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1. ABSTRACT
Productive immune responses require optimal T cell activation. T cell
activation is dependent on TCR-initiated signaling events that occur within
compartmentalized signaling complexes known as SLP-76 microclusters. SLP-76
microclusters are sites of active tyrosine phosphorylation and enzymatic activity at
the immune synapse. Furthermore, SLP-76 microclusters recruit a variety of adaptor
molecules that provide scaffolding functions to maintain the integrity of the complex
and to protect against the actions of down-regulating kinases, phosphatases,
caspases and ubiquitin ligases. I propose that in addition to acting as hubs of
catalytic activity that are required for calcium flux and changes in the transcriptional
profile of T cells, SLP-76 microclusters act as points of adhesion that bridge the TCR
to the actin cytoskeleton and influence the topology of the immune synapse so as to
maintain stable T cell-APC conjugates. I hypothesize that SLP-76 microclusters act
as T cell-specific podosomes that reinforce areas of tight contact with the APC
surface, thereby enabling the TCR to act as an adhesion receptor that stabilizes the
immune synapse for prolonged T cell-APC conjugate formation and optimal TCR
signal transduction. In addition, I hypothesize that SLP-76 microclusters integrate
inside-out signals from the TCR to integrins to reinforce the adhesive capability of
the immune synapse during antigen recognition.
Here I show that one key regulator of inside-out signaling, SKAP55, recruits to
TCR-induced SLP-76 microclusters and impacts microcluster dynamics, TCRmediated contact stability and T cell retention to anti-CD3-coated substrates or
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integrin ligands. These are the first data to demonstrate a role for SKAP55 in T cell
spreading and adhesion downstream of solo TCR ligation. I demonstrate that
dimerization of the SKAP55 SH3 domains is sufficient for these processes but is not
sufficient for communication to β1 integrins. Inside-out signaling to integrins is
dependent on scaffolding interactions between the SKAP55 N-terminal dimerization
motif (DM) and the adaptors RIAM and talin. In addition, I demonstrate that the
SKAP55 DM is required for optimal expression of paxillin, an important regulator of
α4 integrin-mediated adhesion and migration. Analysis of SKAP55 function within the
context of SLP-76 microclusters has revealed diverse roles for this molecule in TCR
and integrin-dependent adhesion and promises to provide important insight with
respect to how diverse arms of TCR signaling are coordinated in space and time to
promote T cell activation and ensuing immune responses.
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The SKAP55 N-terminus coordinates diverse mechanisms of T cell adhesion
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6. INTRODUCTION
6.1 The initiation of T cell-mediated immune responses
6.1.1 T cell recruitment into lymphoid compartments
T cells play a central role in cell-mediated immunity and an indirect but
equally important role in humoral immunity. The ability of these lymphocytes to
protect the host from infection and disease depends on their ability to recognize
foreign peptides displayed on the surfaces of antigen-presenting cells (APCs)
residing in secondary lymphoid organs such as lymph nodes (LNs) and spleen. The
constant circulation of naïve T cells into LNs helps maximize the exposure of as
many T cells as possible to rare, foreign antigen in the context of peptide-major
histocompatibility complexes (pMHC). T cell recruitment to lymph nodes from the
blood stream and lymphatic system is dependent on multiple adhesion molecules of
the immune system. Initially, binding of L-selectin on the T cell surface to peripheralnode addressins (PNADs) expressed on the endothelium such as glycosylationdependent cell adhesion molecule 1 (GLYCAM1) and cluster of designation (CD)-34,
enables slow rolling and slows down T cell movement [1–3]. Subsequent ligation of
the chemokine receptor 7 (CCR7) on the T cell surface by chemokine ligand 19
(CCL19) and chemokine ligand 21 (CCL21) on the endothelium triggers downstream
inside-out signaling from CCR7 to integrins, a large class of transmembrane
heterodimeric receptors comprised of non-covalent α and β chains [2–12]. The
immunologically relevant integrins for T cell recruitment to and migration within
lymph nodes are the αLβ2 leukocyte-function-associated antigen 1 (LFA-1, CD11a
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(αL)/CD18(β2)) and α4β1 very-late-antigen-4 (VLA-4, CD49d (α4)/CD29(β1)) [7, 8, 13–
22]. Inside-out signaling from chemokine receptors trigger structural transitions in
LFA-1 and VLA-4 on the T cell surface that increase their affinities for intercellular
adhesion molecule-1 (ICAM-1) and vascular cellular adhesion molecule-1 (VCAM-1),
respectively [7, 9, 11, 23–26]. Binding to ICAM-1 and VCAM-1 enables T cells to
transmigrate into the lymph node itself via high endothelial venules (HEVs); once
there T cells proceed to migrate randomly along fibroblast reticular cell networks
(FRCs) in a CCL21 and CCR7 dependent manner [2–4, 6, 9, 10, 12, 27]. Soon after
recruitment into the lymph nodes, T cells, via their T cell receptors (TCRs) can
interact with APCs such as dendritic cells (DCs), which accumulate around HEVs, to
quickly scan for relevant antigen in the context of pMHCs. Upregulation of the
activation marker CD69 as a result of transient interactions with APCs prevents T
cell egress from the lymph node, thereby maximizing the chances of antigen
recognition and the induction of robust immune responses. As T cells migrate
through the lymph node, they progressively reacquire surface expression of the
sphingosine-1-phosphate receptor (S1PR) which enables cells to egress the lymph
node by binding to S1P [3, 4, 28]. S1PR binding overrides signaling from chemokine
receptors, thus enabling recruitment to the cortical and medullary sinus and,
eventually, departure from the lymph node through the proximal efferent lymphatic
vessel.
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6.1.2 T cell activation requires that the TCR overcome the repulsive forces of
glycocalyces in order to engage pMHC on the APC surface
Productive immune responses depend on T cell activation via TCR
engagement of pMHC complexes that reside on the APC surface. Within the first 8
hours of recruitment into lymph nodes, T cells form transient serial interactions with
APCs in which they scan APC surfaces for relevant antigen. These transient
interactions are sufficient for the induction of intracellular calcium flux and the
upregulation of CD69 on the T cell surface, resulting in TCR priming before full
activation. These transient T cell-APC contacts are not however, sufficient for the
induction of optimal T cell activation or T cell-mediated immune responses [29].
Since T cell and APC surfaces are covered in negatively charged
glycocalyces that generate strong repulsive forces whenever these two cell types are
in proximity to one another, it is remarkable that T cell-APC contacts ever form at all
(Fig. 1). It is estimated that up to 30% of the T cell surface area is occupied by CD43
and CD45, glycoproteins which span a distance of approximately 40 nm. How, then,
does the TCR overcome these repulsive forces to engage pMHC? The TCR-pMHC
complex itself spans a combined distance of 15 µm, too short to overcome the
repulsive forces of the opposing glycocalyces; however, LFA-1/ICAM-1 bonds span
a significantly larger distance of 40 nm, sufficient for initiating T cell-APC docking
[15, 30–32]. Furthermore, integrin-dependent signals can contribute to the local actin
polymerization and reorganization required for the generation of protrusive structures
that promote TCR engagement by pMHC (Fig. 2). Additional actin polymerization in
microvilli gives rise to the formation of invadosome-like protrusions (ILPs), the tips of
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which are decorated with TCRs [33]. The protrusive forces of ILPs can overcome the
repulsive forces of the APC glycocalyx, allowing for the engagement of relevant
pMHC on the APC surface.
6.1.3 Additive adhesive strength from CD2 and SLAM receptors helps sustain
conjugates for optimal T cell activation
Due to the low affinity of TCR for pMHC, weak interactions between TCR and
pMHC complexes alone cannot not support the serial engagement of multiple TCRs
with a single pMHC complex, and would not provide the necessary timing required
for downstream gene transcription. Impaired T cell-APC conjugate formation would
result in defective T cell activation and immunodeficiency as it has been
demonstrated that prolonged interactions between T cells and APCs are important
for T cell cytokine production, proliferation and differentiation into effector memory
subsets [29, 34]. Sustained conjugate formation is also important for polarization of
the microtubule organizing center (MTOC) and the subsequent polarized secretion of
lytic granules (containing perforins and granzymes) for targeted killing of APCs and
tumor cells [29, 35–39]. Studies have demonstrated that while initial conjugate
formation is integrin-dependent, blocking signaling lymphocyte activation molecule
(SLAM)-family receptor-ligand interactions impairs sustained conjugate formation
with B cells. Additionally, CD2 has been shown to positively contribute to antigenindependent T cell adhesion, and blocking the CD2-CD58 interaction impairs T cellAPC conjugate formation [31, 32, 40–44].
Contributions from CD2-CD58 and SLAM-family receptor ligation to T cell
adhesion to APCs may provide the necessary collective adhesion strength (avidity)
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and co-stimulatory signaling required for sustained T cell-APC conjugate formation
and TCR engagement of pMHC, thereby enabling the signals required for gene
transcription and optimal T cell activation (Figs. 3, 4).
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Figure 1. Glycocalyces on T cell and APC surfaces provide repulsive forces
due to their negative charge.
The T cell and APC surfaces are covered with glycoproteins that are negatively
charged. Based on these charges, whenever these two cell types are in proximity to
one another, they should be strongly repelled. How does the TCR over come these
repulsive forces to engage pMHC?
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Figure 2. Integrin-ligand bonds span a sufficient distance to bring T cell-APC
surfaces into proximity to one another
After chemokine-triggered inside-out signaling, integrins on the T cell surface
undergo structural transitions that result in high affinity engagement of ligands on the
APC. Integrin-ligand bonds span a distance of approximately 40-50 nm, sufficient for
overcoming repulsive forces from the opposing glycocalyces. Tethering of the two
cell types in this manner enables local actin polymerization to form protrusive
structures that bring the TCR in proximity to the APC for pMHC engagement.
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Figure 3. CD2 and SLAM-family receptors localize adjacent to the TCR and
may provide additive adhesive strength for sustaining T cell-APC conjugates.
In addition to integrins, adhesion molecules such as CD2 and SLAM-family receptors
may provide adhesive strength that maintains the longevity of T cell-APC conjugates
to drive optimal TCR signal transduction and T cell-mediated immune responses.
CD2 binds to CD58 (LFA-3), while diverse SLAM-family receptors bind to different
ligands.

!

9!

Initial T cell-APC
contacts are
initiated by integrinligand bonds

Integrin-mediated adhesion
enables the TCR to be brought
into closer proximity to APCs
for pMHC engagement

APC

Integrin, CD2 and SLAM-receptor
adhesion stabilize T cell-APC conjugates
for sustained TCR engagement of pMHC
and optimal T cell activation

APC

APC
T cell

T cell

T cell

T cell activation and subsequent
T cell-mediated
Immune responses

Figure 4. Invadosome-like protrusions are actin-rich structures that enable the
TCR to be ligated by pMHC complexes in regions of tight T cell-APC contact.
Model for multi-step formation of stable T cell-APC conjugates required for optimal T
cell activation. The tips of ILPs are decorated with TCR and CD2 to sustain contact
with APCs upon antigen recognition. Red arrows indicate points of TCR-pMHC
contact. ILPs reinforce areas of tight contact between T cells and APCs, giving rise
to sustained conjugate formation and optimal T cell spreading. Increased contact
area enables multiple simultaneous TCR-pMHC engagements for optimal TCR
signaling and T cell activation.
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6.2 Sustained TCR signaling occurs at the immune synapse

!
6.2.1!Formation!and!architecture!of!the!immune!synapse!
!
Sustained T cell-APC conjugates depend on the formation of a dynamic
structure at the T cell-APC interface known as the immune synapse. Formation of a
mature immune synapse depends on TCR-driven signals that result in the
phosphorylation of ezrin/radixin/moesin (ERM) complexes and the release of the
cortical actin cytoskeleton [45]. The actin cytoskeleton subsequently undergoes
significant polarization to the T cell-APC contact site, where the morphological
reorganization of actin into a peripheral ring at the contact boundary is critical for T
cell activation to proceed.
The immune synapse can be subdivided into distinct concentric cellular zones
referred to as supra-molecular activation clusters (SMACs) (Fig. 5) [46, 47]. Each
SMAC contains distinct topological and molecular features; the outermost zone
found at the boundary of the synapse is known as the distal-SMAC (dSMAC), is rich
in F-actin and is believed to be where the TCR initiates contact formation with
pMHC; it also serves as the site for the subsequent nucleation of signaling
complexes that transduce activation signals. Just inside the dSMAC lies the
peripheral-SMAC (pSMAC) to which integrins such as LFA-1 and VLA-4 and
integrin-activating molecules such as talin localize. This pSMAC is believed to be a
pro-adhesive region that enables sustained conjugate formation and co-stimulatory
signaling. Internal to the pSMAC is the central-SMAC (cSMAC), which can be
separated into TCR-low and TCR-high regions. The TCR-low region of the cSMAC is
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enriched in CD28 and CD2, molecules that may contribute to the formation of sealing
zones that ensure tight, directed secretion of cytokines and lytic granules during
targeted killing of APCs and tumor cells. Since the TCR-low region of the immune
synapse positively contributes to T cell activation, it has been proposed that region
be referred to as the inner or intermediate-SMAC (iSMAC) (Fig. 5) [48]. Internal to
the “iSMAC” is a central TCR-high region that is believed to be a site of TCR
internalization and degradation, and this area of signal termination should be
referred to as the true cSMAC. Although the formation and organization of the
immune synapse in this manner was described in detail for helper T cells (Th), highly
similar topology similar domain segregation has been observed for thymocytes,
cytotoxic T cells (CTLs), regulatory T cells, innate-like T cells B cells and NK cells
[42, 49–53]. Hence, the topology and signaling patterns that take place at the
immune synapse are a conserved mechanism present in several arms of the
immune system.
While subdivision of the immune synapse into independent SMACs and
accumulation of the TCR in the cSMAC was initially correlated with positive signaling
and T cell activation, subsequent studies demonstrated that while T cells do form
“classical” bulls-eye immune synapses when in contact with naïve B cells, the
formation of the cSMAC is not evident when conjugates involve activated B cells
stimulated with TNFα. Rather, TNFα-activated B cells support multifocal synapses
with TCRs distributed throughout the contact area (Fig. 5) [54]. Furthermore, it has
been demonstrated that CD4+ helper T cells can form immune synapses with distinct
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topologies based on whether they exhibit a type 1 or type 2 phenotype; Th2 T cells
form multifocal synapses while Th1 T cells form a canonical immune synapse with
defined pSMAC and cSMAC formation. In comparison, Th2 T cells form multifocal
synapses with multiple TCR-pMHC complexes interspersed throughout the contact
area that are enriched in tyrosine phosphorylated (active) signaling molecules [55].
Multifocal synapses are also observed when conjugates involve dendritic cells, and
have also been described for CD4+CD8+ double positive thymocytes on lipid bilayers
[56, 57]. Such results indicate that formation of classical SMACs is not required for
positive TCR signaling or T cell activation. Rather, the distribution of TCR complexes
throughout multifocal synapses devoid of negative regulators of signaling such as
CD45, and the finding that these TCR are hotspots of active tyrosine
phosphorylation, suggest that protein clusters containing the TCR and its associated
signaling machinery are sufficient for driving T cell activation. Further studies using
antibodies that block antigen detection and downmodulate T cell activation have
found that such cells still formed cSMACs, indicating that this structure cannot be
correlated with positive signaling [58]. Additionally, the kinetics of T cell activation,
which is initiated within seconds and peaks within several minutes, do not correlate
with the kinetics of cSMAC formation. Together, these data indicate that formation of
the cSMAC is not the mechanism by which T cell activation is initiated.
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Figure 5. Distinct topologies of the immune synapse
(A) Classical bulls-eye synapse formed when T cells interact with naïve B
cells or lipid bilayers. (B) Multifocal synapse observed when T cells interact
with dendritic cells or activated B cells; also observed in Th2 T cells and
double-positive thymocytes. (C) Synapse of cytotoxic T cells where lytic
granules are secreted at the secretory domain (blue). Panels adapted from
Friedl, et al., 2005. (D) Revised model of immune synapse architecture: actin
rich dSMAC, followed by an integrin rich pSMAC, CD2 and CD28 rich iSMAC,
and actin-poor cSMAC involved in TCR internalization and signaling
downmodulation.
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6.3!T!cell!activation!requires!compartmentalized!TCR!signaling!within!
microclusters!
!
6.3.1!The!assembly!and!function!of!microclusters!upon!triggering!of!the!TCR
!
The majority of T cell populations express TCR dimers comprised of noncovalently linked α and β chains. This αβ heterodimer is associated with CD3
complexes containing εδ and εγ heterodimers and ζζ homodimers. Although the
TCR itself contains antigen-recognition sequences, signaling is propagated through
the associated CD3 complexes that contain immunoreceptor-tyrosine activation
motifs (ITAMs). These ITAMs are tyrosine phosphorylated by Src-family kinases
such as Fyn and lymphocyte-specific protein tyrosine kinase (Lck), which
phosphorylate the ITAMs soon after TCR ligation. Phosphorylated ITAMs in turn,
serve as motifs for the recruitment of effector and adapter molecules that drive T cell
activation.
Phosphorylated ITAMs serve as docking sites for the tandem Src-homology 2
(SH2) domains of the Syk-family kinase known as zeta-chain associated protein
kinase of 70 kilodaltons (kD) (ZAP-70). Once ZAP-70 is recruited to the TCR, it is
phosphorylated and activated by Lck and Fyn. ZAP-70 subsequently phosphorylates
various downstream adapter proteins that play important roles in facilitating T-cell
activation, including linker of activated T-cells (LAT), an integral membrane protein
phosphorylated on four tyrosine residues in its cytoplasmic tail. Phosphorylation of
two such residues, Tyr171 and Tyr191, is important for the recruitment and binding of
two adapter molecules that are constitutively associated with one another: Grb2-like
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adapter protein (Gads) and Src-homology-2 domain containing SH2 domaincontaining leukocyte phosphoprotein of 76 kD (SLP-76). The Gads-SLP-76 module
docks to LAT via the Gads SH2 domain; upon recruitment to LAT, SLP-76 gets
phosphorylated, allowing for recruitment of the guanine nucleotide exchange factor
(GEF) Vav, noncatalytic region of tyrosine kinase (Nck), IL-2-inducible T cell kinase
(Itk), and phospholipase C gamma-1 (PLCy1). Associations among these and many
other proteins result in the formation of a multimolecular signaling complex termed
the “SLP-76 microcluster,” which transmits signals that govern T cell activation by
regulating cytoskeletal events and by activating transcription factors [48, 59–69].
Thus, signaling microclusters control T cell behavior and the ensuing host immune
response.
An overwhelming amount of published biochemical, functional and imaging
data indicates that T cell activation occurs well before the formation of the immune
synapse. Several studies using either anti-CD3-coated glass coverslips or lipid
bilayers have shown that the initiation of TCR signaling and T cell activation occurs
within signaling microclusters and does not require formation of the classical immune
synapse [58, 60]. For example, Bunnell, et al. 2002 demonstrated that a single SLP76 microcluster, the assembly of which precedes full contact formation, is sufficient
for maximal intracellular calcium flux downstream of solo TCR ligation on glass
coverslips. Furthermore, Varma, et al. 2006 demonstrated that TCR-proximal signals
are actually sustained in peripheral microclusters and terminated in the cSMAC. By
UV-photoactivation of the TCR, Huse, et al., 2007 demonstrated that signaling
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microclusters form within 4 seconds after TCR ligation by pMHC, far quicker than
synapse maturation and cSMAC formation [70]. Subsequent studies have
demonstrated that retardation of microcluster centralization via the use of
geometrically patterned substrates or ligation of co-stimulatory molecules enhances
TCR signaling and T cell activation [71–73]. Cumulatively, these data demonstrate
that the segregation of the immune synapse into SMACs is not required for optimal T
cell activation.
6.3.2 The importance of clustering in T cell activation
In the context of antigen recognition, there are several reasons why
microclustering favors T cell activation. Firstly, the T cell receptor itself has relatively
low affinity for its relevant pMHC, and since there are relatively few pMHC on an
APC that a given TCR is specific for, a TCR with moderate affinity for antigen would
be unable to be triggered by the 10-100 foreign peptide-presenting pMHC that are
interspersed in the sea of thousands of additional pMHC complexes on the APC
surface. Low-moderate affinity for a TCR is crucial because it ensures that the TCR
is not subjected to constitutive binding to pMHC and strong downstream signaling
that would result in dysregulated T cell activation (either immunodeficiency or
pathology). Consequently, a rapidly dissociating TCR-pMHC interaction that lasts 12 minutes cannot trigger the sustained downstream activating-signal transduction
that takes place over the course of minutes to hours.
Secondly, the TCR is a monomeric receptor that is only weakly capable of
participating in lateral interactions with other TCRs on the surface of resting T cells.
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However, many studies assessing the biochemical and functional mechanisms of T
cell activation have demonstrated that maximal T cell activation is achieved upon
cross linking with pMHC complexes or stimulatory anti-CD3 antibody such as C305 –
such crosslinking would favor increased signal amplification via the formation of
microclusters (Fig. 6).
Clustering is a conserved mechanism of signal transduction that helps
facilitate activation by oligomerizing receptors and receptor-associated effector and
adapter molecules into scaffolds that orchestrate and relay messages from the
plasma membrane to diverse compartments within the cell (Fig. 6). Downstream of
ITAM-coupled receptors involved in antigen recognition, microclustering increases
Src-kinase mediated tyrosine phosphorylation of the ITAM motifs themselves,
thereby skewing the balance between tyrosine phosphorylation and
dephosphorylation towards increased phosphorylation [74]. Phosphorylated ITAMs
subsequently recruit Syk-family kinases which bind via their tandem-SH2 domains
and further promote activation by protecting ITAMs from dephosphorylation [75].
Microclustering also causes local increases in TCRs throughout the immune
synapse (Fig. 6). These ʻhotspotsʼ of antigen engagement exclude phosphatases
and other negative regulators of T cell activation; clustering of antigen-specific TCRs
limits their diffusion from relevant pMHC complexes after dissociation and instead
favors receptor re-engagement to ensure repeated and sustained signaling for
optimal activation. Along these lines, Kumar, et al. 2011 demonstrated that antigenexperienced effector and memory T cells assembled oligomeric TCR complexes on
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their surfaces that were larger than those found on naïve T cells; assembly of these
large oligomeric TCR complexes could explain why effector and memory T cells
have a lower threshold for reactivation upon antigen recognition than naïve cells
[76]. Additionally, the oligomeric nature of microclusters makes them well suited for
trapping molecules involved in activation; protein multimerization within signaling
complexes may retain proteins within sites of local signal propagation for extended
periods of time, protecting them from inactivation by phosphatases, ubiquitin ligases,
and caspases.
Microclustering is a conserved phenomenon that occurs downstream of all
known ITAM-based activating receptors including the B cell receptor (BCR), natural
killer-group G, member D (NKG2D) receptor and various fragment crystallizable
receptors (FcRs) [48]. Understanding how microclustering of receptors and their
associated signaling machinery occurs in one model system provides significant
insight with regards to how diverse arms of the immune system are coordinated
during the initiation of an immune response.
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Figure 6. Microclustering provides additive signal strength.
The TCR is a monomeric receptor with relatively poor affinity for pMHC. The halflife of a single TCR-pMHC complex is not sufficient for sustaining the signals
required in facilitating optimal T cell activation. Nanoclustering of the TCR and
associated signaling molecules results in signal amplification by creating ʻhotspotsʼ
of signaling throughout the immune synapse that exclude negative regulators of
activation such as phosphatases. (C) Nanoclusters subsequently assemble into
larger complexes known as microclusters that drive T cell activation by providing
the necessary avidity to sustain long term signaling, leading to changes in gene
transcription and subsequent T cell activation. Microclusters also reinforce areas
of tight contact between T cells and APCs, promoting sustained adhesion and the
long-lived T cell-APC conjugates required for differentiation of T cell subsets,
cytokine production and proliferation.
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6.3.3 SLP-76 signaling Microclusters
In order for TCRs to facilitate immune synapse formation and optimal T cell
activation, they must relay signals to the actin cytoskeleton. While the TCR may
couple directly to actin via the cytoplasmic tails of the associated CD3 complex,
SLP-76 microclusters are attractive candidates for being actin-based effectors of
TCR ligation that may serve as a platform for coupling to the actin cytoskeleton in
addition to the TCR; SLP-76 microclusters couple directly to actin and integrate
regulators of actin polymerization and reorganization (Fig. 7) [60, 64, 77–80].
Microclustering of the TCR and its downstream effector molecules, including SLP-76,
thus creates multiple points of engagement between the TCR and the actin
cytoskeleton, thereby increasing the avidity of TCR-actin interactions that are
required for optimal spreading and TCR triggering.
Studies involving interference reflection microscopy and electron micrography
have demonstrated that TCR and SLP-76 microclusters arise in areas of tight
contact with stimulatory glass substrate or APCs [60, 81]. These data are consistent
with the size exclusion model which posits that local actin polymerization and
reorganization orchestrated by the microclusters and their associated signaling
machinery result in the formation of microdomains at the immune synapse that are in
close membrane apposition to the APC [41, 82–84]. These areas of tight contact are
incompatible with the extended ectodomains of membrane-bound phosphatases
such as CD45. Hence, by excluding negative regulators such as CD45 from these
microdomains on the basis of size, microclusters reinforce positive signal
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transduction and T cell activation. The mechanical segregation model argues that by
stabilizing protrusive structures that reinforce areas of tight T cell-APC contact,
clustering contributes to T cell activation by creating mechanical and topological
barriers that prevent negative regulators of signaling from accessing the signaling
machinery required for T cell activation to proceed forward [62].
SLP-76 microclusters, whose core components are the adapters LAT, Gads,
and SLP-76, recruit effectors that transduce signals required for T cell activation
(Fig. 7). Direct interactions with SLP-76 and LAT recruit the adapter Nck and the
effectors Vav1 and PLCy1, while the tyrosine kinase Itk and the serine-threonine
kinase Pak are predicted to enter SLP-76 microclusters based on their biochemical
interactions with core microcluster components. Although adapter proteins in
general maintain the integrity of the microcluster while effector proteins drive signal
transduction, this division of labor is not strictly maintained: effectors recruited into
SLP-76 microclusters also contribute to the stability of these structures [64].
Perturbations that impair SLP-76 microcluster assembly lead to major defects in T
cell activation such as preventing Ca2+ fluxes and the downstream phosphorylation
of target molecules [61, 64]. SLP-76 microclusters rapidly separate and move away
from the TCR microclusters at which they are assembled: the directional movement
of SLP-76 towards the center of the T cell contact is widely thought to contribute to
SLP-76 microcluster down-modulation, as several studies have shown that
preventing centripetal movement via geometrically patterned substrates or via
ligation with co-stimulatory ligands enhances T cell activation [58, 73].

!

22!

6.3.4 SLP-76 microcluster movement may also positively contribute to T cell
activation by enabling the TCR to act as a mechano-sensitive receptor
Antigen-stimulated T cells generate significant TCR-dependent pushing and
pulling forces, and recent studies have shown that the TCR can be triggered by the
combination of a non-stimulatory Fab targeting CD3 following the application of a
tangential force of 50 pN [85, 86]. In addition, quantitative studies using atomic force
microscopy (AFM) technology have shown that the TCR-pMHC bond ruptures in
response to pulling forces of 10-20 pN [87]. These and other observations suggest
that TCR microclusters can bears loads in the range of 10-50 pN. Given that the
stepwise unfolding of the integrin-activating molecule talin involved in actin coupling,
occurs in response to applied forces of 2-12 pN, the TCR should be capable of
transducing forces sufficient to induce conformational changes in various
cytoplasmic signaling molecules [88].
SLP-76 centralization depends on both actin retrograde flow and myosin IImediated contraction for centripetal movement to the center of the contact [89, 90].
Considering their proximity to the TCR and their ability to link directly to the
underlying actin cytoskeleton, SLP-76 microclusters may couple the TCR to
intracellular force-generating systems that apply lateral forces to the TCR and initiate
T cell activation (Fig. 8). Along these lines, Babich et al., 2012 demonstrated that
simultaneously freezing actin retrograde flow and myosin-mediated contraction of
the cytoskeleton with pharmacological inhibitors impaired intracellular calcium flux
downstream of solo TCR ligation on anti-CD3-coated glass coverslips: this treatment
also correlated with the arrest of SLP-76 microcluster movement [89]. These data
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support a model in which retrograde actin flow and centripetal SLP-76 microcluster
movement could contribute to T cell activation by exerting lateral forces on the TCR
and increasing intracellular tension (Fig. 8). Increased intracellular tension would
promote the stepwise unfolding of downstream signaling molecules that positively
contribute to T cell activation and immunity such as Crk-associated substrate in
lymphocytes (CasL), proline-rich kinase 2 (Pyk2), focal adhesion kinase (FAK), talin,
vinculin, and calcium ion channels such as Orai1 [91–100]. Unfolding of
conformation-regulated domains in these molecules exposes binding and
phosphorylation sites that could contribute to microcluster dynamics and
downstream signaling pathways. Supporting this model, a recent study has
demonstrated that the FAK-family kinase Pyk2, a known regulator of
mechanotransduction, controls the differentiation of T cells into the CD8+ effector
subset, while prior work from the Bunnell laboratory (Nguyen, 2008) has shown that
tyrosine phosphorylated Pyk2 co-localizes with TCR-induced SLP-76 microclusters
with high stoichiometry [101].
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Figure 7. Molecular composition of TCR and SLP-76 microclusters.
TCR ligation triggers the formation of distinct signaling assemblies termed
ʻmicroclusters.ʼ The TCR microcluster is comprised of the TCR, ZAP-70 and Lck.
ZAP-70 phosphorylation of LAT, Gads and SLP-76 triggers the formation of the SLP76 microcluster. The SLP-76 microcluster coordinates diverse downstream signaling
pathways required for optimal T cell activation such as calcium flux, MAP kinase
activation and actin cytoskeletal reorganization. The integrity of the SLP-76
microcluster is regulated via scaffolding and effector functions of distinct molecular
components within the complex itself.
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Figure 8. SLP-76 microclusters may positively contribute to T cell activation
by coupling the TCR to myosin-mediated contraction of the actin
cytoskeleton.
By simultaneously coupling the actin cytoskeleton and force-generating motors such
as myosin to the TCR, SLP-76 microclusters may serve as critical nodes of
intracellular tension that enable the TCR to act as a mechanosensitive receptor.
Molecules involved in mechanotransduction such as FAK-family kinases, talin and
vinculin may function effectors that increase downstream signaling by serving as
platforms to support additional scaffolding interactions and effector functions.
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6.4 The importance of integrin function in T cell activation
6.4.1 Integrins as adhesive and co-stimulatory receptors
Integrins play a critical role in facilitating optimal T cell activation. Not only do
they provide the adhesive strength that sustains long-lived T cell-APC conjugates,
they also transmit co-stimulatory outside-in signals that enhance TCR-induced
signaling [72, 102–114]. Although much of the work involving integrin function in the
context of T cell activation has centered around LFA-1/ICAM-1 interactions, VLA-4
has also been demonstrated to play a critical role in influencing T cell-mediated
immune responses. Several studies have demonstrated that VLA-4 ligation skews T
cells to a Th1 phenotype: engagement of the α4 subunit by monoclonal antibodies
similarly promotes Th1 polarization and differentiation and also alleviates Th2mediated autoimmune disease [107, 115]. Such results are of physiologic relevance,
as many autoimmune diseases such as multiple sclerosis and psoriasis are Th1driven pathologies. Clinical trials involving a humanized antibody targeting the α4
integrin subunit (natalizumab/Tysabri) showed promise in the treatment of multiple
sclerosis, but were halted following deaths associated with suppressed immune
surveillance [116, 117]. Strategies that specifically inhibit the costimulatory capacity
of VLA-4 without interfering with its role in leukocyte trafficking may provide clinical
benefits, but the dual roles of integrins in lymphocyte recruitment and activation have
proven difficult to resolve. Defining the molecular mechanisms by which VLA-4
regulates the behavior of TCR-proximal signaling complexes would assist in the
identification of targets for therapeutic intervention in VLA-4-dependent autoimmune
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diseases and other pathologies. In a larger context, such work may shed light on the
mechanisms of crosstalk between integrins and tyrosine kinase-activating receptors,
such as antigen and growth factor receptors.
Unlike other VLA-family members, VLA-4 is constitutively expressed on the T
cell surface, and levels are not significantly altered upon T cell activation [118]. The
ligands for VLA-4, such as vascular cell adhesion molecule-1 (VCAM-1) and
fibronectin (FN), are predominantly expressed in the extracellular matrix and on
inflamed endothelium [6, 18, 119]. However, VCAM-1 is also expressed at significant
levels on follicular and bone marrow-derived dendritic cells, and its expression is
upregulated on B cells and other APCs under inflammatory conditions [120–122].
VLA-4 is expressed on a variety of leukocytes including APCs, has been
demonstrated to engage in homotypic interactions on opposing surfaces, and it may
play an important role in T cell activation at the immune synapse by either hetero or
homotypic interactions [123]. In fact, the α4 chain of VLA-4 accumulates in the
pSMAC of T cell-APC conjugates, akin to LFA-1 [107].
VLA-4 ligation by VCAM-1 or monoclonal antibodies, in conjunction with TCR
ligation, has been shown to increase global TCR-induced tyrosine phosphorylation,
T cell proliferation, resistance to CD95-mediated apoptosis, and enhanced
production of interferon-gamma (IFNγ), tumor necrosis factor alpha (TNFα), and
interleukin-2 (IL-2) [114, 120, 124]. Furthermore, several studies have demonstrated
that TCR + VLA-4 co-ligation is important for optimal translocation of nuclear factor
of activated T cell (NFAT), activator protein-1 (AP-1) and nuclear factor kappa of B
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cell (NFκB) to the nucleus to initiate changes in gene transcription [72, 102]. Costimulatory signaling via integrins is not simply due to the enhanced ability of T cells
to adhere to substrate or APCs; Udagawa, et al. 1996 demonstrated that VLA-4 coligation does not simply serve to increase TCR engagement of anti-CD3 on
stimulatory substrates, as increasing the concentration of plate-bound anti-CD3 was
not enough to overcome lack of VCAM-1 binding to drive T cell proliferation [125].
Additionally, TCR + CD2 co-ligation has been shown to promote optimal T cell
spreading on substrate, but fails to provide the same magnitude of co-stimulatory
signaling as that found with integrin binding [112]. Furthermore, while TCR/CD43 coligation has been shown to promote optimal T cell contact formation with stimulatory
glass substrates, it does not promote enhanced T cell activation [72]. These data
strongly suggest that VLA-4 co-stimulation enhances T cell activation by synergizing
with signals emanating from the TCR itself, converging at some downstream point
(Fig. 9).
The TCR and integrins use similar mechanisms to transmit signals: both relay
signals from the plasma membrane to the nucleus, use Src-family kinases, recruit
regulators of calcium mobilization, couple to the actin cytoskeleton, couple to forcegenerating systems such as myosin, require clustering, and require SLP-76 and
associated molecules for optimal signal transduction. Since SLP-76 microclusters fit
the parameters listed above, it is tempting to speculate that integrins transduce costimulatory signals by impacting SLP-76 microcluster behavior at the immune
synapse (Fig. 9). Along these lines, Nguyen, et al. 2008 demonstrated that VLA-4
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co-ligation on anti-CD3/VCAM-1-coated glass surfaces by Jurkat T cells resulted in
the immobilization of TCR-induced SLP-76 microclusters and that immobilization of
these complexes correlated with significant reductions in actin retrograde flow [72].
Immobilization of TCR-induced SLP-76 microclusters upon VLA-4 co-ligation on
glass coverslips also correlated with increased intracellular calcium flux and NFAT
activity and resulted in their retention in the periphery of the contact, adjacent to TCR
microclusters and in areas of high tyrosine phosphorylation [72] (Fig. 10). The
mechanisms by which VLA-4 contributes to the immobilization of SLP-76
microclusters has remained unclear but may involve coupling to the actin
cytoskeleton via associations with molecules that directly bind to the cytoplasmic α
and β tails such as paxillin or talin [126–136]. Paxillin, an adapter molecule involved
in firm adhesion and adhesion strengthening under shear flow conditions, directly
binds the α4 tail and also couples to the actin cytoskeleton, while talin simultaneously
couples to the β1 tail and the actin cytoskeleton. Cross-linking VLA-4 to the actin
cytoskeleton via paxillin and talin may be a mechanism by which T cell adhesion and
activation are maintained for sustained periods of time.
In order for integrins to contribute to optimal T cell activation at the immune
synapse, they must undergo a series of structural transitions that shift their
conformation from a low to high affinity state for engagement of ligand. These
structural transitions depend on intracellular inside-out signals transmitted by the
TCR.
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Figure 9. Integrins provide co-stimulatory signals that enhance T cell
activation.
(A) The major immunologically relevant integrins expressed on the T cell surface are
LFA-1 and VLA-4. LFA-1 engages ICAMs, while VLA-4 engages fibronectin and
VCAM-1. (B) In addition to increasing the T cell contact area to promote TCR
engagement of multiple TCRs, integrins provide a second co-stimulatory signal that
enhances T cell activation independent of spreading and adhesion. Co-stimulatory
signals may converge with TCR signaling at SLP-76 microclusters, and may also
occur via cluster-independent mechanisms (symbolized by “?”).
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Figure 10. VLA-4 co-ligation at the immune synapse immobilizes TCR-induced
SLP-76 microclusters, correlating with enhanced T cell activation.
(Left) TCR-induced SLP-76 microclusters (green) arise in the periphery of the T cell
contact, adjacent to TCR microclusters (orange) and subsequently exhibit centripetal
movement to the contact center where complexes are internalized and signaling is
terminated. (Right) VLA-4 co-ligation retards actin-dependent SLP-76 microcluster
centralization and results in complex retention in the periphery of the contact,
adjacent to TCR microclusters and upstream tyrosine kinases. Microcluster
immobilization by VLA-4 co-ligation is correlated with enhanced T cell activation.
Panel adapted from Burkhardt, et al. 2008.
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6.4.2 Mechanisms of integrin activation at the immune synapse
In resting T cells, the cytoplasmic tails of the integrin α and β chains interact
non-covalently with one another: this interaction influences the conformation of the
extracellular domains of the integrin heterodimer to produce low affinity for ligand.
Within the first few minutes of TCR ligation, downstream inside-out signaling events
lead to the activation of LFA-1 and VLA-4 on the T cell surface. Integrin activation is
a complex, multistep, transient process that involves structural transitions from a
basal, bent, low affinity to a high affinity state capable of efficiently engaging ligand.
These transitions involve the disruption of associations between the α and β
cytoplasmic and transmembrane domains, between the lower α and β legs, and
between the lower legs and headpiece, resulting in conformational changes that lead
to integrin extension [26, 137–141]. Additionally, stabilization of the extended
conformation necessary for increased affinity to ICAM-1 or VCAM-1 requires the
lower β leg to swing out [138, 142]. In LFA-1, pistoning of the β I α7 helix results in
the formation of an intrinsic ligand-binding site at the β I domain-β propeller interface
for E310 in the αL linker; E310 binding then exerts a downward force on the α7 helix
in the α I domain to reveal a high affinity ligand binding site for ICAM-1 [138, 143,
144]. Physiological induction of high affinity LFA-1 is only observed as a post-ligand
binding event during cell adhesion [137]. In addition, ligand-bound LFA-1 and VLA-4
exhibit enhanced cytoskeletal coupling compared to low-affinity conformations [7].
These observations are consistent with the traction force model, which states that
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the exertion of lateral forces on the β cytoplasmic tail must be resisted by
immobilized or surface-bound ligand for maximal integrin activation.
During inside-out signaling, TCR-dependent signals induce conformational
changes in the adapter protein talin. These changes enable the talin ʻheadʼ domain
to bind directly to the integrin β tail, driving the integrin tails apart and enhancing
integrin affinity for ligand [131]. Talin recruitment to the plasma membrane depends
on the activation of regulator of adhesion and polarization 1 (Rap1), a Ras-family
GTPase which facilitates integrin activation when in its active GTP-bound state [139,
145, 146]. RIAM is a critical intermediate between Rap1 and talin: upon activation,
Rap1-GTP binds to the RIAM Ras-associating (RA) domain, facilitating the
recruitment of RIAM to the membrane [133, 147]. Once RIAM is bound to Rap1GTP, the conformation of RIAM shifts and its N-terminal coil-coiled domain binds to
talin. This results in the unfolding and activation of talin at the plasma membrane,
exposing both the talin rod domain that binds actin, and the talin
4.1/ezrin/radixin/moesin (FERM, aka ʻheadʼ) domain which directly engages a
membrane proximal motif in the integrin β tail (Fig. 11).
Although talin is necessary for integrin extension, it is not sufficient for
facilitating headpiece opening and high affinity engagement of ligand [148]. High
affinity integrin conformations depend on the binding of an integrin co-activator
known as kindlin. The kindlin family contains three members; of these, only kindlin-3
is expressed in T cells. Kindlin-3 contains an N-terminal FERM domain that binds to
a membrane-distal motif in the cytoplasmic tails of β1, β2, and β3 integrins [149].
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Aside from requiring a PH domain for its function, little is known about how kindlin-3
is regulated and recruited to the plasma membrane and immune synapse during
integrin activation [150].
Although significant progress has been made in understanding how integrin
activation occurs, the exact mechanisms by which inside-out signals are transmitted
downstream of the TCR remain unclear. Understanding how inside-out signaling is
regulated is critical to advancing our knowledge of T cell activation occurs.
Furthermore, developing novel therapies that target molecular regulators of integrin
activation would aid in the treatment of autoimmune diseases such as psoriasis,
multiple sclerosis, rheumatoid arthritis, Chronʼs, and autoimmune hepatitis; small
molecule inhibitors that block protein-protein interactions downstream of the TCR
would greatly aid in the advancement of treating such pathologies.
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Figure 11. Inside-out signals from the TCR trigger conformational changes in
integrins that result in increased affinity.
Ligation of the TCR by pMHC triggers a series of downstream signaling events that
result in increased integrin affinity for ligand. Increased affinity requires that integrins
undergo several structural transitions that shift their conformation from a bent state
to an extended state. RIAM binds to the rod domain of talin to release talin
autoinhibition. The head domain of talin can subsequently engage conserved motifs
in the cytoplasmic tail of β1, β2, and β3 integrins.
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6.5 ADAP and SKAP55 in the immune system
6.5.1 ADAP as a regulator of in inside-out signaling, T cell adhesion and T cell
activation
Inside-out signaling to integrins depends on the optimal function and
localization of the adhesion and degranulation adapter protein (ADAP) at the
immune synapse [80, 151–158]. ADAP is a multi-domain-containing protein
expressed throughout cells of the immune system that is tyrosine phosphorylated
upon T cell activation and recruited into SLP-76-containing microclusters [79, 159].
Recruitment to SLP-76 microclusters depends on the binding of tyrosine
phosphorylated ADAP (at positions Y595 and Y651) to the SLP-76 SH2 domain [78].
Although T cells from ADAP knockout mice display defective development, single
positive T cells still make it out of the thymus and into the periphery. However, these
ADAP-deficient T cells exhibit defective CD25 and CD69 upregulation, AP-1 activity,
NFκB activation, MTOC polarization, cytokine production, and cell cycle progression
[156, 160–165]. ADAP may also help coordinate distinct aspects of actin
polymerization and cytoskeletal reorganization by synergizing with Nck to recruit
Wiskott-Aldrich Syndrome protein (WASP) into TCR-induced SLP-76 microclusters
[159]. Impaired recruitment and migration of ADAP-deficient T cells in lymph nodes
may be a result of impaired cytoskeletal reorganization, chemotaxis and integrin
activation.
ADAP is evolutionarily conserved across species such as human (Homo sapiens),
mouse (Mus musculus), chicken (Gallus gallus), and fish (Danio rerio), and is homologous
to two other proteins: CAH73130 and PRAM. Human ADAP contains two helically extended
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Src homology 3 (hSH3) domains, multiple tyrosine phosphorylation sites (including three
known docking sites for SLP-76), and one known enabled protein (Ena)/vasodilatorstimulator phosphoprotein (VASP) homology domain-binding motif. The Bunnell laboratory
has identified 6 additional proline-rich motifs in the N-terminus on the basis of their
evolutionary conservation. The N-terminus of ADAP binds the C-terminal SH3 domain of
actin binding protein 1 (Abp1), also known as Hpk1-interacting protein of 55 kD (HIP55)
[166]. This region also contains 7 copies of a repeat motif based on a ʻKPʼ di-peptide. The
Bunnell laboratory has subdivided this region into the well-conserved repeat region, or AH2
motif, and the flanking regions, referred to as the AH1 and AH3 motifs (Fig. 12). The AH3
motif is followed by two distinct proline-rich regions. The first, the AH4 motif, binds
constitutively to the SH3 domain of Src-kinase associated phosphoprotein of 55 kD
(SKAP55), an adapter involved in integrin activation and T cell adhesion. The second
proline-rich region, known as the AH5 motif, consists of three repeat motifs of unknown
function (Fig. 12). The C-terminus of ADAP contains two hSH3 domains, which flank a
central region containing tyrosine phosphorylation sites and EVH domain binding sites. In
addition, a conserved, but alternatively spliced exon, known as the AH6 motif, is present in
this central region in the 130 kD isoform of ADAP (Fig. 12).
6.5.2 Using Evolution to study ADAP
Specific motifs within ADAP that have been more evolutionarily conserved than
others. The order of motif conservation is as follows:
1. Highest priority/most conserved: Y595, Y625, Y651, Y771, AH4 motif
(SKAP55 binding) hSH3 domains.
2. Medium priority/moderately conserved: AH5 motif, EVHL sites
3. Low priority/weak conservation: AH2 motif, AH6 motif
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4. No clear conservation: AH1 motif, AH3 motif.

6.5.3 ADAP-interacting proteins
There are motifs within ADAP that have known binding partners with roles in T cell
activation: these motifs may serve important functions in linking TCR and integrin signals.
For example, the interaction of the N-terminus of ADAP with Abp1 may bridge signaling
complexes to actin-rich structures, which supports a role for ADAP in linking MCs to the
actin-cytoskeleton downstream of TCR ligation [78, 80, 166]. Furthermore, the ADAP Nterminus has been shown to couple to kindlin-3, although the exact structural elements
involved have not been defined [167]. In a previous study, the interaction of ADAP with
Ena/VASP was shown to enhance ADAP recruitment to the leading edge (LE) [80].
Therefore, the EVHL-1 docking site may drive recruitment to lamellipodia. Also, the hSH3
domains may drive ADAP recruitment to the membrane [168].
Although ADAP has been shown to regulate the formation and stabilization of SLP76 microclusters to enhance T cell activation, the mechanisms by which ADAP functions
remain unclear.
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Figure 12. Structure and evolutionary conservation of ADAP.
There are two known isoforms of the ADAP; the 120 kD isoform is predominant in
Jurkat T cells, while the 130kD isoform incorporates an additional exon near the Cterminus and is present in primary T cells. ADAP is evolutionarily well-conserved and
possesses readily identifiable orthologs in various species, including mouse,
chicken, and fish. ADAP also has homology with the more distantly related proteins
PRAM and CAH73130. ADAP, PRAM, and CAH73130 possess similar exon-intron
boundaries in their C-termini, suggesting that they share a common evolutionary
origin. The domains, docking sites, and ADAP Homology (AH) motifs indicated on
the cartoon above are defined below, in order of decreasing evolutionary
conservation (cartoon adapted from Nguyen, et al. 2008):
Tyrosine phosphorylation sites (yellow circles): ADAP was first identified as a
ligand for the SH2 domains of Fyn and SLP-76. Two tyrosine residues (Y595 and
Y651) are known to bind the SLP-76 SH2 domain. A third tyrosine residue (Y625)
binds the Src-family tyrosine kinase, Fyn. Each type of site has distinct features that
are found in the orthologs and paralogs of ADAP. Sites related to the SLP-76 SH2
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binding site are shown as filled orange circles; sites related to the Fyn SH2 binding
site are shown as yellow circles. (All numbering as in the ADAP120 isoform.)
Helically extended SH3 domains (hSH3, teal ovals): ADAP was initially reported
to possess an SH3 domain. Structural studies revealed that this domain possess an
atypical alpha-helical extension that obscures the normal ligand binding site of an
SH3 domain. Subsequent studies identified a second hSH3 domain in ADAP, and
established that both domains can participate in the binding of acidic lipids.
Stable alpha helical motifs (SAH, teal and green striping): These regions are
commonly found in myosins and act as hydrophilic, rigid alpha-helical rods.
SKAP55 binding motif (AH4 motif, orange ovals): The proline-rich binding site for
the SKAP55 SH3 domain was initially mapped to the N-terminus of ADAP and was
subsequently refined by deletion mapping. We predict that the AH4 motif is the
SKAP55 binding site, as the ortholog PRAM1, which possesses an AH4 but lacks an
AH5 motif, binds SKAP55.
N-terminal repeat motifs (AH2 motif indicated by 7 yellow triangles in red
oval): A manual alignment of ADAP family members revealed the presence of a
repeat region characterized by 'KP' dipeptides in the N-terminus of ADAP. Seven
related repeats were observed in human, mouse, and chicken ADAP. Analogous
repeats were present in fish ADAP, but the alignments were less well-preserved.
PRAM also possesses a repeat region, but this region is not clearly related to that
present in ADAP. No obvious repeats are present in CAH73130.
The AH5 motif (3 magenta triangles on orange oval): This motif consists of three
similar proline-rich motifs repeated in tandem. AH5 motifs are present in all ADAP
family members, but are absent from the paralogs PRAM and CAH73130.
Ena/VASP Homology Domain (EVH) Ligands (EVHL, diamonds): A motif with the
sequence 'FPPPP'. Three distinct regions lying between the hSH3 domains of ADAP
display either perfect copies of this motif (green diamonds) or degenerate copies of
this motif (partially filled diamonds).
The alternatively spliced AH6 motif (red and pink striping): This motif
corresponds to the exon absent from the ADAP 120 kD isoform.
Abp1 binding region, the AH1 motif (purple oval), and the AH3 motif (hatched
blue oval): The SH3 domain of Abp1, an actin-binding and regulating protein, binds
the region spanning AH1 through AH3. The AH1 and AH3 domains contain highly
conserved sequences, but were negatively defined as regions within the Abp1
binding region that lie outside of the AH2 repeat region.

!

41!

6.5.4 SKAP55 protein expression and function depends on binding to ADAP
ADAP deficiency or knockdown (KD) results in increased proteolysis of
SKAP55, indicating that SKAP55 protein expression is contingent upon its direct
binding to the AH4 motif in ADAP [169]. Furthermore, constitutive interaction
between ADAP and SKAP55 is required for integrin activation, T cell-APC conjugate
formation and for many ADAP-dependent functions that promote optimal T cell
activation [152, 165, 170].
Although SKAP55 is expressed exclusively in T cells, it is highly homologous
to another adapter protein known as SKAP55-homolog (SKAP-Hom) that is more
widely expressed throughout cells of the immune system [171]. Like SKAP55 in T
cells, SKAP-Hom is a key contributor to cell adhesion in several cell types, and may
even be an important factor in facilitating phagocytosis in phagocytes via actin
cytoskeletal reorganization. Like SKAP55, SKAP-Hom protein expression is
dependent on binding to ADAP.
6.5.5 SKAP family domain organization
SKAP-family proteins consist of an N-terminal coiled-coil motif that may
associate with the actin cytoskeleton, a central pleckstrin homology (PH) domain,
tyrosine phosphorylation sites in a flexible linker region, and a C-terminal Srchomology-3 (SH3) domain that constitutively binds the AH4 motif in ADAP (Fig. 13).
Both SKAP55 and SKAP-Hom have a PH domain containing one lipid binding pocket
capable of binding PI(3,4)P2 or PI(3,4,5)P3 [172]. The crystal structure of an Nterminal fragment of SKAP-Hom suggests that the coiled-coil motif serves to
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homodimerize the molecule [172]. In addition, the crystal structure and modeling of
both the SKAP-Hom and SKAP55 dimerization motif (DM) and PH domains suggest
that the DM and PH domains interact with one another to repress the
phosphoinositide binding properties of the PH domain [172] (Fig. 14). Tyrosine
phosphorylation sites in the flexible linker are hypothesized to be phosphorylated by
Fyn and at least one of these sites binds to the SH2 domain of Fyn directly [173–
175] (Fig. 14).
6.5.6 SKAP55 as a critical regulator of inside-out signaling to integrins
SKAP55 has previously been identified as an important modulator of T cell
adhesion by regulating integrin affinity and avidity [152, 170, 176, 177]. Along these
lines, TCR-dependent translocation of integrin-activating molecules such as Rap1,
regulator of adhesion and polarity in leukocytes (RapL) and RIAM to the plasma
membrane are significantly impaired upon transient knockdown of endogenous
SKAP55 in Jurkat and primary T cells, and this correlates with impaired T cell
adhesion to ICAM-1, VCAM-1 and fibronectin [170, 177]. Furthermore, defects in
Rap1-dependent integrin adhesion in the absence of endogenous SKAP55 cannot
be overcome by expressing constitutively active Rap1, indicating that SKAP55 is not
involved in Rap1 activation, but rather is instrumental in either trafficking Rap1 from
an internal compartment to the plasma membrane, or for protecting Rap1 from
internalization once properly positioned [170].
Distinct structural elements within SKAP55 enable its pro-adhesive function:
expression of a full-length SKAP55 SH3 mutant (W333R) that cannot bind ADAP, or
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expression of a monovalent ADAP-binding SH3 domain, potently antagonizes T cell
adhesion to integrin ligands [170]. In comparison, mutation of the linker tyrosines to
phenylalanine (3YF) does not affect integrin-mediated adhesion.
Rap1-GTP binds to the RA domain of RapL, an important regulator of T cell
trafficking and adhesion to ICAM-1, shown to localize to endosomal compartments
containing Rap1 and LFA-1 [178]. The RapL N-terminus is believed to associate with
the αL cytoplasmic tail in LFA-1, thereby regulating integrin clustering (avidity) and
adhesion [178]. Binding of Rap1-GTP triggers a conformational change in RapL that
exposes the C-terminal Sav/Rassf/Hpo (SARAH) domain. The liberated SARAH
domain in turn is directly bound by the N-terminal coiled-coil motif of SKAP55,
enabling SKAP55 to support a trimolecular complex involving Rap1-GTP and RapL
[179]. The SKAP55 PH domain is required for optimal recruitment of both Rap1-GTP
and RapL to the plasma membrane and point mutation of the SKAP55 PH domain
lipid-binding pocket abrogates co-precipitation of the LFA-1 αL subunit with SKAP55
[180, 181].
SKAP55 also constitutively associates with the RIAM RA-PH domains,
although the structural elements in SKAP55 required for this interaction have not
been identified [177]. By simultaneously linking to ADAP and RIAM, SKAP55 may
serve as a critical bridge for coupling signaling complexes to the underlying actin
cytoskeleton and force-generating systems required for optimal T cell activation.
Kliche, et al. 2012 demonstrated that RapL and RIAM exist in distinct, nonoverlapping biochemical complexes that each contain SKAP55 and ADAP [23] (Fig.
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15). These data suggest that distinct SKAP55-containing protein complexes perform
non-overlapping functions with respect to integrin function and adhesion.
6.5.7 A role for SKAP55 in the immune response
A significant amount of work has been done to elucidate SKAP55 function
using in vitro and ex vivo systems. The Rudd group generated a SKAP55 knockout
mouse model in 2007 and found that in addition to impaired T cell-APC conjugate
formation and integrin adhesion, SKAP55-deficient CD4+ T cells exhibit dramatic
defects in clustering/capping of the TCR at the immune synapse, suggesting a
defect in the ability of these cells to polymerize or rearrange the actin cytoskeleton
upon synapse formation [182]. Downstream of solo anti-CD3 ligation, SKAP55deficient T cells exhibited defects in proliferation, IL-2 production and IFNγ
production, though the mechanisms by which SKAP55 controls these functional
processes are currently unclear [182]. A recent study by Mitchell, et al. 2013 using
ADAP-/- T cells demonstrated that the SKAP55-binding motif in ADAP is required for
TCR-dependent T cell activation in vivo, as T cells reconstituted with the ∆AH4
chimera exhibit impaired c-Jun activation [165]. Furthermore, the AH4 motif is
required for T cells to engage dendritic cells for sustained conjugate formation, and
plays an important role in confining T cells to DC-enriched areas of the lymph node
after recruitment through HEVs [165]. An additional study from Kliche, et al. 2012
indicated that T cells require the ADAP/SKAP55 module for optimal intranodal T cell
migration in lymph nodes in vivo [23]. These data indicate that SKAP55 may play a
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critical role in protecting the host against infection by enabling optimal T cell
activation and function.
Although not expressed in T cells, SKAP-Hom also plays a critical role in
maintaining optimal immune responses. SKAP-Hom expression in DCs is important
for facilitating adequate antigen-specific T cell-DC conjugate formation and T cell
proliferation, while SKAP-Hom -deficient B cells display defective proliferation when
stimulated with anti-IgM (Fabʼ)2 compared to wild-type controls and diminished
production of IgM, IgG2a and IgG2b in non-immunized animals [183, 184].
It should be noted that neither SKAP55 nor SKAP-Hom-deficient mice have
been challenged with pathogen. Given the central role these adapter molecules play
in various aspects of T cell function, I would expect that immune responses would be
severely compromised in these animals. Future work entailing challenge with
pathogens would give significant insight into how SKAP-family proteins coordinate
distinct arms of the immune system.
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Figure 13. Schematic of ADAP, SKAP55 and SKAP-Hom domain organization.
The SKAP55 SH3 domain constitutively binds to a proline-rich motif in the Nterminus of ADAP (analogous to the ADAP AH4 motif in figure 12). Point mutation of
the SKAP55 SH3 domain abrogates this interaction. SKAP55 and SKAP-Hom have
similar domain organization with N-terminal coiled-coil motifs (CC), a central PH
domain, linker tyrosines and a carboxy SH3 domain. The SKAP-Hom SH3 domain,
like that of SKAP55, constitutively binds ADAP. Panel adapted from Kliche, et al.
2012.
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Figure 14. Y271 in the SKAP55 linker may promote SKAP55 and ADAP
tyrosine phosphorylation by serving as a docking site for Fyn.
ADAP binding to the SLP-76 SH2 domain and recruitment into and stabilization of
TCR-induced SLP-76 microclusters depends on tyrosine phosphorylation at
positions Y595 and Y651 in the ADAP linker; these tyrosines are believed to be
phosphorylated by Src-family kinases such as Fyn. The Fyn SH2 domain binds to
tyrosine SKAP55 Y271. SKAP55 may serve as a platform for Fyn recruitment,
SKAP55 may help facilitate SLP-76 microcluster formation and dynamics via the
positioning of Fyn in proximity to ADAP for optimal tyrosine phosphorylation
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Figure 15. Two pools of the ADAP/SKAP55 module are involved in LFA-1
activation.
Two distinct ADAP/SKAP55 modules control integrin activation and adhesion: One
that associates with RapL and the other which associates with RIAM. The SKAP55
N-terminal coiled-coil motif binds directly to the SARAH domain of RapL. The
structural elements in SKAP55 that associate with the RIAM RA-PH domains have
not yet been defined.

!

49!

6.6 Experimental models for studying T cell activation
6.6.1 Uncovering mechanisms of T cell activation using Jurkat T cells
One of the greatest advances in understanding molecular mechanisms of T
cell activation in the last decade has involved the use of a leukemic Jurkat T cell line
isolated from the peripheral blood of a 14 year old boy with acute lymphoblastic
leukemia (ALL) in 1976 [185].
Although Jurkat T cells express many of the surface molecules required for T
cell activation (i.e. TCRαβ, CD3, CD4, CD5, CD7, CD45, LFA-1, VLA-4, VLA-5), they
do not express the co-receptors CD6, CD8, CD13, or CD19 [185]. Additionally, the
cognate antigen(s) of Jurkat TCRs have not been identified, requiring researchers to
stimulate these cells with anti-CD3 antibodies in order to study TCR-proximal
signaling events. The parental line for all subsequent Jurkat strains is commonly
referred to as the E6.1 clone, and this remains the most commonly used Jurkat
clone in use by immunologists [185].
While there are many similarities in the signaling kinetics of Jurkat T cells and
primary human T cells, there are some key differences. For example, Jurkats lack
the critical lipid phosphatases phosphtase and tensin homolog (PTEN), and SH2domain-containing

inositol

5ʼ-phosphatase-1/2

(SHIP1/2)

[186–189].

These

molecules are key regulators of lipid metabolism. PTEN converts PI(3,4,5)P3 to
PI(4,5)P2 by dephosphorylating 3ʼ inositides, while SHIP1/2 phosphatases convert
PI(3,4,5)P3 to PI(3,4)P2 by dephosphorylating 5ʼ inositides. In this manner, both
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PTEN and SHIP1/2 regulate signaling events that depend on local increases or
decreases in the lipid microenvironment at the plasma membrane.
In Jurkat T cells, PI(3,4,5)P3 is constitutively high, resulting in enhanced tonic
signaling and dysregulation of signaling pathways via the mislocalization of effector
and adapter proteins such as Itk and protein kinase B (PKB aka Akt) [187]. As a
result, several studies comparing the kinetics of TCR signaling in primary and Jurkat
T cells have found enhanced phosphorylation of ZAP-70, LAT, and SLP-76 in the
Jurkat line. Despite these differences, many significant findings in T cell activation
were initially made in Jurkat cells and subsequently verified in primary T cells in ex
vivo and in vivo systems, including global tyrosine phosphorylation downstream of
TCR ligation, calcium flux and generation of second messengers inositol trisphosphate (IP3) and diacylglycerol (DAG), transcription factor translocation to the
nucleus (i.e. NFAT, AP-1), and cytokine production [185].
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6.6.2 Using fluorescence microscopy to study T cell activation
The field of immune cell activation has been revolutionized in the past 15
years by the use of fluorescence microscopy, as fluorescent labeling endogenous
and exogenous signaling proteins has enabled the study of the spatiotemporal basis
for TCR signaling. Using glass coverslips coated with stimulatory anti-CD3 antibody,
Bunnell, et al., 2002 reported the formation of SLP-76 microclusters downstream of
solo TCR ligation by tagging exogenous SLP-76 with YFP [60] (Fig. 16). Similar
methodology has been used to identify the subcellular localization of a wide array of
cytoskeletal, membrane-associated and nuclear proteins in many immune cell types
that employ ITAM-coupled receptor signaling. Furthermore, live-cell fluorescent
imaging has allowed us to better understand the molecular mechanisms by which T
cell activation is regulated by microclusters. Quantitative methodology has identified
correlations between optimal TCR signaling and SLP-76 microcluster persistence,
suggesting that a stable microcluster is important for driving the signaling processes
required for optimal T cell activation. Fluorescence microscopy has also significantly
increased our understanding with regards to many other aspects of cell biology
relevant to immune cell activation. For example, we now have a better
understanding of how actin and microtubule cytoskeletons contribute to the initiation
of cell spreading and adhesion in response to various (co)-stimulatory ligands. Our
understanding of rates of actin retrograde flow, cytoskeletal reorganization, traction
forces, MTOC polarization, lytic granule secretion and other processes have also
greatly benefited from fluorescence microscopy!
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6.6.3 Lipid bilayers and glass coverslips in the study of T cell activation
While well-established protocols do exist for the evaluation of microcluster
dynamics on lipid bilayers, current versions of these systems rely on the
incorporation of the integrin ligand ICAM-1 into the bilayer in order to facilitate the
recognition of the low (e.g. physiological) concentrations of pMHC within the lipid
bilayer. Given the involvement of SKAP55 in 'inside out' signaling to integrins and
'outside in' signaling from integrins, it would be extremely difficult to determine
whether any SKAP55-dependent defects in microcluster persistence, microcluster
movement, synaptic stabilization, or substrate adhesion were the result of defects in
signaling to or from integrins. Although T cells were induced to form contacts with
lipid bilayers in response to pMHC alone in older studies involving much higher
concentrations of pMHC in the bilayer, the formation, persistence, and translocation
of TCR and SLP-76 microclusters in these models have never, to the best of our
knowledge, been addressed [190]. In contrast, the formation and movement of
signaling microclusters in response to solo TCR ligation was first described using an
identical glass coverslip-based model [60] (Fig. 16). Over the subsequent decade,
this model has been used in more than 40 independent studies. Barring only the
obvious differences due to the divergent lateral mobilities of the ligands used in each
system, no significant differences between the glass and lipid bilayer systems have
been described. Furthermore, microcluster studies using antigen-presenting lipidbilayers have confirmed the validity of observations originally made using the glass
coverslip model system, including the formation, size, speed, lateral movement, and
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peripheral origin of SLP-76 microclusters. While the use of immobilized TCR ligands
may not exactly mimic the physiological setting, it represents an important
experimental concession that enables studies that cannot currently be performed
using APCs or lipid bilayers.
6.6.4 The importance of substrate rigidity in T cell activation
Increases in substrate stiffness correlate with increased outputs of immune
cell activation. IL-2 production and secretion in T cells has been demonstrated to
increase as the stiffness of polyacrylamide substrates bearing anti-CD3 are
increased [191]. Increased substrate rigidity may provide a platform for tensionsensitive signaling molecules such as antigen receptors, Src-family kinases, Casfamily members and talin to perform at maximum capacity for the transduction of
downstream signaling. These data are consistent with studies using different cell
types and model systems in which increased signaling, cell spreading, and adhesion
correlated with increased substrate stiffness (i.e. glass vs. gel or bilayers) [94].
Hence, studying TCR signaling on glass-coverslips may more accurately reflect the
molecular events that contribute to optimal T cell activation compared to studies
using lipid bilayers (Fig. 16).
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Rotate 90o

Figure 16. Planar stimulatory glass substrate model system.
Imaging the immune synapse at T cell-APC conjugates is difficult as these
interactions are very dynamic. The Bunnell laboratory recapitulates the surface of an
APC by coating glass surfaces with anti-CD3 antibody (OKT3) in the
presence/absence of secondary ligands (i.e. fibronectin, VCAM-1). Upon contacting
the stimulatory surface, signaling microclusters form and T cells rapidly spread out to
engage the stimulatory substrate. SLP-76 microclusters represented by red dots;
these complexes form throughout the contact area. Image rotated 90° to depict the
contact area that is imaged in real time.
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7. SIGNIFICANCE AND GOALS OF RESEARCH
Regulated T cell activation is required for the induction and maintenance of
immune responses that protect the host from infection without causing pathology. By
understanding the molecular mechanisms that control T cell activation, therapies that
target distinct biochemical linkages and processes downstream of TCR-induced
signaling

may

help

treat

immunodeficiency

or

prevent

autoimmunity.

Pharmacological inhibitors of oncogenes such as B-Raf, Bcr-Abl, and focal adhesion
kinase (FAK) have contributed significantly to the advancement of therapies that
treat various forms of cancer; by inhibiting TCR-mediated signaling, pharmacological
inhibitors of Src family kinases, ZAP-70, Itk, mammalian target of rapamcyin (mTOR)
and calcineurin have also contributed to the alleviation of inflammatory and
autoimmune disorders. Hence, understanding molecular pathways that modulate
distinct aspects of T cell activation can give rise to new selective therapies that
would be useful in the treatment of an array of diseases and immunodeficiencies.
In this thesis, I elucidated mechanisms for how SKAP55 coordinates SLP-76
microcluster dynamics, TCR-mediated contact stability, T cell retention on anti-CD3
substrates, and SKAP55-dependent inside-out signals that control T cell adhesion to
β1 integrin ligands. I demonstrated that retention to TCR and integrin ligands occurs
via distinct processes, a phenomenon not previously appreciated within the context
of T cell biology. The importance of SKAP55 dimerization in TCR-mediated signaling
has not been previously appreciated and is one of the highlights of this thesis.
Furthermore, I mapped the structural elements within SKAP55 that link SLP-76
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microclusters to β1 integrins to the SKAP55 DM. Subsequently, I showed that the
SKAP55 N-terminus is required for the subcellular localization of talin at the immune
synapse and that SLP-76, talin and integrins may interact with one another at the
boundaries of their interaction motifs.
The body of work presented in this thesis will serve as an important stepping
stone in elucidating further mechanisms by which SKAP55 coordinates distinct
cytoskeletal and functional processes that are important for optimal T cell activation.
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8. MATERIALS AND METHODS
8.1 Cell lines, culturing and transfections
Jurkat T cells were maintained in RPMI-1640 (BioWhittaker) supplemented
with 10% FBS, glutamine (20 mM), and 10 µg/mL ciprofloxacin. SLP-76 deficient
Jurkat cells (J14 cells) were a gift of Arthur Weiss (UCSF); ADAP deficient Jurkat
cells (JDAP cells) were a gift of Ronald Wange (NIH). J14 cells stably reconstituted
with SLP-76.YFP (J14.SY cells) have been described (Bunnell et al., 2006). J14.SY
cells lacking SKAP55 (JSKAP.SY cells) were generated by lentiviral transduction
and selection in puromycin. J14.SY and JSKAP.SY lines stably expressing SKAP55
chimeras tagged with a red fluorescent protein were created by lentiviral
transduction and sorting for double-positive cells with matched brightnesses via flow
cytometry. Transient transfections were performed as described (Bunnell et al.,
2006). Human 293T renal epithelial cells were cultured in DMEM (Cellgro)
supplemented with 10% FBS, 20 mM L-glutamine, 100 units/ml penicillin, 100
units/ml streptomycin.
8.2 Lentivirus production and lentiviral transduction
Twenty-four hours prior to transfection, 293T cells were re-plated so that on
the day of transfection they were ~65-75% confluent. For each 10 cm plate, 18 µl of
FuGENE 6 Transfection Reagent (Roche) was incubated with 142 µl of serum-free
DMEM for 5 minutes. Concurrently, 6 µg of the lentiviral expression and/or
knockdown vectors was combined with 1.5 µg of the packaging plasmid psPAX2 and
0.5 µg of the pseudotyping plasmid pMD2.G in 40µl of serum-free DMEM. These
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mixes were combined and incubated for 30 min at room temperature, and were
added to 293T cells in a dropwise fashion. After 12-15 hours the transfection cocktail
was replaced with fresh media, and the lentiviral supernatants were collected 66-72
hours post transfection. Jurkat cells were transduced by combining equal parts
rapidly dividing Jurkat cells, fresh lentiviral supernatants, and complete RPMI. For
fluorescent chimeras, the efficiency of transduction was assessed in fixed cells after
48 hours, and was typically 50-90%.
8.3 SKAP55 cloning and mutagenesis
Vectors encoding mRFP1 and TagRFP-Turbo (abbreviated TRT) were
obtained from Roger Tsien (University of California San Diego; San Diego, CA, USA)
and subcloned into Clontech 'n1'-type vectors by polymerase chain reaction (PCR).
Where specified, sequences encoding triple FLAG epitope tags (3xFlag) were
subcloned 5ʼ to the encoded fluorescent protein. The mYFP-n1 vector containing the
monomerizing A206K mutation was modified by the addition of a triple Myc epitope
tag (3xMyc) 5ʼ to the fluorescent protein via overlap extension PCR. Unless
otherwise noted, SKAP55 and associated mutants were created by overlap
extension PCR and subcloned into the mRFP1-n1 or 3xFlag.TRT-n1 vectors at the
XhoI and AgeI sites. Homo sapiens SKAP55 was isolated from E6.1 Jurkat T cell
cDNA by PCR with primers SCB267 and SCB269. SKAP55 deletion and truncation
mutants were generated as follows: ΔDM, by removing residues Q2-G60 with
primers SCB405 and SCB269; ΔPH, by removing residues V108-L212 with primers
NS729, NS730, SCB267, and SCB269. The monovalent SH3 domain was amplified
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with primers MO805 and SCB269. The DM motif was amplified with SCB267 and
MO802. Homo sapiens SKAP-Hom was amplified from a commercial cDNA
(OpenBiosystems) using MO808 and MO811. Point mutations were generated by
QuickChange PCR mutagenesis using the indicated primers: W333R with
NS727/NS728; 3YF in a stepwise fashion using NS732/NS733 (Y219F),
NS734/NS735 to (Y232F), and NS736/NS737 (Y271F). The SKAP55 tandem dimer
was created in two steps: first, a monovalent SKAP55 SH3 domain was cloned into
mRFP1-n1 using MO805/SCB269; second, a fragment containing the linker-3YFSH3 was obtained using MO812/SCB269 and a SKAP55.3YF template; the latter
product was cut with BspEI and AgeI and subcloned into SKAP55.SH3.mRFP1 at an
AgeI site between the SH3 domain and mRFP1. The top-performing hairpin, which
targets the linker region between the PH and SH3 domains was identified from a
panel of pLKO.1-based shRNA expression vectors targeting SKAP55
(OpenBiosystems, target sequence: CCAGATGAAGAGCATGATCTA). SKAP55
chimeras were rendered immune to the SKAP55 shRNA by PCR overlap extension
mutagenesis with primers MO834, MO835, SCB267, and SCB269, which introduced
silent point mutations in the SKAP55 linker region between the PH and SH3
domains. For transient knockdown experiments, the cassette driving the expression
of this hairpin was PCR amplified using RB608/RB610, cut with SpeI and NheI, and
subcloned into a SpeI site that had been introduced upstream the cytomegalovirus
(CMV) promoter of an mRFP1-n1 expression vector. For generation of stable cell
lines, we first generated a pLEX-MCS based lentiviral expression vector encoding
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3xFlag.TRT-n1, but lacking the IRES-puromycin resistance cassette. The indicated
SKAP55 chimeras were cloned into this vector using NheI and AgeI.
8.3.1 Primer List
The primers used to generate the various SKAP55 mutants are as follows:

Primer

Sequence

SCB267

5' GCG GCT CGA GAC GCC ACC ATG CAG GCC GCC GCC CTC 3ʼ

SCB269

5' CCA CAC CGG TTG TCC TCT TTC TTC CAC TTC AAA GGC AGT
GGT GAG 3ʼ

SCB405

5ʼ GCG GCT CGA GAC GCC ACC ATG CAG GGA GAC ATT GGA
CAG GAC AGC TCT GAT G 3ʼ

MO802

5ʼ CCA CAC CGG TCC ACC GTC TCC CCC TTG GGG CTG AAA
ATC 3ʼ

MO805

5ʼ GCG GCT CGA GAC GCC ACC ATG AAA GGA GTA GAC TAT
GCC AGT TAC TAC CAG 3ʼ

MO808

5ʼ GCG GCT CGA GAC GCC ACC ATG CCC AAC CCC AGC AGC
ACC 3ʼ

MO811

5ʼ CCA CAC CGG TCC ACC AAT ATC ATA CAT CTC CAT TAT 3ʼ

MO812

5ʼ GCG TCC GGA C AGC TCC TTA ACC ATT CCA TTT GAA GAG
GAT GAG GAG 3ʼ

MO813

5ʼ GGA TCC GAG TGG CAG AAG ATG TGG TGT GTT GTC AGC
AGA GGT CTC 3ʼ

MO814

5ʼ GAC AAC ACA CCA CAT CTT CTG CCA CTC GGA TCC AAA GAA
ACT 3ʼ

MO834

5ʼ GTC TTG CCG GAT GAG GAG CAC GAC CTA GAA GAG GAT G
3ʼ

MO835

5ʼ CTC TTC TAG GTC GTG CTC CTC ATC CGG CAA GAC TTC 3ʼ

NS727

5ʼ CCT CAT CCG TAT TCT TTC GAA GGA GTA TAA CAT GTA TGG
CAG GTG GGT GGG 3ʼ
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NS728

5ʼ CCC ACC CAC CTG CCA TAC ATG TTA TAC TCC TTC GAA AGA
ATA CGG ATG AGG 3ʼ

NS729

5ʼ GGA CGA ATT CGT TAT CAA GTT CTT GAG CTC CTT TTA CGA
TGT CTT CCA TTC CC 3ʼ

NS730

5ʼ CGG TGA ATT CAA GGA TCT GAG CTC CTT AAC CAT TCC ATA
TGA AGA GGA TGA GG 3ʼ

NS732

5ʼ GGA TCT GAG CTC CTT AAC CAT TCC ATT CGA AGA GGA TGA
GGA GG 3ʼ

NS733

5ʼ CCT CCT CAT CCT CTT CGA ATG GAA TGG TTA AGG AGC TCA
GAT CC 3ʼ

NS734

5ʼ GGA GGA AGA AGA AAA AGA AGA GAC ATT TGA TGA TAT CGA
TGG TTT TGA CTC C 3ʼ

NS735

5ʼ GGA GTC AAA ACC ATC GAT ATC ATC AAA TGT CTC TTC TTT
TTC TTC TTC CTC C 3ʼ

NS736

5ʼ GGA GAA AGA AGA AGA AGA TAT CTT TGA AGT CTT GCC AGA
TGA AGA GC 3ʼ

NS737

5ʼ GCT CTT CAT CTG GCA AGA CTT CAA AGA TAT CTT CTT CTT
CTT TCT CC 3ʼ

RB608

5ʼ CCT CGC TAG CAT CGA TCA CGA GAC TAG CCT CG 3ʼ

RB610

5ʼ GCG GAC TAG TGA ATA CTG CCA TTT GTC TCG AGG TC 3ʼ

8.4 Antibodies and Western blotting
Cell lysates were prepared by lysing Jurkat cells in lysis buffer containing
20mM Tris-HCl (pH 7.4), 100mM NaCl, 10mM NaF, 1% Triton X-100, 1mM Na3VO4,
and the Complete Protease Inhibitor Cocktail (Roche). Western blotting (WB) was
conducted with antibodies directed against ADAP (BD), Beta1 integrin (EP1041Y,
Abcam), CD69-PE/Cy7 (Biolegend, #310912), Phospho ERK1/2 (Cell Signaling,
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#4370), total ERK 1/2 (Cell Signaling, #4695), Flag (M2, Sigma), RFP (ACT-CMMRRFP10, Allele), GFP (JL-8, Clontech), g-tubulin (Sigma), Mst1 (Epitomics), RapL
(Sigma), RIAM (Epitomics), SKAP55 (gift from Dr. Burkhart Schraven (University of
Magdeburg, Magdeburg, Germany) and Dr. Stefanie Kliche (Otto von Guerike
University, Magdeburg, Germany); targets SKAP55 DM), SKAP55 (BD Biosciences;
targets SKAP55 PH-SH3 linker), and talin (8D4, Sigma). Anti-SKAP55 (BD) and antitalin (Sigma) were used in immunofluorescence studies. Immunoprecipitations were
carried out by pre-binding anti-YFP (ab290, Abcam) or anti-Flag (M2, Sigma) to
beads coated with protein A or protein G (Pierce) for 1 hour at room temperature.
Antibody-bound beads were washed in lysis buffer and immunoprecipitations were
performed for 14-18 hours at 4°C.
8.5 Co-immunoprecipitations
To study interactions between SKAP55, RIAM, talin, Mst1, and RapL, large
scale co-immunoprecipitations were conducted whereby molecules were precipitated
with antibodies directed against relevant epitope tags (i.e. Flag) in the cold room
overnight (12-18 hours). Lysates were also lysed at the same density between
samples (2.5X105 cell equivalents/mL). After immunoprecipitations were complete,
beads were washed excessively to remove non-specific interactions (on average, six
times).
8.6 Stimulations for functional tests
To determine CD69 upregulation, Jurkat T cells were resuspended at a
density of 2.5X105 cells/mL in complete RPMI. Cells were left either unstimulated,
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stimulated with 10 ng/mL OKT3, or 50 ng/mL PMA overnight. Cells were
subsequently stained for surface CD69 using anti-CD69 Pe/Cy7 (Biolegend,
#310912) and analyzed by FACS. For pERK 1/2 analysis, cells were pre-incubated
in RPMI with no additives (ʻNo Addsʼ). Cells were subsequently stimulated with 1:250
C305 at indicated time points. Cells were quickly spun down, supernatant aspirated,
and cell pellet lysed in ice-cold lysis buffer.
8.7 Recombinant proteins
Human recombinant VCAM-1-Fc was from R&D Systems. Fibronectin was
from Sigma.
8.8 Pharmacological agents
Cytochalasin D was acquired from Fisher Scientific.
8.9 Sample preparation for microscopy
Jurkat T cells were stimulated on glass-bottomed 96 well plates that were pretreated with 0.01% poly-L-lysine, coated with 10 µg/mL OKT3, and blocked with 1%
BSA to limit the deposition of serum components during imaging. Each cell was
imaged, beginning within two minutes of injecting the responding cells into the well,
and only one field was imaged per well. Live cells were imaged at 37°C in RPMI
1640 (supplemented with 10% FBS, and 1% L-glutamine) buffered with 25mM
HEPES (pH 7.4). Each cell used in analysis was imaged for no fewer than 5
minutes. For immunofluorescence assays, cells were stimulated in 37°C in RPMI
1640 (supplemented with 10% FBS, and 1% L-glutamine) buffered with 25mM
HEPES (pH 7.4) and subsequently fixed and stained as described previously
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(Bunnell et al., 2003). Briefly, cells were fixed in 1x DPBS (Corning-Cellgro) with 1%
PFA (Sigma) and washed 3 times in PFN buffer (1x DPBS with 8% calf serum, 0.1%
saponin, 0.02% sodium azide). Cells were then blocked in PFN/Blocking buffer (PFN
supplemented with 2% goat serum), washed, and stained with relevant primary
antibodies for 1 hour at room temperature in PFN/Blocking buffer. After washing,
cells were incubated with AlexaFluor 568- or 647-conjugated secondary antibodies
(Invitrogen), as noted in Supplementary Table 1. Each wash step involved three
exchanges of PFN buffer.
8.10 Image acquisition
Imaging runs were carried out on a spinning-disc confocal microscope as
described elsewhere (Bunnell et al., 2006; Nguyen et al., 2008; Sylvain et al., 2011).
Briefly, images were acquired using a modified Perkin-Elmer Ultraview system
consisting of a 5-line laser launch (Prairie Technologies, 442/488/514/568/647nm), a
CSU-10 spinning-disc confocal head (Yokogawa), an Axiovert 200M stand (Carl
Zeiss), a 40x Plan-Neofluar oil immersion objective (Carl Zeiss, NA 1.3), and either a
Orca-II-ER CCD camera (Hamamatsu), or a XR MEGA-10 intensified CCD camera
(Stanford Photonics). The latter camera was coupled via a 2.5x expanding lens to
provide resolution comparable to the Orca-II-ER. Temperature was maintained at
37°C using a Nevtek air blower and a lens heater. Image acquisition was controlled
using proprietary Perkin-Elmer software or the open source Micro-Manager software
package (Edelstein et al., 2010). For Fig. 4F and Fig. 9A-C images were acquired
using a Nikon A1R confocal with a 60x oil immersion objective (NA 1.4). Samples
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were maintained at 37°C using a stage heater. NIS-Elements AR software was used
to capture images in real time. Please refer to microscopy spreadsheet
(Supplemental Table 1) for further details.
8.11 Post-acquisition image processing and presentation
Image analysis was performed using iVision (Biovision Technologies) or
ImageJ (NIH). In all cases, representative images are shown. All bars for
conventional images and maximum over time (MOT) images are 10 µm. For Fig. 8
where indicated panels have undergone 4x zoom, scale bars are 2.5 µm. All
kymograph scale bars are 5 µm x 60 sec. Where merged images are shown, the
pseudocoloring scheme is always indicated by the colors of the corresponding text
labels. SLP-76 microcluster dynamics were quantitated by generating two
kymographs per cell. The trajectories of SLP-76 microclusters arising within the first
two minutes of the imaging run were manually traced to calculate microcluster
displacement (inward movement), persistence, and maximum speed. These
parameters were used to derive averages for each cell, for each experiment, and for
each condition. In addition, average traces were generated for each cell. These
traces were compiled to yield composite kymographs displaying microcluster
position and survival as a function of time. The microcluster half-life indicated on
these composite kymographs is the point at which one half of the SLP-76
microcluster traces have dissipated. The incorporation of SLP-76 into microclusters
was quantitated separately: the cell boundary was identified and the average
background outside the cell was subtracted; then, the average background inside

!

66!

the cell was determined; clusters were defined as structures with brightnesses 4x
greater than the cellular background; clustered SLP-76 was calculated as the total
background-subtracted intensity within the clustered area divided by the total
background-subtracted intensity within the cell. The averages and statistical tests
shown in the attached tables (Fig. 9D, E) were calculated by compiling the averages
of independent experiments, each of which incorporated multiple cells. The total
number of cells examined across all experiments is also shown. All data are shown
as means ± SEMs unless otherwise indicated. For analyses of microcluster position
within the contact and for microcluster adjacency analyses, microcluster masks were
developed using a segmentation algorithm sensitive to local intensity maxima.
Regions of adjacency were identified by dilating the SLP-76 and talin masks by ~300
nm and defining the intersections of dilated and undilated masks as regions of
adjacency. Cell boundary masks were developed using an algorithm that acts on the
sum of all channels. Distinct subdomains of the contact were defined by iteratively
eroding the cell boundary mask until fixed fractions of the contact area remain
('edge', outermost 25% of the contact area; 'center', innermost 25%; 'middle', the
intervening 50%). The fractions of each domain occupied by microclusters or regions
of adjacency were determined, and relative enrichments were calculated by
normalizing to the fraction of the entire contact occupied by the corresponding mask.
8.12 Software
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All images were processed using iVision software for Mac version 4.0.14
(BioVision Technologies). Where appropriate, script commands provided by iVision
were used to automate image analysis.
8.13 Kymograph generation
Kymographs were created by drawing a region of interest (ROI) that passed
diametrically through the center of a given cell and extended in either the x or y
dimension. This ROI was collected in all the frames of a running movie – all frames
were subsequently compressed to depict SLP-76 microcluster position over time.
Kymographs were scaled such as 1 pixel in x-axis of the image corresponds to
approximately 160 nanometers of distance and 1 pixel in the y-direction corresponds
to 1 second in time.
8.14 Quantitation of SLP-76 microcluster dynamics
For each cell, two kymographs, one in the x direction, and one in the y
direction, were generated. Individual SLP-76 microcluster paths were manually
traced for each kymograph. By measuring displacement along the x- and y-axes,
iVision software could extract microcluster movement and persistence from the
individual traces. For each cell, the average lifetime (persistence), distance traveled
(displacement) and maximum speeds were calculated from the cluster traces. The
fraction of SLP-76 intensity in microclusters and number of microclusters per
diameter of the cell were measured directly from each kymograph. A composite
kymograph depicting the weighted average of all SLP-76 microcluster paths was
calculated for each cell. For each condition, at least 8 cells were analyzed.

!

68!

Parameter average was achieved from the per cell values, and the composite
kymographs were averaged to obtain a plot of SLP-76 microcluster movement over
time, with the intensity of the line representing the fraction of SLP-76 microclusters
remaining (half-life). These processes were automated (as explained below) using
scripting commands from iVision software.
SLP-76 microclusters that arose more than 2.5 minutes into a given imaging
run were ignored, as they would generate artificially short traces. Similarly, SLP-76
microclusters originating 15 pixels (2.5 µm) from the center of the contact were also
excluded, as these microclusters would generate artificially immobile SLP-76
microclusters.
8.15 iVision scripts
To analyze microcluster persistence, movement, stoichiometry, and max
speeds, kymographs in the x and y dimensions were generated and scaled using the
“Make Kymo2” or “Make Kymo 3 – SPI+OPT” scripts, depending on the settings
used during image acquisition (see Supplemental Table 1). Clusters that formed
within the first 2 minutes during image acquisition were manually traced and
compiled using the “Manual Kymo tracer” script and the stoichiometry of clustering
was determined using the “Find clustered Brightness 2” script. This script quantitated
the fraction of SLP-76 in clusters relative to total SLP-76 (clustered and cytoplasmic).
This ratio is referred to as ʻstoichiometry.” Max speeds were calculated using the
“Max Speeds” script. Individual traces from kymographs in the x and y directions
were compiled to yield a composite trace for each cell using the “Average trace
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compiler” script. Composite traces for all cells per condition were also compiled
using the “Average trace compiler” script. The resulting composite microcluster
traces were assembled into figures using the “RGB line Output NS” script and then
running the “Scale bars µm” script. Scale bars were added to all other images using
the “Add scale bars” script. To assess the relative adjacencies of SLP-76, talin and
β1 integrin, the images were first analyzed using the “Three color autosegment”
script followed by the “Autosegment subroutine” script. To assess boundary
fluctuation over time, the “Boundary fluctuation v1 MJO” script was used. Numerical
outputs were then copied into Microsoft Excel.
8.16 Statistical analyses
All data are presented as means ± SEMs unless otherwise noted. The
number of experiments is indicated in all cases, unless otherwise noted. Please note
that for all quantified imaging experiments the numbers of experiments and cells are
presented in Tables 1 and 2. Statistical significances were calculated in Microsoft
Excel using a two-tailed Studentʼs t test for unpaired samples with similar variances.
Throughout, statistical differences are denoted as follows: from parental J14.SY cells
(with or without mRFP1): o for p <.10, * for p <.05, ** for p <.01, *** for p <.001; from
JSKAP.SY (with or without mRFP1): # for p <.05, ## for p <.01; from JSKAP.SY with
SKAP55.WT.mRFP add-back: † for p <.05, †† for p <.01.
8.17 Plate bound adhesion assays
Jurkat cells were labeled with 4 µM 2ʼ7ʼ-bis(2-carboxyethyl), 5(-6)
carboxyfluorescein (BCECF-AM, Molecular Probes) in 1X PBS (no calcium or
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magnesium) for 15 minutes at 37°C. Labeled cells were plated at a density of 2.5 x
105 cells per well in 96 well glass-bottom plates. After the cells settled for the
indicated times, BCECF fluorescence was read on a SpectraMax plate reader (488
ex/530 em, 515 nm cutoff). Non-adherent cells were removed by gentle pipetting in
prewarmed 1x HBSS (Hankʼs Buffered Saline Solution) and BCECF retention was
determined. For adhesion to fibronectin, plates were treated with 0.01% poly-Llysine, left uncoated or coated with 10 µg/ml fibronectin (Gibco), and blocked with
1% bovine serum albumin (BSA) for 1 hr at 37ºC. Prior to plating, labeled cells in 1x
HBSS were left unstimulated, stimulated for 30 minutes with 2 µg/ml OKT3 (anti
CD3e, BioExpress), or stimulated for 30 minutes with 50 ng/ml PMA. After 30
minutes on plates, fractional retention was determined and normalized to the PMA
control. For adhesion via the TCR, unstimulated cells were plated in wells treated
with 0.01% poly-L-lysine, left uncoated or coated with 10 µg/ml OKT3, and blocked
with 1% BSA. Fractional retention was determined after a 7 minute incubation in
complete media (Chapman et al., 2012; Nguyen et al., 2008). Standard deviations,
standard errors, and statistical significances were calculated with Microsoft Excel,
using a two-tailed Studentʼs t test for unpaired samples with similar variances.
8.18 Bioinformatics and Structural Modeling
The secondary structures of the SKAP55 and SKAP-Hom DM motifs were
predicted using the prediction server at www.predictprotein.org (Rost, 1996; Rost
and Sander, 1993; Rost and Sander, 1994). The sequences of the DM motifs of
SKAP55 and SKAP-Hom across vertebrate species were aligned using the
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constraint-based multiple protein alignment tool, COBALT (Papadopoulos and
Agarwala, 2007). The structure of the SKAP55 DM-PH module (spanning M1-S213)
was predicted using the I-Tasser threading server, with the existing SKAP-Hom DMPH structure as a constraint (2OTX, chain A) (Roy et al., 2010; Roy et al., 2012;
Swanson et al., 2008; Zhang, 2008). Of five models obtained, four preserved the
overall topology of the SKAP-Hom DM-PH module, and possessed C-scores ranging
from -1.10 to -2.36. The fifth model is unlikely to be valid, as it perturbed highly
conserved elements within the PH domain; reflecting this, the C-score for this model
was very low (-4.54). All molecular views were generated using Swiss-PdbViewer
(http://www.expasy.org/spdbv/) (Guex and Peitsch, 1997).
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9. RESULTS

!

9.1!Result!I:!SKAP55!is!required!for!the!stabilization!of!SLPL76!!
microclusters!and!for!adhesion!via!the!TCR!

!
9.1.1!Rationale!I!
!
Inactivation!of!the!SLP:76!SH2!domain!(R448K)!impairs!signaling!downstream!
of!TCR!ligation,!resulting!in!defective!T!cell!activation![61,!159,!192].!While!the!R448K!
mutant!does!not!preclude!microcluster!formation,!R448K!clusters!are!fewer!in!number,!
are!non:persistent,!and!do!not!exhibit!centripetal!movement![159].!These!data!suggest!
that!downstream!molecular!associations!with!the!SLP:76!SH2!domain!are!required!for!
facilitating!optimal!signal!transduction!and!microcluster!dynamics.!In!fact,!the!
stabilization!of!SLP:76!microclusters!depends!on!the!interaction!between!the!SLP:76!
SH2!domain!and!tyrosine!phosphorylated!ADAP![159].!ADAP!is!an!adapter!protein!
involved!in!a!variety!of!processes!such!as!cell!cycle!progression,!NFκB!activation,!actin!
cytoskeletal!rearrangement,!and!integrin:mediated!adhesion![80,!158,!164,!193,!194].!
The!adapter!protein!SKAP55!is!required!for!the!pro:adhesive!capacity!of!ADAP,!and!
binds!directly!to!a!conserved!proline!rich!motif!in!the!ADAP!N!terminus!via!its!SH3!
domain![195–197].!Although!it!is!generally!thought!that!SKAP55!function!is!dependent!
on!its!ability!to!transmit!‘inside:out’!signals!from!antigen!and!chemokine!receptors!to!
integrins,!the!Bunnell!laboratory!and!others!have!demonstrated!that!the!TCR!is!capable!
of!acting!as!an!adhesion!receptor!by!stabilizing!T!cell!contacts!with!stimulatory!
substrate!and!antigen!presenting!cells![33,!72,!95].!By!coupling!the!TCR!to!actin!
cytoskeletal!dynamics!through!stable!SLP:76!microclusters,!SKAP55!may!enable!the!
pro:adhesive!capability!of!the!TCR!in!initiating!conjugate!formation!with!APCs.!I!
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hypothesized!that!SKAP55!is!recruited!to!TCR!induced!SLP:76!microclusters,!and!from!
these!structures!coordinates!T!cell!adhesion!to!TCR!ligands.!To!test!this!hypothesis,!I!
performed!imaging!and!functional!assays!to!determine!SKAP55!localization!upon!TCR!
ligation,!and!whether!it!was!required!for!optimal!microcluster!dynamics!and!function.!!
!

!
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9.1.2 Recruitment of SKAP55 to SLP-76 microclusters depends on SLP-76 and
ADAP
To determine the subcellular localization of endogenous SKAP55 in relation to
TCR-induced SLP-76 microclusters, I performed immunofluorescence staining
assays in which SLP-76-deficient Jurkat T cells (J14) stably reconstituted with
exogenous wild-type SLP-76.YFP (J14.SY) were stimulated on anti-CD3-coated
glass coverslips and fixed with paraformaldehyde. Cells were immunofluorescently
stained for endogenous SKAP55 such that images in distinct fluorescence channels
could be acquired by confocal microscopy. In the merged image of the SLP-76 and
SKAP55 channels (green and red respectively) all microclusters appeared yellow,
indicative of high colocalization of the two molecules (Fig. 17A) To study SKAP55
function in the context of microcluster biology, I first investigated how an exogenous
3xFlag.TRT-tagged SKAP55 chimera behaved in live J14.SY cells stimulated on
anti-CD3 coated glass coverslips. SKAP55 recruited to TCR-induced SLP-76
microclusters and co-migrated with SLP-76 to the center of the contact; SLP-76
microcluster dynamics did not appear perturbed upon overexpression of the
SKAP55.3xFlag.TRT chimera when compared to cells expressing a null 3xFlag.TRT
control. To display the movement of microclusters over time, movies were
compressed into maximum-over-time (MOT) images that depict persistent, mobile
microclusters as long radial spokes that extend from the periphery of the contact
where they nucleate to the center (Fig. 17B). The results indicated that SKAP55 was
a component of SLP-76 microclusters that displayed spatiotemporal dynamics
similar to that of SLP-76 itself.
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SKAP55 stability and function depends on its interaction with the upstream
adapter ADAP, while ADAP recruitment in turn depends on interactions with SLP-76
[169, 194, 195]. I hypothesized that SKAP55 recruitment to SLP-76 microclusters
would depend on SLP-76 and ADAP. To test this hypothesis, I transiently cotransfected SKAP55.3xFlag.TRT (red) with an mYFP control (green) into SLP-76
deficient J14 Jurkat T cells and imaged these cells on anti-CD3-coated glass
coverslips in real time. In these cells SKAP55 appeared cytoplasmic, overlaying
with the diffuse mYFP control throughout the majority of the contact (Fig. 18A – top,
see merged image). Subsequent reconstitution of J14 cells with SLP-76.YFP (green)
resulted in the recruitment of SKAP55 into microclusters, indicating a dependency on
SLP-76 for proper SKAP55 localization (Fig. 18A - bottom).
To determine if ADAP was also required for SKAP55 recruitment to SLP-76
microclusters, I transiently transfected ADAP-deficient JDAP Jurkat T cells with
SKAP55.3xFlag.mCFP (blue), a 3xFlag.TRT control (red) and SLP-76.YFP (green).
Although SKAP55 is unstable in the absence of ADAP, I was able to transiently
overexpress exogenous SKAP55 without observing degradation (Fig. 18D). To
assess microcluster persistence and directionality, I created kymographs depicting
lateral movement over time (Fig. 18C). To create kymographs a diametric region of
interest (ROI) was defined for each cell and a composite image depicting
microcluster position over time was compiled from this region of interest (ROI) by
compressing all the frames of a given movie. In these images long diagonal lines
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correspond to microclusters that arise in the periphery of the contact, then persist
and translocate to the center of the contact, while short, vertical lines correspond to
microclusters that neither persist nor centralize. As reported previously by our lab
and others, there was little clustering of SLP-76 in the absence of ADAP, and
clusters that did form appeared immobile and non-persistent; these results have
been verified with acute ADAP knockdown via transient ADAP shRNA transfection.
SKAP55 did not recruit to SLP-76 microclusters under these conditions, appearing
diffuse throughout the contact and overlapping with the cytoplasmic 3xFlag.TRT
control (Fig. 18B, C – top). In comparison, reconstitution of JDAP cells with
3xFlag.TRT.ADAP resulted in SKAP55 recruitment into SLP-76 microclusters and
increased SLP-76 clustering, cluster movement and cluster persistence (Fig. 18B, C
- bottom). Taken together, these results indicate that SKAP55 recruitment to
signaling microclusters depends on SLP-76 and ADAP.
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Figure 17. SKAP55 co-clusters with SLP-76.YFP downstream of the TCR.
(A) J14.SY cells immunofluorescently stained for endogenous SKAP55 after
stimulation on 10 µg/mL OKT3 (anti-CD3) (n = 7). (B) J14.SY cells transiently
transfected with SKAP55.TRT and imaged on glass coverslips coated with OKT3
(anti-CD3) mAb. TRT alone was used as a negative control. Images are represented
as max-over-time projections (MOTs) (n = 50). Scale bars; 10 µm.!
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Figure 18. SKAP55 requires SLP-76 and ADAP to cluster.
(A) SKAP55.TRT was co-transfected with YFP (top) or SLP-76.YFP (bottom)
into SLP-76 deficient J14 Jurkat T cells and imaged on 10 µg/mL OKT3 (n =
3) MOTs shown. Scale bars; 10 µm. (B) SKAP55.TRT was co-transfected
with 3xFlag.TRT (top) or 3xFlag.TRT.ADAP (bottom) and SLP-76.YFP into
ADAP deficient JDAP Jurkat T cells and imaged on 10 µg/mL OKT3 (n = 3)
MOTs shown. Scale bars; 10 µm. (C) Kymographs depicting SKAP55.mCFP,
3xFlag.TRT, 3xFlag.TRT.ADAP and SLP-76.YFP cluster position over time.
(D) Left panel: SKAP55 expression levels in E6 and JDAP were evaluated by
blotting with anti-SKAP55. ADAP expression was evaluated by blotting with
anti-ADAP. Right panel: SKAP55 expression levels in JDAP were evaluated
with anti SKAP55. Tubulin or ERK1/2 served as a loading control (n = 3).
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9.1.3 SKAP55 is required for optimal microcluster persistence and
movement
To assess whether SKAP55 contributed to SLP-76 microcluster dynamics, I
performed transient knockdown experiments in J14.SY using a SKAP55-specific
shRNA plasmid containing mRFP1 so that cells with efficient knockdown could be
identified by their expression of RFP. An mRFP1 control vector or the SKAP55
shRNA construct were transiently transfected into J14.SY cells and isolated using a
YFP+/RFP+ gate (Fig. 19A). These cells were then imaged in real time on glass
coverslips coated with anti-CD3. In the absence of endogenous SKAP55, SLP-76
microclusters appeared few in number, immobile and non-persistent (Fig. 19B). To
quantify this phenotype, I created kymographs for ten cells in each condition. For
each kymograph the trajectories of at least ten microclusters were manually traced
and all cluster traces were averaged for each cell to yield a composite trace
depicting microcluster movement and persistence over time, on a per-cell basis.
Weighing each cell equally, all per-cell traces were averaged to yield a single
composite trace of cluster movement and persistence for each condition. SKAP55
knockdown (Fig. 19C – green line, and Table 1) resulted in dramatic decreases in
microcluster stoichiometry, number, persistence, displacement and peak speed
compared to the mRFP1 control (Fig. 19C – red line, and Table 1).
To verify that the phenotypes observed with transient SKAP55 knockdown
were not due to off-target effects of the shRNA, I created a stable SKAP55-deficient
cell line (JSKAP.SY) by lentiviral infection of J14.SY cells with SKAP55-specific
shRNA vector containing a puromycin-resistant cassette, allowing for selection of
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SKAP55-deficient cells by culturing them with puromycin. After verification of
SKAP55 knockdown, JSKAP.SY cells were transiently transfected with control
mRFP1 or an mRFP1-tagged SKAP55 chimera that was designed to be immune to
the hairpin (Fig. 20A). Compared to the parental J14.SY cells, JSKAP.SY cells
stimulated on anti-CD3 coated glass coverslips exhibited non-persistent, immobile
SLP-76 microclusters that were few in number (Fig. 20B, C – green line, and Table
2). Transient reconstitution of JSKAP.SY with SKAP55.mRFP1 significantly
increased the clustered fraction of SLP-76.YFP as well as cluster number,
persistence and movement (Fig. 20B, C - blue line, and Table 2). Together, these
data indicate that SKAP55 is a critical building block of SLP-76 microclusters that is
required for optimal microcluster formation, persistence and movement.
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Figure 19. Transient SKAP55 knockdown impairs SLP-76 microcluster
dynamics
(A) SKAP55 expression levels by western blot in J14.SY cells transfected with
mRFP1 alone or an mRFP1 vector containing a SKAP55 shRNA sorted on a
YFP/RFP+ gate (n = 3). (B) MOT images of J14.SY and JSKAP.SY Jurkat T cells
transiently transfected with the indicated constructs, stimulated and imaged on 10
µg/mL OKT3 (n = 3). Scale bars; 10 µm. (C) Composite traces of microcluster
movement and persistence. Triangular marks indicate half-life of microclusters
during a 5 minute imaging run (n = 3). Cell number per condition indicated in
parentheses.
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Figure 20. Reconstitution of JSKAP.SY with exogenous SKAP55 rescues SLP76 microcluster dynamics.
(A) SKAP55 expression levels by western blot in J14.SY and JSKAP.SY cells
transfected with mRFP1 alone or an mRFP1 vector containing a SKAP55 shRNA or
SKAP55.mRFP1 (n = 3). (B) MOT images of J14.SY and JSKAP.SY Jurkat T cells
transiently transfected with the indicated constructs and stimulated and imaged on
10 µg/mL OKT3 (n = 3). Scale bars; 10 µm. (C) Composite traces of microcluster
movement and persistence. Triangular marks indicate half-life of microclusters
during a 5 minute imaging run (n = 3). Cell number per condition indicated in
parentheses.
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Persistence (s)

P

Inward Movement
(µm)

mRFP1

210.5 ± 7.20

KD

115.8 ± 38.2

WT

215.7 ± 7.52

WR

129.3 ± 18.9

**,††

1.3 ± 0.3

SH3

150.5 ± 16.4

**,††

1.4 ± 0.5

∆PH

222.9 ± 2.1

3YF

169 ± 16.4

∆DM

175.9 ± 23.3

DM

133.1 ± 5.9

TD

227.2 ± 11.6

P

3.0 ± 0.2
**

0.6 ± 0.1

**,††

P

147.7 ± 6.1
**

3.4 ± 0.3

*,††

Max Speed
(nm/s)

57.8 ± 8.6

% SLP-76 in
clusters

P

Clusters
tracked per
diameter

62.0 ± 2.8
**

27.3 ± 6.9

15.1 ± .48
**

12.5 ± 1

*, ††

17.2 ± .87

*

150 ± 8.6

72.1 ± 2.3

**,††

127.8 ± 31.9

37.6 ± 6.6

**,††

13.6 ± 1.8

**,††

104.6 ± 23.4

41.9 ± 15.4

*,††

9.6 ± 1.5

*,†

2.8 ± 0.2

154.2 ± 9.6

77.3 ± 2.9

15.3 ± .33

2.3 ± 0.3

153.5 ± 17.4

66.5 ± 5.1

16.4 ± .98

44.9 ± 5.2

**,††

32 ± 4.0

**,††

1.5 ± 0.2

**,††

137.7 ± 15.1

1.1 ± 0.1

**,††

101.6 ± 6.2

2.5 ± 0.2

129.1 ± 23.8

**,†

13.3 ± 1.5

**, ††

†

14 ± 2

73.1 ± 1.1

14 ± .95

Table 1. Impact of SKAP55 mutants on SLP-76 microcluster dynamics.
SLP-76 microcluster dynamics in J14.SY cells expressing each of the indicated
constructs were measured on a per cell basis by manual tracing of microcluster
trajectories from SLP-76 kymographs. Values for each experiment were obtained by
averaging these per cell values, with each cell weighted equally. Values displayed in
the table are mean ± SEM for the indicated number of experiments. See methods for
key to statistically significant differences.
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†

Persistence (s)

P

Inward Movement
(µm)

P

Max Speed
(nm/s)

P

% SLP-76 in
clusters

P

Clusters
tracked per
diameter

P

mRFP1

103.9 ± 35.2

††

0.89 ± 0.13

††

84.04 ± 15.6

††

25.8 ± 6.8

††

11.7 ± 1.2

†

WT

235.3 ± 13.5

**

3.27 ± 0.47

**

131.1 ± 10.5

**

67.3 ± 2.9

**

15.4 ± 1

*

Hom

221.2 ± 14.8

**

3.29 ± 0.13

**

188.4 ± 25.9

**,†

73.7 ± .4

**

15.9 ± .57

*

∆DM

111.3 ± 23.8

††

0.88 ± 0.09

††

74.6 ± 18.4

††

19.0 ± 7.2

††

4.8 ± .92

**, ††

TD

203.4 ± 20.9

2.95 ± 0.14

**

129.5 ± 12.6

65.1 ± 2.8

**

13.5 ± 1.3

Table 2. Impact of SKAP55 mutants on SLP-76 microcluster dynamics in
JSKAP.SY cells.
SLP-76 microcluster dynamics in JSKAP.SY cells were measured as in Table 1. See
methods for key to statistically significant differences.
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!
9.1.4 SKAP55 is dispensable for certain downstream readouts of T cell
activation
Previous studies have reported that SKAP55 is dispensable for certain
readouts of TCR-dependent T cell activation aside from ʻinside-outʼ signaling to
integrins, which is at odds with my observation that optimal dynamics of SLP-76
microclusters downstream of solo TCR ligation are dependent on SKAP55 [170,
182]. Furthermore, all permutations of SLP-76 microclusters to date that affect their
persistence and movement correlate extraordinarily well with diminished TCR
signaling and impaired T cell activation [61, 64]. To resolve this discrepancy I
compared several outputs of T cell activation between parental J14.SY and
JSKAP.SY cell lines.
CD69 is rapidly upregulated on the T cell surface in response to TCR ligation
and is one of the earliest markers of T cell activation. While JSKAP.SY cells
exhibited a mild reduction (~20%) in surface CD69 when normalized to the J14.SY
control (Fig. 21A), there was no detectable difference in extracellular signalregulated kinase (ERK) activation between the two cell lines (Fig. 21B); these data
are in line with the published literature and indicate that SKAP55 does not play a
significant role in the signaling pathways evaluated here. These data represent the
first instance in which microcluster persistence and movement are not prerequisites
for certain readouts of T cell activation; hence, suboptimal microcluster dynamics are
still sufficient for the maintenance of select signaling pathways. However, SKAP55
may still play a critical role in other signaling nodes required for optimal T cell
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activation, as T cells from SKAP55 knockout mice display defective TCR-induced
proliferation and impaired cytokine production in addition to impaired integrin
function and conjugate formation [182].
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Figure 21. SKAP55 is dispensable for downstream outputs of T cell activation
such as CD69 upregulation and ERK activation.
(A) J14.SY and JSKAP.SY Jurkat T cells were either left unstimulated or stimulated
with 10 ng/mL OKT3 for 18 hours in RPMI. Cells were surface-stained with antiCD69 antibody as described in Materials and Methods. % CD69+ T cells was
normalized to J14.SY stimulated with OKT3 (n = 4). Error bars indicate ± SEM. From
parental J14SY: **, P < .01. n = 4. (B) J14.SY and JSKAP.SY cells were left either
unstimulated or stimulated with anti-CD3 (C305). Lysates were blotted for phoshoERK1/2, total ERK1/2, SKAP55, and tubulin (n = 3).!
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9.1.5 SKAP55 enables optimal TCR-mediated T cell spreading and contact
stability

Compared to J14.SY cells expressing the mRFP1 control, J14.SY cells
transiently expressing mRFP1-tagged SKAP55 shRNA exhibited extremely unstable
contacts when imaged on anti-CD3 coated glass coverslips. The contacts of
SKAP55-deficient cells fluctuated dramatically over time, undergoing recurring
cycles of protrusion and retraction, while the contacts of control J14.SY cells
remained relatively stationary. This phenotype has physiologically significant
ramifications, as the failure of T cells to efficiently engage the substrate they are
interacting with can result in defective TCR triggering and subsequent
immunodeficiency.
To quantitate this phenotype, I used an automated Ivision segmentation
algorithm that compares any particular frame to the same frame acquired 30
seconds previously, enabling the identification and labeling of areas of boundary
growth (red), retraction (blue) and stability (gray) (Fig. 22A). Analysis with the iVision
script yields numerical values for each type of area on a per frame basis, allowing
the “percent fluctuation” to be calculated by summing areas of boundary growth and
retraction and dividing this value over the total area of the cell. Consistent with my
qualitative observations, the percentage of the Jurkat T cell contact area that
fluctuated over time increased upon SKAP55 knockdown (Fig. 22C). Increases in
boundary fluctuation correlated with the duration and extent of cyclical patterns of
contact growth and retraction (Fig. 22B). To determine if labor intensive, time-
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consuming computational analysis could be replaced by a different method of
quantitation, I categorized boundary phenotypes as being “stable” or “unstable”
using a self-blinded manual scoring system that assessed the extent and frequency
of boundary growth and retraction during a five minute imaging run and compared
this method to the iVision analysis (Fig. 22D). As expected, this method revealed a
similar trend, showing significant boundary fluctuation in J14.SY cells transiently
transfected with the SKAP55 shRNA compared to control (Fig. 22E).
JSKAP.SY exhibited a similar defect in boundary fluctuation when compared
to parental J14.SY. Importantly, transient reconstitution of the JSKAP.SY cells with
hairpin-resistant SKAP55.mRFP1 significantly reduced boundary fluctuation (Fig.
23A). Furthermore, transient reconstitution of JSKAP.SY with SKAP55.mRFP1
reduced the fraction of contacts scored as “unstable” relative to the JSKAP.SY cells
expressing a null mRFP1 control (Fig. 23B). These data demonstrate that SKAP55
plays a novel role in T cell biology by stabilizing TCR-induced contacts with
stimulatory substrate. Hence, SKAP55 may be required for the initiation of T cell
dependent immune responses by regulating TCR-dependent spreading on APCs so
as to enable TCR engagement of relevant pMHC, and sustained conjugate
formation.
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Figure 22. SKAP55 is required for optimal TCR-induced contact stability.

(A) Boundary fluctuation was tracked over a 30s running window. Scale bars; 10 µm.
(B) The rate of boundary growth and retraction along the perimeter of the contact
over time. (C) Mean fluctuation of the contact area (D) Examples of "stable" and
"unstable" contacts are shown; boundaries of the cells are outlined in white.
Recurring cycles of extension and retraction were scored as being "unstable",
whereas cells with minimal fluctuation were scored as "stable." (E) Fraction of cells
exhibiting unstable contacts determined by manual scoring (at least 10 cells per
condition). Error bars indicate ± SEM. From parental J14SY: **, P < .01. For all
panels, n = 3.

!

91!

60

##

40
20

WT

0

+
m
AP
R
.S
FP
JS
Y
1
+ RFP
KA
m
P.
R
SY
FP
1
+
SK RFP
AP
55

J14 JSKAP
SK .SY
.SY

80

4.
SY

+
m
AP
R
FP
.S
JS
Y
1
+ RFP
KA
m
P.
R
SY
FP
1
+
SK RFP
AP
55

0

WT

5

JS
K

J1

##

**

100

JS
K

10

**

J1

15

4.
SY

Area of fluctuation (%)

20

Unstable contacts (%)

B

A

J14
.SY

JSKAP
.SY

Figure 23. Reconstitution of JSKAP.SY with SKAP55.mRFP1 reduces
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(A) Mean fluctuation of the contact area using Ivision script quantitation (n=3, ten
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manual scoring (n=3, ten cells per condition). Error bars indicate ± SEM. From
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9.1.6 SKAP55 enables the TCR to act as an adhesion receptor
TCR ligation triggers rapid rearrangement of the actin cytoskeleton to form a
ring in the periphery of the T cell contact. Rearrangement of the actin cytoskeleton in
this manner is required for the formation of the immune synapse and for the
formation of stable T cell-APC conjugates that promote T cell activation. However,
the surfaces of T cells and APCs are covered in negatively charged glycocalyces
that would typically repel cells from one another. To overcome these repulsive forces
and to facilitate TCR ligation by peptide-MHC (pMHC), T cells actively form
invadosome-like protrusions (ILPs) that probe APC surfaces for relevant antigen
[33]. The tips of these protrusions are decorated with TCR and engage pMHC in
regions of tight T cell-APC contact. Hence, the TCR may act as an adhesion
receptor by stabilizing these initial points of T cell-APC interaction and initiating
cytoskeletal reorganization to sustain long lasting adhesive T cell-APC conjugates.
In fact, our lab has shown that the TCR is capable of functioning as a fast-acting
adhesion receptor [72]. This ability is dependent on the integrity of the underlying
actin cytoskeleton, as J14.SY Jurkat T cells treated with cytochalasin D (an inhibitor
of actin polymerization) were retained to anti-CD3 coated glass coverslips to a lesser
degree than cells treated with DMSO (Fig. 24). I hypothesized that the structural
elements within ILPs that couple the TCR to the actin cytoskeleton, and thus enable
the pro-adhesive capability of the TCR, were SLP-76 microclusters. Like ILPs, SLP76 microclusters arise in regions of tight contact adjacently to TCR complexes and
can directly couple TCR microclusters to the actin cytoskeleton. Furthermore, SLP-
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76 microclusters may also interact with force generating systems required for T cell
spreading and adhesion.
To test whether SLP-76 enabled the TCR to act as an adhesion receptor,
SLP-76 deficient J14 and SLP-76-reconstituted J14.SY Jurkat T cells were assessed
for retention on glass substrates coated with anti-CD3 antibody. Only 6% of J14
cells were retained on such substrates, while reconstitution with SLP-76.YFP
increased retention to 26% (Fig. 25). How SLP-76 contributed to optimal T cell
retention on anti-CD3 substrates was initially unclear, but the dramatic defect in
contact stability in SKAP55-deficient T cells shown in the previous section, led me to
hypothesize that SKAP55 was a critical component of SLP-76 microclusters that
contributes to the formation and stabilization of junctions required for optimal T cell
retention on stimulatory substrates. To test this hypothesis, I assessed retention of
J14.SY, JSKAP.SY and J14 Jurkats to anti-CD3 over time. At each time point,
retention of JSKAP.SY cells was as poor as for J14 cells, indicating that SKAP55 is
in fact a major regulator of T cell spreading and T cell retention to TCR ligands (Fig.
26). These results demonstrate that SKAP55 plays a critical role in the initiation of
TCR contacts with ligand, and that it plays a further role in the stabilization of these
contacts over time to sustain TCR engagement and signaling.
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Figure 24. Actin polymerization is required for optimal Jurkat T cell retention
to anti-CD3-coated substrates.
J14.SY treated with DMSO or cytochalasin D were injected into 96 well plates coated
with 10 µg/mL OKT3. Cells were allowed to settle, and non-adherent cells were
washed off by pipetting. Plate was read on a SpectraMax plate reader as described
in Materials and Methods (n = 3). Error bars indicate ± SEM. From DMSO control: *,
P < .01.
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Figure 25. SLP-76 is required for Jurkat T cell retention to anti-CD3-coated
substrates.
J14 (SLP-76 deficient) and J14.SY (J14 + SLP-76.YFP) Jurkat T cells were injected
into 96 well plates either left uncoated, or coated with 10 µg/mL OKT3. Cells were
allowed to settle, and non-adherent cells were washed off by pipetting (n = 3). Plate
was read on a SpectraMax plate reader as described in Materials and Methods.
Error bars indicate ± SEM. From J14 on OKT3: *, P < .01.
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Figure 26. SKAP55 is required for Jurkat T cell retention to anti-CD3-coated
substrates.
J14.SY (parental), JSKAP.SY (SKAP55 deficient) and J14 (SLP-76 deficient) Jurkat
T cells were injected into 96 well plates either left uncoated or coated with 10 µg/mL
OKT3. Cells were allowed to settle, and non-adherent cells were washed off by
pipetting at the indicated time points (n = 1). Plate was read on a SpectraMax plate
reader as described in Materials and Methods. Error bars reflect standard deviation
from each condition, in which cells were injected into wells with six replicates per
condition.
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9.1.7 Summary I
How SKAP-family members integrate into antigen receptor signaling
networks has long been unclear; several studies have indicated that SKAP55
recruits to the plasma membrane and lipid rafts via associations with a variety of
binding partners, while others have argued it localizes to intracellular vesicles
involved in protein trafficking and endocytosis [179–181]. The data presented here
demonstrate that SKAP55 recruits to TCR-induced SLP-76 microclusters, and that
recruitment to these signaling structures is dependent on SLP-76 itself and ADAP.
Using shRNA-mediated SKAP55 knockdown, I have shown that SKAP55 is a critical
component of SLP-76 microclusters that contributes to microcluster persistence and
movement. Furthermore, depletion of SKAP55 revealed that stable, mobile
microclusters are dispensable for certain readouts of T cell activation such as CD69
upregulation and ERK phosphorylation; this is in contradiction to prior studies that
argued for the dependency of T cell activation on stable microclusters. From the data
presented here, it can be concluded that the correlation between TCR signaling and
microcluster integrity is caused indirectly through the dissociation of key effector
molecules and not due to the integrity of the complex itself.
I have demonstrated that the selective removal of a critical microcluster
building block, SKAP55, dramatically reduces the ability of the TCR to act as an
adhesion receptor. The inability of SKAP55-deficient Jurkat T cells to be retained on
stimulatory glass substrates coated with anti-CD3 may be attributed to defective
contact formation and stability. Hence, SKAP55 may play a critical role in the
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initiation of T cell-mediated immune responses by promoting optimal T cell spreading
and conjugate formation via the stabilization SLP-76 microclusters.
The ability of the TCR to initiate and sustain contacts with APCs in response
to recognition of relevant pMHC is crucial to T cell activation and T cell-mediated
immune responses. The initial contact between T cells and APCs is initially mediated
by a large class of transmembrane adhesion receptors called integrins [15, 32]. In
resting lymphocytes, integrins such as LFA-1 are in a basal low affinity confirmation
that cannot engage their primary ligand, ICAM-1 [138]. However non-antigen
dependent signaling through chemokine receptors and other GPCRs transmits
inside-out signals that facilitate structural transitions in LFA-1, resulting in high
affinity engagement of ICAM-1 on APCs [32]. LFA-1/ICAM-1 bonds span a distance
of 40 nm, too large to be spanned by the TCR-pMHC complex which interacts at a
distance of 15 nm. To overcome this, T cells form actin-rich ILPs that scan the APC
surface for antigen, and the tips of these structures are covered with TCRs. In the
absence of antigen, ILPs still form but are non-persistent and rapidly retract,
whereas in the presence of relevant pMHC complexes there is an increased density
of ILPs at the site of contact, and this increased clustering may contribute to the local
exclusion of negative regulators with large ectodomains such as the phosphatase
CD45 [33]. The forces provided by ILPs are sufficient for distorting nuclear
membranes and organelles and also contribute to transendothelial migration [33,
198]. Hence, these structures are capable of providing the necessary force to
overcome the repulsion exerted by negatively charged glycocalyces and would
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enable the pro-adhesive capability of the TCR. Prolonged adhesion of TCRs to
pMHC complexes in turn would contribute to the formation of a stable immune
synapse and would allow for sufficient downstream TCR-mediated signaling events
required for optimal T cell activation.
The maintenance of ILPs and T cell-APC conjugates depends on the ability of
the TCR to couple to the actin cytoskeleton. According to the mechanical
segregation hypothesis, actin polymerization promotes T cell activation by serving as
a filter that segregates the TCR from inhibitory interactions, as well as by providing
scaffolding for the formation of SLP-76 microclusters. By coupling to the actin
cytoskeleton and incorporating regulators of actin polymerization and reorganization,
SLP-76 microclusters may be effectors that promote TCR adhesion to pMHC in
regions of tight contact between the T cell and APC surface [62] (Fig. 27A). In this
scenario, microcluster number may be required for increasing the surface area of the
T cell contact so as to promote the engagement of multiple TCR-pMHC interactions
at once, while microcluster longevity (persistence) may play an important role in
sustaining TCR-pMHC interactions so as to promote optimal TCR signaling and the
induction of a robust T cell mediated immune response (Fig. 27B).
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Figure!27.!SLPL76!microclusters!may!help!the!TCR!overcome!the!repulsive!forces!
of!glycocalyces!to!engage!pMHC!by!supporting!ILP!formation!and!integrin!
activation.!
!
(A)!To!engage!pMHC!the!TCR!must!overcome!repulsive!forces!from!the!APC!glycocalyx.!!
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and!longevity!of!protrusive!structures!that!reinforce!areas!of!tight!T!cell:APC!contact.!In!
this!manner,!SLP:76!microclusters!may!enable!the!TCR!to!act!as!an!adhesion!receptor!
by!adhering!to!pMHC!and!sustaining!long:lived!conjugates!required!for!optimal!T!cell:
mediated!immune!responses.!SKAP55!is!a!critical!regulator!of!microcluster!dynamics!
and!inside:out!signaling!to!integrins!that!may!promote!TCR:initiated!contact!formation!
with!APCs!to!drive!T!cell!activation,!while!also!enabling!integrin:dependent!
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9.2 Result II: Dimerization of the SKAP55 SH3 domains accounts
for most of the impact of SKAP55 on microcluster
dynamics and TCR adhesion
!
9.2.1 Rationale II

SKAP55 is comprised of an N-terminal coiled coil motif, a central PH domain
that may bind to PI(4,5)P2 and PI(3,4,5)P3, conserved tyrosine phosphorylation
motifs in a flexible linker region, and a C-terminal SH3 domain that constitutively
binds to a conserved proline-rich motif in the ADAP N-terminus [172, 195, 196].
However, little is known about how the distinct structural elements within SKAP55
synergize to coordinate the proper function of this molecule. Point mutation of the
SH3 domain (W333R) abolishes binding to ADAP and impairs T cell adhesion to
ICAM-1, VCAM-1, and fibronectin [170]. While the roles of tyrosines 219, 232 and
271 are unclear, they may be sites of Src-kinase regulation where the SH2 domains
of Fyn or Lck bind [174, 175, 199]. The PH domain has been shown to be important
for recruitment of SKAP55 to the plasma membrane where it can facilitate ʻinsideoutʼ signaling from the TCR to integrins and promote conjugate formation with APCs
[180, 181]. Finally, the coiled-coil motif has been shown to interact with RapL and
macrophage stimulating protein 1 (Mst1), both important regulators of LFA-1
mediated adhesion to ICAM-1 [179]. Understanding which of these structural
elements are required for (1) SKAP55-mediated stabilization of TCR-induced SLP-76
microclusters and (2) T cell retention to TCR or integrin ligands would provide
significant insight to how SKAP55 is regulated and how it promotes diverse cell
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processes. To address these issues, I created a panel of SKAP55 mutants by PCR
mutagenesis and assessed their effects in imaging and functional assays.
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9.2.2 The SKAP55 SH3 domain is necessary but not sufficient for stabilization
of SLP-76 microclusters and TCR-induced contacts

Since SKAP55 is dependent on ADAP for recruitment to SLP-76
microclusters, I expected that mutation of the ADAP-binding SKAP55 SH3 domain
would impair SKAP55 localization to and stabilization of these signaling complexes.
To determine the role of the SH3 domain in our model system, I transfected an
mRFP1-tagged SH3 (W333R) point mutant into J14.SY cells and imaged these cells
on anti-CD3-coated glass coverslips in real time by live cell confocal microscopy.
The WR mutant did not co-localize with SLP-76 and compared to the wild-type
chimera it appeared to antagonize microcluster dynamics (Fig. 28C). A monovalent
SKAP55 SH3 domain also failed to recruit to microclusters and behaved as a
dominant negative with regards to microcluster dynamics (Fig. 28C). Quantitative
analysis revealed that both the full length WR and monovalent SH3 domain
chimeras dramatically antagonized microcluster formation, persistence, movement
and max speeds (Fig. 28D, Table 1). Importantly, the monovalent SH3 chimera was
capable of capturing endogenous ADAP as efficiently as the wild-type control in coimmunoprecipitation assays (Fig. 29).
Expression of the W333R and monovalent SH3 chimeras also antagonized
the formation of stable contacts following T cell spreading on anti-CD3-coated
stimulatory substrate; compared to cells expressing an mRFP1 control or wild-type
SKAP55, cells expressing the WR or SH3 alone chimeras exhibited a three-fold
increase in the fraction of unstable contacts (Fig. 30). These results indicate that the
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SKAP55 SH3 domain is necessary but not sufficient to support optimal microcluster
dynamics and stable contact formation. Hence, structural elements within SKAP55
that are N-terminal to the SH3 domain are required to synergize with the SH3
domain to coordinate optimal TCR signaling and T cell function, a finding consistent
with previous studies that indicate binding to ADAP is required for SKAP55 to
coordinate downstream signaling events.!!
!
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Figure 28. The SKAP55 SH3 domain is necessary but not sufficient for
stabilization of SLP-76 microclusters.
(A) Domain structures of the wild-type (WT), W333R, and SH3-only SKAP55
chimeras (SH3). (B) mRFP1 expression levels in J14.SY cells transiently transfected
with the indicated chimeras (n = 3). (C) Cells from B were stimulated and imaged on
10 µg/mL OKT3. MOT images are presented (n = 3). Scale bars; 10 µm. (D)
Composite microcluster traces depicting microcluster movement and persistence for
the conditions examined in C. Triangular marks correspond to the time at which 50%
of microclusters dissipate during a 5 minute imaging run (n = 3). Cell numbers for
each condition are indicated in parentheses.
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Figure 29. The SKAP55 SH3 domain is necessary and sufficient for the coprecipitation of endogenous ADAP.
3xFlag.mCFP-tagged SKAP55 chimeras were transfected into J14.SY Jurkat T cells
and precipitated with anti-Flag M2 mAb (n = 3). Total lysate and immunoprecipitates
were blotted for ADAP and Flag.
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Figure 30. The SKAP55 SH3 domain is necessary but not sufficient for optimal
TCR-induced contact stability.
J14.SY cells transiently transfected with the indicated constructs were scored for
contact stability as depicted in Figure 22 (n = 4 experiments, at least 10 cells per
condition). Error bars indicate ± SEM. From J14.SY expressing mRFP1 control: **, P
< 0.01. From J14.SY expressing SKAP55.WT.mRFP1: ††, P < .01.
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9.2.3 The SKAP55 PH domain and linker tyrosines are dispensable for SKAP55
recruitment to and stabilization of SLP-76 microclusters
!

The SKAP55 PH domain has been reported to be important for its recruitment

to the plasma membrane where it transmits inside-out signals from the TCR to
integrins to enable adhesion to ICAM-1 [180, 181]. The PH domain has a conserved
lipid binding pocket which may bind to PI(3,4)P2 or PI(3,4,5)P3; mutation of R131 in
the lipid binding pocket is sufficient for impairing membrane recruitment of this
molecule and for integrin-mediated T cell adhesion. Crystal structure studies of the
SKAP55 homolog SKAP-Hom have revealed that the PH domain may act as a
phosphoinositide switch that folds up onto the N-terminal dimerization motif when not
engaging lipids; such a conformation would keep the molecule auto-inhibited, while
exposure to high concentrations of lipid would force the PH domain to dissociate
from interacting residues on the surface of the dimerization motif, opening the
molecule to its active state [172]. The liberated dimerization motif in turn could
theoretically participate in scaffolding interactions with binding partners that
contribute to effector function. Consistent with this model, mutation of the PH domain
such that it can no longer bind lipid impairs SKAP-Hom localization to actin ruffles in
macrophages and inhibits actin cytoskeletal reorganization downstream of integrin
ligation. However, mutations that simultaneously abrogate PH domain lipid binding
and association with the dimerization motif, so as to keep the molecule in an open
state, restore optimal SKAP-Hom function [172].
Although SKAP55 has not yet been shown to function in a similar fashion,
mutation of the lipid binding pocket may impair T cell adhesion to ICAM-1 by
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allowing the PH domain to constitutively fold onto the N-terminal coiled coil domain
known to bind RapL, thereby potentially occluding RapL binding and inhibiting T cell
adhesion to ICAM-1.
Functional roles for the linker tyrosines 219, 232 and 271 remain unclear.
Phosphorylated Y271 has been shown to interact with Fyn and growth factor receptorbound protein 2 (Grb2) to mediate MAPK signaling downstream of anti-CD3
stimulation in Jurkat T cells, while phosphorylation of Y232 may regulate Src-kinase
activation by binding to the phosphatase CD45 [174]. However, a SKAP55 chimera
in which all three tyrosines are mutated to phenylalanine (3YF) is still able to support
adhesion to integrin ligands [170].
A Y260F mutation in Mus musculus SKAP-Hom, homologous to Homo
sapiens Y271F in SKAP55, impairs mouse embryonic fibroblast (MEF) migration,
suggesting that phosphorylation at this motif may be important for SKAP55
localization and function [199]. To test the roles of the PH domain and linker
tyrosines in SKAP55-mediated microcluster dynamics and T cell function, I carried
out imaging and adhesion assays.
I expressed a SKAP55 chimera lacking the PH domain (∆PH) in J14.SY cells
and compared localization of this mutant to a wild-type control by live cell
fluorescence microscopy. The ∆PH chimera localized to SLP-76 microclusters with
high stoichiometry, and did not antagonize SLP-76 microcluster persistence or
centripetal movement (Fig. 31C). Quantitation of microcluster dynamics verified our
qualitative observations, indicating that the PH domain is not required for optimal
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microcluster dynamics (Fig. 31D, Table 1). However, these imaging studies were
carried out in cells that express endogenous SKAP55, and it was possible that ∆PHcontaining SLP-76 microclusters remained stable due to the recruitment of
endogenous SKAP55. To test this hypothesis, I expressed either wild-type, ∆PH, or
lipid non-binding (R131M) mutants in the SKAP55-deficient JSKAP.SY line at
expression-matched levels (Fig. 31E, 32A). Reconstitution of JSKAP.SY with the
∆PH or R131M chimeras rescued SLP-76 microcluster stoichiometry, persistence
and movement relative to the null control.
Since the PH domain has been reported to recruit to the plasma membrane
and is predicted to bind lipids, I was surprised to see the ∆PH chimera recruit to
membrane-proximal SLP-76 microclusters. To determine if the PH domain played a
role in recruitment to the plasma membrane outside of microclusters, I transiently cotransfected SKAP55.mRFP1 (red) with the monovalent PH domain of Akt (blue),
which functions as a reporter of the plasma membrane by virtue of its high affinity for
PI(3,4,5)P3. To analyze membrane recruitment I assessed localization 4 µm above
and at the coverslip – the area which encompasses the plasma membrane – by
taking diametrical slices through the cell at 0.5 µm increments, and found no
enrichment of SKAP55 in regions where the Akt PH domain localized (Fig. 33A).
Because SKAP55 PH domain binding to lipids may be inhibited by competition for
binding to the N-terminal SKAP55 coiled coil motif as described above, I created a
monovalent 3xFlag.TRT-tagged SKAP55 PH domain chimera and assessed its
localization in J14.SY at and 4 µm above the coverslip but this chimera also failed to
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display plasma membrane localization (Fig. 33B). Hence, the SKAP55 PH domain
either does not engage lipids in a physiological setting, or engages lipids only once
SKAP55 has been pre-positioned within SLP-76 microclusters. Alternatively, the PH
domain is dysregulated or inactivated in Jurkat T cells where there is high tonic
PI(3,4,5P)P3.
Next, I repeated the studies explained above with the 3YF chimera to test the
potential role of the linker tyrosines in microcluster dynamics. Like the ∆PH chimera,
overexpression of the 3YF mutant did not significantly antagonize microcluster
dynamics and was able to rescue their persistence and movement in the JSKAP.SY
line (Fig. 31C, D, E, Table 1).
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Figure 31. The SKAP55 PH domain and linker tyrosines are dispensable for
recruitment to and stabilization of SLP-76 microclusters.
(A) Domain organization of PH domain and linker tyrosine mutants. (B) Expression
levels of chimeras by western blot (n = 3). (C) MOT images of J14.SY transiently
transfected with the indicated chimeras and imaged on 10 µg/mL OKT3 (n = 3).
Scale bars; 10 µm. (D) Composite microcluster traces (n = 3). Cell numbers per
condition are indicated in parentheses. Scale bars; 10 µm. (E) JSKAP.SY transiently
transfected with the indicated chimeras and imaged as in C (n = 3). Scale bars; 10
µm.!
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Figure 32. Expression levels of ∆PH, 3YF, and R131M chimeras in JSKAP.SY
cells.
Expression levels of indicated constructs used in imaging (A) and adhesion assays
(B). Constructs used for imaging assays were transiently transfected, whereas
stable cell lines for adhesion assays were created by lentiviral infection of indicated
constructs into JSKAP.SY cells, which were subsequently sorted on a YFP+/RFP+
gate for matched expression levels. In (B), although all exposures are taken from the
same membrane, endogenous SKAP55 is separated from the rest of the blot with a
thin white line as it represents a longer exposure than adjacent lanes. One of three
representative blots is shown.
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Figure 33. SKAP55 does not localize to the plasma membrane downstream of
solo TCR ligation. !
(A) JSKAP.SY cells were transiently co-transfected with Akt.PH.mCFP and
SKAP55.mRFP1. Cells were stimulated on 10 µg/mL OKT3 and then fixed in 1%
paraformaldehyde (PFA). Cells were imaged at and 4 µm above the cell-coverslip
interface. (B) J14.SY cells were transiently transfected with a
SKAP55.PH.3xFlag.TRT chimera and imaged as in (A). Scale bars; 10 µm.!
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!
9.2.4 The SKAP55 PH domain and linker tyrosines are dispensable for
retention to TCR and integrin ligands
Although the PH domain and linker tyrosine mutants appeared not to perturb
SLP-76 microcluster dynamics relative to wild-type SKAP55, these structural
elements may nevertheless function in downstream TCR signaling. To assess the
role of these structural elements in T cell activation J14.SY and JSKAP.SY cells
expressing ∆PH and 3YF chimeras were manually scored for boundary fluctuation;
neither ∆PH nor 3YF mutants antagonized boundary stability in J14.SY cells.
Furthermore, both constructs, in addition to the R131M (PH*) mutant, rescued
boundary stability in JSKAP.SY cells when stimulated on anti-CD3-coated glass
coverslips (Fig. 34A). To assess retention to TCR ligands, I derived the JSKAP.SY
line, transiently reconstituted it with various exogenous 3xFlag.TRT-tagged SKAP55
chimeras via lentiviral infection, and sorted all cells for similar levels of TRT
expression (Fig. 32B). ∆PH, R131M and 3YF mutants rescued JSKAP.SY retention
on anti-CD3-coated substrates, indicating that these regions of the molecule are not
required for initiation of T cell spreading and immune synapse formation (Fig. 34B).
Because the PH domain has been demonstrated to play a significant role in
facilitating inside-out signals from the TCR to integrins, I carried out integrin
adhesion assays using fibronectin, the major ligand of β1 integrins. On T cells, the
major β1 integrins expressed are VLA-4 and VLA-5; blocking either integrin with
antibodies partially inhibits binding to fibronectin [200]. J14.SY and JSKAP.SY cells
were either left unstimulated, stimulated with soluble anti-CD3, or stimulated with
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phorbol 12-myristate 13-acetate (PMA) as a positive control to bypass the TCRproximal signaling machinery. Retention of cells was subsequently normalized to the
PMA control. JSKAP.SY cells exhibited a 3.5-fold reduction in retention to
fibronectin-coated substrate relative to the parental J14.SY line. Reconstitution of
JSKAP.SY with WT, ∆PH, R131M, or 3YF chimeras rescued retention of JSKAP.SY
cells to fibronectin, indicating that these regions of SKAP55 are dispensable for
Jurkat T cell adhesion to TCR or integrin ligands (Fig. 34C). While the PH domain
data is at odds with the published literature, high levels of PI(3,4,5)P3 in the Jurkat
plasma membrane may render the SKAP55 PH domain redundant with other modes
of recruitment, such as the hSH3 domains of ADAP [170, 180, 181]. Alternatively,
the PH domain may only engage lipids within the context of signaling microclusters.
It is also possible that tyrosine or serine/threonine phosphorylation of the SKAP55
PH domain itself may trigger dissociation of the molecule from the plasma
membrane and subsequent recruitment into microclusters. A role for the linker
tyrosines in T cell spreading on or adhesion to integrin ligands has not been
established in any published study, nor has it been demonstrated by the work
encompassed in this thesis; hence these motifs seem to be dispensable for the proadhesive capability of SKAP55.
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Figure 34. The SKAP55 PH domain and linker tyrosine residues are
dispensable for TCR-induced contact stability and JSKAP.SY retention to antiCD3-coated substrates or integrin ligands.
(A) Fraction of J14.SY and JSKAP.SY Jurkat T cells expressing PH domain and
linker tyrosine mutants that form unstable contacts (n = 3 experiments, at least 10
cells per condition). (B) Jurkat T cell retention to glass substrates coated with antiCD3 where noted (n = 3). (C) Jurkat T cell retention to glass substrates coated with
fibronectin where noted (n = 3). Error bars indicate ± SEM. From parental J14.SY
cells (with or without mRFP1): *, P < .05 from JSKAP.SY (with or without mRFP1): #,
P < .05.
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9.2.5 SKAP-Hom is structurally homologous to SKAP55 but is not highly
expressed in T cells

Since the PH domain and linker tyrosine residues were dispensable for
SKAP55 function, I concluded that the localization and pro-adhesive functions of
SKAP55 required structural synergy between the C-terminal ADAP-binding SH3
domain and uncharacterized structural elements located N-terminal to the PH
domain. The SKAP55 N-terminus exhibits homology to the N-terminal coiled-coil
motif in SKAP-Hom. In addition, SKAP-Hom has similar domain organization to
SKAP55, with a C-terminal ADAP-binding SH3 domain, linker tyrosines, and a PH
domain capable of binding lipids. The SKAP-Hom coiled-coil motif has been
crystalized and is known to homodimerize the molecule; perturbation of this dimer
interface disrupts normal function of the molecule and its localization to actin ruffles
in macrophages [172]. Like SKAP55, SKAP-Hom is important for cell adhesion to
integrin ligands, reorganization of the actin cytoskeleton and cell migration [172, 183,
184, 199, 201]. Although SKAP-Hom is not expressed in Jurkat T cells, it is
reportedly expressed in primary murine T cells. Based on studies involving T cells
from SKAP55 knockout mice, it has been argued that SKAP-Hom and SKAP55 play
non-redundant roles in the context of TCR-mediated inside-out signaling to integrins
[202]. However an online immunological database (Immgen.org) indicates that
SKAP2 (gene name of SKAP-Hom) is not expressed at high levels in primary T-cells
but is selectively expressed in B-cells, dendritic cells and macrophages (Fig. 35).
Hence, SKAP-Hom may play a role similar to that of SKAP55 in these cell types, but
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is not redundant with SKAP55 in T cells because it is not actually expressed in this
cellular compartment. Based on these observations, I hypothesized that SKAP-Hom
would actually be redundant with SKAP55 if expressed at sufficient levels, and would
rescue SLP-76 microcluster dynamics and T cell adhesion in the absence of
SKAP55. Since the structure of the SKAP-Hom dimerization motif (DM) has been
solved, studying how SKAP-Hom behaved in our model system would provide
insight as to how the SKAP55 N-terminus contributes to its localization and proadhesive function in T cells. To accomplish this, SKAP-Hom was cloned into mRFP1
and 3xFlag.TRT containing expression vectors for use in imaging and functional
assays as previously described.
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Figure 35. Expression levels of SKAP55 and SKAP-Hom in the immune
system.
Expression levels of SKAP55 and SKAP-Hom genes throughout the mouse immune
system. SKAP55 is restricted to natural killer (NK) cells and T cells while SKAP-Hom
is expressed in B cells, dendritic cells, and macrophages. (Adopted from
Immgen.org).
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9.2.6 SKAP-Hom rescues SLP-76 microcluster dynamics in the absence of
SKAP55
To assess the localization of SKAP-Hom in our model system, I imaged
J14.SY transiently transfected with SKAP-Hom.mRFP1 on anti-CD3 coated glass
coverslips. SKAP-Hom recruited to SLP-76 microclusters with high stoichiometry and
co-migrated with them to the center of the contact (Fig. 36B). To determine if SKAPHom was redundant with SKAP55 in this context, I transiently transfected JSKAP.SY
cells with SKAP-Hom.mRFP1. Expression of SKAP-Hom in the JSKAP.SY line
increased microcluster number, persistence and movement relative to JSKAP.SY
cells expressing a null mRFP1 control (Fig. 36B). Quantitative analysis of
microcluster dynamics verified this qualitative observation (Figure 36B, C, Table 2),
providing the first evidence to date that SKAP-Hom is, at least in part, functionally
redundant with SKAP55 in T cells.
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Figure 36. SKAP-Hom recruits to and stabilizes TCR-induced SLP-76
microclusters in the absence of endogenous SKAP55.
(A) Domain organization of SKAP55 and SKAP-Hom. Both molecules have Nterminal coiled-coil motifs that are believed to be involved in dimerization, a PH
domain that binds membranes, linker tyrosines which may serve as substrates of
Src-family kinases, and SH3 domain that constitutively binds ADAP. (B) Top J14.SY cells transiently transfected with SKAP-Hom.mRFP1 and imaged on 10
µg/mL OKT3. Images are MOTs, and kymographs depict microcluster position over
time. Bottom - JSKAP.SY cells transiently transfected with mRFP1 control or SKAPHom.mRFP1 and imaged as described above (n = 3). Scale bars; 10 µm. (C) Graph
depicting microcluster dynamics. Triangular marks correspond to the half-life of
microclusters during a 5 minute imaging run (n = 3). Cell numbers for each condition
are indicated in parentheses.
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9.2.7 SKAP-Hom is redundant with the pro-adhesive capability of SKAP55
To determine whether SKAP-Hom is able to functionally compensate for
SKAP55, I assessed boundary stability of JSKAP.SY cells expressing the SKAPHom.mRFP1 chimera. The fraction of JSKAP.SY cells transiently reconstituted with
SKAP-Hom exhibited a four-fold reduction in unstable boundaries relative to
JSKAP.SY cells expressing an mRFP1 control (Fig. 37A). Furthermore, JSKAP.SY
cells stably expressing SKAP-Hom.3xFlag.TRT rescued JSKAP.SY retention to antiCD3 or fibronectin-coated glass surfaces at levels similarly observed for JSKAP.SY
cells stably reconstituted with wild-type SKAP55 (Fig. 37B, C, 38). These data
indicate that contrary to published reports, SKAP-Hom is functionally redundant with
SKAP55, and suggests that SKAP-Hom may fail to functionally compensate in
SKAP55-deficient T cells because it is not expressed at significant levels in this
immune cell type.
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Figure 37. SKAP-Hom functionally compensates for the loss of endogenous
SKAP55 in JSKAP.SY cells.
(A) Fraction of J14.SY and JSKAP.SY expressing mRFP1 or SKAP-Hom.mRFP1
that exhibit unstable TCR-induced contacts (n = 3). (B) Retention to glass coverslips
coated with 10 µg/mL OKT3 (n = 3). (C) Retention to fibronectin (n = 3). Error bars
indicate ± SEM. From parental J14.SY cells (with or without mRFP1): *, P < .05 from
JSKAP.SY (with or without mRFP1): #, P < .05.
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Figure 38. Expression levels of exogenous SKAP55 and SKAP-Hom chimeras
in JSKAP.SY cells.
Expression levels of indicated constructs used in imaging (top) and adhesion assays
(bottom). Constructs used for imaging assays were transiently transfected, whereas
stable cell lines for adhesion assays were created by lentiviral infection of indicated
constructs into JSKAP.SY cells subsequently sorted on a YFP+/RFP+ gate for
matched expression levels. One of three representative blots shown for each panel.
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9.2.8 The SKAP55 and SKAP-Hom N-termini are structurally homologous
The SKAP55 N-terminus contains a predicted coiled-coil motif that may, like
SKAP-Hom, be involved in homodimerization of the molecule. Since dimeric SKAPHom rescued adhesion in our model system, I hypothesized that SKAP55 similarly
also dimerizes and that the coiled-coil ʻdimerization motifʼ is the structural element in
the SKAP55 N-terminus that contributes to the localization and function of the
molecule. To determine if the SKAP55 N-terminus acts as a dimerization motif, I first
carried out structural modeling of the SKAP55 N-terminus using the I-Tasser
threading server; the amino acid sequences of the SKAP55 coiled-coil and PH
domains were threaded onto the pre-existing SKAP-Hom DM-PH crystal structure.
Of the five SKAP55 models that were returned, four preserved the overall topology of
the SKAP-Hom DM-PH module (Fig. 39A-C). The fifth was unlikely to be valid
because it perturbed key conserved structural elements within the PH domain.
These models supported the hypothesis that the putative SKAP55 dimerization motif
(ʻDMʼ) interacts with the flanking PH domains to generate a phosphoinositidedependent conformational switch. These modeling data also provide further
evidence that SKAP55 and SKAP-Hom are functionally redundant with one another,
performing the same job in different immune cells.

!

127!

A

Color: RMS vs. SKAP2 DM-PH

B

PH Domain

PH Domain

C

C
N

N

DM Dimer

C
hs
mm
cl
bt
sh
md
xt
tr
dr
hs
mm
cl
bt
sh
md
xt
gg
tr
dr

>gi|115527074|
>gi|84794544|
>gi|345805488|
>gi|358417444|
>gi|395532690|
>gi|334322793|
>gi|52345884|
>gi|410895379|
>gi|121583806|
>gi|16753212|
>gi|9055324|
>gi|73976519|
>gi|84000405|
>gi|395540402|
>gi|334349123|
>gi|166795921|
>gi|363730014|
>gi|410905521|
>gi|41055303|

[Homo sapiens] !
[Mus musculus] !
[Canis lupus familiaris]!
[Bos taurus] !
[Sarcophilus harrisii]!
[Monodelphis domestica]!
[Xenopus S. tropicalis] !
[Takifugu rubripes]!
[Danio rerio]!
[Homo sapiens] !
[Mus musculus] !
[Canis lupus familiaris]!
[Bos taurus] !
[Sarcophilus harrisii]!
[Monodelphis domestica]!
[Xenopus S. tropicalis] !
[Gallus gallus]!
[Takifugu rubripes]!
[Danio rerio]!

Figure 39. Structural modeling predicts a phosphoinositide-dependent
conformational switch in the DM-PH module of SKAP55.
(A) Secondary structure predictions for the N termini of SKAP55 (SKAP1) and
SKAP-Hom (SKAP2). PROF_sec predicts secondary structure (H for α helix, L for
loop); PHD_acc predicts whether side chains are buried (B) or exposed (e); and
Rel_sec and Rel_acc predict the reliabilities of these models, with a score of 9
indicating the most reliable. Diagrams mark the α helices observed in the SKAPHom DM-PH structure, or in the predicted models of SKAP55. Amino acids are
colored based on the properties of their side chains. (B) The model of the N-terminus
of SKAP55 was generated using the I-Tasser threading server, with the known
SKAP-Hom DM-PH module structure as a constraint. The top-scoring model is
shown, with colors encoding the root mean square (RMS) deviation between the
SKAP55 model and the existing SKAP-HOM structure after fitting with SwissPdbViewer (blue, low deviation; red, high deviation). (C) Constraint-based sequence
alignments were generated for SKAP55 (SKAP1) and SKAP-Hom (SKAP2) from the
indicated vertebrate species. Gray boxes highlight the buried residues of the
hydrophobic core, as predicted in A. Amino acids are labeled as in A.
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9.2.9 The SKAP55 N-terminus is required for homodimerization and
heterodimerization with SKAP-Hom

Although the structural modeling data predicted that SKAP55 was
homodimeric, this observation needed to be tested experimentally. To assess the
ability of SKAP55 to associate with itself via its putative dimerization motif, I created
a deletion mutant lacking the DM (∆DM) and a truncated chimeric fragment that
encompassed only the dimerization motif (DM). Full length SKAP55 (S1), SKAPHom (S2), ∆DM and DM alone chimeras were subcloned into 3xFlag.TRT-containing
expression vectors and transiently co-transfected with full-length 3xMyc.mYFPtagged SKAP55 and SKAP-Hom constructs into E6 Jurkat T cells. Full length
3xFlag.TRT-tagged SKAP55 or SKAP-Hom chimeras were co-transfected with
3xMyc.mYFP to act as negative controls. Lysates were subsequently
immunoprecipitated with anti-YFP antibody and in each immunoprecipitation the
ability of the 3xFlag.TRT-tagged chimeras to co-precipitate with the mYFP-tagged
full length constructs was assessed by blotting with anti-Flag mAb. 3xFlag.TRTtagged full length and DM alone chimeras, but not the ∆DM chimera, co-precipitated
with mYFP-tagged full length SKAP55 and SKAP-Hom (Fig. 40).
These data demonstrate that the SKAP55 DM is necessary and sufficient for
dimerization, and is capable of heterodimerizing with SKAP-Hom. That SKAP55
could also co-precipitate with SKAP-Hom in a DM-dependent manner is additional
evidence that the two molecules are structurally and functionally redundant.
Although the biochemical data demonstrate that two differentially tagged forms of
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SKAP55 can associate with one another, this is not proof in and of itself that
dimerization is the maximal state of oligomerization that this molecule can attain.
SKAP55 could assemble into higher order oligomers that first necessitate
dimerization before trimerization and tetramerization. Furthermore, it is unclear
whether all endogenous SKAP55 molecules in T cells exist as dimers. It is possible
that under stimulatory conditions only a subpopulation of SKAP55 molecules
dimerize to mediate distinct signaling pathways and T cell functions, and that active
regulation of SKAP55 dimerization is required to modulate T cell activation.
Regardless, the biochemical data shown here coupled with the structural modeling
data and prior crystal structure studies, suggest that the SKAP55 DM is required for
the formation of homodimers and heterodimers with SKAP-Hom.
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Figure 40. SKAP55 homodimerizes and heterodimerizes via its N-terminal
coiled-coil motif.
(A) Depiction of deletion and truncation mutants used in biochemical analysis. (B) E6
Jurkat T cells were co-transfected with YFP and 3xFlag.TRT-tagged SKAP55 or
SKAP-Hom chimeras. SKAP55 has been abbreviated S1 (in reference to its gene
name - SKAP1) and SKAP-Hom has been abbreviated S2 (in reference to its gene
name - SKAP2). Lysates were immunoprecipitated with an anti-YFP antibody and
both IP and co-IP targets were blotted for with respective antibodies. One of three
representative blots shown.
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9.2.10 The SKAP55 dimerization motif is required for recruitment to and
stabilization of SLP-76 microclusters
Since the SKAP-Hom DM is required for proper localization of the molecule in
macrophages, I reasoned that the SKAP55 DM would play an important role in the
proper localization of SKAP55 to actin-based SLP-76 microclusters in T cells. To
determine if the SKAP55 dimerization motif was required for recruitment to and
stabilization of SLP-76 microclusters, I expressed an mRFP-tagged ∆DM chimera in
J14.SY Jurkat cells at similar levels to wild-type control and imaged these cells in
real time on anti-CD3 coated glass coverslips. Unlike wild-type SKAP55.mRFP1, the
∆DM chimera appeared cytoplasmic (Fig. 41A, B). Quantitation revealed that
expression of this mutant mildly antagonized microcluster persistence, movement
and stoichiometry (Fig. 41C, Table 1). Furthermore, reconstitution of JSKAP.SY with
the ∆DM chimera failed to increase microcluster dynamics to levels observed in the
parental J14.SY control (Fig. 41A, C, Table 2).
Expression of a DM truncation fragment in J14.SY cells potently antagonized
microcluster dynamics and drastically reduced SLP-76 microcluster number, max
speed, persistence, and movement (Fig. 41A – C, Table 1). Based on these data, I
hypothesized that dominant negative chimeras such as the full length SH3* (W333R)
or the DM alone chimeras exhibited their potent dominant negative phenotype by
heterodimerizing with endogenous SKAP55 and disrupting productive SKAP55
dimers that would otherwise multimerize ADAP. According to this model, SKAP55mediated dimerization of ADAP contributes to microcluster persistence and
movement by increasing the number and frequency of protein-protein associations
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occurring within the signaling complex, termed ʻavidityʼ and mutants that disrupt SH3
domain dimerization should displace full length SKAP55 from microclusters. To test
whether expression of the DM alone fragment could mislocalize full-length SKAP55
from SLP-76 microclusters, I co-expressed wild-type SKAP55.mCFP with either a
mRFP1-tagged wild-type control, or the DM alone fragment. The expression of two
differently tagged wild-type SKAP55 chimeras did not perturb localization to SLP-76
microclusters, and microclusters appeared to persist and centralize normally (Fig.
42A). However, expression of the mRFP1-tagged DM alone fragment impaired
clustering of wild-type SKAP55.mCFP and antagonized cluster persistence and
movement (Fig. 42A). Based on these data, I hypothesized that SKAP55 controls
microcluster dynamics and T cell adhesion by dimerizing its C-terminal SH3
domains, each of which can subsequently bind ADAP (Fig. 42B). In this regard,
SKAP55 may act as a molecular twist-tie that contributes to SLP-76 microcluster
dynamics by providing a platform on which multiple protein-protein interactions can
transiently form or dissociate without the entire complex falling apart.
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Figure 41. The SKAP55 DM is required for the stabilization of SLP-76
microclusters.
(A) Top - J14.SY cells transiently transfected with SKAP55.∆DM.mRFP1 imaged on
10 µg/mL OKT3. MOT projections are depicted. Middle - J14.SY cells expressing
SKAP55.DM.mRFP1 were imaged as in the top panel. Bottom - JSKAP.SY cells
transiently transfected with SKAP55.∆DM.mRFP1 (n = 3). Scale bars; 10 µm. (B)
Western blot of WT, ∆DM, and DM alone chimeras using anti-mRFP1 antibody (n =
3). (C) Composite traces depicting microcluster movement and persistence over
time. Triangular marks indicate the time point at which 50% of microclusters
dissipate during a 5 minute imaging run (n = 3). Cell numbers for each condition
indicated in parentheses.
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Figure 42. Disruption of functional SKAP55 dimers impairs SLP-76
microcluster persistence and movement.
(A) J14.SY cells were co-transfected with full length SKAP55.3xFlag.mCFP (WT)
and SKAP55.mRFP1 (WT) or a SKAP55 DM.mRFP1 chimera (n = 2). MOT images
are depicted. Scale bars; 10 µm. (B) Based on the data shown thus far, the working
model is depicted. SKAP55 serves to stabilize SLP-76 microclusters by forming
productive homodimers that multimerize SH3 domain ligands such as ADAP.
Dimerized ADAP is required for recruitment to and stabilization of SLP-76
microclusters. Hence, dominant negative chimeras such as the SH3* mutant
(W333R) or DM alone chimera exhibit their dominant negative activity by
heterodimerizing with endogenous SKAP55 and disrupting productive SKAP55
dimers that multimerize ADAP.
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9.2.11 The SKAP55 DM is required for optimal T cell retention to TCR and
integrin ligands
To determine whether the SKAP55 DM is required for optimal TCR-initiated
cell spreading, I assessed boundary stability of J14.SY and JSKAP.SY cells
expressing the ∆DM and DM alone chimeras. The fraction of J14.SY cells exhibiting
unstable boundaries was dramatically increased in the ∆DM and DM aloneexpressing populations and there was no reduction in the fraction of JSKAP.SY cells
exhibiting unstable contacts upon transient addback of the ∆DM chimera (Fig. 43A).
Furthermore, stable reconstitution of JSKAP.SY with SKAP55.∆DM.3xFlag.TRT
failed to rescue JSKAP.SY retention to anti-CD3 or fibronectin-coated glass surfaces
(Fig. 43B, C, 44). While these results indicate that the DM plays a critical role in
many aspects of T cell function and activation, it is impossible from these data to
determine whether the DM supports T cell adhesion and TCR-induced cell spreading
simply by dimerizing the SKAP55 SH3 domains, or whether it also participates in
scaffolding interactions that bridge SLP-76 microclusters to the actin cytoskeleton or
integrins.
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Figure 43. The SKAP55 DM is required for stabilization of TCR-induced
contacts and for retention to anti-CD3-coated substrates and integrin ligands.
(A) Fraction of cells with unstable contacts is measured for J14.SY and JSKAP.SY
cells expressing various DM mutants (n = 3). (B) Retention to anti-CD3 coated glass
coverslips (n = 3). (C) Normalized retention to fibronectin (n = 3). Retention was
normalized to a PMA control. Error bars indicate ± SEM. From parental J14.SY cells
(with or without mRFP1): *, P < .05 from JSKAP.SY (with or without mRFP1): #, P <
.05.

!

137!

J14.SY

A

JSKAP.SY
Null

WT

!DM

mRFP1
- 75 kD

- 75 kD

SKAP55

!-tubulin

*+,-./$

B

- 50 kD

5#67$

.89:;;$

!01"2"#34$

*.89:-./$
!"##$ %&$ $'()$ $&($
0$<;$=($

0$<;$=($

0$;>$=($

Figure 44. Expression levels of exogenous wild type, ∆DM and tandem dimer
chimeras in JSKAP.SY cells.
Expression levels of indicated constructs used in imaging (A) and adhesion assays
(B). Constructs used for imaging assays were transiently transfected, whereas
stable cell lines for adhesion assays were created by lentiviral infection of indicated
constructs into JSKAP.SY cells subsequently sorted on a YFP+/RFP+ gate for
matched expression levels. For each panel, one of three representative blots is
shown.
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9.2.12 A SKAP55 tandem dimer is sufficient for recruitment to and stabilization
of SLP 76 microclusters, and for T cell retention to TCR ligands
To determine whether the SKAP55 DM motif stabilizes SLP-76 microclusters
and T cell adhesion by dimerizing ADAP and increasing overall microcluster avidity, I
generated an artificial 'tandem dimer' (TD) consisting of two SKAP55 SH3 domains
joined by the 3YF linker region (Fig. 45A). Unlike the isolated SH3 domain or ∆DM
chimera, the TD entered SLP-76 microclusters and had no significant negative
impact on SLP-76 microcluster dynamics upon overexpression in J14.SY cells (Fig.
45B-D, Table 1). Although the tandem dimer weakly destabilized TCR-initiated
contacts upon overexpression in J14.SY cells the effect was not significant (Fig.
46A). In reconstitution studies, the hairpin-resistant tandem dimer restored optimal
SLP-76 microcluster dynamics in JSKAP.SY cells, increasing the stability of TCRinduced contacts and promoting T cell retention to anti-CD3 coated glass coverslips
via the TCR nearly as well as wild-type SKAP55 (Fig. 44B, 45C, D, Table 2,, 46A, B,
47). These data indicate that dimerization of SKAP55 SH3 domains is sufficient to
support microcluster stability and adhesion via the TCR and suggests that the chief
role of SKAP55 with respect to TCR signaling and contact formation is to act as a
molecular twist-tie that dimerizes ADAP and increases the molecular avidity of SLP76 microclusters.
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Figure 45. The SKAP55 tandem dimer is sufficient for recruitment to and
stabilization of SLP-76 microclusters.
(A) Cartoon of the domain organization of the SKAP55 tandem dimer chimera; two
SKAP55 SH3 domains are joined by the flexible SKAP55 linker in which tyrosines
have been mutated to phenylalanines to discount the contribution of tyrosine
phosphorylation. (B) Assessment of WT and TD expression levels by western
blotting (n = 3). (C) Top - J14.SY cells transiently transfected with
SKAP55.TD.mRFP1 imaged on glass coverslips coated with 10 µg/mL OKT3. MOT
and kymograph depicted. Bottom - JSKAP.SY cells transiently transfected with
SKAP55.TD.mRFP1. Images were acquired as above (n = 3). Scale bars; 10 µm. (D)
Composite traces of microcluster movement over time. Triangular marks indicate the
half-life of microclusters when cells are expressing the indicated chimera.
Parentheses indicate number of cell replicates over at least 3 experiments (n = 3).
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Figure 46. The SKAP55 TD stabilizes TCR-induced contacts and supports
retention of JSKAP.SY cells to anti-CD3-coated substrates.
(A) Fraction of J14.SY and JSKAP.SY cells transiently transfected with the indicated
constructs that exhibit unstable contacts, scored as in Figure 22 (n = 3). (B)
JSKAP.SY cells reconstituted with the indicated constructs were allowed to settle in
96 well plates either left uncoated or coated with 10 µg/mL OKT3 (anti-CD3) that
contained prewarmed RPMI. Plate was read before and after non-adherent cells
were washed off by gentle pipetting and fractional retention was calculated (n = 3).
Error bars indicate ± SEM. From parental J14.SY cells (with or without mRFP1): *, P
< .05 from JSKAP.SY (with or without mRFP1): #, P < .05.
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in JSKAP.SY cells.
Expression levels of indicated constructs used in live cell imaging. Constructs used
for imaging assays were transiently transfected. One of three representative blots
shown.

!

142!

9.2.13 Dimerization of the SKAP55 SH3 domains is sufficient for myosin
filament organization at the immune synapse
Microcluster centralization is widely believed to be a mechanism by which
signaling is down-regulated, and prevention of microcluster centralization by ligation
of co-stimulatory ligands or artificial barriers has been shown to increase T cell
signaling and activation [58, 72, 73]. Microcluster centralization also serves as a
useful tool for understanding how signaling complexes couple to the underlying actin
cytoskeleton and to force-generating systems that may positively contribute to T cell
signaling. Many studies have identified non-muscle myosin IIA as an important
regulator of microcluster movement within the immune synapse in primary T cells, as
its knockdown impairs microcluster centralization [52, 90]. However, Jurkat T cells
express both myosin IIA and IIB isoforms and knockdown of both IIA and IIB is
required to achieve the same effect (Fig. 48).
The mechanisms that regulate myosin filament assembly at the immune
synapse remain to be resolved. Since the SKAP55 tandem dimer was sufficient for
microcluster centralization in JSKAP.SY cells, I hypothesized that SKAP55-mediated
dimerization of ADAP was sufficient for coordinating myosin II filament organization
at the immune synapse. If so, the structural elements of the ADAP/SKAP55 module
that couple microclusters to the actin cytoskeleton must lie within ADAP and not
within SKAP55 itself since the tandem dimer has only two SH3 domains joined by a
flexible linker. To test whether the tandem dimer was sufficient for coordinating
myosin IIA filament organization downstream of solo TCR ligation, J14.SY and
JSKAP.SY Jurkat cells were stimulated on anti-CD3 coated glass coverslips, fixed,
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and immunofluorescently stained for endogenous myosin IIA; myosin activation was
then assayed by staining J14.SY and JSKAP.SY cells for phospho-myosin light
chain (p-MLC; S19).
In J14.SY cells myosin IIA staining revealed filamentous structures that
extend from the periphery of the contact towards the center (Fig. 49A). Myosin
filament organization was most evident when microclusters centralized, whereas
staining appeared diffuse when microclusters were dispersed throughout the
contact. Staining for p-MLC revealed a similar pattern, though activated myosin
filament structure was much more defined compared to total myosin IIA staining (Fig.
49B). In JSKAP.SY cells, total myosin IIA and p-MLC staining was diffuse throughout
the contact. (Fig. 49A, B). Interestingly, transient reconstitution of JSKAP.SY cells
with either wild-type or tandem dimer SKAP55 chimeras (red) restored myosin IIA
and p-MLC filament structure downstream of solo TCR ligation (Fig. 49 C, D).
Hence, structural elements in the SKAP55 N-terminus are dispensable for myosin II
filament assembly and microcluster movement, and structural elements involved in
coupling SLP-76 microclusters to the actomyosin complex most likely lie in ADAP.
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Figure 48. Knockdown of endogenous myosin IIA/IIB impairs microcluster
centralization but not persistence.
J14.SY cells transiently expressing mRFP1 control (top) or shRNA directed against
myosin IIA/IIB (bottom) (n = 1). Cells imaged on 10 µg/mL OKT3. MOT images
shown. SLP-76 kymographs shown on the right. Scale bars: 10 µm.
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Figure 49. The SKAP55 tandem dimer is sufficient for coordinating myosin
filament organization at the immune synapse downstream of solo TCR
ligation.
(A) Immunofluorescence staining for myosin IIA in J14.SY (top) and JSKAP.SY
(bottom) in cells fixed after stimulation on anti-CD3-coated glass coverslips (n = 3).
(B) Immunofluorescence staining for p-MLC in J14.SY (top) and JSKAP.SY cells
(bottom) (n = 3). (C) Immunofluorescence staining for myosin IIA in JSKAP.SY +
wild-type SKAP55 (top) or tandem dimer (bottom) (n = 2). (D) Immunofluorescence
staining for p-MLC in JSKAP.SY + wild-type SKAP55 (top) or tandem dimer (bottom)
(n = 2). Scale bars; 10 µm.
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9.2.14 The ADAP and SKAP55 N-termini may be redundant for coupling SLP76 microclusters to the actin cytoskeleton
The SKAP55 tandem dimer data suggested that the SKAP55 N-terminus is
dispensable for microcluster dynamics and TCR adhesion and that the structural
elements in the ADAP/SKAP55 module needed to couple to actin and myosinmediated contractility lie in the ADAP N-terminus, which has conserved motifs
known to couple to actin-binding partners. However, a recent report has
demonstrated that replacing the entire ADAP N-terminus (AH1-5 motifs) with the
SKAP55 N-terminus rescues T cell adhesion to ICAM-1 and conjugate formation
with APCs in the absence of endogenous ADAP and SKAP55 [181] (Fig. 50A).
These results at first perplexed me, as there is significant evolutionary conservation
amongst the five proline-rich motifs in the ADAP N terminus. To test whether the
SKAP-ADAP fusion chimera was capable of recruiting to and stabilizing SLP-76
microclusters, I transfected it into JDAP.SY Jurkat T cells and imaged cells
stimulated on anti-CD3 alone. This fusion construct recruited to SLP-76
microclusters and increased microcluster persistence and movement compared to
an mRFP1 null control (Fig. 50B, C). Furthermore, the fraction of JDAP Jurkats
exhibiting unstable boundaries was dramatically reduced upon reconstitution with
this mutant downstream of solo TCR ligation (Fig. 50D). These data appear to
suggest that the ADAP N-terminus is dispensable for TCR signaling and adhesion:
however, there may be redundancy between the N-termini of SKAP55 and ADAP
and both molecules may be capable of binding to molecules that can couple them to
the actin or microtubule cytoskeleton and thus regulate cell spreading and adhesion.
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The ADAP N-terminus contains five conserved proline rich motifs that may
interact with the actin cytoskeleton through associations with HIP55 and the Racspecific GEF dedicator of cytokinesis 2 (DOCK2). I reasoned that ADAP could
couple SLP-76 microclusters to actin independently of SKAP55 by recruiting to the
actin-rich lamellipodia, thereby promoting optimal T cell spreading on anti-CD3
coated glass substrates. Additionally, I hypothesized that ADAP constructs that
retain binding to SKAP55 but lack motifs that couple to actin should impair cell
spreading, localization to lamellipodia, and the ability to support SLP-76
microclustering.
To test these hypotheses, I transiently transfected J14.SY cells with various
ADAP N-terminal truncation mutants that either lack or encompass the SKAP55
binding motif (AH4) (Fig. 51A). These cells were subsequently imaged on anti-CD3
coated glass coverslips in real time. A chimera comprised solely of AH motifs 1-2
was cytoplasmic and impaired microcluster movement and persistence (Fig. 51B).
However, an AH1-3 fragment localized with waves of actin in lamellipodia and in
contrast to the AH1-2, did not antagonize microcluster persistence or centralization
(Fig. 51B). This result suggests a model in which the AH1-2 binds a critical molecule
involved in T cell spreading and microcluster formation, supporting microcluster
nucleation and centripetal movement, but the AH3 domain is required to properly
localize ADAP to actin rich lamellipodia. Once at lamellipodia, the AH1-2 supports
microcluster nucleation and centripetal movement.
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Expression of the ∆AH1-3 chimera did not appear to affect SLP-76
microcluster number or stoichiometry in fixed cells: while it recruited to microclusters,
this mutant appeared to antagonize optimal T cell spreading on anti-CD3 coated
substrate (Fig. 51C). Lamellipodia were not visible in these cells and ʻretraction
fibersʼ anchored at initial sites of TCR engagement were evident, suggesting that the
cells tried to form a firm contact but failed to do so. Furthermore, the ∆AH1-3
chimera failed to recruit to the actin-rich edge in enhanced green fluorescent protein
(EGFP).actin Jurkat T cells (Fig. 52). Hence, the AH1-3 may interact with molecules
that are critical for either actin polymerization, branching or other pro-adhesive
processes that enable optimal T cell signaling and adhesion. It is possible that the
AH3 binds actin directly, as an actin-binding motif within the AH3 was identified
when I entered the AH3 amino acid sequence into the Eukaryotic Linear Motif (ELM)
resource for the identification of functional sites within proteins (Fig. 53).
Cumulatively, these data demonstrate that both the SKAP55 and ADAP Ntermini enable coupling of SLP-76 microclusters to the actin cytoskeleton, promoting
optimal TCR-induced cell spreading. How this redundancy is orchestrated however,
is unclear. Regions encompassing the ADAP AH1-3 have been shown to bind to
HIP55, an adapter protein that promotes cell adhesion and migration by binding to
and stabilizing branched actin filaments [166]. Additionally, mass spectrometry
studies have identified DOCK2 as a binding partner of the ADAP N-terminus
(although the exact interacting motifs are unmapped) [203]. Rac1 is required for
optimal actin polymerization branching, lamellipodia formation, and edge protrusion,
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so ADAP mutants unable to localize DOCK2 properly may impair Rac1 activation
[204]. Reduced Rac1 activation would in turn skew the balance of coordinated Rhofamily GTPase function away from protrusion/spreading and towards Cdc42/RhoAmediated contraction of the actin cytoskeleton. Such a model would explain the
phenotype of J14.SY Jurkat cells observed in figure 51C, where there is no
lamellipodia formation and the cell boundaries appear as though they have retracted
from their initial point of contact with anti-CD3.
Although the SKAP55 N-terminus is not known to bind HIP55 or DOCK2, it
does interact with the adapter RapL, links to the microtubule cytoskeleton and
heterodimerizes with the Ste20-family kinase Mst1. Mst1 in turn can couple to the
actin cytoskeleton indirectly to regulate cell spreading, adhesion, and migration on
integrin ligands [205, 206]. Overall, these results demonstrate that the SKAP55 Nterminus is not absolutely required for optimal microcluster formation, persistence
and centripetal movement; in fact, the N-terminus of ADAP may compensate for that
of SKAP55 when the tandem dimer is expressed.
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Figure 50. A SKAP-ADAP fusion chimera is sufficient for stabilization of SLP76 microclusters and TCR-induced contacts in the absence of endogenous
ADAP.
(A) Cartoon of SKAP55, ADAP, and SKAP-ADAP fusion chimeras. The SKAP-ADAP
chimera was built by cloning the SKAP55 N-terminus (DM-PH-linker) into a plasmid
containing only the ADAP C-terminus (NhSH3-tyrosine residues-cSH3). (B) MOT
images of SLP-76 microcluster position over time shown. Scale bars; 10µm. (C)
Composite traces of microcluster dynamics in JDAP reconstituted with SLP-76.YFP
and either mRFP1 control or mRFP1-tagged SKAP-ADAP fusion chimera. Triangular
marks indicate the time at which 50% of microclusters dissipate during a 5 minute
imaging run. (D) Manual scoring of boundary stability in JDAP expressing SLP76.YFP and either an mRFP1 null control or the SKAP-ADAP fusion chimera.
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optimal microcluster dynamics, and for TCR-mediated spreading.
(A) Cartoon depicting the ADAP chimeras used in panels (B) and (C). (B) J14.SY
stably transduced with 3xFlag.TRT-tagged AH1-4, AH1-3, and AH1-2 chimeras.
Images are MOT projections depicting microcluster position over time (n=1). Scale
bars; 10 µm. (C) Still images of J14.SY expressing wild-type or ∆AH1-3 chimeras
(n=1). Scale bars; 10 µm.
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Fig. 52. The ADAP AH1-3 is required for recruitment to actin
MOT images of 3xFlag.TRT-tagged ADAP chimeras in EGFP.Actin Jurkat T
cells imaged on glass coverslips coated with 10 µg/mL OKT3. (n= 2). Top
panel: WT ADAP chimera. Bottom panel: ∆AH1-3 ADAP chimera. Scale bars;
5 µm.
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Actin-binding motif

Figure 53. The ADAP AH3 motif contains an actin-binding sequence.
Using the ELM server, an actin-binding motif in the ADAP AH3 motif was identified.
Sequences from human (hE), mouse (mE), and chicken (gE) were aligned to assess
evolutionary conservation. Amino acids are color-coded as described in figure 51.
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9.2.15 Summary!II
!
Together, these data suggest that SKAP55 regulates microcluster dynamics,
contact stability, and TCR adhesion by multimerizing ADAP, SLP-76, Gads and LAT
into higher-order complexes that couple TCR-induced microclusters to the proadhesive and force-generating systems of the actin cytoskeleton (Fig. 54). In their
incorporation of tyrosine kinase-dependent scaffolds that impact the organization of
the cytoskeleton, SLP-76 microclusters resemble focal adhesions and podosomes
[207–219]. Based on these similarities, the coupling of SLP-76 microclusters to the
actin cytoskeleton, the orientation of actin filaments above SLP-76 microclusters,
and the association of microclusters with adhesive structures, I propose that SLP-76
microclusters are T cell-specific podosomes. By forming these podosome-type
structures, SLP-76 microclusters may couple TCR-mediated adhesion to local actin
polymerization, generating both the downwardly directed forces required to
overcome glycocalyx repulsion and the lateral shear forces required for efficient TCR
mechanotransduction. Although the SKAP55 SH3 domain may participate in
interactions with other proline-rich motif containing molecules, the data presented
here indicate that the SH3 domain ligand involved in multimerization of microcluster
components, boundary stability and retention to TCR ligands, is ADAP.
Receptor multimerization is critical for downstream signaling and effector
function in multiple cell types. It can be achieved through the oligomerization of
adapter and effector molecules recruited to antigen receptors during immune cell
activation to form signaling microclusters that ultimately transmit information from the
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plasma membrane to the nucleus to facilitate changes in activation state and cell
function. In fact, several studies have demonstrated the importance of microcluster
multimerization, or avidity in maintaining complex integrity and effector function.
Microcluster ʻavidityʼ is achieved on several levels; the SLP-76 SAM (sterile alpha
motif) contributes to self-oligomerization and in the formation of higher order SLP-76
containing microclusters, while LAT can be oligomerized via multipoint binding to
Grb2 and son of sevenless homolog 1 (Sos1)-Gads complexes [69, 220]. LAT and
SLP-76 can be further multimerized through scaffolding interactions with Vav1 and
phosphorylated tyrosines in the adapter ADAP provide a multi-point binding platform
for the SLP-76 SH2 domain [64, 221]. If microcluster components are in continuous
and rapid exchange with cytoplasmic pools then multi-level microcluster
oligomerization would promote the trapping and activation of these components,
resulting in continuous TCR signaling, T cell spreading and adhesion on APCs,
ultimately sustaining T cell-mediated immune responses.
Molecular trapping of microcluster components within oligomeric structures
may also promote T cell activation by decreasing the dissociation rates of proteins
involved in TCR signaling. Impaired avidity would result in the fewer total and more
non-persistent and immobile microclusters, as were observed under conditions in
which SKAP55 was precluded from dimerizing its SH3 domains. Additionally,
microcluster avidity may help compartmentalize signaling at the immune synapse so
as to prevent down-regulatory kinases, phosphatases, ubiquitin ligases and
caspases from gaining access to and inactivating or degrading substrates. For
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example, one mechanism by which ADAP is believed to promote T cell activation is
by competing with serine/threonine hematopoietic progenitor kinase-1 (Hpk1) for
binding to the SLP-76 SH2 domain [222]. Hpk1 is a negative regulator of T cell
activation that promotes SLP-76 and Gads degradation by phosphorylation and
subsequent recruitment of 14-3-3 proteins and ubiquitin ligases to these
phosphorylated substrates; overexpression of Hpk1 also impairs microcluster
formation and persistence [223, 224]. Multimerization of SKAP55 SH3 domains
could stabilize ADAP associations with the SLP-76 SH2 domains to protect SLP-76
and Gads from this degradation and thus promote sustained signaling. According to
this model, knockdown of ADAP or SKAP55 would result in increased Hpk1
recruitment to SLP-76 microclusters and increased Hpk1 catalytic activity.
To date, mutations that have impaired microcluster persistence downstream
of solo TCR ligation have also impaired centralization, suggesting that the two
phenomena are inextricably linked. However, several studies have demonstrated
that it is possible to selectively perturb microcluster movement without inhibiting
complex stability. For example, overexpression of the ubiquitin interacting motif
(UIM) from epidermal growth factor receptor substrate 15 (eps15) inhibits
microcluster movement but not persistence [225]. This result is phenocopied when a
catalytic-dead mutant of the ubiquitin ligase c-Casitas b-lineage lymphoma (c-Cbl) is
expressed, suggesting that microcluster movement depends at least in part on
ubiquitination [68].
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Microcluster movement also depends on contraction of the actin cytoskeleton
by myosin IIA and IIB isoforms in Jurkat T cells. While myosin VI is known to contain
a motif interacting with ubiquitin (MIU), it is unclear whether myosin II contains a MIU
- it is possible that myosin-mediated microcluster movement depends on
simultaneous ubiquitin-dependent interactions between myosin and microcluster
components [226]. In keeping with this hypothesis, the linker region in the SKAP55
tandem dimer contains several conserved motifs predicted to serve as docking sites
for TNF-associated factor 6 (TRAF6); TRAF6 acts as a ubiquitin ligase and facilitates
the linkages of polyubiquitin chains [227]. Hence, the SKAP55 tandem dimer
chimera may promote microcluster movement by linking myosin to polyubiquitin
chains (Fig. 55).
Alternatively, SKAP55 may contribute to microcluster movement by
positioning ADAP at the immune synapse, where dimerization by SKAP55 may
facilitate optimal ADAP tyrosine phosphorylation and subsequent interactions with
SLP-76 itself. Multipoint binding of the SLP-76 SH2 domain to phosphorylated ADAP
in turn would reinforce highly oligomeric structures that promote T cell signaling by
sequestering ADAP away from phosphatases that would otherwise disrupt its
associations with SLP-76 and cause impaired microcluster formation and signaling.
ADAPʼs role in the microcluster is not limited to its associations with SKAP55
and SLP-76: the ADAP N-terminus (AH1-5) contains multiple proline-rich motifs that
may interact with proteins involved in cross- linking actin filaments (Fig. 56, 57). One
such binding partner, HIP55, plays an important role in T cell activation, adhesion to
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integrin ligands, and migration. By cross-linking actin, HIP55 may contribute to the
cytoskeletal scaffolding that myosin II requires in order to contract the actin
cytoskeleton and facilitate microcluster centralization. The ADAP C-terminus may
also link to actomyosin contraction: the tail tyrosines 771 and 780 have been shown
to be required for optimal T cell adhesion to integrin ligands [151, 221]. These motifs
may recruit SH2-domain effector or adapter molecules that are involved in activating
myosin contractility or in further cross-linking microclusters to the actin cytoskeleton.
Notably, stabilization of SLP-76 microclusters was not found to be dependent
on the SKAP55 PH domain. While several studies have highlighted the importance
of the PH domain in SKAP55 and SKAP-Hom function the studies carried out in this
thesis involved Jurkat cells, which have dysregulated lipid metabolism. Specifically,
Jurkat T cells lack the lipid phosphatases PTEN and SHIP1/2; consequently,
SKAP55 in these cells may be prone to constitutive tyrosine-kinase dependent
signaling that keeps the protein in an ʻopenʼ conformation, thereby negating the role
of the PH domain in structural regulation [170]. Furthermore, constitutively high
PI(3,4,5)P3 may result in alternate routes of recruitment for SKAP55 to the plasma
membrane; in-vitro, the helically extended SH3 domains of ADAP have been shown
to bind to ADAP. Alternatively, the SKAP55 PH domain may engage lipids only after
it is recruited to SLP-76 microclusters for localized effector function (Fig. 56).
Additionally, phosphorylation of tyrosine, serine and threonine residues in the
SKAP55 PH domain may create enough repulsive force between the charged
membrane and domain to knock the molecule off the plasma membrane and into
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microclusters. Under this scenario, recruitment of SKAP55 to the plasma membrane
serves as a regulatory step that controls T cell activation and adhesion before
recruitment into signaling complexes.
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Figure 54. The SKAP55 tandem dimer stabilizes SLP-76 microclusters by
multimerizing microcluster components.
The SKAP55 tandem dimer, by dimerizing its ADAP-binding SH3 domains, stabilizes
SLP-76 microclusters by increasing microcluster ʻavidity.ʼ Avidity is required for
trapping signaling molecules within oligomeric structures that exclude negative
regulators such as phosphatases, ubiquitin ligases and caspases. Oligomerization of
these complexes enables sustained signaling to drive optimal T cell activation and
healthy immune responses.
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TRAF6 binding motifs

Figure 55. Multiple TRAF6 binding sites in the SKAP55 tandem dimer linker
region may contribute to SLP-76 microcluster movement by coupling to
ubiquitin-dependent motor proteins such as myosin or dynein.
!
Several!lines!of!evidence!indicate!that!ubiquitination!of!microcluster!components!is!
required!for!microcluster!centralization.!Using!the!ELM!motif!server!that!identifies!
known!binding!motifs!and!domains!I!identified!three!TRAF6!binding!motifs!in!the!linker!
region!of!the!SKAP55!tandem!dimer.!The!phenylalanines!in!the!“FEED”,!“FDDI”,!and!
“FEVL”!motifs!are!tyrosines!in!wild!type!SKAP55.!TRAF6!binding!motifs!are!highlighted!
in!yellow!and!identified!by!red!arrows.!TRAF6!is!a!ubiquitin!ligase!that!attaches!
ubiquitin!to!lysines!on!the!substrate!protein.!Polyubiquitin!chains!can!be!built!by!
attaching!multiple!ubiquitin!molecules!together!via!lysines!found!on!the!ubiquitin!itself.!
Lysines!that!can!be!targeted!for!linking!ubiquitins!together!are!K6,!K11,!K27,!K29,!K33,!
K48,!and!K63.!
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Figure 56. Proposed conformational and multimeric states for various SKAP55
mutants.
(A) Based on our imaging studies, our structural modeling, and the SKAP-Hom
crystal structure, I expect SKAP55 to remain cytoplasmic in resting cells and to form
a closed dimer in which the phosphoinositide binding site within the PH domain is
occluded by the C-terminal helix of the DM motif. (B) All microcluster-destabilizing
SKAP55 mutants lack the ability to dimerize ADAP, and the most potent dominantnegative forms of SKAP55 have the capacity to disrupt endogenous SKAP55
homodimers. (C) The SKAP55 PH mutant and the SKAP55 TD both enter and
stabilize microclusters and have the capacity to multimerize ADAP (D) Based on the
observations above, I expect that SKAP55 is recruited to the plasma membrane via
its SH3 domain, which couples SKAP55 to microclusters containing ADAP and to
SLP-76. Once present at the plasma membrane, tyrosine phosphorylation and/or
high local phosphoinositide concentrations may drive SKAP55 into an open
conformation.
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Figure 57. The SKAP55 and ADAP N-termini are redundant for SLP-76
microcluster persistence and movement.
The SKAP55 DM and ADAP AH1-3 motifs may bind overlapping sets of molecules
that link SLP-76 microclusters to the actin cytoskeleton and to force-generating
systems that are required for microcluster movement. Multiple linkages to actin may
help cross-link signaling complexes for optimal coupling to force-generating systems
that increase signaling by enhancing intracellular tension.
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9.3!Result!III:!The!SKAP55!NLterminus!acts!as!a!scaffolding!module!to!
regulate!integrinLdependent!T!cell!adhesion!!
!
9.3.1 Rationale III

SKAP-family proteins play a critical role in transmitting inside-out signals from
ITAM-based receptors and GPCRs to integrins. These inside-out signals play two
major roles in integrin activation and function: 1) inducing structural transitions that
result in high affinity integrin engagement of ligand and 2) increasing avidity, the
cumulative strength of multiple monovalent integrin-ligand interactions [152, 170,
176, 177, 181, 182]. Inside-out signals increase integrin affinity by facilitating the
recruitment of adapter and effector molecules such as RapL, talin and kinldin-3 to
the cytoplasmic tails of the integrin α and β chains [23, 179]. Talin binding to β chain
cytoplasmic domains disrupts integrin cytoplasmic and transmembrane domain
associations, resulting in extension [131]. While kindlin-3 binds to a motif that does
not overlap with talin, binding of the kindlin-3 FERM domain to the β chain
cytoplasmic domains facilitates integrin headpiece opening and adoption of the high
affinity conformations required for firm adhesion and migration [148]. Once bound to
ligand, integrins can coalesce into multimeric clusters that contribute to adhesion
strengthening (avidity) and facilitate transduction of outside-in signals that trigger
calcium flux, Src-family kinase signaling and actin cytoskeletal rearrangement [141,
142, 228–232]. These outside-in signals are important for co-stimulatory signaling
that enhances lymphocyte activation and for the formation of focal adhesions and
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podosomes, structures involved in transducing traction forces from the actin
cytoskeleton to the extracellular matrix during adhesion and migration.
In lymphocytes, the immunologically relevant integrins for T cell adhesion
activation are LFA-1 (αLβ2), VLA-4 (α4β1), and VLA-5 (α5β1) [15, 118, 200]. The
adapter RapL directly binds to the cytoplasmic tail of the LFA-1 αL chain to regulate T
cell adhesion and migration on ICAM-1, and conjugate formation with APCs [178].
Further it has been demonstrated that the C-terminal coiled-coil SARAH domain of
RapL directly binds to the DM of SKAP55; disruption of this association impairs T
cell adhesion to ICAM-1 and migration in lymph nodes [179].
Although SKAP55 is believed to facilitate LFA-1 activation through a
trimolecular complex with RapL, Rap1 and Mst1, it has also been demonstrated to
be important for T cell adhesion to VCAM-1 and fibronectin, both ligands of VLA-4
and VLA-5 [170]. The cytoplasmic tails of VLA-4 and VLA-5 mediate RapLindependent adhesion and are not known to interact with RapL. SKAP55 also
constitutively RIAM. RIAM is best known for binding to and activating talin, and in
this manner regulates β1, β2, and β3 integrin-dependent function [177]. However, it is
unclear which structural elements in SKAP55 are required for binding RIAM and how
these interactions influence T cell function. I hypothesized that SKAP55 coordinates
T cell adhesion via VLA-4 and VLA-5 by binding and recruiting RIAM and talin to the
immune synapse and I tested this hypothesis by carrying out adhesion assays, coimmunoprecipitations and imaging experiments.
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9.3.2 The SKAP55 tandem dimer is insufficient to promote T cell adhesion to
β1 integrin ligands in JSKAP.SY

Since the tandem dimer chimera was sufficient for microcluster stabilization, T
cell spreading and retention on anti-CD3 coated glass coverslips, I tested its ability
to support JSKAP.SY adhesion to fibronectin. JSKAP.SY cells were stably
reconstituted with 3xFlag.TRT-tagged wild-type and tandem dimer chimeras and
assessed for retention to fibronectin as in Fig. 34C. Tandem dimer-expressing
JSKAP.SY could not be retained on fibronectin when stimulated with anti-CD3,
indicating that structural elements upstream of the SH3 domain and linker were
required for coupling TCR-induced SLP-76 microclusters to integrin complexes (Fig.
58). These data are the first to demonstrate separable functions for TCR and
integrin-dependent adhesion. Furthermore, these results indicate that stable, mobile
microclusters are not sufficient for transmitting inside-out signals from the TCR to
integrins.
9.3.3 The SKAP55 DM binds to RapL-Mst1 and RIAM-talin complexes
Since the PH domain was shown to be dispensable for integrin adhesion in
this model system, I hypothesized that the DM acted as a scaffolding module that
interacted with integrin-activating molecules. Specifically, since RapL and Mst1 have
not been reported to be important in β1 integrin adhesion, I hypothesized that the DM
bound to the RIAM-talin complex required for β1 integrin activation and adhesion. To
determine if the SKAP55 DM bound to RIAM and/or talin, I carried out coimmunoprecipitation experiments, in which 3xFlag.TRT-tagged wild-type, ∆DM, and
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TD chimeras were immunoprecipitated with anti-Flag (Fig. 59). Western blotting
revealed that as expected, RapL and Mst1 failed to co-precipitate with the ∆DM or
TD chimeras. However, RIAM and talin also failed to co-precipitate with these
mutants, suggesting that SKAP55 may have a dual role in activating integrins by
recruiting binding partners of both α and β integrin tails. Alternatively, different pools
of the ADAP/SKAP55 module may serve different functions: the pool associated with
RIAM/talin may facilitate inside-out signals, while the pool associated with RapL may
sustain outside-in signaling for co-stimulation.
I hypothesized that the binding surface(s) for RIAM and RapL lay within the
SKAP55 DM itself. Molecular modeling of the SKAP55 DM with the RapL SARAH
motif indicated several residues on the DM that may be involved in direct interactions
with RapL. Of these, E8, R11 and D16 were appealing candidates because they
extended from the DM surface and were predicted to contact surfaces in the RapL
SARAH domain (Fig. 60A-C). Furthermore, these three residues are highly
evolutionarily conserved in SKAP55 and SKAP-Hom. A SKAP55 chimera in which
these three residues were mutated to alanine (3A) was used in coimmunoprecipitation assays to assess the effect on RapL and Mst1 binding in Jurkat
T cells. 3xFlag.TRT-tagged RapL or Mst1 were precipitated with anti-Flag and the
ability of wild-type, DM alone and 3A mutants to co-precipitate was evaluated. While
wild-type and DM alone chimeras co-precipitated, the 3A mutant failed to do so (Fig.
61). Because distinct pools of the ADAP/SKAP55 module are known to interact with
either RapL or RIAM respectively, I hypothesized that the motif in SKAP55 that
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bound RapL, was also important for binding RIAM. To determine this,
immunoprecipitations with DM, 3A, and ∆DM chimeras were carried out and blotted
for RIAM; like RapL, RIAM only co-precipitated with the DM alone fragment (Fig. 62).
The published literature indicates that Mst1 catalytic activity regulates actin
cytoskeletal reorganization, cell adhesion, and migration [205, 206, 233, 234]. Mst1
activation and subsequent phosphorylation of downstream substrates depends on its
binding to and heterodimerization with RapL (aka Nore1B or salvador) [233, 235–
237]. Since SKAP55 co-precipitated the RapL-Mst1 complex, I hypothesized that
perhaps the DM in part regulates cell adhesion via modulation of Mst1 kinase
activity. To test this hypothesis, I stimulated J14.SY and JSKAP.SY cells with soluble
anti-CD3 and blotted with a phospho-Mst1 antibody that recognizes an
autophosphorylation motif within the Mst1 activation loop. Blotting revealed two
prominent bands, one just above 50 kD and one just below 70 kD (Fig. 63A). The 50
kD band showed no inducible upregulation over time, while the 70 kD band exhibited
strong induction at 3 and 10 minutes. The 50 kD band most likely corresponds to
Mst1, which has a molecular weight of 55 kD. Published studies have shown that
pT183-specific Mst1 antibodies can cross-react with a homologous phosphorylation
motif found in many Pak-family kinases and a phospho-threonine motif in Pak1 is
especially similar to one found in Mst1 [206] (Fig. 63A). Both Mst1 and Pak-family
kinases are in the Ste20-family and are known to phosphorylate overlapping sets of
downstream substrates (Fig. 63B). Sequence alignments further demonstrated high
homology of the Mst1 and Pak1 catalytic cores (Fig. 63C). These data demonstrate
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that SKAP55 is dispensable for both basal Mst1 phosphorylation and inducible
phosphorylation of Pak-family kinases. Since Pak kinase phosphorylation and
activation is dependent on Rac1-GTP binding, I hypothesize that Rac1 activation
occurs independently of SKAP55.
The data shown in this section identify the minimal structural element within
SKAP55 required for associations with integrin-activating molecules RapL and
RIAM. Although RapL and RIAM are in distinct ADAP/SKAP55 molecular
complexes, SKAP55-mediated recruitment of these effectors occurs via the same
motif in the first alpha helix of the DM. These distinct ADAP/SKAP55 complexes may
regulate different aspects of integrin activation in signaling at the immune synapse:
the pool associated with RIAM, talin and kindlin may be involved in integrin
activation, whereas the pool associated with RapL may be involved in integrin
clustering (avidity) and the transmission of outside-in co-stimulatory signals. During
cell migration, the RIAM and RapL-ADAP/SKAP55 modules may regulate distinct
steps to optimize T cell-mediated immune and inflammatory responses. The RIAMassociated module may support α4-dependent rolling and tethering to endothelium
by binding VCAM-1 through microvilli-enriched VLA-4, while the RapL-associated
module may support LFA-1-dependent firm adhesion and diapedesis by enabling
cytoskeletal reorganization and the formation of invadosome-like protrusions that
burrow into the substrate upon ligation by ICAM-1 [11, 33, 238, 239].
To date, it is unclear which exact structural components of RIAM are required
for interactions with SKAP55. A prior report mapped the SKAP-RIAM interaction to
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the RIAM RA-PH domains, demonstrating sufficiency for either domain in binding
SKAP55 [177]. Further mutagenesis of this module is required in order to determine
how this interaction is orchestrated in space and time to facilitate adequate integrin
activation and adhesion during the initiation of T cell-dependent immune responses.
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Figure 58. Reconstitution with the TD chimera fails to rescue JSKAP.SY
retention to fibronectin.
Retention of JSKAP.SY cells reconstituted with the indicated constructs to fibronectin
was calculated as described in Materials and Methods (n = 3). Error bars indicate ±
SEM. From parental J14.SY cells (with or without mRFP1): *, P < .05 from
JSKAP.SY cells (with or without mRFP1): #, P < .05.
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Figure 59. The SKAP55 dimerization motif (DM) is required for co-precipitation
of integrin-activating molecules Mst1, RapL, RIAM, and talin.
(Left) 3xFlag.TRT-tagged WT and ∆DM SKAP55 chimeras were immunoprecipitated
with anti-Flag and lysates were blotted for Mst1, RapL, RIAM, and talin (n = 3).
(Right) 3xFlag.TRT-tagged WT and TD SKAP55 chimeras were immunoprecipitated
and blotted as in A (n = 3). One of three representative blots shown for each panel.
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Figure 60. Modeling of the SKAP55 DM predicts a conserved binding motif for
the RapL SARAH.
(A) Modeling of the SKAP55 dimerization motif using crystal structure prediction
software (I-TASSER). Residues predicted to participate in scaffolding interactions
with ligands of the DM are highlighted in yellow (E8, R11, D16). (B) Modeling of the
SKAP55 DM docked to the RapL SARAH domain. The RapL SARAH domain is
involved in homodimerization of RapL or heterodimerization with Mst1. Residues
identified in (A) are highlighted in yellow and are predicted to bridge SKAP55 to
residues on the RapL SARAH surface.
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Figure 61. A RapL-Mst1 binding motif exists in the SKAP55 DM
J14.SY Jurkat cells were transiently co-transfected with mRFP1-tagged SKAP55
chimeras (WT, DM, 3A) and 3xFlag.TRT-tagged RapL or Mst1 chimeras. Lysate was
precipitated using anti-Flag M2 mAb and blotted with anti-SKAP55 (upper two
panels) or anti-Flag (lower two panels). The SKAP55 DM is sufficient for coprecipitation with either RapL or Mst1, and a motif in the first alpha helix is required
for this association (n = 1).
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Figure 62. The RapL-Mst1-interacting motif in the SKAP55 DM also interacts
with RIAM.
E6 Jurkat cells were stably transfected with with 3xFlag.TRT-tagged chimeras (∆DM,
DM, 3A. Lysate was precipitated using anti-Flag M2 mAb and blotted with anti-RIAM
(upper panel) or anti-Flag (lower two panels). The SKAP55 DM is necessary and
sufficient for co-precipitating RIAM, and a motif in the first alpha helix is required for
this association (n = 1).
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Figure 63. Mst1 and Pak activation is not dependent on SKAP55.
(A) J14.SY and JSKAP.SY cells were stimulated with C305 (anti-CD3) at the
indicated time points and lysates were blotted for anti pMst1 (T183) pAb (n = 2).
Based on sequence homology and prior published literature, the upper band
corresponds to Pak-family kinases while the lower band is pMst1. One of two
representative blots is shown. (B) Kinome tree adapted from Manning, et al., 2002.
Kinases were grouped based on sequence homology of catalytic domains Branches
indicate evolutionary digression. Areas circled in red indicate Mst1 and Pak family
kinases. Both Pak and Mst kinases are in the Ste20-family of serine/threonine
kinases and may phosphorylate overlapping sets of substrates. (C) Sequence
alignment of Pak1 and Mst1. Red indicates sequence homology between the two
molecules. Sequence homology appears to be restricted to the catalytic domain.
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9.3.4 The SKAP55 N-terminus is required for talin clustering at the immune
synapse
Although much data exists with respect to how talin influences integrindependent cell adhesion, relatively little has been done to elucidate the mechanisms
by which talin itself is recruited to the immune synapse and where within the
synapse it localizes. Examining the localization of talin downstream of solo TCR
ligation would shed mechanistic insight with regards to how SKAP55 coordinates
integrin activation and T cell adhesion to β1 integrin ligands.
To this end, J14.SY and JSKAP.SY Jurkat T cells were stimulated on 10
µg/mL OKT3 coated glass coverslips, fixed, and immunostained for endogenous
talin. In J14.SY cells, talin entered distinct structures found alongside peripheral
SLP-76 microclusters, and also accumulated in the center of the contact where it
overlapped with a centralized pool of SLP-76 microclusters (Fig. 64A). In JSKAP.SY
cells, talin clusters were more uniformly distributed, and the accumulation of talin in
the center of the contact was reduced significantly (Fig. 64A). Reconstitution of
JSKAP.SY cells with TRT-tagged wild-type SKAP55, but not with the tandem dimer
chimera, rescued talin clustering and central accumulation (Fig. 64B, C). Since I had
shown that SKAP55 regulates T cell adhesion via the TCR itself, I postulated that
SKAP55 regulates the integrity of adhesive junctions formed by the TCR itself.
These junctions are subdomains within the plasma membrane that form intimate
contacts with the underlying substrate and are substantially resistant to extraction
via mechanical disruption. To examine whether SLP-76 and talin are retained within
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these junctions, I sheared away the bodies of cells fixed after stimulation on
immobilized TCR ligands. The central accumulations of SLP-76 and talin observed in
J14.SY cells were eliminated by this procedure, indicating that this pool is not in
intimate contact with the substrate (Fig. 65). Nevertheless, SLP-76 and talin were
retained in adherent complexes in the contact periphery and partially overlapped
with one another (Fig. 65A). However, only SLP-76 was retained within adhesive
junctions in JSKAP.SY cells (Fig. 65A). Reconstitution with wild-type SKAP55 but
not with the tandem dimer, restored the retention of talin at sites adjacent to SLP-76
microclusters (Fig. 65B). These data suggest that the SKAP55 DM governs both the
recruitment of talin into TCR-dependent adhesive junctions and the recruitment of
talin into a central pool not tethered to the stimulatory substrate.
The data presented here are the first to examine talin localization in T cells
since the advent of the microcluster paradigm. Prior reports have demonstrated the
accumulation of talin in the pSMAC, along with LFA-1 [47]. However, these studies
involved integrin co-ligation which can trigger outside-in signals capable of actin
reorganization and talin recruitment independent of antigen-receptor signaling.
Furthermore, talin is subject to conformational changes based on substrate rigidity,
and hence differences between the glass and lipid bilayer models may account for
shifts in talin localization at the immune synapse. Although talin recruitment to the
plasma membrane has been shown to be dependent on ADAP downstream of
CCR7 signaling, the data shown here clearly demonstrate a dependency on the
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SKAP55 N-terminus for optimal talin compartmentalization at the immune synapse
downstream of solo TCR ligation [23].

!

180!

A

SLP-76.YFP

Merge

B

J14.SY (4x zoom)

Talin Phenotype (% cells)

SKAP55.TRT

SLP-76.YFP

Merge

TD

JSKAP.SY

whole cell (OKT3)

C

Talin IF

WT

J14.SY

Talin IF

JSKAP.SY – whole cell (OKT3)

JSKAP.SY (4x zoom)

100

60
40
20

J14.SY
JSKAP.SY
JSKAP.SY + WT
JSKAP.SY + TD

##

80

**
††
**

##
**

**
††

JSKAP.SY + WT (4x zoom) JSKAP.SY + TD (4x zoom)

Condition

Cell number

J14.SY

258

JSKAP.SY

204

JSKAP.SY + WT

75

JSKAP.SY + TD

69

0
with talin clusters with central talin

Figure 64. Recruitment of talin into junctional complexes depends on the
SKAP55 N-terminus.
(A) Immunofluorescence staining of endogenous talin in J14.SY (top) or JSKAP.SY
cells (bottom) stimulated on 10µg/mL OKT3 as described in Materials and Methods
(n = 3). Scale bars; 10 µm. In 4x zoom panels, scale bars; 2.5 µm. (B). JSKAP.SY
cells reconstituted with TRT-tagged SKAP55 WT (top) or TD (bottom) chimeras were
stained for talin and imaged as in A (n = 3). Scale bars; 10 µm. In 4x zoom panels,
scale bars; 2.5 µm. (C) Cells were scored for talin clustering and centralization and
penetrance of the phenotype is represented as a percentage of the total number of
cells analyzed. Cell numbers represented on the table to the right. Images are
representative of at least 3 independent experiments, 3 cells per experiment.
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Figure 65. Recruitment of talin into junctional complexes depends on the
SKAP55 N-terminus.
Cells of the same conditions as in Figure 64. Cell bodies were sheared by gentle
scraping of the glass coverslip with a pipette tip (n = 3). Scale bars; 10 µm. In 4x
zoom panels, scale bars; 2.5 µm. Images are representative of at least 3
independent experiments, 3 cells per experiment.
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9.3.5 SKAP55 is not required for the clustering of β1 integrins
Talin interacts with the cytoplasmic tails of β1 integrins and promotes their
conversion to high affinity states; therefore, SKAP55 and talin might be expect to
control the localization of integrins at the immune synapse. Immunofluorescence
staining for β1 integrin revealed that β1 integrin clusters were distributed throughout
the synapse, both in the presence and absence of SKAP55 (Figure 66). In contrast,
loss of SKAP55 significantly reduced the clustering of SLP-76 and talin and
increased the appearance of these molecules in the periphery of the contact (Figure
66). Remarkably, the distributions of β1 integrins, SLP-76 and talin were substantially
exclusive of one another, with overlap primarily occurring at the margins of adjacent
structures (Figure 66). Because similar mutually exclusive arrangements have been
observed for microclusters whose components clearly interact with one another,
these structures likely represent distinct functional modules that interact with one
another at their boundaries.
To identify regions of potential interaction among adjacent structures, I used
an automated thresholding algorithm to identify SLP-76, talin and β1 integrin
microclusters. Regions of pairwise adjacency (see Materials and Methods) were
pseudocolored yellow (SLP-76 near talin), magenta (talin near β1 integrins), or cyan
(SLP-76 near β1 integrins) (Figure 67A, B). Microcluster enrichments in the edge,
center and intervening “middle” regions of the contact were calculated by
normalizing cluster density in the entire contact (Fig. 68A). Similarly, I calculated the
fraction of each domain engaged in adjacency (Fig. 68B). In J14.SY cells, regions of
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adjacency between SLP-76 and talin (yellow) were predominantly found in the center
of the contact, with the remainder found in the middle region rather than in the edge
of the contact (Fig. 67A, B). In contrast, adjacency between talin and β1 integrins
(magenta) was more evenly distributed between the middle and center of the
contact. In the absence of SKAP55, these distributions were significantly altered,
such that the regions of adjacency between SLP-76 and talin and between β1
integrins and talin shifted toward the outer margin of the contact (Fig. 67, 68).
Since talin is known to trigger conformational changes in integrins leading to
increased affinity, the data presented in this section suggest that SKAP55 supports
integrin-dependent T cell adhesion through changes in affinity rather than avidity.
However, it is possible that SKAP55 regulates prolonged but not initial integrin
clustering at the immune synapse to maintain long-lived T cell-APC conjugates
required for activation and adequate immune responses. Stabilization of high-affinity
integrin in the absence of talin binding is not sufficient for T cell adhesion to APCs or
for traction forces required for optimal migration [97, 126, 130, 240]. Hence, SKAP55
may also contribute to T cell-mediated immune responses by coupling integrins to
force-generating systems required for T cells to migrate on and recruit to tissues
expressing relevant ligands and by transmitting intracellular tension-dependent
signals that contribute to co-stimulation during T cell activation.
While all SKAP55 molecules associate with ADAP, only 70% of ADAP
molecules bind to SKAP55 in T cells [195]. Our laboratory has shown that ADAP can
localize to actin-rich lamellipodia, where it is prepositioned at sites of SLP-76
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microcluster nucleation. Since SKAP55 is not readily observed in lamellipodia, I
hypothesize that the fraction of ADAP that exists independently of SKAP55 is in
lamellipodia. Lamellipodial ADAP in turn may support talin and kindlin-3 localization
at the outermost edge of TCR-induced contacts, supporting the talin accumulation
observed in this cellular zone in JSKAP.SY cells [167] (Fig. 69).
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Figure 66. β1 integrin clustering is unperturbed in the absence of SKAP55.
J14.SY (top) and JSKAP.SY (bottom) cells were stimulated on 10 µg/mL OKT3,
fixed and stained for β1 integrin and talin (n = 3). Scale bars; 10 µm.
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Figure 67. SLP-76, talin and β1 integrins exhibit adjacency downstream of solo
TCR ligation.
(A) J14.SY and (B) JSKAP.SY cells were stimulated on 10 µg/mL OKT3, fixed and
stained for β1 integrin and talin. SLP-76, talin and β1 integrin were segmented using
thresholding algorithms to derive regions of adjacency (ʻadjacencyʼ panels). The
pseudocoloring scheme is indicated by the colored boxes to the right (n = 3). Scale
bars; 10 µm. (C) Diagram showing the binding sites of the fluorescent probes used.
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Figure 68. SLP-76, talin and β1 integrins exhibit adjacency downstream of solo
TCR ligation.
(A) Enrichment of SLP-76, talin, and β1 integrin clustered areas in distinct domains
of the contact (edge, middle, and center), relative to the entire contact. (B) Fraction
of each subcellular domain occupied by the indicated regions of adjacency. For (A)
and (B), data are shown ± SD (error bars) for six cells acquired in three independent
experiments. From parental J14.SY cells (with or without mRFP1): o, P < .10, *, P <
.05, **, P < .01.
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Figure 69. Distinct roles for the SKAP55 DM in microcluster stabilization,
adhesion via the TCR and β1 integrin regulation
(A) SKAP55-mediated dimerization of SH3 domain ligands, most likely ADAP,
enables microcluster stabilization and movement, and adhesion via the TCR. (B)
Scaffolding interactions with RIAM are required for linking microclusters to talin.
Talin, in turn, directly binds to the cytoplasmic tail of β1 integrins to regulate integrin
extension and adhesion to ligands. (C) A SKAP55-indepenent pool of ADAP can
associate with Kindlin-3 and talin in actin-rich lamellipodia, which may account for
talin accumulation in the outermost edge of JSKAP.SY cells.
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9.3.6 The SKAP55 N-terminus is not involved in SLP-76 microcluster
immobilization upon VLA-4 co-ligation

Impeding microcluster centralization via co-ligation of co-stimulatory receptors
or mechanical barriers correlates with increased antigen-receptor signaling [72, 73].
The Bunnell laboratory has demonstrated that co-ligation with VLA-4 significantly
enhances TCR-dependent T cell activation by immobilizing SLP-76 microclusters in
the periphery of the T cell contact when cells are imaged on anti-CD3 + VCAM-1coated glass coverslips [72]. Several microcluster components are known to be
tyrosine phosphorylated downstream of solo β1 integrin ligation; of these ADAP and
SKAP55 are intriguing as they are potential tethers that might link SLP-76
microclusters to integrin complexes and hence could be responsible for VLA-4dependent microcluster immobilization and co-stimulation [124]. Along these lines,
when J14.SY cells were treated with the chemokine stromal cell-derived factor 1
alpha (SDF1α) and stimulated on glass coverslips coated only with VCAM-1,
SKAP55 recruited to VLA-4 induced SLP-76 microclusters during outside-in
signaling, and required its ADAP-binding SH3 domain in order to stabilize these
microclusters (Fig. 70). These data suggest that SKAP55 is a key tether between
microclusters and integrins.
To determine if the SKAP55 N-terminus was involved in immobilizing TCRinduced SLP-76 microclusters during VLA-4/5 co-ligation, JSKAP.SY cells
reconstituted with wild-type or tandem dimer SKAP55 chimeras were imaged on
anti-CD3 alone or anti-CD3 + fibronectin. As observed previously, both wild-type and
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tandem dimer chimeras supported microcluster persistence and centralization
downstream of solo TCR ligation. Upon VLA-4/5 co-ligation, wild-type and tandemdimer-containing microclusters were immobilized to a similar degree, and cells
expressing either chimera had microclusters that were displaced a similar distance
and persisted for similar amounts of time (Fig. 71).
These data indicate that although the SKAP55 N-terminus is required for
inside-out signals that turn integrins on, additional molecular linkages are required
for coupling VLA-4/5to the actin cytoskeleton in order to immobilize SLP-76
microclusters. These linkages could occur via talin in the periphery of the contact,
where it accumulates in a SKAP55-independent manner.
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Figure 70. SKAP55 recruits to and stabilizes SLP-76 microclusters
downstream of solo VLA-4 ligation.
J14.SY cells were transiently transfected with wild-type (top), DM alone
(middle) or W333R (bottom) chimeras and plate on 1 µg/mL VCAM-1. Still
images shown. Wells contained 100 ng/mL SDF1α to trigger integrin
extension and outside-in signaling. Expression of the DM alone or W333R
chimeras impaired VLA-4 initiated microclusters (n =1). Scale bars; 10 µm.
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Figure 71. The SKAP55 N-terminus is not involved in SLP-76 microcluster
immobilization upon integrin co-ligation.
(A) JSKAP.SY cells reconstituted with wild-type (top) or tandem dimer (bottom)
chimeras were plated on 10 µg/mL OKT3 and imaged in real time. Images are
MOTs. Scale bars; 10 µm. (B) JSKAP.SY cells reconstituted with wild-type (top) or
tandem dimer (bottom) chimeras were plated on 10 µg/mL OKT3 + 10 µg/mL
fibronectin. Images are MOTs. Scale bars; 10 µm. (n=1). (C) Microcluster
displacement measured in µm. (D) Microcluster lifetime measured in seconds. Error
bars reflect standard deviation across 6 cells for each condition and ten
microclusters per cell. Error bars indicate standard deviation across 7-8 cells for
each condition within 1 experiment.
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9.3.7 Talin is not required for SLP-76 microcluster movement downstream of
solo TCR ligation nor for microcluster immobilization upon VLA-4 coligation

To determine if talin played a role in microcluster movement downstream of
solo TCR ligation or microcluster immobilization upon VLA-4 co-ligation, I transiently
transfected J14.SY cells with talin shRNA containing an mRFP1, which enabled
identification of cells deficient in talin by their expression of RFP, and imaged them
on 10 µg/mL OKT3 in real time. As evidenced by the MOT images, knockdown of
talin did not impact microcluster centralization or persistence. Furthermore,
microclusters in talin-deficient J14.SY remained immobile upon co-ligation with VLA4 (Fig. 72A, B).
I also expressed talin head or rod domain fragments that break integrin
linkages to the underlying actin cytoskeleton and conceivably displace the
localization of endogenous talin. The talin rod domain recruited to lamellipodial
zones downstream of solo TCR ligation, and displayed wave-like movement
reminiscent of actin retrograde flow. Upon VLA-4 co-ligation, the rod domain
clustered in punctate structures adjacent to SLP-76 microclusters. These punctate
structures most likely correspond to integrin complexes that reside adjacent to
antigen receptor-induced signaling complexes. Although expression of the talin head
domain has previously been demonstrated to be sufficient for inducing an increase
integrin affinity by binding to integrin cytoplasmic β-tails, this fragment appeared
cytoplasmic downstream of solo TCR ligation and upon VLA-4 co-ligation [131, 232,
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241]. Neither expression of the rod or head domain fragments rendered SLP-76
microclusters mobile upon VLA-4 co-ligation (Fig. 72C-D).
These data demonstrate that talin is not the molecular tether from VLA-4 to
the actin cytoskeleton that is required for SLP-76 microcluster immobilization upon
VLA-4 co-ligation. These results are consistent with the tandem dimer data shown
above, and indicate an alternative route from SLP-76 microclusters to integrins (Fig.
74). Furthermore, these data indicate that although the talin head domain may be
able to associate with integrin cytoplasmic β-tails, the rod domain is required for talin
localization to actin-rich lamellipodia. That the rod domain is able to cluster
independently of the integrin-binding head domain indicates that binding partners of
the talin rod, such as RIAM, vinculin or integrin tails themselves, are sufficient for
positioning talin at the immune synapse for integrin-mediated adhesion and costimulatory signaling.
Linkages between SLP-76 microclusters and VLA-4 could occur via the α4
subunit, which is known to bind to the adapter protein paxillin. Paxillin regulates actin
cytoskeletal dynamics, firm T cell adhesion to integrin ligands on endothelium, and is
a scaffolding hub for many processes including lamellipodial protrusion, actomyosin
contraction, calcium flux, MAP-kinase activation, T cell-APC conjugate formation and
cell migration [135, 136].
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Figure 72. Knockdown of talin or overexpression of the talin head or rod
domains do not impact SLP-76 microcluster movement and persistence, and
do not affect cluster immobilization upon VLA-4 co-ligation.
(A) MOT images of J14.SY cells transiently transfected with an mRFP1 control (top)
or talin-shRNA.mRFP1 (bottom) plasmid stimulated and imaged on 10 µg/mL OKT3
(n = 2). (B) MOT images of J14.SY cells transiently transfected with mRFP1 control
(top) or talin-shRNA.mrFP1 (bottom) on OKT3 + 1 µg/mL VCAM-1 (n = 2). (C) MOT
images of J14.SLP.TRT cells transiently transfected with the EGFP.talin-rod (top) or
head domains (bottom), imaged on 10 µg/mL OKT3 (n = 1). (D) J14.SLP.TRT cells
transiently transfected with EGFP.talin rod (top) or head (bottom) chimeras imaged
on OKT3 + 1 µg/mL VCAM-1 (n = 1). Scale bars; 10 µm for all panels.
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Figure 73. The talin rod domain clusters adjacent to SLP-76 downstream of
TCR/VLA-4 co-ligation.
4X Zoom of Fig. 72D. EGFP.Talin.Rod (green) clusters adjacently to SLP-76
microclusters (red). The talin rod domain has integrin, vinculin, and RIAM bindingsites, such that the rod can simultaneously couple to integrins and the actin
cytoskeleton.

!

197!

TCR

PRR

"1

SH2

F

FAK

F
F

SH2

SLP-76

ADAP
Y

YY

YY

Y

YY

YY

Y YY
Y Y
Y

Y Y Y

!-act
inin

PRR

GADS

SKAP55
Tandem Dimer

Lck

Y

Paxillin

LAT

N-SH3

Y

!4

C-SH3

ZAP-70
Myosin II

F-Actin
Actomyosin contraction

Figure 74. Multiple linkages from VLA-4 to actin may serve to immobilize SLP76 microclusters.
Reconstitution of JSKAP.SY cells with the SKAP55 tandem dimer and talin
knockdown studies indicate that talin is not sufficient for immobilizing SLP-76
microclusters downstream of VLA-4 co-ligation. The α and β cytoplasmic tails
interact with several other molecules that may serve as direct links from the integrin
to the actin cytoskeleton. These include paxillin which binds the α4 tail, and α-actinin,
FAK, or filamin which all bind the β1 cytoplasmic tail. Filamin is a negative regulator
of adhesion, making it an unlikely candidate. The binding motif for α-actinin overlaps
with that of talin; hence, in the absence of talin binding, α-actinin may compensate.
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9.3.8 Summary III
The data presented in this section are the first to demonstrate separable
mechanisms for the regulation of TCR and integrin adhesion. I have shown that
stable, mobile SLP-76 microclusters are not sufficient for the transmission of insideout signals from the TCR to integrins. Rather, these signals depend on scaffolding
interactions in the N-terminus of SKAP55. Furthermore, this study is the first to
examine the subcellular localization of talin in T cells downstream of solo TCR since
the advent of the microcluster paradigm [47, 60]. Talin-positive complexes may also
include kindlin-3, RIAM and Mst1 [23]. Although formation of these complexes
throughout the immune synapse is dependent on the SKAP55 N-terminus, SKAP55independent talin punctae were observed in JSKAP.SY cells that may nucleate via
interactions with ADAP or vinculin [167, 242].
These studies also provide significant insight regarding the mechanisms by
which SKAP55 transmits inside-out signals from the TCR to VLA-4/VLA-5. I have
demonstrated that the SKAP55 DM is a scaffolding module that binds not only the
LFA-1 regulators RapL and Mst1, but also RIAM and talin. Talin binds to a
conserved plasma membrane-proximal NPxY motif in β1, β2, and β3 integrin tails,
triggering integrin extension and increased ligand affinity. Since knockdown of
SKAP55 did not perturb clustering of β1 integrins, the data shown here suggests that
SKAP55 controls adhesion to fibronectin via talin-dependent changes in integrin
affinity. Kindlin-3, the leukocyte-specific kindlin family member whose deficiency
causes leukocyte-adhesion deficiency III (LAD-III), has been shown to exist in a
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complex with talin, Mst1, RIAM, SKAP55 and ADAP [23]. Kindlin-3 binds to the
membrane-distal NPxY motif in β-chain cytoplasmic tails to increase integrin
headpiece opening and enhanced affinity for ligand [149, 243]. Hence, SKAP55 may
control integrin extension and headpiece opening via interactions with talin and
kindlin-3 to effect maximal integrin-dependent adhesion and signaling.
The precise mechanisms by which the SKAP55 DM associates with RapL or
RIAM remain unclear. Although I have demonstrated that a motif within the first DM
alpha-helix is required for RapL or RIAM to co-precipitate with SKAP55, additional
motifs may lie in the second alpha helix. Furthermore, it is unclear whether SKAP55
dimerization is required for these molecules to associate. The structural elements
within RapL and RIAM that are required for binding to SKAP55 have been previously
demonstrated, but finer mapping is required to narrow down exactly which motifs
and residues are involved in these interactions; crystallography studies would benefit
this area of focus immensely. Understanding the structural basis for SKAP55RapL/RIAM interactions would assist in the development of small molecule inhibitors
designed to modulate integrin-dependent T cell immune responses by breaking
linkages to either the αL subunit in LFA-1, or to β1, β2, or β3 integrins.
Induction of high affinity integrin in the absence of talin or kindlin-3 binding is
not sufficient for T cell adhesion or conjugate formation with APCs [130, 132, 240].
The traction force hypothesis states that maximal integrin activation and adhesion
occurs when lateral forces exerted on the cytoplasmic β tail are opposed by binding
to immobilized ligand. Lateral force exertion may be achieved by coupling of the β
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tail to actin-dependent force-generating systems such as actomyosin contraction
[137, 144]. Resistance of cytoskeletal contraction by binding immobilized ligand
generates tension on the integrin-ligand bond, which in turn increases the strength of
co-stimulatory signals that are required for sustained adhesion and conjugate
formation. By coupling integrins to SLP-76 microclusters and myosin, SKAP55 may
serve as a critical tether for tension-dependent co-stimulatory signaling and
adhesion. Future studies involving the assessment of cytokine production,
intracellular calcium flux and the tyrosine phosphorylation of stretch-sensitive
molecules such as CasL, Src, or FAK in cells expressing SKAP55 chimeras that
break connections to integrin would be instrumental in testing this hypothesis.
How VLA-4 co-ligation immobilizes SLP-76 microclusters remains unclear and
is an area worthy of future investigation, as this phenotype correlates with increased
T cell activation. Dissecting the linkages between VLA-4 and SLP-76 microclusters
would enable the development of therapeutics that could alleviate inflammatory and
autoimmune disorders by disrupting select molecular associations so as to abolish
interactions between microclusters and integrins while maintaining the integrity of the
microclusters themselves. Since SLP-76 microclusters could still be immobilized in
JSKAP.SY cells reconstituted with the tandem dimer chimera upon VLA-4/5 coligation, the SKAP55 N-terminus must not be a sufficient linkage for microcluster
stoppage. These data were further validated by demonstrating that neither
knockdown of endogenous talin nor over-expression of talin head and rod domain
fragments rendered microclusters mobile when cells were plated on anti-CD3 +
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fibronectin. Alternative linkages from VLA-4/5 to SLP-76 microclusters may include
α-actinin, FAK, filamin, or paxillin. It is also possible that integrins are cross-linked to
the actin cytoskeleton via multiple associations so as to ensure microcluster
immobilization and effective resistance to actomyosin contraction, which can impart
up to 30 piconewtons of force on a single integrin-ligand bond [244].
SKAP55 is likely to play a critical role in T cell-mediated immune responses
through the control of integrin function. Functional studies examining T cell behavior
in knockout animals will provide significant advances with respect to how SKAP55
functions to coordinate diverse immune cell processes. Complementary studies
involving SKAP-Hom knockout models will expand the applicability of the studies
involving SKAP55 to other immune and non-immune cell types.
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9.4 Result IV: Paxillin is an effector of SKAP55-dependent SLP-76
microcluster formation and persistence and for TCRdependent spreading and boundary stability
9.4.1 Rationale IV
Since SLP-76 microclusters remained immobile upon talin knockdown in
J14.SY Jurkat T cells stimulated on anti-CD3 and VCAM-1, I hypothesized that
paxillin, an adapter that connects VLA-4 to actin, was a molecular tether involved in
microcluster stoppage. Paxillin may synergize with talin to crosslink integrins to the
actin cytoskeleton, thereby promoting sustained signaling and enhanced T cell
activation by preventing microcluster centralization [134, 136, 245–248] (Fig. 75).
Paxillin is a scaffolding molecule composed of five N-terminal leucineaspartate rich motifs (LD), followed by four C-terminal LIM (linc-11, Isl3, mec-3)
domains [135, 249] (Fig. 76). LD2-4 binds directly to the integrin α4 cytoplasmic tail,
and paxillin binding to the α4 cytoplasmic tail in VLA-4 can trigger LFA-1-dependent
T cell adhesion and migration by augmenting the catalytic activity of FAK and Pyk2
tyrosine kinases [250]. Furthermore, the LD4 motif is known to bind the Pak-PIX-GIT
complex, which in turn recruits to and regulates focal adhesions in a variety of cell
types [251]. Phosphorylated residues Y31 and Y118 serve to recruit SH2-domain
containing molecules such as those in the CT10 regulator of kinase (Crk)-family
[252]. Crk in turn, can bind to GEFs such as Crk SH3 domain-binding GEF (C3G) to
activate Rap-family GTPases involved in integrin activation: mutation of tyrosines 31
and 118 has been demonstrated to impair podosome organization and function
[253]. LIM domains 3 and 4 are involved in recruitment to focal adhesions and also
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bind to the protein tyrosine phosphatase (PTP)-proline-glutamic acid-serinethreonine (PEST) which modulates signaling by dephosphorylation of select
substrates [135].
Paxillin participates in multiple intermolecular associations that facilitate
lamellipodia formation, cell spreading, integrin-mediated adhesion and cell migration.
It is also a scaffolding hub that balances the activation of various Rho-family
GTPases such as RhoA and Rac1 [254, 255]. Hence, paxillin may contribute to the
generation of intracellular tension required for optimal adhesion by simultaneously
coordinating protrusion via Rac1/Cdc42 activation of actin-related proteins 2 and 3
(Arp2/3) and WASP and actomyosin contraction via RhoA activation of ROCK. Since
paxillin is required for optimal podosome function, and because I hypothesized that
SLP-76 microclusters were T cell-specific podosomes, I thought that paxillin may
serve as a molecular bridge that physically tethers SLP-76 microclusters to integrins.
To determine if paxillin played a role in microcluster immobilization in our system, I
carried out imaging and knockdown studies in J14.SY Jurkat T cells.
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Vinculin

Vinculin
Actin
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Figure 75. Paxillin may contribute to the immobilization of SLP-76
microclusters by linking integrins to the actin cytoskeleton.
By simultaneously binding integrins and the actin cytoskeleton, paxillin may
synergize with talin to immobilize SLP-76 microclusters. Crosslinking integrins to the
actin cytoskeleton would promote sustained signaling and enhanced T cell activation
by preventing microcluster centralization. Furthermore, paxillin may contribute to
tension-dependent co-stimulatory signaling that arises as a result of force exertion
on integrin-ligand bonds imparted by actomyosin contraction. Coupling to forcegenerating systems such as actin treadmilling and myosin via associations with talin
and paxillin may enhance integrin affinity, leading to increased integrin activation via
reinforced ligand binding.
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Figure 76. Schematic of paxillin organization.
Paxillin is comprised of 5 N-terminal LD motifs and 4 C-terminal LIM domains, and
can bind directly to α4 integrin cytoplasmic tails via the LD2-4 motifs. LD4 binds
directly to GIT and by doing so couples paxillin to the Pak-PIX-GIT complex involved
in actin cytoskeletal reorganization and Rac1 activation. This complex may facilitate
paxillin-dependent lamellipodial protrusion, cell spreading and migration on
extracellular matrix. The LIM domains are involved in targeting to focal adhesions via
associations with FAK, PTP-PEST and other molecules.
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9.4.2 Tyrosine phosphorylated paxillin overlaps with SLP-76 downstream of
solo TCR ligation
Previous work from the Bunnell laboratory has shown that SLP-76
microclusters can directly link to VLA-4 through intermolecular associations. Since
data shown in this thesis demonstrated that these linkages are not dependent on
talin, I assessed paxillin localization to determine if the molecule was positioned in or
near SLP-76 microclusters to link these complexes to VLA-4. Using an antibody
specific for paxillin phosphorylated at tyrosine 31 I carried out immunofluorescence
staining for endogenous paxillin in J14.SY Jurkat T cells stimulated and fixed on antiCD3 coated glass coverslips. Immunofluorescence staining indicated significant
overlap between paxillin (red) and SLP-76 (green) (Fig. 77A). Many paxillin punctae
also existed independently of SLP-76; these punctae likely correspond to integrindependent complexes involved in adhesion and the transmission of outside-in
signals.
To examine paxillin localization in live cells I transiently transfected a
Flag.TRT-tagged paxillin chimera into J14.SY Jurkat cells and imaged them in real
time on anti-CD3-coated glass coverslips. In comparison to the endogenous
phosphorylated paxillin that overlapped with SLP-76, the exogenous paxillin
construct did not exhibit significant overlap with SLP-76.YFP. Rather, paxillin
appeared as small punctae in the periphery of the T cell contact shortly after TCR
engagement with the anti-CD3 substrate; over time, these small punctae grew into
elongated adhesion-type structures that advanced towards the center of the contact,
where SLP-76 microclusters accumulated (Fig. 77B). These elongated structures are
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reminiscent of focal adhesions, complexes to which paxillin is known to localize in
non-immune cell types. Furthermore, SLP-76 microclusters appeared to nucleate
adjacently to paxillin in the periphery, and moved to the center alongside the
elongated focal adhesion-like structures.
These data indicate that endogenous paxillin tyrosine phosphorylated at
tyrosine 31, overlaps significantly with SLP-76. The molecular linkages between
paxillin and SLP-76 microclusters remain to be characterized but may include Crkfamily molecules that bind to pY31 via their SH2 domains. Crk-family proteins have
been shown to recruit to signaling microclusters and podosomes and may bridge
paxillin to core microcluster machinery via simultaneous binding of the Crk SH2
domain to paxillin and the Crk SH3 domain to adapter proteins such as ADAP,
hematopoietic lineage cell-specific protein 1 (HS1) or FAK-family kinases (including
Pyk2).
Although the exogenous paxillin chimera did not localize to SLP-76
microclusters, paxillin is known to be tyrosine phosphorylated only at points of cell
contact with substrate. Hence, the majority of exogenous paxillin that was imaged
may represent an unphosphorylated pool with different functions than the tyrosine
phosphorylated pool. Alternatively, over-expression of paxillin may render the
chimera more accessible to PTP-PEST. Hence, Paxillin.Flag.TRT may undergo rapid
dephosphorylation and subsequent emigration from SLP-76 microclusters. The
assembly of paxillin into elongated focal adhesion-type complexes is novel, as
migrating lymphocytes are not known to form classical focal adhesions. The
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elongation of paxillin in this manner may be indicative of high intracellular tension
that arises from actomyosin contraction of the actin cytoskeleton; focal adhesion
growth is known to occur in the direction of applied force, which in this case is
towards the center of the T cell contact. Furthermore, the stiffness of the substrate,
in this case glass, may also contribute to the compartmentalization of paxillin into
elongated structures.
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Figure 77. Paxillin phosphorylated at Y31 overlaps with SLP-76 microclusters,
while exogenous paxillin localizes to elongated focal adhesion-like structures.
(A) Immunofluorescence staining for phospho-paxillin (Y31) in J14.SY stimulated on
anti-CD3-coated glass coverslips. Significant overlap between phospho-paxillin (red)
and SLP-76 (green) is observed (n=2). (B) Paxillin.Flag.TRT (red) transiently
transfected into J14.SY and imaged on anti-CD3-coated glass coverslips (n=1).
MOT images shown. Scale bars; 10 µm.
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9.4.3 Optimal paxillin tyrosine phosphorylation is dependent on SKAP55
Since tyrosine-phosphorylated paxillin recruited to TCR-induced SLP-76
microclusters, I hypothesized that SKAP55 may regulate paxillin localization and
paxillin-dependent integrin linkage to the actin cytoskeleton by controlling SLP-76
microcluster dynamics. To determine if SKAP55 influences phospho-paxillin
localization to SLP-76 microclusters, I carried out immunofluorescence staining for
endogenous pY31-paxillin in J14.SY and JSKAP.SY cells. In contrast to the parental
J14.SY line, virtually no phospho-paxillin was detected in the JSKAP.SY line (Fig.
78A, B).
To determine if the absence of pY31-paxillin in the JSKAP.SY cell line was
due to a global defect in tyrosine phosphorylation downstream of solo TCR ligation, I
carried out immunofluorescent staining for other tyrosine-phosphorylated effectors of
TCR signaling such as pZAP-70 and pCasL in J14.SY and JSKAP.SY cell lines.
Both pZAP-70 and pCasL clustered in the absence of SKAP55, indicating that
defective paxillin phosphorylation in the JSKAP.SY cells is not due to global
decreases in tyrosine phosphorylation downstream of solo TCR ligation (Fig. 79A,
B).
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Figure 78. phospho-Paxillin (Y31) overlaps with SLP-76 downstream of solo
TCR signaling in J14.SY but not JSKAP.SY cells.

(A) Immunofluorescence staining for pY31 paxillin in J14.SY cells stimulated and
fixed on anti-CD3-coated glass coverslips. Four representative cells shown (n = 1).
(B) Immunofluorescence staining for pY31 paxillin in JSKAP.SY cells stimulated and
fixed on anti-CD3-coated glass coverslips. Four representative cells shown (n = 1).
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Figure 79. ZAP-70 and CasL tyrosine phosphorylation is not dependent on
SKAP55.
(A) Immunofluorescence staining for pZAP-70 (pY319) in J14.SY (top) and
JSKAP.SY (bottom) cells that were stimulated and fixed on anti-CD3-coated glass
coverslips (n = 1). (B) Immunofluorescence staining for pCasL (Y410) in J14.SY
(top) and JSKAP.SY (bottom) cells that were stimulated and fixed on anti-CD3coated glass coverslips (n = 1).

!

213!

9.4.4 SKAP55 controls optimal paxillin protein levels
Paxillin expression is regulated by a variety of transcriptional and
posttranslational mechanisms. To determine if paxillin levels were being regulated by
SKAP55, I first evaluated endogenous paxillin expression in J14.SY and JSKAP.SY
cell lines via western blotting. A prominent band of approximately 68 kD
(corresponding to the molecular weight of paxillin) was observed in the J14.SY but
not JSKAP.SY lysate (Fig. 80A, B), while levels of unrelated proteins such as
Carma1, ADAP, and ERK 1/2 remained unchanged between J14.SY and JSKAP.SY
lines (Fig. 80B). As an additional control, I carried out transient ADAP knockdown
addback studies in J14.SY cells. Since SKAP55 protein expression is dependent on
ADAP, I reasoned that transient knockdown of ADAP should also reduce paxillin
protein levels, whereas addback would restore paxillin protein to levels similar to
those found in parental J14.SY cells. My expectations were supported by the data
demonstrated in Figure 81. Conversely, knockdown of paxillin itself did not affect
protein levels of SKAP55 or ADAP (Fig. 82). These data indicate that SKAP55 lies
upstream of paxillin to control total endogenous paxillin protein levels. Furthermore,
these data suggest that defects in paxillin Y31 phosphorylation in JSKAP.SY cells
most likely arise due to the significant reduction of total endogenous paxillin levels
upon SKAP55 knockdown. These are the first data to demonstrate that SKAP55 is
important for optimal protein levels of paxillin.
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Figure 80. Paxillin protein levels are dependent on SKAP55 expression.
(A) J14.SY and JSKAP.SY cells were blotted for paxillin and tubulin. (B) J14.SY
(left) and JSKAP.SY (right) lysates were blotted for Carma1, ADAP, Paxillin,
SKAP55, and ERK1/2. (n = 4).
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Figure 81. Paxillin protein levels are dependent on ADAP.
J14.SY were either left untransfected (ʻSYʼ), transiently transfected with a plasmid
containing ADAP shRNA (ʻADAP KDʼ) or ADAP shRNA + exogenous wild-type
ADAP (ʻKD/ABʼ). Lysates were collected day 5 post transfection and blotted for
endogenous paxillin, ADAP and tubulin (n = 4).
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Figure 82. Knockdown of paxillin affects SLP-76 but not SKAP55 or ADAP
protein levels.
J14.SY cells were either left untransfected (control) or transiently transfected with
shRNA directed against endogenous paxillin. Lysates were blotted against ADAP,
SKAP55, SLP-76, and paxillin (n = 1).
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9.4.5 Paxillin controls SLP-76 levels downstream of SKAP55

I noticed by fluorescence-activated cell sorting (FACS) that paxillin-deficient
cells (termed ʻJPax.SYʼ) derived by acute lentiviral infection with paxillin shRNA,
exhibited a dramatic defect in SLP-76 brightness (mean fluorescence intensity; MFI).
A similar trend was observed with acute knockdown of endogenous SKAP55
(JSKAP.SY). Since my western blotting data indicated that paxillin protein
expression depended on SKAP55, I tested whether forced expression of exogenous
paxillin in JSKAP.SY would increase SLP-76 brightness by FACS. I transiently
transfected 3xFlag.TRT or Paxillin.Flag.TRT into JSKAP.SY cells and gated cells on
either total or high-expressing TRT-populations. JSKAP.SY cells expressing
3xFlag.TRT alone did not exhibit any change in SLP-76 MFI compared to JSKAP.SY
that were left untransfected (colorless) (Fig. 83). In comparison, JSKAP.SY
expressing high amounts of paxillin.Flag.TRT (hi) exhibited a dramatic increase in
SLP-76 MFI to levels similar to those seen in the parental J14.SY line (Fig. 83).
These data indicate that paxillin is an effector molecule downstream of SKAP55 that
may control T cell signaling by stabilizing optimal levels of SLP-76 protein.
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Figure 83. Expression of exogenous paxillin increases SLP-76 MFI in the
absence of SKAP55.
SLP-76 brightness was assessed by fluorescence activated cell sorting (FACS) in
parental J14.SY, JSKAP.SY and Jpax.SY reconstituted with either 3xFlag.TRT
control or exogenous Paxillin.Flag.TRT. Gating on JSKAP.SY expressing high
amounts of TRT revealed that increased expression of exogenous paxillin.Flag.TRT
but not 3xFlag.TRT alone results in increased mean fluorescence intensity (MFI) of
SLP-76. One of two representative results is shown.
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9.4.6 Overexpression of paxillin rescues SLP-76 microcluster number and
persistence and TCR-mediated boundary stability in the absence of
SKAP55

Paxillin plays an important role in cell spreading, adhesion and migration.
Hence, SKAP55-mediated T cell boundary stability and retention to anti-CD3-coated
glass coverslips may depend on downstream paxillin-dependent signaling. To test if
paxillin is a downstream effector of SKAP55-mediated TCR signaling, I transiently
transfected JSKAP.SY Jurkat cells with the Flag.TRT-tagged paxillin chimera and
imaged live cells on anti-CD3 substrate. Compared to JSKAP.SY cells transfected
with a null 3xFlag.TRT control, cells expressing exogenous paxillin.Flag.TRT
appeared larger in diameter with more numerous and brighter SLP-76 microclusters;
overexpression of exogenous paxillin also appeared to increase microcluster
persistence, but not centralization (Fig. 84A). Quantitative analysis of microcluster
dynamics verified that expression of exogenous paxillin increased SLP-76
microcluster persistence, but not movement in the absence of endogenous SKAP55
(Fig. 84B). Additionally, paxillin increased SLP-76 microcluster number in SKAP55deficient cells relative to JSKAP.SY expressing a TRT control (Fig. 84C).
Furthermore, the contacts of paxillin-expressing JSKAP.SY cells appeared much
more stable compared to null controls, and quantitation of boundary stability
confirmed that the area of JSKAP.SY cells fluctuating over time is significantly
reduced upon overexpression of exogenous paxillin (Fig. 85).
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These data indicate that paxillin is a downstream effector module of SKAP55dependent SLP-76 microclustering, persistence and boundary stability. The exact
mechanisms by which paxillin orchestrates these phenomena are unclear but may
depend on Rac1 activation to promote lamellipodial protrusion and direct scaffolding
interactions with SLP-76 microcluster components such as Crk, FAK and Cas-family
members. The ability of paxillin overexpression in JSKAP.SY cells to rescue SLP-76
microcluster persistence but not movement indicates that SKAP55 orchestrates
these two biological processes via distinct mechanisms. SKAP55-dependent
microcluster centralization may depend on bundling or cross-linking of the actin
cytoskeleton to create a scaffold onto which myosin can localize, or alternatively,
SKAP55 may regulate RhoA and ROCK activation to regulate actomyosin
contractility. SKAP55-dependent cluster stabilization, however, may rely on
stabilization of endogenous paxillin levels.
qPCR experiments will shed significant insight into whether SKAP55mediated multimerization of SLP-76 microcluster components regulates paxillin
expression via transcriptional or post-translational mechanisms. Functional studies
assaying T cell adhesion to TCR or integrin ligands will provide further
understanding into how SKAP55 contributes to T cell activation, and its potential role
in immune and inflammatory responses.
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Figure 84. Paxillin promotes SLP-76 microcluster formation and persistence
but not centralization in the absence of SKAP55.
(A) MOT images of J14.SY cells transiently transfected with Flag.TRT-tagged paxillin
imaged on 10 µg/mL OKT3 (top), JSKAP.SY cells transiently transfected with
3Flag.TRT control (middle) and Paxillin.Flag.TRT (bottom). SLP-76 kymographs on
the right depict microcluster persistence and movement over time (n = 1). (B) SLP76 microcluster movement is measured as displacement in µm on the y axis.
Triangles indicate the time at which 50% of microclusters dissipate over a 5 minute
imaging run (3-4 cells over 1 experiment). (C) Cluster number per diameter
(summed from x and y-axis kymographs) is measured on the y-axis. (3-4 cells over 1
experiment).
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Figure 85. Paxillin stabilizes TCR-induced contacts in the absence of SKAP55.
J14.SY and JSKAP.SY cells expressing TRT control, and JSKAP.SY expressing
Paxillin.Flag.TRT were quantitated for boundary fluctuation over 5 minute imaging
runs. 3-4 cells were analyzed per condition. Boundary fluctuation is measured as a
percentage of total average cell area on the y-axis. (n = 1, 3-4 cells per condition).
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9.4.7 Optimal paxillin protein expression depends on the SKAP55 DM

To determine which structural element(s) within SKAP55 were responsible for
supporting optimal protein expression of paxillin, I created stable JSKAP.SY cell
lines expressing various expression-matched 3xFlag.TRT-tagged SKAP55 chimeras
via lentiviral infection. Lysates collected after 2 weeks of culture were probed with a
monoclonal anti-paxillin antibody. Compared to J14.SY expressing 3xFlag.TRT
alone, I observed a marked increase in paxillin levels in cells expressing wild-type
SKAP55.3xFlag.TRT (Fig. 86). In comparison, reconstitution of JSKAP.SY with the
3xFlag.TRT-tagged ∆DM or TD chimeras failed to increase endogenous paxillin
levels (Fig. 86). These data indicate that the SKAP55 DM is required for optimal
expression of paxillin.
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Figure 86. The SKAP55 DM is required for stabilization of paxillin protein
levels.
JSKAP.SY were stably reconstituted with 3xFlag.TRT-tagged chimeras indicated
above (3xFlag.TRT control, WT, ∆DM, and TD). Lysates were collected after 2
weeks and blotted for endogenous paxillin and Flag (n = 4).
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9.4.8 Summary IV
How SKAP55 stabilizes paxillin protein levels is currently unclear. One
explanation may involve the fact that the SKAP55 DM by interacting with paxillin
protects paxillin from the action of phosphatases, ubiquitin ligases, calpains and
caspases. This model would require that paxillin somehow physically links to
SKAP55 and SLP-76 microclusters - at present, such molecular linkages remain
uncharacterized. Conceivably, SKAP55 may link to paxillin through known binding
partners of the DM such as RapL/Mst1 or RIAM. Alternatively, the SKAP55 DM may
directly bind paxillin through an uncharacterized motif. Structure-function analysis of
the SKAP55 DM and paxillin will be required to determine how this association is
coordinated. The exact mechanism(s) by which the SKAP55 DM is involved in the
control of paxillin protein expression is unclear and warrants further study. It is
possible that the DM protects paxillin from exposure to caspases and calpains that
are known to cleave it and other adhesion molecules [256]. GST pulldowns of
SKAP55 DM chimeras and subsequent mass spectrometry analysis will help to
identify potential regulators of paxillin transcription that associate with the SKAP55
N-terminus. To determine if SKAP55 controls paxillin levels transcriptionally or posttranslationally, quantitative polymerase chain reaction (qPCR) using cDNA from
parental or JSKAP.SY Jurkat T cells could be performed. If pxn transcript levels do
not change between cell type, it is reasonable to conclude that SKAP55-dependent
paxillin levels are regulated post-translationally. The use of caspase and calpain
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inhibitors such as zVad or calpastatin respectively, could be used in JSKAP.SY cells
to determine if paxillin protein levels are increased.
The data presented here also demonstrate that paxillin is sufficient for SLP-76
microcluster formation and persistence in the absence of SKAP55, but is not
sufficient for SLP-76 centralization. This indicates that SKAP55 contributes to
microcluster movement independently of mere multimerization of microcluster
components. As described in Results II, the SKAP55 linker contains sites for TRAF2
and TRAF6 binding (Fig. 55). Recruitment of these ubiquitin ligases may help build
polyubiquitin chains that are involved in microcluster centralization and
downregulation. Hence, future studies involving immunoprecipitation of SKAP55
chimeras and blotting for ubiquitin are in order. Additionally, it would be interesting to
compare the localization of ubiquitin in J14.SY and JSKAP.SY cells.
That the SKAP55 tandem dimer is insufficient to promote optimal paxillin
expression, but can promote optimal SLP-76 microcluster dynamics is perplexing
since knockdown of paxillin appears to impact SLP-76 microcluster behavior.
However, the model system employing J14.SY has a significant caveat in that SLP76 is expressed above physiologically-relevant levels. Overexpression of SLP-76
may overshadow and compensate for defective signaling pathways that are
dependent on another hubs of TCR-mediated activation. Studies involving the
SKAP55 tandem dimer will need to be recapitulated in primary T cells or in a murine
model. In a more physiological setting, I hypothesize that the SKAP55 tandem dimer
will fail to stabilize SLP-76 microcluster phenomena such as TCR-mediated
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spreading and adhesion and that these processes will be dependent on the ability of
SKAP55 to support optimal protein expression of paxillin.
Future studies involving structure-function analysis of paxillin will be required
to determine how paxillin contributes to SKAP55-dependent stabilization of TCRmediated contacts and Jurkat T cell retention to anti-CD3-coated glass coverslips.
The effects of paxillin on SLP-76 microcluster dynamics can be examined via
transient knockdown-addback experiments. Ideally, a paxillin mutant that sustains
normal SLP-76.YFP levels but disrupts microcluster dynamics and/or T cell adhesion
will be identified. Paxillin is known to balance the activation of Rho-family GTPases
such as Rac1, Cdc42 and RhoA. Hence, paxillin may be a central hub that regulates
TCR-mediated spreading and retention to anti-CD3 coated-substrates by
coordinating GTPase activation downstream of the ADAP/SKAP55 module.
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10. DISCUSSION
10.1 Summary
T cell-mediated immune responses protect against infection and disease, but
dysregulated T cell function can lead to inflammation and tissue damage stemming
from autoimmune diseases including psoriasis, rheumatoid arthritis and autoimmune
hepatitis. Increased knowledge with respect to the molecular mechanisms that
control T cell activation will provide avenues for developing narrowly-focused
therapeutic agents that selectively modulate distinct signaling pathways without
perturbing global immune responses.
In this thesis, I have elucidated mechanisms by which SKAP55 contributes to
the initiation of TCR-dependent T cell contact formation with stimulatory substrates
and described the ability of SKAP55 to enable the TCR to act as an adhesion
receptor. Although the mechanisms by which the TCR acts as an adhesion receptor
remain to be characterized, new published data indicates that the TCR, in addition to
co-stimulatory receptors such as CD2, CD28 and integrins, can exert traction forces
on substrates of various rigidities [257]. This is consistent with observations that
have shown the TCR to be a mechano-sensitive receptor that is triggered when
forces (both normal and lateral) are applied to it [85]. Coupling of the TCR to the
underlying actin cytoskeleton is a likely mechanism by which lateral force application
can be applied. In particular, I hypothesize that SLP-76 signaling microclusters serve
as effectors of TCR mechanotransduction by coupling to force-generating systems
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that trigger conformational changes in the TCR/CD3 cytoplasmic tails to expose
ITAMs for tyrosine phosphorylation by Src-family kinases such as Lck and Fyn.
The data presented in this thesis also elucidate a mechanism for how
SKAP55 links SLP-76 microclusters to integrin complexes. Although it had
previously been known that SKAP55 associates with RIAM and talin, the nature of
this association remained uncharacterized. I have shown through co-precipitation
and imaging assays that the SKAP55 DM is required for associating with RIAM and
for subsequent recruitment of talin into complexes adjacent to SLP-76 microclusters.
However, whether the association between SKAP55 and RIAM is direct or occurs via
a third molecule remains unclear; independent pools of ADAP/SKAP55 have been
shown to associate with either RapL or RIAM. Whether SKAP55 controls activation
of LFA-1 and VLA-4 via the same or divergent mechanisms remains to be
determined. Additionally, future studies entailing the role of the SKAP55 DM, and its
association with integrin-activating molecules in the context T cell migration and
adhesion in response to chemotactic or inflammatory will provide critical insight with
regards to how SKAP55 contributes to immune responses.
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10.2 SKAP55-mediated SLP-76 microcluster stabilization
10.2.1 The SKAP55 dimer stabilizes microclusters by increasing complex
avidity

The data presented in this thesis suggest that SKAP55 contributes to the
stabilization of SLP-76 microcluster by dimerizing SH3 domain ligands such as
ADAP. ADAP in turn serves as a scaffold for multipoint binding of the SLP-76 SH2
domain. Hence, multimerization of ADAP may result in highly stabile microclusters
by sequestering SLP-76 within oligomerized complexes that would protect it and
associated signaling molecules from the action of downregulating kinases, tyrosine
phosphatases, ubiquitinases and caspases. Multimerization of SLP-76 would help
trap effector molecules such as Itk and PLCγ1 to promote sustained signaling for
maximal T cell activation. Complex multimerization also acts as an insurance policy
so that in the event that one microcluster component undergoes a mutation that
impairs its function, the extent of protein-protein synergy within multimerized
microclusters would ensure that certain signaling pathways such as CD69
upregulation and ERK activation remain intact.
10.2.2 By dimerizing ADAP, SKAP55 may protect SLP-76 microclusters from
Hpk1-mediated signal termination

A recent study has suggested that ADAP and Hpk1 modulate T cell activation
by competing for binding to the SLP-76 SH2 domain via phosphorylated tyrosine
motifs [222]. By favoring ADAP dimerization and increased SLP-76 microcluster
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avidity, SKAP55 could increase or sustain ADAP tyrosine phosphorylation to limit the
fraction of tyrosine phosphorylated Hpk1 that has access to SLP-76. In this scenario,
I would expect SKAP55 deficiency to result in increased Hpk1 recruitment to SLP-76
microclusters. I would also expect that SKAP55 deficient T cells have increased
Hpk1 catalytic activity. Read outs of Hpk1 kinase activity could be assessed by
blotting lysate from J14.SY and JSKAP.SY for phospho-SLP-76 (pS376 - a known
Hpk1 substrate) [223]. If the proposed model is correct, JSKAP.SY cells
reconstituted with wild-type and tandem dimer chimeras should exhibit reduced
pS376 SLP-76 compared to JSKAP.SY cells reconstituted with a null 3xFlag.TRT
control.
Additionally, since Hpk1 is known to facilitate SLP-76 degradation via the
recruitment of ubiquitin ligases, it would also be possible to carry out
immunoprecipitations for SLP-76 following time-course stimulations and blot SLP-76
for ubiquitin in JSKAP.SY cells reconstituted with different mutants.
10.2.3 SKAP55 as a bridge between ADAP and its relevant tyrosine kinase
It is also possible that dimerization of the SKAP55 SH3 domains serves to
stabilize SLP-76 microclusters by bridging an additional adaptor or effector molecule
to ADAP. The SH3 domain of SKAP-Hom constitutively binds to a proline-rich motif
in Pyk2 [258]. Intriguingly, the proline-rich motif of Pyk2 that binds SKAP-Hom shows
significant homology to the ADAP AH4 motif. ADAP tyrosine phosphorylation is
required for ADAP to support microcluster formation and T cell adhesion to integrin
ligands; hence, it is possible that by dimerizing its SH3 domains, SKAP55 bridges
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ADAP to Pyk2 for optimal tyrosine phosphorylation at positions 595 and 651. If true,
Pyk2-deficient T cells should, to some extent, phenocopy ADAP-deficient cells.
Along these lines, it has been demonstrated that T cells from Pyk2-/- mice display
defects in migration and adhesion to integrin ligands, and like the ADAP/SKAP55
module, Pyk2 enables the TCR to act as an adhesion receptor [95, 257]. To test if
SKAP55 bridges Pyk2 to ADAP, the SKAP55 tandem dimer could be precipitated
and western blotted for the relevant ligands. Alternatively, JSKAP.SY cells
reconstituted with wild-type, ∆DM, and tandem dimer chimeras could be evaluated
for the ability of ADAP to co-precipitate with Pyk2. I would expect that ADAP would
only co-precipitate with Pyk2 when JSKAP.SY cells express a functional SKAP55
dimer. Additionally, Pyk2 localization to SLP-76 microclusters could be assessed in
JSKAP.SY reconstituted with various SKAP55 mutants. Pyk2-deficient T cells
reconstituted with a kinase-dead chimera could be evaluated for tyrosine
phosphorylation of ADAP.

10.3 SKAP55-mediated SLP-76 microcluster movement
10.3.1 SKAP55 as a molecular tether to myosin II
I have demonstrated that SKAP55 dimerization of its SH3 domains is
sufficient for SLP-76 microcluster centralization. Along these lines, JSKAP.SY cells
reconstituted with the tandem dimer rescued myosin II filament organization
downstream of solo TCR ligation at the immune synapse. However, the mechanism
by which the tandem dimer enables myosin II function remains unclear.
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Myosin II filament assembly is governed by phosphorylation of its light chains
at serine 19 (S19). Kinases that phosphorylate S19 include myosin light chain kinase
(MLCK) and Rho-associated protein kinase (ROCK) [259]. MLCK is activated by
intracellular calcium flux whereas ROCK is activated by the GTPase, RhoA [255].
Since previous data has demonstrated that calcium mobilization is unperturbed upon
ablation of SKAP55, I would expect that MLCK-dependent myosin II activation would
remain intact. However, SKAP55 may control myosin II activation by influencing the
ability of RhoA to cycle to its GTP-bound state. The RhoA guanine-nucleotide
exchange factor (GEF) GEF-H1 has been shown to co-precipitate with the Nterminus of ADAP [203]. By positioning ADAP and GEF-H1 at the immune synapse,
the SKAP55 dimer may help promote RhoA activation and myosin II filament
assembly. If this model is valid, RhoA-GTP levels should be reduced in JSKAP.SY
Jurkat T cells, and should increase upon reconstitution with wild-type and tandem
dimer chimeras.
It is also possible that SKAP55 links SLP-76 microclusters to myosin not by
impacting myosin II activation, but by providing a cytoskeletal scaffold onto which
myosin II can latch. The ADAP N-terminus, by binding to actin cross-linking proteins
such as HIP55, may provide the appropriate actin network on which myosin dimers
can assemble to initiate contraction of the actin cytoskeleton. If HIP55 cannot
localize properly at the immune synapse, the actin cytoskeleton may not be correctly
organized to optimize myosin function. HIP55 localization in JSKAP.SY cells could
be evaluated via immunofluorescence staining or via the expression of a
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fluorescently tagged chimera. Actin bundling proteins such as L-plastin or the
cortactin homolog hematopoietic lineage cell-specific protein 1 (HS1) may also
synergize with ADAP to promote myosin-dependent contractility and SLP-76
microcluster movement.
10.3.2 SKAP55 as a molecular tether to dynein
In addition to myosin II, microcluster movement has been shown to depend
on the microtubule-associated motor protein, dynein [60, 260]. In fact, dynein has
been shown to co-cluster with TCR microcluster components in the context of the
lipid bilayer model [261]. Furthermore, dynein has been shown to co-precipitate with
ADAP in Jurkat T cells, and knockdown of ADAP precludes polarization of the
microtubule-organizing center (MTOC) in response to TCR ligation [161]. However,
the exact region(s) of ADAP required for dynein and MTOC polarization remain
unmapped. By dimerizing and positioning ADAP at the immune synapse, SKAP55
may promote dynein recruitment to signaling microclusters and subsequent
microcluster centralization.

10.4 SKAP55 is a critical regulator of TCR-mediated contact
stability and TCR-mediated adhesion
10.4.1 SKAP55-dependent TCR-mediated spreading and adhesion correlates
with the stabilization and mobility of SLP-76 microclusters
I have demonstrated that SKAP55 is a critical regulator of TCR-mediated
contact stability and T cell adhesion via solo TCR ligation. TCR-mediated retention of
Jurkat T cells on anti-CD3-coated glass coverslips, and TCR-mediated T cell
boundary stability closely correlate with SKAP55-mediated stabilization and

!

235!

centralization of SLP-76 microclusters. How microclusters coordinate TCR-mediated
contact formation and adhesion remains unclear but almost certainly depends on
coupling to and regulation of the actin cytoskeleton.
10.4.2 The actin cytoskeleton plays a central role in promoting TCR
engagement of ligand and contact formation with stimulatory substrate
The actin cytoskeleton plays an instrumental role in supporting many
processes required for optimal T cell function [262, 263]. For example, Delon, et al.
1998 demonstrated that actin polymerization is necessary for the formation of T cellAPC conjugates [264]. Some of the earliest studies demonstrating the fundamental
importance of actin involved the use of pharmacological inhibitors such as
cytochalasin D, which favors net actin de-polymerization. In this thesis, I have used
cytochalasin D to demonstrate that optimal T cell retention to anti-CD3-coated
substrates depends on actin polymerization.
SKAP55 may support actin polymerization through several mechanisms,
either by 1) supporting the proper localization of actin regulatory machinery at the
immune synapse, or 2) by sustaining the integrity of SLP-76 microclusters to allow
for signal propagation to activate actin regulators. To test these possibilities, the
localization of actin nucleation-promoting factors (NPFs) such as Wiskott-Aldrich
Syndrome protein (WASp), and WASP-family Verprolin family protein (WAVE) at the
immune synapse could be assessed in the JSKAP.SY cell line [262, 263, 265–267].
Along these lines, work from the Dustin and Billadeau groups has shown that the
proper localization of WAVE2 and WASp at the immune synapse is critical for
optimal actin polymerization, T cell spreading and T cell activation [268–271].

!

236!

Furthermore, it is possible that SKAP55 controls the localization of a third NPF, HS1
at the immune synapse. Like WAVE and WASp, HS1 contributes to actin
polymerization by synergizing with the Arp2/3 complex. In addition however, HS1
can bind actin directly and stabilizes cross-linked actin filaments. HS1-deficient T
cells exhibit impaired lamellipodia formation, unstable contacts on anti-CD3-coated
glass coverslips, and diminished signaling downstream of TCR ligation [272]. HS1
possesses an SH3 domain which may be a ligand of one of the AH motifs in ADAP.
Hence, SKAP55 may contribute to TCR-mediated contact formation by supporting
ADAP-HS1 complex recruitment to SLP-76 microclusters.
Even if the localization of NPFs such as WASp remains unperturbed in the
absence of SKAP55, it is possible that the activation of and function of these
molecules remains impaired. In order for WASp to coordinate Arp2/3-dependent
actin polymerization at the immune synapse, it must be tyrosine phosphorylated at
position 291, and serine phosphorylated in its verprolin homology and acidic (VCA)
domain [268, 273]. Hence, WASp immunoprecipitates from stimulated J14.SY and
JSKAP.SY lysates could be blotted against the pY291 motif or with an anti- panphospho-serine antibody.
10.4.3 Roles for Rac1, Cdc42 and RhoA in TCR-mediated spreading and
adhesion
Actin-dependent cell spreading and adhesion is also heavily dependent on
the coordinated function of Rho-family GTPases. By incorporating GEFs such as
Sos1 and Vav1, SLP-76 microclusters are widely believed to be hubs activity for the
activation of Rho-family GTPases such as Rac1, Cdc42 and RhoA [48, 64, 263]. All
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three of these GTPases play well-characterized roles in actin cytoskeletal dynamics
and polymerization and are important in optimal cell adhesion in a variety of model
systems. Rac1 and Cdc42 both bind to the Cdc42/Rac-interactive binding (CRIB)
domain of Pak-family kinases. Pak kinases in turn, serine/threonine phosphorylate
and inactivate actin-depolymerizing factor (ADF)/cofilin [274]. Via this mechanism,
Rac1 and Cdc42 favor actin polymerization. Rac1 and Cdc42 also bind and activate
WASp, triggering WASp and Arp2/3-mediated actin polymerization.
A recent study has demonstrated that knockdown of both Rac1 and Rac2 in T
cells almost completely abolishes T cell contact formation on lipid bilayers containing
pMHC and ICAM-1 [204]. In contrast, expression of constitutively active Rac1-GTP
(G12V mutant) increased the fraction of T cells spreading in response to stimulatory
substrate over T cells expression a null GFP control. In addition to Vav1, the Rac1
GEF, DOCK2, has been demonstrated to control actin cytoskeletal dynamics at the
immune synapse through Rac1/2 [204]. DOCK2 has been identified as a binding
partner of ADAP and has also been identified as a potential member of the SLP-76
microcluster [275, 276]. By dimerizing ADAP, SKAP55 may contribute to optimal T
cell retention on anti-CD3-coated glass substrates and contact stability by stabilizing
DOCK2 in SLP-76 microclusters. Clustered DOCK2 in turn would facilitate local
Rac1 activation, T cell contact initiation with stimulatory substrate and subsequent
boundary stability. To test this model, the localization of DOCK2 at the immune
synapse could be evaluated in JSKAP.SY cells. Rac1-GTP levels after stimulation
could be evaluated by performing Pak-PBD (aka Pak-CRIB) pulldown assays. Rac1
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activation could also be assessed using Forster-resonance energy transfer (FRET)
probes in FACS-based or live cell fluorescence imaging assays. The ability of Rac1
to co-cluster with DOCK2 or Vav1 in J14.SY and JSKAP.SY cells could also be
evaluated via live or fixed-cell imaging assays.
Optimal cell spreading and adhesion also depends on the activation of RhoA.
In Borroto, et al. 2000, expression of dominant-negative RhoA in T cells or pretreatment of T cells with C3 transferase (toxin from Clostridium botulinum that
inhibits RhoA activity), almost completely abolished T cell spreading on anti-CD3coated glass substrates [277]. One of the primary GEFs for RhoA is known as GEFH1. GEF-H1 has also been identified as a binding partner of ADAP [203]. Hence,
SKAP55 could control T cell adhesion and spreading on anti-CD3-coated substrates
by controlling the localization and function of GEF-H1 at the immune synapse. Like
ADAP, GEF-H1 is known to associate with and be regulated by the microtubule
cytoskeleton [161]. Hence, SKAP55 could control RhoA activation by stabilizing
multimerized ADAP-GEF-H1 complexes at the immune synapse and in SLP-76
microclusters. RhoA activation in JSKAP.SY could be assessed either by using
FRET reporters as described in the previous paragraph, or by carrying out pulldown
assays involving the protein rhotekin, a scaffolding molecule that binds active (GTPbound) RhoA.
10.4.4 Rap-family GTPases orchestrate actin cytoskeletal dynamics and cell
spreading
SKAP55 has also been implicated in controlling the position of Rap1 at the
plasma membrane in T cells. In addition to facilitating inside-out signals from antigen
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and G-protein coupled receptors to integrins, Rap1 has been demonstrated to play
an important role in cell spreading and adhesion by influencing the dynamics of the
actin cytoskeleton. Rap1-family GTPases control the localization of Dbl-homology
GEFs such as Vav1 to the plasma membrane [278–280]. Hence, Rap1 may control
Rac1-dependent T cell spreading and contact stability by influencing Rac1
activation. Freeman, et. al. 2011 demonstrated that in B cells, actin reorganization
and retrograde flow, BCR-mediated spreading, gathering of antigen and BCR
microclustering occurs in a manner dependent on Rap1 and Rap2 GTPases [281].
Expression of a dominant negative GDP-bound Rap1 mutant (S17N) severely
impairs the diameter of BCR-mediated contacts with antigen-bearing substrates and
the accumulation of tyrosine phosphorylated signaling molecules within BCR
microclusters. In this same study, the authors demonstrate that Rap1/2 GTPases
exert their effects on BCR-dependent changes in morphology and microclustering by
promoting the dephosphorylation, and subsequent activation of cofilin [281]. Once
activated, cofilin severs polymerized actin filaments and allows for increased
diffusability of the BCR within the immune synapse. Consistent with these
observations, expression of a phosphomimetic S3D cofilin mutant impairs B cell
spreading and BCR microcluster formation, while expressing a S3A (inactive) cofilin
mutant promoted optimal BCR-mediated B cell function even with the co-expression
of an inactive (GDP-bound; S17N) Rap1 mutant [281]. Hence, it is possible that by
promoting Rap1 localization, SKAP55 may help orchestrate Rap1-dependent cofilin
inactivation and subsequent reorganization of the T cell actin cytoskeleton to
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promote optimal T cell activation. How SKAP55 controls Rap1 localization is unclear,
but may involve an indirect mechanism via associations with either RapL or RIAM.
To test this model, Rap1 localization in JSKAP.SY cells could be assessed via
immunofluorescence or fluorescent tagging of an exogenous chimera. If localization
is RapL or RIAM dependent, levels of Rap1 at the plasma membrane could be
determined in RapL or RIAM-deficient cells via fractionation experiments.
Additionally, the ability to bypass SKAP55 could be assessed by artificially targeting
RIAM or RapL to the plasma membrane with the use of a CaaX box attached to their
N-termini as demonstrated in Lee, et al., 2009 [147].

10.5 Exploiting SKAP55 to elucidate molecular mechanisms of
crosstalk between the TCR and integrins
10.5.1 SKAP55 is one of several molecular bridges between SLP-76
microclusters and integrins
Based on prior published literature and based on the work shown in this
thesis, it is reasonable to conclude that SLP-76 microclusters incorporate key
regulators of inside-out signaling from the TCR to integrins such as ADAP and
SKAP55. Here, I have identified molecular linkages that couple SLP-76 microclusters
to β1 integrins. These linkages involve the SKAP55 N-terminus, RIAM, and talin.
However, it is unlikely that SKAP55 is the sole link between SLP-76 microclusters
and integrins, as tandem-dimer-containing SLP-76 microclusters remained
immobilized upon integrin-co-ligation in JSKAP.SY cells. Consistent with this
observation, knockdown of endogenous talin or overexpression of talin mutants did
not render microclusters mobile upon integrin co-ligation. Additionally, the SKAP55
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TD chimera fails to rescue paxillin levels in JSKAP.SY. Hence, alternative/multiple
linkages besides talin and paxillin are involved in coupling SLP-76 complexes to
integrins. Additional linkages may occur through the ADAP N-terminus, which coprecipitates kindlin-3 in platelets. Data in the literature suggest that kindlin-3 is a
mechanosensory protein, as it localizes to integrin complexes with highest
stoichiometry under conditions of force application and shear stress to integrin-ligand
bonds and to the actin cytoskeleton [282]. Additional molecular candidates involved
in microcluster-integrin coupling worthy for future study include CasL, Pyk2, FAK,
filamin, vinculin and alpha-actinin.
10.5.2 Characterizing the molecular mechanisms of SKAP55-dependent
inside-out signaling
Understanding the mechanistic basis for SKAP55-dependent signaling
transduction from the TCR to integrins will significantly advance our ability to
selectively modulate distinct molecular arms of T cell activation and T cell-dependent
immune responses. At present, it is still unclear how exactly SKAP55 interacts with
the RIAM/talin module. Menasche, et al. 2007 demonstrated that the RIAM RA and
PH domains in isolation are sufficient for the co-precipitation of SKAP55 [177]. A
recent report from Wynne, et al. 2012 demonstrated that the RA and PH domains
actually fold into a single module joined by a short flexible linker [283]. Perhaps the
SKAP55 DM interacts with this intermediary linker module. Alternatively, SKAP55
may link to RIAM indirectly via associations with Mst1 or kindlin-3, molecules that
have been shown to exist in RIAM-containing but not RapL-containing complexes.
To determine if this hypothesis is valid, it will be necessary to carry out co-
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precipitation experiments for RIAM in Mst1 or kindlin-3 deficient Jurkat T cells.
Alternatively, in vitro binding assays or far-western blotting could be conducted to
demonstrate direct binding between SKAP55 and RIAM. It is also unclear whether
SKAP55 is the sole regulator of RIAM/talin localization at the T cell immune
synapse. Furthermore, RIAMʼs PH domain has high affinity for PI(4)P, a
phosphoinositide predominantly found in the plasma membrane, Golgi apparatus
and on endosomal compartments [284, 285]. Since SKAP55 is not found in these
subcellular locales, RIAM may have diverse SKAP55-independent functions that
control T cell function. Along these lines, RIAM knockdown in T cells has been
shown to dramatically impair calcium flux and ERK 1/2 activation, signaling events
not associated with SKAP55 function [286]. These RIAM-dependent events may
occur during vesicle trafficking and recruitment of molecules from internal
compartments to the plasma membrane.
10.5.3 SKAP55 as a bridge between both LFA-1 and VLA-4 integrins
In addition to binding RIAM, the SKAP55 DM associates with the RapL/Mst1
module. RapL has been shown to directly bind to the αL chain of LFA-1, thereby
controlling LFA-1 affinity and avidity during T cell adhesion. However, to date, there
is no evidence RapL directly associates with any other integrin. RapL-deficiency
results in impaired T cell-APC conjugate formation and defective T cell migration on
endothelium and in lymph nodes [178, 179, 206]. These observations are
phenocopied in Mst1-deficient T cells [179, 205, 206, 237]. Biochemical and
functional data suggests that RapL/Mst1 heterodimerization via their respective
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SARAH domains is required for optimal cell adhesion. In fact, knockdown of RapL
reduces Mst1 activation and subsequent catalytic activity. Raab, et al. 2010
demonstrated that increasing amounts of SKAP55 have been shown to outcompete
Mst1 for binding to RapL. Hence, regulation of SKAP55 levels during T cell activation
may be a mechanism for regulating LFA-1 dependent T cell adhesion and activation
during an immune response.
At present it is unclear what the roles of RapL and RIAM-containing SKAP55
complexes are in the context of integrin activation and T cell function. It is possible
that RapL serves to cluster LFA-1 to increase LFA-1-ICAM-1 bonds during immune
synapse formation. Alternatively, RapL may help transduce outside-in signals from
LFA-1 after ICAM-1 engagement. In comparison, the chief role of talin is most likely
in promoting integrin structural transitions from a bent, low affinity state, to a an
extended, intermediate affinity state. Kindlin-3 binding subsequently facilitates the
high affinity state capable of maximal ligand binding [243]. However, talin may play
an additional role in integrin function as T cells expressing only the talin head
domain have high affinity integrin conformations, but display defects in migration,
proliferation and activation. Hence, dissecting distinct roles for RapL and RIAMcontaining SKAP55 complexes may be difficult. Ideally, structure-function analysis
would reveal that the binding sites for RapL and RIAM in the SKAP55 DM do not
overlap. If so, one could expressing a SKAP55 chimera that binds RapL but not
RIAM, and determine how LFA-1-dependent processes are perturbed. Similar
experiments could be conducted with RapL non-binding mutants. Since RapL is not
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known to associate with VLA-4 or to impact VLA-4 adhesion, expressing a chimera
that eliminates RapL or RIAM binding to the SKAP55 DM could shed light onto how
LFA-1 and VLA-4 activation differs and how these integrins are coordinated in space
and time to optimize T cell activation. Based on the distribution of SKAP55 within the
immune synapse, I would expect that both VLA-4 and LFA-1 localize adjacently to
SLP-76 microclusters. Additionally, SKAP55 may enable SLP-76 microclusters to
facilitate cross-talk between VLA-4 and LFA-1. VLA-4 co-ligation at the immune
synapse has been shown to immobilize SLP-76 microclusters and slow rates of
retrograde actin flow. According to the traction force hypothesis, LFA-1 requires
coupling to actin in order link to force-generating systems that facilitate
conformational changes in the LFA-1 ectodomains [287]. If VLA-4 engages VCAM-1
at the immune synapse, traction forces may be diminished, resulting in impaired
LFA-1 activation. Conversely, increased recruitment of talin and kindlin-3 to LFA-1
foci upon ICAM-1 binding may sequester these molecules away from the
cytoplasmic tails of VLA-4, resulting in diminished VLA-4 function [288]. Future
studies examining T cell adhesion and activation on substrates coated with both
ICAM-1 and VCAM-1 will be necessary to test these hypotheses.
10.5.4 SKAP55 as a regulator of intracellular tension and
mechanotransduction
In this thesis, I demonstrate that SKAP55 serves as a critical node of
integration between the TCR-proximal signaling machinery, the actin cytoskeleton
and force-generating systems such as myosin, and β1 integrins. New emerging data
in the field indicates that intracellular tension exerted by the actin cytoskeleton and
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associated signaling molecules is important for facilitating optimal T cell activation.
Simultaneously freezing retrograde actin flow and myosin-mediated contractility
arrests actin-dependent dynamics at the immune synapse, and correlates with
diminished intracellular calcium flux [257, 289]. Furthermore, Pyk2, a tyrosine kinase
well known to participate in mechanotransduction in a variety of cell types, has been
demonstrated to be critical for CD8+ T cell differentiation and activation [101]. The
arrest of myosin-mediated contractility in T cells results in decreased T cell-APC
conjugate formation, diminished calcium flux, total tyrosine phosphorylation and
integrin activation [290, 291]. Maximal talin, vinculin, Src, and Cas-family adaptor
activation also require tension-dependent signals that are exerted by actin, myosin,
and integrins. Hence, the absence of SKAP55 may significantly disrupt molecular
processes that drive mechano-dependent signaling events required for activation. To
test this hypothesis, a tension-sensing FRET probe such as the vinculin construct
used in Grashoff, et al. 2010, may be an indicator of changes in tension during TCR
and/or integrin engagement [98]. Based on the observations shown in this thesis, I
would expect low intracellular tension exerted by the actin cytoskeleton in SKAP55deficient cells when stimulated on TCR alone. I predict that diminished intracellular
force would result in decreased outputs of T cell activation such as calcium flux,
cytokine production, and AP-1 and NFAT translocation to the nucleus.

10.6 Roles for SKAP55 in the immune response
10.6.1 SKAP55 may regulate T cell recruitment into lymph nodes
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After recruitment into the lymph node, T cells accumulate near HEVs in areas
containing high amounts of APCs. Deletion of the SKAP55-binding motif in ADAP
impaired T cell confinement to these areas and resulted in diminished contact times
with antigen-bearing APCs. Hence, SKAP55 deficiency may impair global T cellmediated immune responses due to defective adhesion to APCs.
10.6.2 SKAP55 as a potential regulator of memory T cell differentiation
At present, it is unclear how SKAP55 contributes to immune responses during
infection. Antigenic challenge of SKAP55-deficient mice will significantly advance our
understanding with respect to how SKAP55 orchestrates diverse arms of T celldependent immunity to protect the host against disease. However, as I have
demonstrated in this thesis, the contributions of SKAP55 to T cell activation are
highly suggestive that SKAP55 would be a key regulator of T cell-dependent immune
responses. The ability of T cells to differentiate into CD8+ memory populations
requires the formation of stable T cell-APC conjugates [21, 28, 29, 34, 39, 292, 293].
If T cells are unable to adequately spread out and engage pMHC on APCs, TCR
triggering could be defective, leading to shortened interaction times with APCs. This
would result in impaired memory T cell differentiation and less-than-optimal immune
responses upon re-exposure to the same pathogen.
10.6.3 SKAP55 may be required for the cytotoxic activity of CD8+ effector T
cells
ADAP has been shown to co-precipitate the microtubule motor protein dynein,
and depletion of ADAP from Jurkat T cells impairs MTOC polarization to sites of
TCR engagement [161]. Polarization of the MTOC is important for the secretion of
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lytic granules such as perforins and granzymes that facilitate killing of target cells. By
multimerizing ADAP, SKAP55 may help stabilize ADAP-dynein complexes at the
immune synapse where dynein motor activity functions to reel in the MTOC. Hence,
SKAP55 deficient CD8+ effector T cells may exhibit defective killing of target cells,
resulting in wide spread infection and proliferation of cancerous cells. Ex vivo killing
assays may be performed with T cells from SKAP55 knockout mice to determine if
this model is valid.
10.6.4 SKAP55 may inhibit T cell-mediated pro-inflammatory responses by
inhibiting NFκB
Burbach, et al. 2011 demonstrated that expression of a SKAP-ADAP chimera
consisting of the SKAP55 N-terminus and ADAP C-terminus supported T cell-APC
conjugate formation but not NFκB activation [181]. In contrast, inactivation of the
SKAP55 PH domain (R131M) diminished conjugate formation and adhesion to
ICAM-1, but increased NFκB activation. Furthermore, the molecular pool of ADAP
that supports NFκB activation lacks SKAP55, and deletion of the SKAP55-binding
motif in ADAP does not affect ADAP-dependent NFκB signaling. These results
suggest that expression of SKAP55 antagonizes the relative stoichiometry of
SKAP55-bound to unbound ADAP complexes within the T cell. If true, then
expression of ADAP-binding SKAP55 chimeras should reduce NFκB-dependent
transcription of pro-inflammatory cytokines such as IL-1β, IFNβ, IL-6, and TNFα.
Hence, the expression of SKAP55 may be a regulatory mechanism for facilitating T
cell activation via adhesion to APCs, while simultaneously dampening proinflammatory signaling that may damage or alter APC function. SKAP55 degradation
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may be a mechanism to de-adhere from APCs so that ADAP can promote a proinflammatory response within the context of infection that will not significantly affect
bystander cells or surrounding tissue to a great extent.
SKAP55 may also antagonize NFκB activation by limiting Hpk1 catalytic
activity. Hpk1 has been demonstrated to serine-phosphorylate CARD-containing
MAGUK protein 1 (CARMA1) [294]. CARMA1 phosphorylation is a critical upstream
signaling event that is important for NFκB activation. If SKAP55 promotes ADAP
stabilization and phosphorylation within SLP-76 microclusters, it may contribute to
the out-competition of Hpk1 binding to the SLP-76 SH2 domain. Failure to bind the
SLP-76 SH2 domain may in turn diminish Hpk1 catalytic activity and subsequent
CARMA1 phosphorylation. If this model is valid, expression of exogenous SKAP55
should result in diminished CARMA1 serine phosphorylation in T cells.
10.6.5 SKAP55 may regulate T cell-specific immune responses by stabilizing
paxillin
Paxillin is a known regulator of MTOC polarization to the immune synapse in
response to antigen-receptor signaling [295]. By controlling paxillin, SKAP55 may
regulate MTOC polarization and subsequent release of lytic granules and cytokines
involved in target cell killing and effector function. This phenotype could be evaluated
via functional killing assays or fluorescence microscopy using cells expressing
fluorescently-tagged tubulin. Paxillin is also important for optimal T cell adhesion and
migration on integrin ligands and endothelium [134, 135, 246, 247, 250]. Hence, the
ability of SKAP55 to recruit to sites of inflammation and infection may depend on
whether it is capable of promoting optimal levels of paxillin expression. Since paxillin
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directly binds to the cytoplasmic tails of α4 and α5 integrins, SKAP55 could play a
key role in cross linking VLA-4 to the actin cytoskeleton for optimal integrin
activation, adhesion, and co-stimulatory outside-in signaling that enhances
intracellular calcium flux, Src-kinase activation and actin remodeling.
10.6.6 SKAP55 may contribute to NK cell-dependent immune responses
According to the Immunological Genome Project database, the SKAP55 gene
(SKAP1) is highly expressed in natural killer cells (NKs). NKs are a type of
lymphocyte required for the optimal function of the innate immune system,
responding to virally infected and cancerous cells alike. Downstream of the NKG2D
receptor, signaling microclusters, such as those found downstream of the TCR,
rapidly form and transduce signals through the cytoplasm. Hence, SKAP55 may play
an important role in the activation and function of NK cell-mediated immunity.
Additionally, by regulating RIAM and talin localization at the plasma membrane or in
signaling complexes, SKAP55 may also control the function of Mac-1, an αMβ2
integrin involved in the phagocytosis of complement-coated bacteria. Hence,
SKAP55 deficiency may result in uncontrolled and/or recurring bacterial infections.
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