thymocytes from LAT f/- littermates were sorted by
FACS and lysed. Postnuclear lysates were analyzed for LAT expression by Western
blotting. Anti-ERK2 blot was used as protein loading control.
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LAT protein expression by Western blotting. As shown in Figure 3.6 B, wildtype LAT
protein could not be detected in the GFP + DP thymoytes from CD4Cre+LAT f/- mice.
Altogether, these data demonstrated that, although Cre-mediated deletion of
LAT started as early as the DN3 stage in the CD4Cre+LAT f/- mice, such deletion
primarily occurred in and was nearly completed by the DP stage. As a result, the
presence of LAT during the DN3 stage provided normal pre-TCR mediated selection
signals and rescued the development of DP thymocytes. The existence of LAT-deficient
DP thymocytes in the CD4Cre +LAT f/- mice enabled us to investigate the role of LAT in
further maturation of thymocytes from the DP to the SP stage.

3.2.3 Absence of LAT in DP thymocytes blocks further maturation
Despite the large number of DP thymocytes, very few SP thymocytes were
generated in the CD4Cre +LAT f/- mice. The percentage of CD4 SP thymocytes was
severely reduced (Figure 3.5 A), and they were decreased in number by more than 10 fold
(Figure 3.4). While the percentages of CD4 -CD8 + thymocytes were only modestly
decreased in the CD4Cre+LAT f/- mice (Figure 3.5), more than 85% of these cells were
TCRlo-intHSA hi ISP cells instead of mature SP thymocytes (Figure 3.7 A). Thus, the
number of mature CD8 +SP (CD4 -CD8 + TCRhiHSAlo-int) thymocytes also decreased by
approximately 20 fold (Figure 3.4). While the vast majority of DP thymocytes expressed
GFP, about 46% of mature CD4 + and 70% of mature CD8 + SP thymocytes remained GFP(Figure 3.7 B). These GFP- SP thymocytes were likely derived from a small number of DP
thymocytes that had escaped lat deletion. Interestingly, surface expression of the TCR on
the GFP + SP thymocytes was considerably lower than on their GFP- counterparts (Figure
3.7 C). These data suggested that the LAT deficiency in DP thymocytes severely blocked
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Figure 3. 7

LAT deficiency blocks further maturation of DP thymocytes.

(A-D) Thymocytes from four-week-old CD4Cre +LAT f/- and LAT f/- littermates were
analyzed by flow cytometry. FACS plots shown are from one representative of five
mice. Numbers represent the average percentages of the gated populations. (A) TCRβ
vs. HSA profile of CD4 -CD8 + thymocytes. (B) GFP expression of CD4 + and CD8 +
mature SP thymocytes. Solid line represents CD4Cre+LAT f/-; grey area represents LAT f/-.
(C) TCRβ vs. GFP profile of CD4 + and CD8 + mature SP thymocytes. In both (B) and
(C), CD8SP cells were gated on CD4 -CD8 +TCRβhi HSAlo . (D) CD69 vs. GFP profile of
CD4 + SP thymocytes. (E) CD45.2 + GFP- LAT f/- DP thymocytes and CD45.2 + GFP +
CD4Cre +LAT f/- DP thymocytes were FACS sorted and cultured on a layer of CD45.1 +
thymic epithelial cells in the presence of 5ng/ml mouse IL-7. 2 days later, the CD45.2 +
gated thymocytes were analyzed for their CD4 and CD8 surface expression by flow
cytometry.
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their further maturation into SP thymocytes.
However, despite the severe defects in SP thymocyte generation, we did detect
some GFP+ CD4 + and GFP +CD8 + SP thymocytes in these CD4Cre +LAT f/- mice (Figure 3.7
B). And similar to their GFP- counterparts, a significant percentage of these GFP + SP
thymocytes also expressed surface CD69, indicating that they had recently undergone
positive selection (Figure 3.7 D). This raised the question as to whether the GFP+ DP cells
are still capable of developing into SP cells. To examine whether GFP+ DP cells can
develop into SP cells, DP thymocytes (CD45.2 +) from LAT f/- mice or GFP+ DP
thymocytes (CD45.2 +) from CD4Cre +LAT f/- mice were sorted by FACS and cultured on a
thymic stromal layer from CD45.1 + syngeneic wildtype mice. While distinct populations
of CD4 and CD8 SP thymocytes were derived from LAT f/- DP thymocytes, GFP +
CD4Cre +LAT f/- DP thymocytes failed to develop into SP thymocytes (Figure 3.7 E).
These results confirmed that LAT is essential in thymocyte development during the
transition from DP to SP.

3.2.4 LAT deletion abrogates TCR-mediated signaling in DP
thymocytes
LAT-deficient Jurkat cells fail to respond to TCR ligation as TCR-mediated Erk
activation and calcium flux are completely abolished in these cells. We speculate that
the developmental block during the DP to SP transition in CD4Cre +LAT f/- mice is likely
caused by a similar inability of LAT-deficient DP thymocytes to respond to TCR
engagement. To test this hypothesis, we first examined TCR-mediated calcium flux in
DP thymocytes. As shown in Figure 3.8, GFP + DP thymocytes from CD4Cre +LAT f/- mice
failed to mobilize calcium upon crosslinking of CD3. However, these thymocytes were
able to respond normally to ionomycin treatment, suggesting that their calcium release
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Figure 3. 8

TCR-mediated calcium mobilization in DP thymocytes.

DP thymocytes from the LAT f/- and CD4Cre +LAT f/- mice were loaded with Indo-1 and
then stimulated by crosslinking CD3ε. Ionomycin was also added at the indicated time
point. Calcium concentration was monitored by flow cytometry and represented as the
ratio of fluorescence at 405nm and 510nm. Black line represents LAT f/- DP thymocytes,
and grey line represents GFP + gated CD4Cre+LAT f/- DP thymocytes.
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Figure 3. 9

TCR-mediated tyrosine phosphorylation of proteins in DP thymocytes.

GFP- LAT f/- and GFP + CD4Cre+LAT f/- DP thymocytes were sorted by FACS and
stimulated for 2 minutes by anti-CD3ε crosslinking. Postnuclear lysates were analyzed
by Western blotting with anti-pTyr, pPLC-γ1, and pErk1/2 antibodies. PLCγ1 and Erk2
blots are shown as loading controls.
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Figure 3. 10

Surface expression of positive selection markers on DP thymocytes.

Cell surface expression of CD69, CD5, and TCRβ on DP thymocytes from the LAT f/and CD4Cre+ LAT f/- littermates were analyzed by flow cytometry. Solid line represents
CD4Cre +LAT f/-. Grey area represents LAT f/-.
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apparatus was intact. Next, we performed biochemical analysis of TCR-mediated
signaling events. GFP + DP thymocytes were sorted from CD4Cre +LAT f/- mice. DP
thymocytes from LAT f/- mice were also sorted as a control. These thymocytes were
stimulated with anti-CD3ε before lysis. As shown in Figure 3.9, while the total tyrosine
phosphorylation of proteins in the GFP + CD4Cre +LAT f/- DP thymocytes was relatively
normal, phosphorylated LAT was absent. Additionally, phosphorylation of PLCγ1 in
these cells was diminished, consistent with the calcium data. Erk activation was also
severely reduced as evidenced by its dramatically reduced phosphorylation.
We further explored whether the impaired TCR signaling in the LAT-deficient DP
thymocytes resulted in positive selection defects. To examine positive selection of
thymocytes in CD4Cre+ LAT f/- mice, we analyzed the surface expression of CD5, CD69,
and TCRβ on DP thymocytes. Upregulation of these markers is considered to be one of
the characteristics of positive selection. While a small percentage of DP thymocytes from
LAT f/- mice upregulated CD5, CD69, or TCRβ, these cells were greatly reduced in the DP
thymocytes from CD4Cre +LAT f/- mice (Figure 3.10).
Altogether, these data demonstrated that the deletion of LAT in DP thymocytes
abolished both TCR-mediated Erk activation and calcium mobilization. The lack of
proper signals that are normally triggered by the engagement of TCR with selfpeptide/MHC ligands on thymic epithelial cells likely prevented the DP thymocytes
from being positively selected and further differentiating into SP thymocytes.
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3.2.5 Few LAT-deficient mature T cells exist in the periphery of the
CD4Cre+LATf/- mice
Consistent with the thymocyte data, the percentage of TCRβ+ cells in spleens
and lymph nodes was greatly reduced (Figure 3.11 A). Correspondingly, the absolute
numbers of CD4 + and CD8 + T cells were significantly decreased (Figure 3.11 B). There
were more CD8 + T cells than CD4 + T cells in the periphery of CD4Cre +LAT f/- mice
(Figure 3.11 B and C), and the majority of these CD4 + and CD8 + T cells appeared to be
GFP- (Figure 3.11 D), indicating that these cells escaped Cre-mediated deletion of LAT.
Similar to what we observed in thymocytes, GFP + T cells expressed lower levels of
surface TCRβ than GFP- T cells (Figure 3.11 E).
Although the number of peripheral T cells was significantly reduced in
CD4Cre +LAT f/- mice, this number was higher than expected considering the severe block
in thymocyte development from the DP to the SP stage. We suspected that these cells
had undergone tremendous homeostatic expansion driven by the lymphopenic
environment in CD4Cre+LAT f/- mice. To test this hypothesis, we analyzed the surface
expression of CD44 and CD62L on these peripheral T cells. As shown in Figure 3.11 F,
the majority of CD8 + T cells in the CD4Cre+LAT f/- spleen were CD44 hi CD62Llo , a
phenotype characteristic of T cells that have undergone rapid homeostatic expansion. A
similar phenotype was also observed in CD4 + T cells from these mice (data not shown).
These results suggested that the mature T cells in CD4Cre +LAT f/- mice likely developed
from the few thymocytes that escaped LAT deletion, and subsequently underwent a
great expansion in the lymphopenic periphery.
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Figure 3. 11

Peripheral T cells of CD4Cre + LATf/- mice.

Splenocytes and (inguinal, axillary, and brachial) lymph node cells from five-week-old
CD4Cre +LAT f/- and LAT f/- littermates were analyzed by flow cytometry. FACS plots
shown are from one representative of five mice analyzed. Numbers represent average
percentages of the gated populations. (A) TCRβ expression in splenocytes. (B) Total
numbers of CD4 + and CD8 + T cell in spleen and lymph nodes. Filled bar represents
LAT f/-, open bar represents CD4Cre +LAT f/-. Statistical analysis was performed using
two-tail student t-test. ∗ indicates p<0.05, ∗∗ indicates p<0.01. (C) CD4 vs. CD8
profile of TCRβ+ gated splenocytes. (D) GFP expression in CD4 + and CD8 + splenic T
cells. Solid line represents CD4Cre +LAT f/-; grey area represents LAT f/-. (E) TCRβ vs.
GFP profile of CD8 + splenic T cells. (F) CD44 vs. CD62L profile of CD8 + splenic T cells.

78

79

Figure 3. 12

CD4Cre + LATf/- mice lack regulatory T cells.

Thymocytes and splenocytes from ten-week-old LAT f/- and CD4Cre+LAT f/- littermates
were analyzed by flow cytometry. FACS plots shown are from one representative of five
mice. Numbers represent average percentages of the gated populations. (A) CD4 vs.
intracellular Foxp3 expression profile of total thymocytes (top) and total splenocytes
(bottom). (B) GFP vs. CD25 (top) and GFP vs. intracellular Foxp3 (bottom) expression
profile of CD4 + gated splenocytes.
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3.2.6 Development of regulatory T cells in CD4Cre+LATf/- mice
LAT Y136F mice, in which the PLCγ1-binding site of LAT is mutated, lack
naturally arising CD4 + CD25 +Foxp3 + regulatory T cells (T reg), suggesting that the LATPLCγ1 interaction plays an important role in T reg development (Koonpaew, et al., 2006).
To examine the role of LAT in the development of regulatory T cells, we examined the
expression of Foxp3 in the LAT knock-in mice. While a small but significant population
of CD4 +Foxp3 + thymocytes existed in the LAT f/- mice, few, if any, could be found in
age-matched CD4Cre+ LAT f/- mice (Figure 3.12 A). This result was consistent with the
severe defect seen in thymocyte development from the DP to SP stage. Interestingly,
despite lacking CD4 +Foxp3 + thymocytes, the CD4Cre+LAT f/- mice contained a high
percentage of Foxp3 + cells (~25%) in their peripheral CD4 + T cell compartment (Figure
3.12 A). Upon closer examination, we found that these peripheral Foxp3 + T reg cells were
exclusively GFP-, indicating that they had escaped LAT deletion (Figure 3.12 B). The
same observation was made using CD25 as a marker for the naturally arising T reg cells
(Figure 3.12 B). The complete lack of LAT-deficient T reg cells in the periphery further
demonstrated that the expression of LAT in DP thymocytes is critical for T reg
development.

3.3 Discussion
In this study, we generated LAT knock-in mice to study the role of LAT during
thymocyte development and TCR-mediated signaling. In these knock-in mice, the gfp
sequence was inserted into the lat locus to monitor deletion of LAT on a single cell basis.
This approach allowed us to identify T cells with a LAT deletion and to study the effect
of this deletion on thymocyte development and TCR-mediated signaling. By using
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CD4Cre transgenic mice, we successfully deleted LAT after the DN3 stage. Our data
showed that deletion of LAT after the DN3 stage effectively rescued the development of
DP thymocytes but severely blocked the generation of SP thymocytes, eventually
resulting in a significant loss of mature T cells in the periphery. Our data indicate that, in
addition to its essential role in pre-TCR mediated signaling, LAT also plays an
important role in TCR signaling in DP thymocytes and is required during thymocyte
differentiation from DP to SP.
In CD4Cre +LAT f/- mice, there was a severe block in thymocyte development from
DP to SP; however, some GFP+ SP thymocytes still remained. As shown in Figure 3.7 B,
approximately 50% of the CD4 + and 30% of the CD8 + SP thymocytes in CD4Cre +LAT f/mice were GFP+ . Moreover, a significant percentage of such GFP+ SP thymocytes
expressed surface CD69, an indicator of recent positive selection (Figure 3.7 D).
Consistent with the thymocyte data, GFP + mature T cells could be found in the
periphery as well. These data lead us to the question of whether GFP+ LAT-deficient DP
thymocytes have completely lost their capability of further differentiation. Although our
data showed that GFP + DP thymocytes from CD4Cre+LAT f/- mice failed to differentiate
into SP cells in vitro, this may not reflect the physiological situation in vivo. Intrathymic
adoptive transfer of DP thymocytes may provide a more definitive answer.
There are three possibilities that may explain the existence of these GFP+ SP
thymocytes. First, these cells might have developed from GFP- DP thymocytes, in which
the lat gene was deleted after differentiation into SP cells. Even though our GFP reporter
system allows us to identify cells that have deleted LAT, it is impossible to pinpoint
exactly when such deletion occurs. This possibility is supported by the fact that we
consistently observed a higher percentage of GFP + cells in CD4 SP cells, in which the
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CD4 promoter controlling Cre expression remains active, than in CD8 SP cells. The
second possibility is that the LAT protein might have a long half-life, such that a
sufficient amount of LAT protein remains to drive the development after deletion. The
third possibility is that the LAT-deficient DP thymocytes might still have some ability,
although limited, to differentiate into SP thymocytes. As shown in Figure 3.8, TCRdependent calcium flux in GFP + DP thymocytes was extremely weak; however, it was
not completely abolished. Similarly, weak activation of TCR-dependent Erk was also
observed in these cells (Figure 3.9). Such residual signals might enable a few GFP+ DP
thymocytes to further differentiate.
However, what caused the aforementioned residual TCR-dependent signals in
GFP + DP thymocytes remains to be determined. In the LAT-deficient Jurkat cell line
(J.CaM2), TCR-dependent calcium mobilization and Erk are completely abolished. We
are more inclined to argue that a low level of LAT expression, which might be difficult to
detect by Western blotting, may be present in these GFP+ DP thymocytes. This
possibility is supported by our data (included in chapter 4) using ERCre+LAT f/- mice in
which LAT can be deleted effectively within 4 days after tamoxifen injection. No TCRmediated calcium flux was observed in GFP + peripheral T cells from tamoxifen-treated
ERCre+LAT f/- mice, indicating a requirement for LAT in TCR-mediated calcium
mobilization. However, it remains possible that other TCR-mediated LAT-independent
signals play a role in DP thymocyte differentiation.
We noticed that GFP + SP thymocytes in CD4Cre +LAT f/- mice expressed a
considerably lower level of surface TCR than their GFP- counterparts. A similar
phenomenon was observed in peripheral mature T cells as well. Previous studies have
also linked the down-regulation of TCR expression to a defect in LAT-mediated
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signaling. In LAT Y136F knockin mice, TCR and CD3 expression on peripheral T cells is
also much lower than that on normal T cells (Aguado, et al., 2002; Sommers, et al.,
2002). Moreover, a deficiency in SLP-76, which also plays an essential role in mediating
TCR-dependent signaling, similarly causes down-regulation of TCR expression on the
surface of peripheral T cells (Maltzman, et al., 2005). Thus, normal signaling
downstream of TCR engagement appears to positively regulate the expression of the
TCR through mechanisms that are yet to be explored.
Given that LAT plays an essential role in SP thymocyte development, it was not
surprising that the CD4Cre +LAT f/- mice lacked CD4 +Foxp3 + thymocytes. However it is
intriguing that, while LAT-deficient GFP + CD4 T cells could be found in the periphery,
albeit few, GFP + T reg cells were completely missing. Studies using TCR transgenic models
have demonstrated that, compared with conventional T cells, T reg cells likely require
higher TCR/MHC-peptide affinity for positive selection (Jordan, et al., 2001;
Apostolou, et al., 2002; Kawahata, et al., 2002; Yu, et al., 2008), although this
conclusion is currently under debate. Still, the T reg development may be more strictly
dependent on LAT. Further supporting this hypothesis, CD4 + CD25 + T reg cells are absent
in both the thymus and the periphery of LAT Y136F mice, while positive selection for
conventional T cells is only partially defective. Therefore, the residual TCR signaling in
the GFP + DP thymocytes, whether due to LAT-independent signaling pathways or the
incomplete deletion of LAT protein, might have enabled them to develop into
conventional T cells, but not T reg cells.
The phenotype of our CD4Cre +LAT f/- mice carried a striking resemblance to the
SLP-76 conditional knockout mice that have recently been described. Similar to LAT -/mice, SLP-76 -/- mice suffer a severe block in thymocyte development at the DN3 stage
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and fail to generate any DP and SP thymocytes. However, deletion of SLP-76 after the
DN3 stage in CD4CreSLP76 f/f mice also results in the re-appearance of DP thymocytes.
SLP-76 deficient DP thymocytes fail to respond to TCR stimulation and are defective in
both positive and negative selection. As a result, few SP thymocytes and mature T cells
develop in the CD4CreSLP76 f/f mice. Altogether, these data strongly suggest that the
LAT-GADS-SLP76 complex is absolutely required to transduce signals from the TCR
that would lead to positive and negative selection of DP thymocytes.
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4. The role of LAT in mature T cell activation,
survival, and homeostatic proliferation
4.1 Introduction
While the role of LAT in T cell activation has been extensively studied, the vast
majority of data were obtained using Jurkat T cell lines. The absence of mature αβ T cells
in LAT -/- mice or LAT 3YF and 4YF knockin mice makes it difficult to study LAT in
primary T cell activation (Zhang, et al., 1999b; Sommers, et al., 2001; Nunez-Cruz, et al.,
2003). Some studies have been performed using CD4 + T cells generated in the LAT
Y136F mice (Aguado, et al., 2002; Sommers, et al., 2002). Mutation at the Y136 residue
abolished TCR mediated LAT-binding of PLCγ1, leading to diminished PLCγ1
activation and calcium mobilization. Surprisingly, ERK phosphorylation was reported to
be normal in these T cells. However, LAT Y136F T cells are likely self-reactive T cell that
have escaped negative selection in the thymus. They are hyper-proliferative, maintained
in the presence of a high level of Th2-type cytokines, and express low levels of surface
TCR. Therefore, those results may not reflect the function of LAT in mature T cell in
normal physiological settings.
Both naïve T cell survival and homeostatic proliferation require TCR signaling
induced upon contact with self-peptide-MHC ligands. T cells stripped of their TCR
expression exhibit defective long-term survival (Labrecque, et al., 2001; Polic, et al.,
2001). Similarly, disturbing TCR signaling by deleting Src family PTKs Lck and Fyn also
leads to shortened T cell life span (Seddon and Zamoyska, 2002b). Meanwhile, CD4 + or
CD8 + T cells fail to undergo proliferation upon transfer into lymphopenic hosts that lack
MHC-II or MHC-I molecules, respectively (Ernst, et al., 1999; Goldrath and Bevan,
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1999). These data underscore the importance of TCR signaling in regulating naïve T cell
homeostasis. However, the specific signaling components have not been clearly
identified. In the CD4Cre+ LAT f/- mice described in the last chapter, we noticed that,
while relatively similar numbers of GFP + and GFP- SP thymocytes were produced in the
thymus, GFP- mature T cells clearly dominated in the periphery. We speculate that the
GFP- mature T cells may have expanded much more vigorously than their GFP+
counterparts in the lymphopenic periphery of the CD4Cre +LAT f/- mice. Conversely, it is
also possible that GFP + mature T cells have defective cell survival upon LAT deletion.
This observation led us to investigate the role of LAT in T cell homeostasis and survival.
To study the function of LAT in primary T cell, it is necessary to generate LATdeficient mature T cells. Unfortunately, the CD4Cre+LAT f/- mice are not suitable for this
purpose as only a very small number of GFP + LAT-deficient T cells are found in the
periphery. Additionally, these T cells present an effector/memory-like CD44 hiCD62L lo
phenotype and express low levels of surface TCR. Therefore, they are not ideal to be
used in studying LAT function in mature T cells.
In order to obtain LAT-deficient mature T cells, we took advantage of our LAT
knockin mice, as well as an ERCre system, in which the activity of Cre recombinase can
be induced upon tamoxifen treatment. In this chapter, we report rapid and effective
deletion of LAT protein in mature T cells. Our studies using these T cells showed that
LAT deficiency in mature T cells severely abolished TCR-mediated Ras-ERK pathway
activation as well as calcium mobilization, rendering the T cells completely unresponsive
to TCR stimulation. Moreover, deletion of LAT also impaired naïve T cell long-term cell
survival and lymphopenia-driven homeostatic proliferation.
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4.2 Results
4.2.1 Effective deletion of LAT in tamoxifen-treated ERCre+LATf/- T
cells
In order to obtain normally developed mature T cells in which the lat gene can be
deleted, a well-characterized ERCre system was employed (Feil, et al., 1996; Zhang, et
al., 1996; Danielian, et al., 1998). In this system, the Cre recombinase is fused with the
ligand-binding domain of a mutated mouse estrogen receptor (ER), which fails to bind
its naturally occurring ligand 17β-estradiol at endogenous concentration, but displays a
high affinity for its synthetic ligands tamoxifen and hydroxytamoxifen (4-OHT).
Without ligand binding, the estrogen receptor fusion protein is kept inactive and
sequestered in the cytoplasm (Mattioni, et al., 1994), thereby preventing the Cre
recombinase from accessing genomic DNA. Upon tamoxifen or 4-OHT binding, the
fusion protein translocates to the nucleus, allowing Cre-mediated gene deletion to take
place. In the ERCre transgenic mice we use, the fusion protein expression is under the
control of the ROSA-26 promoter and Cre activity can be induced ubiquitously.
We crossed the LATf/f knockin mice (described in Chapter 3) with ERCre+LAT-/mice to generate ERCre+LATf/- and LATf/- littermates. As expected, ERCre +LATf/- mice
displayed normal thymocyte development as compared to control LATf/- mice. Normal
percentages and numbers of peripheral T cells were also observed in ERCre +LATf/- mice.
Moreover, these mature T cells appeared GFP-, suggesting that the basal Cre activity
without tamoxifen treatment was minimal (data not shown).
We first tested tamoxifen-inducible lat gene deletion by monitoring GFP
fluorescence signals. Eight-to-ten-week-old ERCre+LATf/- and LATf/- littermates were
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injected intraperitoneally with 1 mg of tamoxifen (dissolved in autoclaved corn oil) on
two consecutive days. As shown in Figure 4.1 A, 48 hours after the initial treatment,
more than 95% of ERCre +LATf/- peripheral T cells expressed GFP. At day 4 posttreatment, Western blotting analysis showed that expression of wildtype LAT protein
was totally abolished in ERCre+LATf/- splenocytes, while expression of the nonfunctional LAT-GFP fusion protein could be detected (Figure 4.1 B). These data showed
that our tamoxifen-inducible lat deletion system worked very efficiently. In contrast to
the GFP+ T cells in CD4Cre +LATf/- mice that were described in Chapter 3, GFP+
ERCre +LATf/- peripheral T cells still maintained normal level of surface TCR as
compared to the LATf/- controls by day 4 of tamoxifen treatment (data not shown).
Therefore, any TCR signaling defects observed in these GFP+ T cells should be attributed
solely to the deficiency of LAT.

4.2.2 LAT-deficient mature T cells fail to respond to TCR stimulation
Next, we examined how LAT-deficient mature T cells responded to TCR
stimulation. ERCre+LATf/- and LATf/- littermates were treated with tamoxifen as
described above. At day 4 post-treatment, splenocytes from both mice were harvested
and stimulated with plate-bound anti-CD3ε overnight. As shown in Figure 4.2, control
LATf/- CD4+ T cells highly upregulated activation markers CD25 and CD69. But such
upregulation was completely abolished in the LAT-deficient GFP+ ERCre+LATf/- T cells.
Similarly, tamoxifen-treated ERCre +LATf/- splenocytes completely failed to proliferate
and to produce any IL-2 upon stimulation with plate-bound anti-CD3ε antibody (Figure
4.3 A and B). These defects were TCR-specific, as they were not observed in the same
ERCre +LATf/- T cells stimulated with PMA and ionomycin, which bypass TCR
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Figure 4. 1

Tamoxifen-induced LAT deletion.

Eight-to-ten-week-old ERCre+ LAT f/- and LAT f/- littermates were injected
intraperitoneally with 1mg of tamoxifen on two consecutive days. (A) 2 days after
initial injection, GFP expressions in CD4 + (top) or CD8 + (bottom) splenic T cells were
analyzed by flow cytometry. Numbers represent the percentages of the gated
population. (B) 4 days after initial treatment, Splenocytes from both mice were
harvested and lysed. Post-nuclear protein lysates were subjected to
immunoprecipitation against LAT. LAT protein level in the precipitants was analyzed
by Western blotting.
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Figure 4. 2
Abolished TCR-mediated upregulation of activation markers in LATdeficient mature T cells
Total splenocytes from tamoxifen-treated LAT f/- and ERCre+LAT f/- littermates were
either left untreated (grey area), stimulated with 3µg/ml plate-bound anti-CD3ε (blue
line), or stimulated with 20ng/ml PMA and 0.5µg/ml ionomycin (red area) for overnight
and subsequently analyzed by flow cytometry. Surface expressions of CD25 (top) and
CD69 (bottom) on CD4 + gated cells are shown.
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Figure 4. 3
LAT-deficiency completely abolishes TCR-mediated cell proliferation
and IL-2 production in mature T cells.
(A) Splenocytes from tamoxifen-treated LAT f/- and ERCre+LAT f/- mice were either
stimulated with 3µg/ml plate-bound anti-CD3ε plus 1µg/ml soluble anti-CD28, or with
20ng/ml PMA plus 0.5µg/ml ionomycin. Triplicates were performed for each sample.
After 36 hours, cells were pulsed with 3 [H]-thymidine for an additional 6 hours before
being harvested for scintillation counting. Cell proliferation is represented by the counted
radioactivity (counts per minute, CPM). (B) Splenocytes from tamoxifen-treated LAT f/and ERCre+LAT f/- mice were stimulated the same as in (A) for 8 hours. Supernatants
were collected and IL-2 concentrations were determined by ELISA.
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engagement.
We went on to probe the specific signaling defects in LAT-deficient T cells that
had caused the total unresponsiveness to TCR stimulation. Calcium mobilization and
Ras-MAPK activation are two major signaling events downstream of TCR ligation. To
test TCR-mediated calcium flux, tamoxifen treated LATf/- and ERCre +LATf/- splenocytes
were loaded with Indo-1 and subsequently stimulated by CD3ε crosslinking. The
changes in free cellular calcium were monitored by flow cytometry. As shown in Figure
4.4, the GFP+ ERCre +LATf/- T cells completely failed to mount any calcium mobilization
upon TCR stimulation, while their calcium release and influx apparatus seemed to be
functional as their ionomycin-induced calcium response remained normal.
We also performed biochemical analysis of TCR-mediated signaling events.
Splenocytes from ERCre+LAT f/- and LAT f/- littermates were cultured in the presence of
plate-bound anti-CD3 and soluble IL-2 for 2 days. They were subsequently maintained
in culture in the presence of IL-2 and 50nM 4-OHT. In vitro deletion of LAT protein was
complete 4 days after the addition of 4-OHT. The treated T cells were then rested in
cytokine-free medium for 4 hours before being stimulated by anti-CD3ε crosslinking. As
shown in Figure 4.5, the overall TCR-induced tyrosine phosphorylation in 4-OHT
treated ERCre +LAT f/- and LAT f/- T cells were comparable, although phosphorylated
LAT was clearly missing in the ERCre+LAT f/- cells. ZAP-70 phosphorylation appeared
normal, suggesting that the LAT deficiency did not affect TCR proximal signaling
upstream of LAT. Consistent with the total loss of TCR-mediated calcium flux, PLCγ1
phosphorylation was completely abolished in the LAT-deficient T cells as well. ERK
phosphorylation was severely diminished, but not completely absent. Altogether, our
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Figure 4. 4
T cells.

TCR-mediated calcium mobilization in tamoxifen treated ERCre + LATf/-

Splenocytes from tamoxifen-treated LAT f/- and ERCre+LAT f/- littermates were loaded
with Indo-1 and then stimulated by crosslinking CD3ε. Calcium concentration was
monitored by flow cytometry and represented as the ratio of fluorescence at 405nm and
510nm. Red line represents LAT f/- CD4 T cells, and blue line represents GFP + gated
ERCre+LAT f/- CD4 T cells.
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Figure 4. 5

TCR-induced phosphorylation of protein in LAT-deficient T cells

Splenocytes from the LAT f/- and ERCre+LAT f/- littermates were cultured with platebound anti-CD3 plus IL-2 for 2 days, and subsequently maintained in culture with IL-2
and 50nM 4-OHT for additional 4 days. Cells were then rested in cytokine-free medium
for 4 hours before stimulated by anti-CD3 crosslinking. After stimulation for indicated
time, the cells were lysed in Brij lysis buffer. ZAP-70 and PLCγ1 were
immunoprecipitated from the protein lysates, and their tyrosine phosphorylation was
analyzed by Western blotting with anti-pTyr antibody. Total protein lysates were also
subjected to Western blotting analysis with anti-pTyr and anti-pERK1/2 antibodies.
Anti-ZAP-70, PLCγ1, and ERK2 blots are shown as protein loading controls.
IP=immunoprecipitation, IB=immunoblotting.
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data showed that deletion of LAT in mature T cells severely impaired TCR-mediated
Ras-ERK activation as well as calcium mobilization, rendering the T cells completely
unresponsive to TCR activation.

4.2.3 LAT deficiency impairs naïve T cell survival
Naïve T cell homeostasis consists of two components, long-term survival and
homeostatic proliferation. We first examined the survival of LAT-deficient T cells. Age
and sex-matched CD45.1 +CD45.2+ ERCre+LATf/+ and CD45.2 + ERCre+LATf/- syngeneic
mice were both treated with tamoxifen as described above. In both mice, T cells that
have deleted the lat knockin allele were marked by expression of GFP. However, the
ERCre +LATf/+ T cells still contained one copy of wildtype lat allele and served as
controls. After tamoxifen treatment, splenocytes from both mice were harvested and
mixed so that the GFP+ CD45.1+CD45.2 + wildtype CD4 T cells and GFP+ CD45.2+ LATdeficient CD4 T cells were at 1:1 ratio. 2×107 mixed splenocytes were then adoptively
transferred to sex-matched CD45.1+ syngeneic B6 hosts through tail vein injection. The
recipients were sacrificed at day 1, day 10, day 18, and day 27 post-transfer. The
percentages of LAT-deficient T cells among total donor T cells at each time point were
determined.
This experimental system provides a number of advantages. First, by using T
cell-replete syngeneic B6 mice as hosts, we were able to avoid the complication of
lymphopenia-induced T cell homeostatic proliferation. Second, because the efficiency of
engraftment may vary in individual recipient, which can complicate data interpretation
when studying cell survival, we mixed control and LAT-deficient T cells together before
adoptive transfer, so that we were able to compare their viability by examining their
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ratio instead of counting absolute numbers. Third, by being in the same environment,
the two groups of T cells were exposed to an equal amount of survival factors, namely
IL-7 and self-peptide-MHC ligands. Last, we made sure that both control and LATdeficient T cells would express GFP protein, eliminating any concerns that certain T cells
might get preferentially rejected due to the presence of GFP as a foreign antigen.
As shown in Figure 4.6, after one day of adoptive transfer, the ratio of
CD45.1 +CD45.2+ and CD45.2+ cells (gated on CD4+GFP+ T cells) remained 1:1, suggesting
that the engraftment of both control and LAT-deficient T cells was equally successful.
However, the percentage of CD45.2 + LAT-deficient T cells among total donor CD4 T
cells decreased significantly at day 10 post-transfer, and continued to decrease at later
time points. At day 27, only ~11% of donor CD4+GFP+ T cells were CD45.2 +, suggesting
that the survival of LAT-deficient CD4+ T cells is severely defective.
A similar trend was observed with CD8 + T cell population. We consistently
noticed that the CD4:CD8 ratio in tamoxifen-treated ERCre+LATf/- mice skewed toward
CD4. Therefore, while the ratio of wildtype and LAT-deficient CD4 + T cells in the donor
splenocytes was intentionally controlled at 1:1, the initial percentage of LAT-deficient
CD8+ T cells among total donor CD8+ T cells was only ~40%. This observation provided
the first hint that LAT-deficient CD8+ T cells might exhibit more severe survival defects
than CD4+ T cells. Indeed, after adoptive transfer, the LAT-deficient CD8+ T cells
disappeared much faster. At day 10 post-transfer, the percentage of CD45.2 + LATdeficient CD8 + T cells among total donor CD8+ T cells already decreased ~18%. At day
27, CD45.2+ CD8+ T cells were barely detectable. Altogether, our data demonstrated that
LAT mediated signaling is required for naïve T cell survival (particularly in CD8+ T
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Figure 4. 6

Long-term survival of tamoxifen-treated ERCre +LATf/- T cells

Splenocytes from tamoxifen-treated CD45.1 +CD45.2+ ERCre +LATf/+ and CD45.1-CD45.2 +
ERCre +LATf/- mice were mixed so that among CD4+GFP+ T cells, the ratio of
CD45.1 +CD45.2+ cells to CD45.2+ cells was 1:1. The splenocyte mixtures were adoptively
transferred to CD45.1+ syngeneic B6 hosts via tail vein injection. At indicated days after
transfer, splenocytes from the hosts were harvested, and the CD45.1 vs. CD45.2
expression on CD4+GFP+ (top) or CD8+GFP+ (bottom) donor T cells were analyzed by
flow cytometry. The data shown are from one representative of three mice analyzed. The
numbers represent the average percentages of the gated populations.

100

cells).

4.2.4 LAT deficiency impairs naïve T cell homeostatic proliferation
Upon adoptive transfer into an acutely, partially lymphopenic environment, T
cells undergo “slow” homeostatic proliferation that is dependent on both IL-7 signaling
and self-ligand-induced TCR signaling. Upon adoptive transfer into a chronically,
completely lymphopenic environment, in addition to the “slow” proliferation, a fraction
of T cells undergo “rapid” homeostatic proliferation that is independent of IL-7, yet
seemingly dependent on agonistic antigen-induced TCR signaling (Kieper, et al., 2005;
Min, et al., 2005). Specific TCR signaling components in either scenario are not clearly
identified. We set out to test if LAT-mediated signaling is required for “slow” or “rapid”
homeostatic proliferation.
We used LAT-/- mice to provide a lymphopenic environment. Due to a severe
block at the DN3 thymocyte developmental stage, LAT-/- mice are completely devoid of
mature T cells in their secondary lymphoid tissues. Therefore, similar to RAG-/- mice or
SCID mice, the lymphopenic environment in LAT-/- mice is chronic and complete, and
should elicit both “slow” and “rapid” T cell homeostatic proliferation. Sex-matched
ERCre +LATf/- and LATf/- littermates were treated with tamoxifen as described above.
Splenocytes were harvested and treated with CFDA-SE (carboxyfluorescein diacetate,
succinimidyl ester). CFDA-SE is a cell-permeable dye that gets converted into CFSE
(carboxyfluorescein succinimidyl ester) upon entering the cell cytoplasm. During cell
division, CFSE is evenly divided into daughter cells. Therefore, the step-wise dilution of
CFSE fluorescent signal is commonly used to identify successive cell generations. These
tamoxifen-treated CFSE-labeled ERCre +LATf/- or LATf/- splenocytes were adoptively
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transferred into sex-matched syngeneic LAT-/- hosts via tail vein injection. 5 days later,
the recipient mice were sacrificed and the CFSE patterns of the donor T cells were
examined by flow cytometry.
As shown in Figure 4.7, the vast majority of CD4+ and CD8+ T cells recovered
from LAT-/- hosts that received control LATf/- splenocytes had completely lost their
CFSE fluorescence signal. This loss of CFSE suggests that they were the progeny of a
fraction of donor T cells that had undergone “rapid” homeostatic proliferation.
Meanwhile, a small percentage of T cells retained CFSE, and they appeared to be the
progeny of donor T cells that had only divided 3 to 4 times. Consistent with previously
reported data, such “slow” proliferation was more prominent in CD8+ T cells than CD4+
T cells (Ernst, et al., 1999; Tan, et al., 2001; Kieper, et al., 2005).
T cells from LAT-/- hosts that received tamoxifen-treated ERCre+LATf/splenocytes exhibited a slightly complicated CFSE pattern, due to the fact that these
donor T cells expressed GFP, which appears in the same channel as CFSE in FACS
analysis but with much lower intensity. We did detect a small yet distinct population
with low (but not negative) GFP fluorescence in both CD4+ and CD8+ T cells. These cells
were likely the progeny of GFP+ LAT-deficient T cells that had undergone “rapid”
homeostatic proliferation and completely lost CFSE. However, when compared with
LATf/- donor cells, such “rapid” homeostatic proliferation was severely diminished.
Interestingly, the dominant population in these recovered CD4+ T cells showed no GFP
or CFSE fluorescence at all. We speculate that these cells were most likely the progeny of
contaminating GFP- donor T cells that had escaped LAT deletion. Therefore, a small
number of contaminating wildtype CD4+ T cells “out-proliferated” the majority of LAT-
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Figure 4. 7
Lymphopenia-driven homeostatic proliferation of tamoxifen-treated
ERCre+LATf/- T cells
Splenocytes from tamoxifen-treated LATf/- and ERCre+LATf/- littermates were labeled
with CFSE, and subsequently transferred to LAT-/- mice via tail vein injection. 5 days
later, splenocytes from these LAT-/- hosts were harvested. CFSE fluorescence of CD4+
(top) and CD8 + (bottom) donor T cells were analyzed by flow cytometry.
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deficient CD4 + T cells. These cells ultimately dominated the entire CD4 + T cell pool in the
recipient mice, further suggesting that LAT-deficient T cells were indeed severely
defective in “rapid” homeostatic proliferation. We also detected CD4+ and CD8+
ERCre +LATf/- donor T cells that had undergone “slow” homeostatic proliferation and
maintained CFSE staining. However, these T cells had only divided once or twice,
suggesting that the “slow” proliferation was also impaired. Altogether, our data clearly
demonstrated that LAT mediated signaling is essential for lymphopenia-driven T cell
homeostatic proliferation.

4.3 Discussion
In this study, we generated ERCre+LATf/- mice in which LAT can be effectively
deleted in normally developed peripheral T cells. Upon tamoxifen treatment, the lat
gene in ERCre +LATf/- T cells was deleted within 2 days, and the LAT protein became
undetectable within 4 days. Upon TCR stimulation, LAT-deficient mature T cells failed
to upregulate activation markers CD25 and CD69. TCR-mediated calcium mobilization
was also completely abolished, leading to severely defective T cell proliferation and IL-2
production. These data are consistent with those obtained in LAT-deficient J.CaM2 cells,
demonstrating that LAT is indeed essential for TCR-mediated T cell activation, both in
cell lines and primary T cells.
In Chapter 3, we noted that TCR-mediated PLCγ1 phosphorylation and calcium
flux were diminished but not totally absent in the GFP+ CD4Cre +LATf/- DP thymocytes.
We were more inclined to believe that such residual calcium response was caused by
undetectable residual LAT protein rather than LAT-independent signaling. This notion
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is supported in this study, as no calcium flux was observed in tamoxifen treated GFP+
ERCre +LATf/- mature T cells.
However, TCR-induced ERK phosphorylation at low levels was consistently
detected, either in GFP+ CD4Cre +LATf/- DP thymocytes or tamoxifen-treated
ERCre +LATf/- mature T cells. LAT-independent TCR-mediated Ras-MAPK activation has
been documented previously. Using partial peptide agonists, Chau and Madrenas
showed that the Grb2-Sos complex can directly interact with the phosphorylated TCR-ζ
chain, bypassing the need for ZAP-70 activation and LAT phosphorylation to activate
Ras (Chau and Madrenas, 1999). Similarly, ERK activation was also observed in ZAP70-deficient Jurkat cells upon CD3 crosslinking (Shan, et al., 2001). However, these data
were all obtained in cell lines. Whether such an alternate pathway exists in vivo needs to
be further explored, and our ERCre LAT conditional knockout system can serve as a
very good model for further addressing this issue.
We also studied the requirement of LAT for naïve T cell homeostasis. LATdeficient T cells adoptively transferred into syngeneic wildtype hosts disappeared much
faster than the control T cells co-transferred into the same hosts, suggesting that LAT is
required for naïve T cell survival. Furthermore, LAT-deficient T cells adoptively
transferred into a chronically and completely lymphopenic environment (LAT-/- mice)
failed to mount normal “rapid” or “slow” proliferation, suggesting that LAT also plays a
critical role in homeostatic proliferation.
Both naïve T cell survival and homeostatic proliferation depend upon TCR
signaling that is induced by the constant, weak interaction between TCR and selfpeptide-MHC ligands. Unlike agonist-induced TCR signaling, which has been very well
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characterized, self-peptide/MHC-induced TCR signals are poorly understood. Similarly,
while the role of LAT in T cell activation has been extensively studied, its function in
resting T cells is unclear. Our finding that LAT is required for both naïve T cell survival
and homeostatic proliferation strongly suggests that LAT is a critical component of the
signaling pathway downstream of TCR/self-peptide-MHC interaction.
It has been suggested that TCR signaling upon interaction with self-ligands leads
to the basal phosphorylation of TCRζ (van Oers, et al., 1993; van Oers, et al., 1994) in
naïve T cells. Such TCRζ phosphorylation is totally abolished in the absence of both Src
family protein tyrosine kinases Lck and Fyn (Seddon and Zamoyska, 2002b). As a result,
naïve T cell survival and homeostatic proliferation are both defective in the absence of
Lck and Fyn (Seddon, et al., 2000; Seddon and Zamoyska, 2002a; Seddon and Zamoyska,
2002b). ZAP-70 is constitutively associated with phosphorylated TCRζ at a low level
(van Oers, et al., 1994), suggesting that ZAP-70 is also a component of such basal TCR
signaling. We speculate that the basal activity of ZAP-70 may phosphorylate LAT at a
low level. Whether tyrosine phosphorylation of LAT is required for self-peptide/MHCinduced TCR signaling needs to be further explored.
Accumulating data point to the fact that while both naïve T cell survival and
homeostatic proliferation are driven by the same environmental factors, IL-7 and selfpeptide-MHC ligands, these two process are likely regulated by different signaling
pathways. One convincing line of evidence came from recent studies on IL-7Rα Y449F
knockin mice. The point mutation at tyrosine 449, which is essential for STAT5
activation, specifically abolished IL-7 mediated naïve T cell homeostatic proliferation,
but not naïve T cell survival (Osborne, et al., 2007). Furthermore, Lck and Fyn are both
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capable of maintaining TCRζ phosphorylation and thus providing survival signals.
Therefore, Lck- or Fyn-single-deficient T cells have normal lifespan, while the doubledeficient T cells exhibit defective longterm survival. Yet, Lck-deficient naïve T cells fail
to proliferate in a mildly lymphopenic environment, suggesting that homeostatic
proliferation requires unique Lck-mediated signals that cannot be provided by Fyn
(Seddon, et al., 2000; Seddon and Zamoyska, 2002b; Seddon and Zamoyska, 2002a). In
this study, by removing LAT protein, we are able to show that both processes require
LAT signaling. However, whether different signaling pathways downstream of LAT can
regulate naïve T cell survival and homeostatic proliferation needs to be further studied.
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5. Disruption of the SLP-76 SAM domain impairs
thymic selection and T cell activation
5.1 Introduction
SLP-76 is a cytosolic adaptor protein that plays a critical role in thymocyte
development and TCR signaling. The three tyrosine residues in the N-terminus of
SLP-76, which are phosphorylated by ZAP-70 upon TCR engagement, serve as docking
sites for Vav, Itk, and Nck. The central proline-rich region of SLP-76 constitutively binds
to GADS and PLCγ1. The C-terminal SH2 domain of SLP-76 provides TCR-dependent
association with ADAP and HPK1 (Wu and Koretzky, 2004). Upon TCR engagement,
phosphorylated SLP-76 is recruited to the membrane-associated adaptor protein LAT
through the binding of GADS. Together, LAT and SLP-76 nucleate a large signaling
complex, which couples TCR proximal signaling to downstream biochemical events, such
as calcium flux and MAPK activation.
SLP-76 is essential for the pre-TCR signaling that drives thymocyte development
through the DN3 checkpoint. SLP-76 -/- mice suffer from a profound block of thymocyte
development at the DN3 stage, and completely lack DP thymocytes and mature T cells
(Clements, et al., 1998; Pivniouk, et al., 1998). Recent studies on CD4Cre/SLP-76
conditional knockout mice show that SLP-76 also plays an important role in mature
TCR-mediated thymic selection, as absence of SLP-76 in DP thymocytes prevents them
from further differentiating into SP thymocytes (Maltzman, et al., 2005). The function of
SLP-76 in mature TCR signaling was studied primarily in cell lines. SLP-76-deficient
Jurkat T cells (J14) are defective in TCR-dependent calcium flux and ERK activation,
and are unable to activate the IL-2 NFAT/AP-1 promoter (Yablonski, et al., 1998).
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The structural requirement of SLP-76 domains for mediating thymopoiesis was
studied using transgenic mice expressing various forms of mutant SLP-76 on a SLP-76 -/background. The SLP-76 3YF mutant harboring Y112F, Y128F, and Y145F point
mutations can only partially rescue thymocyte development, as indicated by the
accumulation of DN3 cells and the markedly reduced number of DP and SP cells
(Myung, et al., 2001). The SLP-76 Δ224-244 mutant, which fails to interact with GADS,
restores thymopoiesis in SLP-76 -/- mice relatively better than the SLP-76 3YF mutant,
but not to wild-type levels (Kumar, et al., 2002; Myung, et al., 2001). SLP-76 with a
R448K point mutation in the SH2 domain, which prevents it from binding to ADAP, is
able to efficiently reconstitute thymocyte development, suggesting that the
SLP-76/ADAP association is largely dispensable for thymopoiesis (Myung, et al.,
2001). However, in the absence of the SH2 domain, the mutant SLP-76 can only
partially rescue T cell development (Kumar, et al., 2002). TCR signaling, including
calcium flux and ERK activation, is impaired to various degrees in SLP-76 -/- mice
reconstituted with Y3F, Δ224-244, or ΔSH2 SLP-76 mutants. T cell proliferation and
IL-2 production are markedly defective as well. Consistent with the transgenic data, J14
Jurkat T cells expressing these SLP-76 mutants also exhibit a partial reconstitution of
TCR signaling (Yablonski, et al., 2001).
However, despite the extensive structure-function analysis of SLP-76, little is
known about the role of the sterile alpha motif (SAM) domain in the N-terminus of
SLP-76. SAM domains were identified over a decade ago based on a conserved ~70
amino acid domain in 14 eukaryotic proteins (Ponting, 1995). They were predicted to
feature a high content of α-helix and to participate in protein-protein interaction
(Schultz, et al., 1997; Ponting, 1995). Since then, more than 1300 SAM-containing
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proteins have been identified in various organisms, ranging from yeast to humans. SAM
domains can be found in all subcellular compartments and participate in a wide variety
of cellular processes, from signal transduction to transcriptional/translational regulation
(Qiao and Bowie, 2005). Most of the SAM domains studied thus far are involved in
protein interaction with different binding properties. Some SAM domains can interact
with themselves or with other SAM-domain-containing proteins to form oligomers (Kim,
et al., 2001; Qiao, et al., 2004; Kim, et al., 2002; Ramachander, et al., 2002). Others can
interact with non-SAM-containing proteins (Zhang, et al., 2000a). Beside their role in
mediating protein association, certain SAM domains also exhibit RNA-binding
properties (Green, et al., 2003; Aviv, et al., 2003). Given such versatility, understanding
the function of SAM domains relies heavily on extensive experimental characterization
in individual proteins.
The SAM domain of SLP-76 spans from amino acid 12 to 78 at the N-terminus.
Its requirement for SLP-76 function in mediating thymocyte development and TCR
signaling has yet to be explored. Interestingly, transgenic expression of a SLP-76 mutant
with the entire N-terminus deleted fails to restore thymopoiesis in SLP-76 -/- mice, as
indicated by the complete thymocyte development block at the DN3 stage (Kumar, et
al., 2002). However, SLP-76 -/- mice reconstituted with the SLP-76 3YF mutant, in which
only the three N-terminal tyrosines are mutated, contain all subsets of thymic T cells,
albeit at reduced numbers (Myung, et al., 2001). These data suggested a potential role
for the SAM domain in mediating SLP-76 functions. In this study, we generated SLP-76
knock-in mice in which the SAM domain was successfully deleted. Our data showed for
the first time that the SAM domain of SLP-76 plays a critical role in both thymic
selection and TCR signaling.
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5.2 Results
5.2.1 Generation of ΔSAM-SLP-76 knock-in mice
To understand the role of the SAM domain in SLP-76 mediated signaling, we
generated knock-in mice that express a SAM-domain-truncated form of SLP-76 (Figure
5.1). The SAM domain of SLP-76, which spans from amino acids 12 to 78, is encoded
by part of both exons 1 and 4, plus the entirety of exons 2 and 3. The genomic sequences
encoding amino acids 6 to 63 were replaced by a PGK-Neo cassette, which was later
deleted upon crossing with β-actin Cre-recombinase transgenic mice. Exon 4, which
encodes the remaining amino acids 64-78 of the SAM domain, was left intact; because
the intron between exons 3 and 4 is approximately 14kb long, homologous
recombination would potentially be very difficult. We also modified the 3’ end of the
new exon 1 in order to avoid reading frame shift, resulting in the addition of two amino
acids (Ser-Arg). We reason that deletion of most (51 out of 66 amino acids) of the SAM
domain should render it non-functional.
Successful genomic targeting in ES cells was confirmed by Southern blotting
analysis (Figure 5.2 A), the strategy of which is illustrated in Figure 5.1. Positive ES cell
clones were injected into 129/Sv blastocytes to generate chimeric mice, which were
subsequently crossed with β-actin Cre transgenic mice to generate SLP-76 m/+ mice. These
heterozygous mice were backcrossed onto a B6 background for at least 6 generations.
They were then intercrossed to generate homozygous SLP-76 m/m mice, which were born
at an expected frequency. Unlike the SLP-76 -/- mice, which frequently succumb to
prenatal systemic hemorrhage, the SLP-76 m/m mice had no obvious signs of bleeding and
appeared grossly healthy.
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Figure 5. 1

Illustration of the Δ SAM-SLP-76 knock-in targeting strategy.

The exons 1 to 6 of the slp-76 gene are shown, with the start codon (∗) indicated in exon
1. The SAM domain spans from exon 1 to exon 4. Part of the exon 1, together with exon
2 and 3, was replaced by a PGK-Neo cassette, which was later deleted upon Cremediated homologous recombination. = Lox P sites. P1 and P2 represent the PCR
primers used for ES cell screening. P’ represents the hybridization probe used in
Southern blotting screening of correctly targeted ES cell clones. X=XbaI, the restriction
endonuclease used to digest ES cell genomic DNA for the Southern blotting analysis.
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Figure 5. 2

Successful generation of the Δ SAM-SLP-76 knock-in mice.

(A) Southern blotting analysis of genomic DNA from 5 targeted ES cell clones (lane 1 to
5) and one wildtype ES cell clone (lane 6). (B) RT-PCR analysis of SLP-76 m/+ and SLP76 m/m thymocytes using two PCR primers flanking the deleted SAM sequence. (C)
Western blotting analysis of SLP-76 protein expression in FACS sorted SLP-76 +/+, SLP76 m/+, and SLP-76 m/m DP thymocytes. Anti-PLC-γ1 blot is shown as protein loading
control. (D) FACS analysis of the intracellular expression of SLP-76 in CD4 +
splenocytes from SLP-76 m/+ (solid line) and SLP-76 m/m (dotted line) littermates. Grey
area represents negative staining control using B220 + cells.
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We first confirmed that the sequences encoding the SAM domain were
successfully deleted as designed. Total RNA from SLP-76 m/+ and SLP-76 m/m
thymocytes were extracted, and an RT-PCR assay was performed with two primers
flanking the deleted region (Figure 5.2 B). As predicted, the RT-PCR products amplified
from the mutant RNAs were approximately 150 base pairs shorter than the wildtype
ones. The mutant PCR products were then sequenced to ensure successful splicing
between exon 1 (modified) and exon 4 as well as maintaining the correct reading frame
(data not shown). Next, to examine whether the mutant SLP-76 protein was
successfully expressed, DP thymocytes from SLP-76 +/+, SLP-76 m/+, and SLP-76 m/m
littermates were FACS sorted, and their protein lysates were subjected to Western
blotting with a polyclonal antibody that recognizes whole length SLP-76 (Cell Signaling
Technology, #4958). As expected, the ΔSAM-SLP-76 protein expressed in SLP-76 m/m
cells was smaller in size (Figure 5.2 C), and its expression level was comparable to that
of the wild-type protein in SLP-76 +/+ cells. Interestingly, SLP-76 m/+ DP cells
preferentially expressed the wild-type form of SLP-76 protein. Furthermore, intracellular
staining and FACS analysis also showed comparable expression levels of SLP-76
proteins in peripheral T cells from SLP-76 m/+ and SLP-76 m/m littermates (Figure 5.2 D).
These data showed that the ΔSAM-SLP-76 knockin mice were successfully generated
and that the mutant protein was expressed at an endogenous level in T lineage cells.

5.2.2 Disruption of the SLP-76 domain exerts minimal effect on
thymocyte development prior to the DP stage
SLP-76 plays an essential role in pre-TCR as well as TCR-mediated thymocyte
development (Clements, et al., 1998; Pivniouk, et al., 1998; Maltzman, et al., 2005).
Furthermore, the role of SLP-76 is dependent on its various domains (Myung, et al.,
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2001; Kumar, et al., 2002). Therefore, we first sought to examine the effects of SAM
domain deletion on T cell development.
T lineage cells appeared to develop normally in SLP-76 m/+ mice. Both
percentages and total numbers of different thymocyte and mature T cell subsets in
SLP-76 m/+ mice were similar to those observed in SLP-76 +/+ littermates (data not
shown). Thymi from the 4-week-old SLP-76 m/m mice appeared slightly smaller than
those from SLP-76 m/+ littermates, and the total number of thymocytes was modestly
decreased (Figure 5.3). The percentage of DN thymocytes in SLP-76 m/m mice was
slightly increased (Figure 5.4 A). The CD25 vs. CD44 profile of the SLP-76 m/m DN cells
(Figure 5.4 B) revealed an enrichment of the DN3 subset (increased moderately from
46.6% in control mice to 59.0%), accompanied by a mild decrease in the percentage of
the DN4 subset (from 33.5% to 23.5%). However, the absolute numbers of the DN cells
did not appear to be significantly different from those of the control mice (Figure 5.3).
DN thymocytes normally undergo substantial proliferation. One possible
explanation for the relatively normal numbers of DN thymocytes was that the mutant
DN thymocytes had undergone compensatory proliferation. To test this hypothesis, we
performed a BrdU in vivo incorporation assay (Figure 5.4 D). The percentages of BrdU +
cells in all four subsets of the SLP-76 m/m DN thymocytes appeared comparable to their
wildtype counterparts, implying that they had proliferated at similar rates. Together,
these data suggested that the deletion of the SAM domain only slightly impaired SLP-76
function in pre-TCR signaling, resulting in a minor developmental block at the DN3 to
DN4 checkpoint.
We also examined the thymic production of γδTCR+ cells in SLP-76 m/m mice.
SLP-76 has been shown to play a critical role in γδ T cell development as the number of
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Figure 5. 3
Total numbers of different thymocyte populations from SLP-76m/+ and
m/m
SLP-76
littermates.
Five four-week-old mice from each genotype were analyzed. Statistical analysis was
performed using two-tailed student t-test. ∗ indicates p<0.05. ∗∗ indicates p<0.01.
Open circle represents SLP-76 m/+ , and filled circle represents SLP-76 m/m .
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Figure 5. 4
Disruption of the SLP-76 SAM domain exerts minimal effect on DN
thymocyte development, but partially blocks SP thymocyte generation.
(A-C) Thymocytes from four-week-old SLP-76 m/+ and SLP-76 m/m littermates were
analyzed by flow cytometry. FACS plots shown are from one representative of five
mice. Numbers represent the average percentages of the gated populations. (A) CD4 vs.
CD8 profile of total thymocytes. (B) CD44 vs. CD25 profile of CD4 -CD8 - DN
thymocytes. (C) TCRβ vs. HSA profile of CD4 -CD8 + thymocytes. (D) SLP-76 m/+ and
SLP-76 m/m littermates were pulsed with BrdU in vivo for 48 hours. Thymocytes were
stained with FITC-anti-BrdU antibody intracellularly, and the percentages of BrdU +
cells in DN subsets were analyzed by flow cytometry. Open bar represents SLP-76 m/+,
and filled bar represents SLP-76 m/m.
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γδTCR+ thymocytes is greatly decreased in SLP-76 -/- mice (Pivniouk, et al., 1998).
However, the SLP-76 m/m mice contained approximately the same number of γδTCR+
thymocytes as the heterozygous controls (Figure 5.3), suggesting that the SAM domain is
not required for SLP-76-mediated γδ T cell development.
In addition to the DN and γδTCR+ thymocytes, the knockin mice also contained a
similar number of CD8 +HSA hiTCRlo immature single positive (ISP) cells as the control
mice (Figure 5.3). In conclusion, the thymocyte development prior to the DP stage
appeared relatively normal in SLP-76 m/m mice.

5.2.3 Defective positive and negative selection in ΔSAM-SLP-76
knockin mice leads to impaired generation of SP thymocytes
In contrast to SLP-76 -/- mice, which completely lack DP and SP thymocytes,
SLP-76 m/m mice contained a slightly higher percentage of DP thymocytes than the
heterozygous controls (Figure 5.4 A). The total number of SLP-76 m/m DP thymocytes
was moderately decreased as compared with SLP-76 m/+ controls (Figure 5.3). However,
despite a largely normal DP subset, the percentage of CD4 +SP thymocytes was
significantly reduced (from 8.8% to 4.5%) in SLP-76 m/m mice (Figure 5.4 A), and their
total number was decreased by more than 60% (Figure 5.3). The relatively small decrease
observed in the percentage of SLP-76 m/m CD4 -CD8 + thymocyte subset (from 3.6% to
3.1%, Figure 5.4 A) was caused by an enrichment of ISP cells (Figure 5.4 C). Therefore,
the absolute number of mature CD8 +SP thymocytes was still reduced by approximately
50% in SLP-76 m/m mice (Figure 5.3). These data suggested that deletion of the SAM
domain in SLP-76 partially impaired the maturation of SP thymocytes, particularly the
CD4 +SP thymocytes.
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Conditional knockout studies demonstrated the essential role of SLP-76 in TCRmediated DP thymocyte selection (Maltzman, et al., 2005). We used the HY-TCR
transgenic system to study the effects of SAM domain deletion on positive and negative
selection. The HY-TCR transgenic mice carry a MHC class I (H-2Db) restricted αβTCR
that specifically recognizes the male (HY) antigen (Teh, et al., 1989). In female mice,
which lack the HY antigen, CD8 + transgenic SP thymocytes develop following successful
positive selection. On the other hand, the male transgenic mice are largely devoid of DP
thymocytes, which are likely deleted during the negative selection process. Some studies
have argued that such lack of DP thymocytes is a consequence of conversion of DN
thymocytes into γδ-like cells due to premature TCRαβ expression on the DN cells
(Takahama, et al., 1992; Terrence, et al., 2000; Baldwin, et al., 2005). However, other
lines of evidence suggest that this argument cannot be the sole explanation, as HY-TCR+
DP thymocytes can indeed be found in the male transgenic mice and their deletion can
be rescued by CD8β deficiency (Killeen, et al., 1992). It is reasonable to believe that both
development processes likely occur independently of one another, and the male HY-TCR
transgenic mice are still widely used as a negative selection model.
Thymocyte development in HY-TCR transgenic SLP-76 m/+ and SLP-76 m/m
littermates was examined by flow cytometry (Figure 5.5 A). As expected, in female HYTCR+SLP-76 m/+ mice, the HY-TCR+ DP thymocytes underwent successful positive
selection and matured into predominantly CD8 + SP thymocytes. On the contrary,
despite the normal percentage of the DP subset, percentages of SP thymocytes were
significantly reduced in the female HY-TCR+SLP-76 m/m mice, suggesting that positive
selection was impaired in these mutant DP thymocytes. On the other hand, the male
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Figure 5. 5
Disruption of the SLP-76 SAM domain results in defective positive
and negative thymic selection.
(A) Thymocytes from male (top) and female (bottom) HY-TCR+SLP-76 m/+ and HYTCR+SLP-76 m/m littermates were analyzed for their CD4 and CD8 surface expression.
FACS plots shown are gated on HY-TCR+ thymocytes. Numbers represent the average
percentages of the gated populations. (B) Surface expression of TCRβ, CD69, and CD5
on DP thymocytes from SLP-76 m/+ (dotted line) and SLP-76 m/m (grey area) littermates.
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HY-TCR+SLP-76 m/+ mice contained few HY-TCR+ DP thymocytes, yet a substantial
population of such cells persisted in the male HY-TCR+SLP-76 m/m mice, leading us to
cautiously conclude that thymic negative selection was also severely impaired.
We further examined cell surface expression of TCRβ, CD5, and CD69 on the
DP thymocytes, all of which are markers for successful positive selection. As shown in
Figure 5.5 B, CD5 expression on the SLP-76 m/m DP cells was significantly decreased.
Meanwhile, the percentages of TCRβ+ or CD69 + cells also declined among the SLP-76 m/m
DP thymocytes. Altogether, our data strongly suggested that the deletion of the SAM
domain of SLP-76 impaired both positive and negative thymic selection, resulting in a
partial block during the DP to SP transition.

5.2.4 Few mature T cells in the periphery of the ΔSAM-SLP-76 knockin
mice
The spleens in SLP-76 m/m mice appeared grossly normal, and the total number of
splenocytes did not appear significantly different from that of control mice (Figure 5.6).
However, consistent with the thymus data, TCRβ+ cells constituted a lower percentage
of splenocytes in SLP-76 m/m mice when compared to the SLP-76 m/+ mice (Figure 5.7 A);
the numbers of both CD4 + and CD8 + splenic T cells were decreased by about 50%
(Figure 5.6). In contrast to the spleens, the percentage of TCRβ+ cells was only mildly
decreased in the peripheral lymph nodes in SLP-76 m/m mice (Figure 5.7 A). However, the
total number of peripheral lymph node cells in SLP-76 m/m mice was significantly
reduced, resulting in a markedly decreased amount of T cells (Figure 5.6). The CD4:CD8
ratio in both the spleen and peripheral lymph nodes of SLP-76 m/m mice remained similar
to that of the control mice (Figure 5.7 B). Despite being low in numbers, the mutant T
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Figure 5. 6
mice.

Decreased numbers of peripheral T cell in ΔSAM-SLP-76 knockin

The absolute numbers of CD4 + and CD8 + T cells in spleens and (inguinal, axillary, and
brachial) lymph nodes of five-week-old SLP-76 m/+ and SLP-76 m/m littermates were
counted. Five mice from each genotype were used. Statistical analysis was performed
using two-tailed student t-test. ∗ indicates p<0.05. ∗∗ indicates p<0.01. Open bar
represents SLP-76 m/+, and filled bar represents SLP-76 m/m.
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Figure 5. 7
mice.

Decreased percentages of peripheral T cells in ΔSAM-SLP-76 knockin

Splenocytes and (inguinal, axillary, and brachial) lymph node cells from five-week-old
SLP-76 m/+ and SLP-76 m/m littermates were analyzed by flow cytometry. FACS plots
shown are from one representative of five mice. Numbers represent the percentages of
the gated populations. (A) TCRβ expression on total splenocytes and lymph node cells.
(B) CD4 vs. CD8 profile of total splenocytes and lymph node cells.
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Figure 5. 8
Enrichment of CD44 hiCD62Llo effector/memory-like splenic T cells in
ΔSAM-SLP-76 knockin mice.
Splenocytes and (inguinal, axillary, and brachial) lymph node cells from five-week-old
SLP-76 m/+ and SLP-76 m/m littermates were analyzed by flow cytometry. FACS plots
shown are from one representative of five mice. Numbers represent the percentages of
the gated populations. (A) CD44 vs. CD62L profile of CD4 + T cells in spleens and
lymph nodes. (B) CD25 vs. CD69 profile of CD4 + T cells in spleens.
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cells expressed normal levels of surface TCR on a single cell basis (Figure 5.7 A).
Analysis of surface activation markers showed that the frequency of
“effector/memory-like” CD44 hiCD62L lo CD4 +T cells increased in SLP-76 m/m spleens,
with a simultaneous reduction in the percentage of naïve CD44 lo CD62L hi CD4 + T cells
(Figure 5.8 A). A similar phenomenon was observed in splenic CD8 + T cells (data not
shown), but not in lymph node T cells (Figure 5.8 A). However, neither CD4 + nor CD8 +
SLP-76 m/m splenic T cells upregulated surface expression of CD25 or CD69 (Figure 5.8 B
and data not shown), suggesting that basal activation of the mutant T cells was not
disturbed. We reason that the SLP-76 m/m splenic T cells might have undergone
homeostatic proliferation in the spleen, which is known to result in a similar phenotype.

5.2.5 Disruption of the SLP-76 SAM domain impairs TCR-mediated
signaling, resulting in defective T cell activation
All our data pointed to a TCR signaling defect caused by the disruption of the
SLP-76 SAM domain. Therefore, we examined two major signaling pathways
downstream of TCR engagement - ERK activation and calcium mobilization. In Figure
5.9, purified CD4 +T cells from SLP-76 m/m and SLP-76 m/+ mice were stimulated by CD3
crosslinking. Total tyrosine phosphorylation of proteins in the mutant cells, as well as
LAT phosphorylation, remained normal. It appears that deletion of the SAM domain
does not affect TCR proximal signaling events upstream of SLP-76. Phosphorylation of
SLP-76 was also unaffected, suggesting that this process is independent of the SAM
domain. However, the phosphorylation of ERK1/2 was dramatically decreased,
suggesting defective ERK-MAPK activation in the mutant T cells.
Interestingly, PLCγ1 phosphorylation appeared to be undisturbed (Figure 5.9),
which was also observed in TCR-stimulated SLP-76 m/m DP thymocytes (data not
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shown). We next examined TCR-induced calcium mobilization in SLP-76 m/m T cells,
which is dependent upon the activation of PLCγ1. Upon CD3ε crosslinking, the SLP76 m/m DP thymocytes, as well as SP thymocytes (data not shown), mounted a
considerably weaker calcium flux when compared to SLP-76 m/+ controls (Figure 5.10 A).
However, ionomycin treatment induced an equally strong Ca2+ response in both mutant
and control thymocytes, suggesting that the calcium mobilization machinery was intact
in mutant cells and that the dye loading was equal in both samples (data not shown).
The same phenomenon was also observed in peripheral T cells (Figure 5.10 A). These
data strongly demonstrated that the disruption of the SLP-76 SAM domain severely
impaired TCR-mediated calcium mobilization in the mutant T cells.
We wondered whether such calcium response defects occurred at the initial
intracellular calcium release stage, or at the subsequent extracellular calcium influx stage.
To differentiate between these two processes, we used EGTA to chelate the free Ca 2+ in
the assay buffer. Ionomycin stimulation triggered a similar Ca2+ increase in both mutant
and control cells, suggesting that comparable ER Ca 2+ stores were present in these cells
(data not shown). As shown in Figure 5.10 B, in the presence of EGTA, CD3 crosslinking
induced a weak increase in Ca2+ levels in the wildtype control T cells, reflecting calcium
depletion from the intracellular ER stores. However, such elevation was much less
noticeable in the SLP-76 m/m mutant T cells, strongly suggesting that the initial
intracellular calcium release was impaired by the deletion of the SAM domain.
The discrepancy between normal phosphorylation of PLCγ1 and the defective calcium
response led us to further examine the TCR-mediated production of IP3 . IP3 is a
secondary messenger generated from the PLCγ1 cleavage of PIP2 upon TCR engagement.
Its interaction with the IP3 -receptor on the ER membrane triggers intracellular calcium
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Figure 5. 9
Disruption of the SLP-76 SAM domain inhibits TCR-mediated ERK
phosphorylation, but not PLC-γ 1 phosphorylation.
Purified SLP-76 m/+ and SLP-76 m/m CD4 + T cells were stimulated by anti-CD3ε
crosslinking for 2 minutes. Post-nuclear lysates were analyzed by Western blotting with
anti-pTyr, pSLP-76, pPLCγ1, and pERK1/2 antibodies. Anti-SLP-76, PLCγ1 and ERK2
blots are shown as protein loading controls.
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Figure 5. 10 Disruption of the SLP-76 SAM domain suppresses TCR-mediated IP3
generation, resulting in defective calcium mobilization.
(A and B) DP thymocytes and CD4 + splenocytes from SLP-76 m/+ (black line) and SLP76 m/m (grey line) mice were loaded with Indo-1 and then stimulated by anti-CD3
crosslinking with (B) or without (A) the presence of 5mM EGTA. Calcium concentration
was monitored by flow cytometry and represented as the ratio of fluorescence at 405nm
and 510nm. Data shown are representative of at least three independent experiments.
(C) Total thymocytes (left) and purified CD4 + T cells (right) from SLP-76 m/+ (open bar)
and SLP-76 m/m (filled bar) mice were stimulated for 2 minutes by anti-CD3 crosslinking.
IP3 was extracted and quantitated. Fold increase of IP3 production in stimulated
samples was calculated. Data shown are representative of three independent
experiments.
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release. As shown in Figure 5.10 C, upon anti-CD3ε stimulation, both SLP-76 m/m
thymocytes and peripheral CD4 + T cells produced a considerably less amount of IP3
when compared to the controls. These data suggested that, despite normal
phosphorylation, the TCR-mediated activation of PLCγ1 was likely impaired in the
SLP-76 knockin T cells, resulting in the impaired calcium mobilization.
Next, we examined the effects of the defective TCR signaling on the activation of
SLP-76 m/m T cells. Up-regulation of early activation markers, CD25 and CD69, upon
anti-CD3 stimulation appeared normal in the SLP76 m/m T cells (Figure 5.11).
Proliferation of SLP-76 m/m CD4 + CD44 lo naïve T cells in response to stimulation by
various concentrations of plate-bound anti-CD3 and 1µg/ml soluble anti-CD28 was
significantly reduced when compared with SLP-76 m/+ CD4 + CD44 lo T cells (Figure 5.12
A). However, the mutant T cells proliferated at a comparable rate to the control T cells
upon PMA plus ionomycin stimulation, which bypasses TCR engagement (Figure 5.12
A). Similar to the reduced cell proliferation, IL-2 production by SLP-76 m/m CD4 + T cells
was also severely abolished upon anti-CD3/CD28 stimulation (Figure 5.12 B). In
contrast, PMA plus ionomycin stimulation induced efficient production of IL-2 from the
SLP-76 m/m CD4 +T cells as well as the SLP-76 m/+ controls (Figure 5.12 B).
Altogether, these data demonstrated that the disruption of the SLP-76 SAM
domain severely impaired TCR-mediated ERK activation as well as calcium
mobilization, leading to defective cell proliferation and IL-2 production.

5.2.6 Disruption of the SAM domain destabilizes TCR-mediated
SLP-76 clustering in a GADS-independent manner
Previous studies have analyzed SLP-76 -/- mice reconstituted with SLP-76 Y3F,
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Figure 5. 11 Normal TCR-mediated upregulation of early activation markers in
ΔSAM-SLP-76 knockin T cells.
Total splenocytes from SLP-76 m/+ and SLP-76 m/m littermates were either left untreated
(grey area), stimulated with 3µg/ml plate-bound anti-CD3ε (solid line), or stimulated
with 20ng/ml PMA and 0.5µg/ml ionomycin (dotted line) for 6 hours and subsequently
analyzed by flow cytometry. Surface expressions of CD25 (top) and CD69 (bottom) on
CD4 + gated cells are shown.
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Figure 5. 12 Disruption of the SLP-76 SAM domain in T cells suppresses TCRmediated cell proliferation and IL-2 production.
(A) Purified SLP-76 m/+ and SLP-76 m/m CD4 +CD44 lo T cells were either stimulated with
various concentrations of plate-bound anti-CD3 plus 1µg/ml soluble anti-CD28 (left),
or with 20ng/ml PMA plus 0.5µg/ml ionomycin (right). After 36 hours, cells were
pulsed with 3 [H]-thymidine for an additional 6 hours before being harvested for
scintillation counting. Cell proliferation is represented by the counted radioactivity
(counts per minute, CPM). (B) Purified SLP-76 m/+ and SLP-76 m/m CD4 + T cells were
stimulated the same as in (A) for 8 hours. Supernatants were collected and IL-2
concentrations were determined by ELISA. For both (A) and (B), the experiments were
performed in triplicates.
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Δ224-244, ΔSH2, or R448K mutants (Myung, et al., 2001; Kumar, et al., 2002). Among
these mice, those expressing the Δ224-244 mutant exhibited strikingly similar
phenotypes to our SLP-76 ΔSAM knockin mice. The deletion of amino acids 224-244 of
SLP-76 abolishes its interaction with GADS, through which SLP-76 can be recruited to
LAT and lipid rafts. Accordingly, GADS -/- mice also share many gross similarities with
SLP-76 m/m mice (Yoder, et al., 2001). It is possible that, similar to the GADS-binding
motif, the SAM domain also plays a role in the recruitment of SLP-76 to the plasmamembrane.
To investigate the subcellular localization of the ΔSAM-SLP-76 mutant following
TCR stimulation, SLP-76-deficient J14 Jurkat cells were reconstituted with EGFP tagged
wildtype or ΔSAM SLP-76 proteins and subsequently activated by anti-human-CD3ε
antibody (UCHT1) immobilized onto coverslip. The cellular distribution of the EGFP
fluorescence was visualized every 20 seconds by live cell imaging. As previously
reported (Bunnell, et al., 2002; Singer, et al., 2004), SLP-76-EGFP began to form bright
microclusters and translocate to the plasma-membrane within 20 seconds of TCR
stimulation (Figure 5.13). Such clusters were observed at the plane where the cells made
contact with the stimulatory coverslip. Very few, if any, clusters could be found in the
interior of the cells or the other areas of the plasmamembrane not in contact with the
coverslip. These clusters were maintained at the interface over time and could still be
observed after at least 15 minutes (Figure 5.13 and data not shown). In contrast, while
the ΔSAM-SLP-76-EGFP protein was indeed capable of forming clusters at the coverslip
surface, such clustering appeared much weaker in intensity and disappeared much
faster (Figure 5.13).
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To quantitate the cluster formation, we spun the EGFP + J14 cells onto the
stimulatory coverslips and allowed them to be activated at 37°C for 10 minutes before
collecting imaging data. For each cell analyzed, the average intensity of the clusters was
calculated by MetaMorph software, and the numbers of the clusters within various
ranges of intensity were counted. As shown in Figure 5.14, the number of clusters with
high average intensity decreased dramatically in J14 cells expressing the ΔSAM-SLP-76EGFP protein as compared to their wildtype counterparts.
Altogether, these data suggested that the SAM domain might play a role in
mediating and stabilizing the TCR-mediated membrane association of SLP-76, through
mechanisms yet to be understood. The similarity between the ΔSAM knock-in mice and
the SLP-76 -/- mice expressing the Δ224-244 mutant prompted us to speculate whether
the SAM domain functions through GADS-dependent mechanisms. We first examined
the interaction between ΔSAM-SLP-76 and GADS. A comparable amount of GADS
protein was co-immunoprecipitated with wildtype or mutant SLP-76 from thymocyte
lysates, suggesting that the constitutive interaction between SLP-76 from GADS was not
affected by the disruption of the SAM domain (Figure 5.15). Similar data were also
obtained using J14 cells reconstituted with wildtype or mutant SLP-76 (data not
shown).
To further understand the relationship between the roles of the SAM domain and
GADS in SLP-76 function, we generated SLP-76 m/mGADS -/- double mutant mice and
compared them with both SLP-76 m/m and GADS -/- single mutant littermates. Strikingly,
the T cell developmental defects observed in the SLP-76 m/mGADS -/- mice were much
more severe than in either of the single mutant mice (Figure 5.16). The combined effects
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Figure 5. 13 The disruption of SAM domain impairs TCR-mediated SLP-76
microcluster formation in J14 cells.
J14 cells expressing SLP-76-EGFP or ΔSAM-SLP-76-EGFP fusion proteins were dropped
onto coverslips coated with anti-human-CD3ε antibody. t=0s represents the moment the
cells made contact with the coverslip. EGFP clustering at the cell/coverslip interface at
indicated time points are shown.
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Figure 5. 14
formation.

Quantitation of TCR-mediated SLP-76 or ΔSAM-SLP-76 microcluster

J14 cells expressing SLP-76-EGFP or ΔSAM-SLP-76-EGFP fusion proteins were spun
onto anti-human-CD3ε-coated coverslips and activated for 10 minutes. Average
intensity of the EGFP microclusters formed at the cell/coverslip interface was measured.
The numbers of clusters within indicated intensity ranges were counted. Each line
represents one analyzed cell.
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Figure 5. 15

Normal binding between Δ SAM-SLP-76 and GADS.

Total thymocytes from SLP-76 +/+, SLP-76 m/+ and SLP-76 m/m littermates were either
stimulated with anti-CD3ε crosslinking or left untreated. Cell lysates were subjected to
co-immunoprecipitation with anti-SLP-76 polyclonal antibody, followed by Western
blotting with anti-SLP-76 and anti-GADS antibodies.
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Figure 5. 16

T cell development in SLP-76m/mGADS-/- mice.

Thymocytes and splenocytes from 4-week-old SLP-76 m/+, SLP-76 m/m , GADS -/-, and
SLP-76 m/mGADS -/- mice were analyzed by flow cytometry. FACS plots shown are from
one representative of four mice. The numbers represent the percentages of the gated
populations. (Top) CD4 vs. CD8 profile of total thymocytes. (Middle) CD25 vs. CD44
profile of CD4 -CD8 - DN thymocytes. (Bottom) CD4 vs. CD8 profile of total
splenocytes.
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of the SLP-76 SAM domain and GADS deletions caused a nearly complete arrest of
thymocyte development at the DN3 stage. Only few DN thymocytes managed to mature
into DP cells, seeing as only about 18% of total thymocytes were CD4 + CD8 + in the
double mutant mice. Not surprisingly, very few mature T cells could be detected in the
periphery of the SLP-76 m/mGADS -/- mice. These data suggested that the SAM domain
likely exerts its function in a GADS-independent fashion.

5.3 Discussion
SLP-76 is a cytosolic adaptor protein critical for thymocyte development and
mature TCR signaling. Like the majority of other adaptor proteins, SLP-76 lacks any
intrinsic enzymatic activity and instead acts as a protein scaffold. Therefore, to fully
understand the functions of SLP-76, it is crucial to explore its protein interaction motifs
and its binding partners. Most structure-function analysis of SLP-76 has been focused
on three motifs: the three N-terminal phosphotyrosines, the GADS-binding sequence in
the central proline-rich region, and the C-terminal SH2 domain. Yet, more protein
binding motifs have been identified in SLP-76 over the years. A P1 domain within the
proline-rich region of SLP-76 was found to mediate constitutive association with the
SH3 domain of PLCγ1 (Singer, et al., 2004; Yablonski, et al., 2001). In fact, it was later
found that at least three distinct sites within this proline-rich region of SLP-76 could
bind to PLCγ1 (Jia, et al., 2005). Moreover, the SH3 domain of the protein tyrosine
kinase p56 lck can associate with a 10-aa-long sequence (aa185-194) within SLP-76. SLP76 -/- mice reconstituted with the Δ185-194 mutant exhibited defects in thymocyte
development as well as mature TCR responses (Kumar, et al., 2005; Sanzenbacher, et
al., 1999). Additionally, the phosphorylation of serine 376 of SLP-76 induces direct
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association with 14-3-3 proteins, which play a role in down-modulating T cell activation
(Di Bartolo, et al., 2007; Shui, et al., 2007). It is reasonable to believe that more protein
binding motifs of SLP-76 and their binding partners will be identified in the future.
In this study, we demonstrated that a SAM domain, which is generally
considered a protein interaction motif, plays an important role in SLP-76 function in
thymopoiesis. Deletion of the SAM domain in SLP-76 slightly affected pre-TCR
mediated DN3 to DN4 transition. The more obvious developmental block in the ΔSAM
SLP-76 knock-in mice occurred at the DP to SP transition, where the absence of the
SAM domain severely compromised both positive and negative thymic selection, causing
defective generation of SP thymocytes and mature T cells. Furthermore, our data showed
that the SAM domain of SLP-76 is also indispensable for optimal TCR signaling. The
peripheral T cells in SLP-76 m/m mice exhibited defective TCR-mediated calcium
mobilization and ERK activation, leading to decreased IL-2 production and cell
proliferation.
Previous studies have shown that SLP-76 interacts with PLCγ1 in both
constitutive and TCR-inducible fashions. The constitutive binding occurs between the
SH3 domain of PLCγ1 and specific sequences within the SLP-76 proline-rich region. On
the other hand, phosphorylated LAT recruits both PLCγ1 and GADS, which
constitutively binds SLP-76. In this way, SLP-76 also associates with PLCγ1. The
complicated interactions between LAT, SLP-76, and PLCγ1 are necessary for the full
activation of PLCγ1, and any disturbance between either two of them could lead to
defective TCR-dependent calcium flux. It has been proposed that these interactions are
required for PLCγ1 to maintain a conformation that allows it to be phosphorylated and
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catalytically activated (Yablonski, et al., 2001). Furthermore, other studies have shown
that SLP-76 may further contribute to the activation of PLCγ1 by recruiting Vav and Itk,
which have been implicated in direct or indirect phosphorylation of PLCγ1 (Liu, et al.,
1998; Beach, et al., 2007; Reynolds, et al., 2002). However, all these previous studies
demonstrate that SLP-76 regulates the activity of PLCγ1 by affecting its
phosphorylation. Yet, intriguingly, in our study, the TCR-induced phosphorylation of
PLCγ1 appeared unaffected in SLP-76 m/m T cells despite impaired production of IP3
and defective calcium flux. These data suggested that, apart from regulating the
phosphorylation of PLCγ1, SLP-76 might also directly regulate the catalytic activity of
PLCγ1 through novel mechanisms yet to be determined.
Previous microscopic imaging studies in Jurkat cells employing immobilized
stimulatory antibodies have shown that TCR ligation induces rapid formation of
signaling microclusters. These microclusters contain tyrosine kinases and adaptor
proteins, including LAT, GADS, and SLP-76, at the contact site between the cells and
the coated antibody (Bunnell, et al., 2006; Braiman, et al., 2006; Barda-Saad, et al.,
2005; Bunnell, et al., 2002). The persistence of SLP-76 clustering in such experimental
systems appeared to be dependent on its multiple domain structures, including the Nterminal phosphotyrosine motif, the GADS-binding motif, the proline-rich P1 domain, as
well as the C-terminal SH2 domain, as these mutant clusters were rapidly terminated
(Bunnell, et al., 2006). Our data clearly indicated that the deletion of the SAM domain
significantly weakened the intensity and stability of the SLP-76 clusters, suggesting that
the SAM domain is also critical in the formation of these stable and persistent clusters.
While the biological relevance of microcluster assembly is still not clear, the impaired
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recruitment of SLP-76 to these structures likely causes the signaling defects in the SLP76 m/m T cells.
The defects in thymocyte development in GADS -/- mice, in which the LATdependent membrane recruitment of SLP-76 is abolished, are much less severe than
those in SLP-76 -/- mice. The residual signaling seen in GADS -/- mice might result from
membrane recruitment of SLP-76 through Grb2-SLP-76 interaction, PLCγ1-SLP-76
interaction, or alternatively, LAT-independent mechanisms. One of these possible
mechanisms involves the SLP-76 SAM domain, as its disruption in the absence of GADS
markedly abolished the aforementioned residual signaling (Figure 5.16).
How the SLP-76 SAM domain functions in TCR-mediated signaling remains to
be determined. It is possible that this domain interacts with other proteins to stabilize
the LAT-GADS-SLP76-PLCγ1 signaling complex. Our data presented here clearly
demonstrate that this domain is critical for SLP-76 function during thymocyte
development and T cell activation.
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6. General discussion and future direction
6.1 LAT signaling in T cell homeostasis
The majority of data garnered from Jurkat cell lines suggest that LAT acts
primarily as a positive regulator of TCR signaling. This role is confirmed by our data
accumulated from LAT-deficient primary T cells. Moreover, our data suggest that,
without agonistic stimulation, LAT also mediates self-peptide/MHC-induced TCR
signaling and plays a positive role in naïve T cell long-term survival and homeostatic
proliferation (Figure 4.6 and 4.7).
In 2002, two groups independently generated LAT Y136F knockin mice, in which
the LAT-PLCγ1 interaction and, consequently, TCR-induced calcium flux are abolished
(Aguado, et al., 2002; Sommers, et al., 2002). These reports showed that LAT Y136F
CD4 T cells undergo an uncontrolled proliferation while producing large amounts of Th2
cytokines, resulting in a severe Th2-type autoimmune disorder characterized by
organomegaly and IgG1/IgE hypergammaglobulinemia. A year later, it was reported that
knockin mice with mutations at LAT Y175, Y195 and Y235 residues exhibited a similar
Th2-type lymphoproliferative disorder mediated by mutant γδ T cells (Nunez-Cruz, et
al., 2003). These initial data prompted researchers to ask whether LAT can also act a
negative regulator of T cell homeostasis. This hypothesis is certainly supported by the
fact that LAT recruits various phosphatases, such as SHP1/2 and SHIP-1, which can
down-regulate TCR-mediated signaling (reviewed in Chapter 1).
As increasing efforts were put forward to further examine the LAT Y136F mice,
it became clear that the mechanisms behind such lymphoproliferative disorder are quite
complicated. Data from our lab showed that these mutant mice lack naturally arising
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regulatory T cells both in the thymus and periphery. However, very recently, data from
Malissen’s group using Foxp3-EGFP reporter mice showed that Foxp3 + cells were
actually detectable in the LAT Y136F mice (Wang, et al., 2008). The discrepancy
between the two studies might have resulted from different methods employed to detect
regulatory T cells. Nevertheless, the absolute numbers of Foxp3-EGFP + LAT Y136F
regulatory T cells were reduced by 3-fold in the thymus and 1.5-fold in the periphery.
Also, we showed that adoptive transfer of wildtype CD4 + CD25 + T regs into LAT Y136F
neonatal pups was sufficient to prevent the disease. The Malissen group performed the
same experiment using CD4 +Foxp3-EGFP + T regs. While the disease could not be fully
suppressed in their experimental system, the magnitude of disease was indeed reduced.
Overall, we believe that the LAT Y136F pathology is associated with the (partial) loss
of T regs.
The lack of T regs may also play a role in the γδ T cell-mediated
lymphoproliferative disease observed in LAT 3YF mice (Nunez-Cruz, et al., 2003).
These mice lack the entire αβ T cell lineage, including T regs, due to an early block at the
DN3 stage. However, TCRβ-/- mice, which also completely lack T regs, do not develop
such disease, suggesting that the LAT 3YF pathology must be partially attributed to
intrinsic defects in the mutant γδ T cells.
Similarly, the lack of T regs does not appear to be the sole cause of the LAT
Y136F pathology. Data from the Samelson group suggested that altered positive and
negative thymic selection in LAT Y136F mice lead to the escape of autoreactive T cells
that would otherwise be eliminated within the thymus (Sommers, et al., 2005).
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Therefore, the lymphoproliferative disease in LAT Y136F mice appeared to be the result
of a T cell auto-response that is exacerbated by the absence of T regs.
Yet, this assertion does not tell the whole story. In the same report from the
Malissen group mentioned above, it was shown that the LAT Y136F lymphoproliferative
disorder unfolds in a MHC-independent fashion (Wang, et al., 2008). It has been
established that lymphopenia-driven T cell homeostatic proliferation requires TCR-MHC
engagement (reviewed in chapter 1). Yet, LAT Y136F CD4 T cells proliferate vigorously
upon transfer into the lymphopenic periphery of CD3eΔ5/Δ5MHC-II-/- hosts. In
comparison, wildtype T cells fail to undergo such proliferation. It seems that the mutant
T cells have reached such a state that they are largely oblivious to TCR-derived signals.
These data suggest that, contrary to the popular belief, the LAT Y136F pathology may
not be due to T cell self-activation, thereby not qualifying as a genuine autoimmune
disorder.
These data lead us to question the true nature of such MHC-independent T cell
hyperactivity. The disease could be caused by the loss of LAT-PLCγ1 signaling per se, or
it could be a secondary effect of their Th2 differentiation. Studies from the Malissen
group published last month shed more light on this issue (Archambaud, et al., 2009).
Upon crossing onto a STAT6 -/- background, the LAT Y136F CD4 T cells exhibit a
dramatic Th1 effector phenotype, producing large amounts of IFN-γ instead of IL-4. As
a result, antibody-secreting B cells in these LAT Y136FSTAT6 -/- mice switched to primarily
producing Th1-associated Ig isotypes IgG2a and IgG2b. It is known that IL-4 promotes
the upregulation of the transcription factor GATA-3 through the activation of STAT6.
GATA-3 in turn enhances IL-4 transcription, thereby initiating an IL-4-driven, STAT6dependent positive feedback loop, ultimately leading to heritable epigenetic changes in
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the Il4 gene (Ansel, et al., 2003). These data from the Malissen group suggest that the
Th2 fate of LAT Y136F T cells may also have been reinforced by this positive feedback
loop.
Yet one of the most interesting findings in this study is that the LAT Y136FSTAT6 -/CD4 Th1 cells still undergo massive proliferation, suggesting that the hyperactivity of
LAT Y136F T cells is not contingent on the coincident acquirement of Th2 fate.
Therefore, consistent with the original hypothesis, the LAT-PLCγ1 signaling might
indeed play a negative regulatory role in T cell homeostasis. And the loss of such
signaling may bestow upon the mutant T cells the unique ability to undergo MHCindependent homeostatic proliferation, regardless of their Th1 or Th2 commitment.
The ERCre-LAT conditional knockout system can provide us with a tool to
further explore the role of LAT-mediated signaling pathways in T cell homeostatic
proliferation. We can generate ERCre+LAT Y136F/f and ERCre+LAT3YF/f mice. In principle, T
cell development in these mice should remain normal due to the presence of wildtype
LAT protein. Upon tamoxifen treatment, wildtype LAT will be deleted, and the T cells
will only be harboring LAT proteins with Y136F or 3YF mutations. The advantage of this
system is that we can avoid the complication of defective thymic selection as well as the
Th2-polarized environment. Any defects observed in these T cells should be attributed
solely to the LAT mutations. We can adoptively transfer such tamoxifen treated T cells
into LAT -/-, LAT -/-MHC-II-/-, and LAT -/-MHC-I-/- hosts, and then examine the ability of
these T cells to mount lymphopenia-driven homeostatic proliferation. If our hypothesis
is correct, the tamoxifen treated ERCre+ LAT Y136F/f T cells, possibly the ERCre+LAT 3YF/f T
cells as well, should proliferate more vigorously than the control ERCre+LAT f/+ T cells,
with or without MHC molecules.
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6.2 LAT in T regulatory cell survival and maintenance
In Chapter 3, we described the lack of GFP + CD4 + Foxp3 + naturally arising
regulatory T cells in the thymus and periphery of the CD4Cre +LAT f/- mice (Figure 3.12).
As discussed in Chapter 3, this lack of LAT-deficient T regs underscores a stringent
requirement of LAT for T reg development.
However, GFP + CD4 + conventional T cells could be readily detected in the spleen
and lymph nodes of CD4Cre+ LAT f/- mice, albeit in low numbers. As discussed earlier,
the development of these GFP+ T cells might have resulted from signaling mediated by
an undetectable amount of residual LAT protein. Alternatively, we reason that at least a
portion of such GFP+ T cells may have come from their GFP- counterparts that continue
to delete LAT. In this scenario, the chance of continued LAT deletion should be similar
in GFP- T regs and conventional T cells. Yet, all T regs detected in the periphery of
CD4Cre +LAT f/- mice exclusively belong to the GFP- subset. Therefore, we speculate that
LAT-mediated signaling may also play an important role in the survival and
maintenance of peripheral T regs.
The requirement of LAT for the long-term survival of naïve T cells has been
demonstrated in chapter 4. Tamoxifen-treated ERCre+LAT f/- T cells disappeared much
faster than the LAT f/- T cells when co-transferred into a T-cell-replete syngeneic host.
However, in this study, we did not specifically examine the survival of T regs as
compared to conventional T cells. It is likely that, while the survival of both populations
depends on LAT-mediated self-peptide/MHC-induced TCR signaling, the T regs may
depend more heavily upon LAT for their maintenance.
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Using the aforementioned ERCre+LAT f/- and ERCre+LAT Y136F/f mice, we can
directly investigate the role of LAT and LAT-PLCγ1 signaling in maintaining Treg
survival. After tamoxifen treatment, we can follow the kinetic changes in the absolute
numbers of mutant T regs . We can also analyze the changes in the percentages of T regs in
the total CD4 T cell population. Preliminary data in the lab showed that, upon
tamoxifen treatment, LAT-deficient T regs indeed disappeared faster than the LATdeficient conventional T cells. More careful analysis is yet to be performed, and it
remains to be seen if the tamoxifen-treated ERCre+ LAT Y136F/f T regs will behave in similar
fashion.

6.3 LAT and the maintenance of Foxp3 expression in Tregs
One of the most important biochemical events during the thymic development of
regulatory T cells is the induction of Foxp3, the master regulator of T reg differentiation
and function. The molecular mechanisms controlling Foxp3 induction are just beginning
to be deciphered. In the human foxp3 gene, multiple NFAT and AP-1 binding sites are
discovered in the promoter, and TCR-induced NFAT binding is also observed (Mantel,
et al., 2006). Additionally, the transcription factors NFAT, Smad3, CREB, and ATF1/2
have been shown to bind a foxp3 enhancer and upregulate Foxp3 expression (Tone, et
al., 2008; Kim and Leonard, 2007).
However, even less is known about the mechanisms maintaining Foxp3 protein
expression in T regs that have already differentiated. It has recently been demonstrated
that the continued expression of Foxp3 in mature T regs is essential for maintaining the
T reg developmental program (Williams and Rudensky, 2007). The induced ablation of
Foxp3 in mature T regs results in a loss of suppressive activities. Moreover, such Foxp3-

158

deficient “T regs ” lose CD25 expression, yet acquire the abilities to produce IL-2 and Th1
cytokines. Therefore, it is important to understand the molecular mechanisms controlling
sustained Foxp3 expression in the periphery.
One possible mechanism is that mature T regs may require weak yet frequent
interactions between their TCRs and environmental self-ligands to transduce signals that
maintain the transcriptionally active state of the foxp3 locus. Alternatively, the
chromatin structure at the foxp3 locus could be permanently altered during thymic
development such that the foxp3 promoter simply maintains a transcriptionally
competent state in mature T regs. The ERCre-LAT conditional knockout system provides
a useful model to disturb self-peptide/MHC-induced TCR signaling. As discussed
before, with this system, we can obtain normally developed regulatory T cells with no
LAT expression or with a specific deficiency in LAT-PLCγ1 signaling. We can then
conveniently examine the changes in Foxp3 expression following tamoxifen treatment.
Preliminary data have hinted that deletion of LAT protein from mature T regs may indeed
cause attenuated expression of Foxp3 protein, although it remains to be determined
whether these data are reproducible and significant. If the role of LAT in Foxp3
expression maintenance can be confirmed, we can additionally ask if such regulation
occurs at a transcriptional level or at a post-translational level. Moreover, we can also
investigate whether the loss of LAT protein or LAT-PLCγ1 signaling leads to defective
T reg suppressive activity in vitro or in vivo. With these studies, we might be able to
uncover an important role of self-peptide/MHC-induced TCR signaling for maintaining
peripheral tolerance.
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