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Abstract:

Antigen recognition by the T cell receptor (TCR) complex and engagement of
costimulatory ligands, such as CD28 and Very Late Antigen-4 (VLA-4), are essential for
sustained activation of T lymphocytes. These receptor interactions induce extensive
cytoskeletal rearrangement that forms the immune synapse and shapes discrete nucleation
sites of activating SLP-76 (SH2 domain containing leukocyte protein of 76kDa)
microclusters (MC). Previous studies suggest that retrograde actin flow contributes to
SLP-76 MC centralization over time; however, the precise mechanism of SLP-76 MC
locomotion is not fully elucidated. Myosin II is a non-muscle motor protein that contracts
along actin filaments and is critical for lymphocyte migration and cell crawling. We
proposed that myosin II controls the locomotion and activating potential of SLP-76 MC.
To investigate the structure and behavior of myosin II, fluorescent chimeras of myosin II
were imaged in Jurkat T cells stimulated by plate-bound TCR and VLA-4 ligands. We
found that myosin II forms filaments that flow centripetally in response to TCR
stimulation. Notably, the contraction of myosin II filaments is slowed by VLA-4
coligation, suggesting a close relationship between integrin adhesion and cytoskeletal
contraction in T cells. In cells treated with blebbistatin, a drug that inhibits myosin II
contraction, we found that TCR-induced SLP-76 MC do not centralize. In contrast, cells
with no myosin II expression exhibit mobile SLP-76 MC with weakened stability.
Additionally, we determined that the production of IL-2 is dependent on the expression of
myosin II. Together, these results suggest that myosin II expression and contractile
activity drive productive T cell signaling and effector function.
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3. Introduction:

3.1 Role of T lymphocytes in immune defense and pathology
T lymphocytes constitute a significant branch of the adaptive immune system. This
subset of lymphocytes arises in the bone marrow and matures in the thymus. The
adaptive immune response is antigen specific. Upon recognition of cognate antigens
presented by antigen presenting cells (APC), T cells proliferate, differentiate into effector
and memory lineages, execute cytotoxic killing, and produce cytokines (Bonilla and
Oettgen, 2010). The clonal expansion and effector functions of T lymphocytes are tightly
regulated; however, aberrant regulation of these responses manifests in many
autoimmune and inflammatory malignancies such as multiple sclerosis, rheumatoid
arthritis, and asthma (de Souza et al., 2010).

3.2 T cell activation
Productive T cell activation requires two distinct signals between an APC and a T cell.
The first signal involves recognition of peptide-major histocompatibility complex
(pMHC) by the T cell receptor (TCR) complex (Smith-Garvin et al., 2009). Several
models have been proposed to explain how pMHC-TCR engagement triggers activation
signaling: aggregation of several TCR complexes, conformational shifts within the TCR
complex, and spatial exclusion of inhibitory surface molecules are mechanistic models
that may not be mutually exclusive, and potentially progress in a stepwise manner
(Seminario and Bunnell, 2008; Smith-Garvin et al., 2009; Bunnell 2010). Costimulatory
signals amplify the T cell response and steer the T cell from anergy, an immunologically
unresponsive state. Several receptors promote costimulation, including CD28, Inducible
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T cell Costimulator (ICOS), and the integrin Very Late Antigen-4 (VLA-4) (SmithGarvin et al., 2009; Nguyen et al., 2008).

The signals that cascade from the TCR rely on a series of tightly regulated
conformational changes, kinase activities, and protein translocations. In brief, TCR
engagement spurs subsequent phosphorylation of CD3 immune receptor tyrosine
activation motifs (ITAMs) by Src family kinase Lck (Straus and Weiss, 1992). Zeta
chain-associated protein of 70kDa (ZAP-70) rapidly associates with the phosphorylated
ITAMs and phosphorylates linker of activated T cells (LAT), which induces the
recruitment of Grb2-related adapter downstream of Shc (GADS) and SH2 domaincontaining leukocyte protein of 76kDa (SLP-76). LAT and SLP-76 are essential adapter
proteins that coordinate several downstream effector proteins (Zhang et al., 1998; Bubeck
et al., 1996; Zhang et al., 1999). After association with LAT and SLP-76, phospholipase
Cγ1 (PLCγ1) is activated by IL-2-inducible T cell kinase (Itk) and generates second
messengers diacylglycerol (DAG) and inositol triphosphate (IP3). DAG and IP3 activate
the mitogen-activated protein kinase (MAPK) and protein kinase Cθ (PKCθ) pathways
and stimulate calcium flux, respectively (Sommers et al., 2004; Beach et al., 2007; SmithGarvin et al., 2009). Also, SLP-76 recruits noncatalytic region of tyrosine kinase (Nck),
the guanine nucleotide exchange factor (GEF) Vav1, and Itk, which promote actin
rearrangement through Wiskott-Aldrich syndrome protein (WASp), WAS protein
member 2 (WAVE2), and the actin-related proteins 2 and 3 (Arp2/3) complex (Zeng et
al., 2003; Dombroski et al., 2005; Burkhardt et al., 2008). Ultimately, transcription
factors, such as nuclear factor of activated T cell (NFAT), activator protein-1 (AP-1), and
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nuclear factor kappa of B cell (NFκB), become activated and promote the generation of
interleukin-2 (IL-2) (Smith-Garvin et al., 2009; Bonilla and Oettgen, 2010).

3.3 Immune synapse
As a T cell recognizes cognate antigen on an APC, many receptors, kinases, and adapters
accumulate at the cell-cell interface (Yokosuka and Saito, 2010). Observations in a 1998
study by Kupfer visualized a B cell-T cell interface with radial symmetric features that he
described as supramolecular activation clusters (SMAC): a central region (cSMAC) of
TCRs, pMHC, and PKCθ; a peripheral ring (pSMAC) of adhesion proteins such as talin,
intercellular adhesion molecule-1 (ICAM), and leukocyte function antigen-1 (LFA-1);
and an outermost distal ring (dSMAC) containing CD45 (Monks et al., 1998; Alarcón et
al., 2011). Subsequent imaging studies by other groups that utilized planar bilayers
replicated this segregated distribution of receptors and adhesive molecules (Grakoui et
al., 1999). Because central TCR accumulation was observed in activated T cells,
formation of the cSMAC and the “bulls-eye” pattern gained a reputation as the critical
feature of productive activation (Dustin et al., 2010).

However, eventual segregation of signaling components at the synapse did not explain
the early events that trigger activation. Imaging studies that utilize plate-bound ligands
have revealed that initial activation signals arise within discrete peripheral microdomains,
or “microclusters” (Krummel and Davis, 2002). TCR microclusters develop quickly at
small regions of T cell membrane in close contact with the APC membrane, and contain
active TCR complexes and ZAP-70. These activation sites have the capacity to recruit
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downstream adapter proteins and initiate calcium responses before the cSMAC forms
(Yokosuka et al., 2005; Bunnell et al., 2010). Additionally, a study by the Trautmann
group described a multifocal synapse at the T cell-dendritic cell interface that was
sufficient to drive the entire T cell response (Brossard et al., 2005). This study challenged
the notion that a mature immune synapse exists strictly in a concentric pattern. Overall,
the structure of an immune synapse ranges from multiple focal contacts to a pronounced
concentric segregation. This structural heterogeneity may depend on the T cell subset, the
type of antigen presenting cell, and the affinity or abundance of the antigen (Yokosuka
and Saito, 2010; Bunnell 2010).

As mentioned above, TCR microclusters arise at the site of cognate antigen recognition.
In imaging studies where cells are stimulated by plate-bound anti-TCR antibody, the
downstream adapter proteins such as LAT, GADS, and SLP-76 initially recruit to the
TCR microcluster and rapidly segregate into adjacent structures called SLP-76
microclusters (MC) (Smith-Garvin et al., 2009, Bunnell 2010). Over time, SLP-76 MC
translocate to the cSMAC, which is described as the site of TCR internalization and
signal termination (Barr et al., 2006; Varma et al., 2006; Balagopalan et al., 2007).
Although the mechanism that drives this migration is not fully understood, retrograde
actin flow contributes to this process. By imaging on planar bilayers, the Dustin group
has shown that TCR microclusters are moved by the actin cytoskeleton (Varma et al.,
2006). The Bunnell group has demonstrated that centripetal movement of SLP-76 MC
requires active polymerization of actin. Notably, they showed that VLA-4 coligation
immobilizes SLP-76 MC and prolongs activation signaling (Nguyen et al., 2008).
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Because VLA-4 engagement was also shown to slow retrograde actin flow, these findings
suggest that cytoskeletal contraction at the synapse and integrin costimulation signals
through SLP-76 are linked.

3.4 Integrins
Integrins are heterodimeric surface receptors that mediate membrane adhesion to
extracellular ligands. The alpha and beta subunits are expressed in various isoforms due
to alternative splicing, and about twenty different combinations of alpha and beta chains
determine the identity and specificity of the ligand. Some ligands constitute part of the
extracellular matrix, and other ligands are expressed on the surface of APCs and
endothelial cells (Luo et al., 2007; Hogg et al., 2011). For instance, Jurkat T cells express
alpha4 beta1 (VLA-4, α4β1), which can bind the extracellular matrix protein fibronectin
and vascular cell adhesion molecule 1 (VCAM-1) (Springer 1995). The adhesive strength
of one integrin bound to its ligand refers to the integrin affinity. As more integrins open
and bind to their ligands, integrins cluster together; this increased adhesive capability
refers to the avidity of the integrin response (Carman and Springer, 2003).

At steady state, integrins exist in a bent, inactive conformation. “Inside-out” signaling via
immunoreceptors such as the TCR spur integrins to conformationally shift to an open
position with an intermediate ligand affinity (Evans et al., 2009; Hogg et al., 2011).
While the details of the signaling pathways from the TCR to integrin remain unclear,
several adapter proteins and downstream effectors are known to play strong roles in
inside-out signaling and integrin clustering (Baker and Koretzky, 2008; Smith-Garvin et
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al., 2009). WAVE2 and the Arp 2/3 complex promote actin reorganization, integrin
mobility, and talin and vinculin recruitment to the synapse (Nolz et al., 2007; Burbach et
al., 2007; Smith-Garvin et al., 2009). Another important regulator of integrin activation is
Ras-proximity-1 (Rap1). Upon TCR activation, the complex of adapter proteins
adhesion- and degranulation-promoting adapter protein (ADAP), Src kinase-associated
protein of 55kDa (SKAP55), and Rap1-GTP-interacting adapter molecule (RIAM)
localize Rap1 to the plasma membrane (Lafuente et al., 2004; Menasche et al., 2007). In
addition to TCR-inducible association with RIAM, Rap1 can be recruited to the
membrane by DAG-activated protein kinase D1 (PKD1) (Medeiros et al., 2005).

As integrins bind their respective ligands, additional biochemical responses referred to as
“outside-in” signals are transmitted to the T cell via Src family kinases and Syk (Abram
and Lowell, 2007). Additionally, the extracellular domains of the beta chain can stretch
further into an extended open conformation that separates the transmembrane and
cytoplasmic portions of the alpha and beta chains. This change maximally increases the
integrin’s affinity for its ligand and potentially opens more motifs in the cytoplasmic tails
for adapter and actin binding (Evans et al., 2009; Hogg et al., 2011). By triggering
physical shifts to the high affinity conformation, external shear force potentially
augments integrin adherence. In 2005, Mark Ginsberg and his colleagues demonstrated
that the strength of VLA-4 adhesion increases under applied shear stress through direct
connections to the cytoskeleton via paxillin and talin (Alon et al., 2005). This finding
indicates that integrin-dependent signals sense and integrate complex input from external
forces and internal cytoskeletal contraction.
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3.5 Cytoskeleton
The cytoskeleton is a collection of filamentous polymers and accessory adapters that
regulate cell shape, growth, division, vesicular and molecular trafficking, and cellular
migration. The dynamic regulation of microtubules and microfilaments (F-actin) are
subjects of intense study by immunologists, due to many known cytoskeletal
contributions to vascular migration and extravasation, cell polarization, phagocytosis, and
conjugate formation (Vicente-Manzanares and Sánchez-Madrid, 2004). In particular, the
dynamic polymerization of F-actin is highly responsive to immunoreceptor signals
(Burkhardt et al., 2008).

TCR ligation triggers the formation of signaling microclusters at the membrane, and
these complexes serve as docking sites for proteins that initiate and regulate actin
nucleation, rearrangement, and disassembly (Burkhardt et al., 2008). The Arp 2/3
complex builds branched actin networks at the lamellipodium. Although the Arp 2/3
complex cannot work independently, nucleation promotion factors WASp and WAVE2
enhance Arp 2/3 association with existing actin filaments and facilitate actin monomer
recruitment to the active Arp 2/3 complex (Reicher and Barda-Saad, 2010). The SLP-76associated GEF Vav1 plays a central role in this process by activating GTPases such as
Rac1 and Cdc42, which activate WAVE2 and WASp, respectively (Tybulewicz and
Henderson, 2009; Billadeau et al., 2007). Ultimately, linear actin and branched actin
networks facilitate membrane extension, cell spreading and cell-cell contact.
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The region of contact in a migrating cell, or a ‘kinapse’ as described by Michael Dustin,
displays an asymmetric polarity (Dustin 2009). The leading edge of a crawling cell, the
lamellipodia, consists of rapidly polymerizing F-actin that probes the extracellular space.
The lamella is a region rich in focal contacts (actively clustered integrins) that follows the
leading edge of the crawling cell and provides traction. The uropod contracts at the rear
of the cell and pulls the cell body forward (Vicente-Manzanares and Sánchez-Madrid,
2004; Dustin 2009).

When a T cell encounters cognate antigen on an APC, the T cell changes direction
quickly and the cytoskeleton reorients dramatically toward the APC (Burkhardt et al.,
2008). The polar contact area transforms into a stable junction with annular symmetry
(Dustin 2009). As discussed previously, the classical APC-T cell synaptic interface
exhibits a concentric pattern of SMACs, with central accumulation TCRs and a
peripheral ring of integrins (Seminario and Bunnell, 2008). Although the polarities of
kinapses and synapses differ, proximal regions of integrin and F-actin cooperate in both
cases to establish cell adherence. The radial adhesive clamp of the immune synapse is
analogous to the lamella of a migrating cell (Dustin 2009). Also, the lamellipodial
module extends F-actin filaments at the leading edge of the T cell-APC interface. In turn,
the membrane at the lamellipodial edge pushes polymerizing actin back and creates
retrograde actin flow (Takenawa and Suetsugu 2007; Billadeau et al., 2007). Overall, the
extending and adhesive modules stabilize cell-cell contact and maximize the signaling
capacity of surface receptors.
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Additionally, actin and integrin dynamics are heavily influenced by the structure and
contraction of myosin (Vicente-Manzanares et al., 2009). Myosins are a diverse
superfamily of motor proteins that mobilize and contract along actin filaments. Several
subclasses of myosin II, or “conventional myosin,” play important roles in cardiac
muscle, smooth muscle, skeletal muscle, and non-muscle cells (Lowey and Trybus,
2010). The literature suggests that myosin IIA is the only myosin II isoform expressed in
T lymphocytes (Jacobelli et al., 2004). However, in previous mass spectrometry studies
of purified SLP-76 MC from Jurkat T cells, N. Sylvain identified large amounts of
myosin IIA and significant amounts of myosin IIB (unpublished data).

The general structure of myosin II consists of two heavy chains, two essential light chains
(ELC), and two regulatory light chains (RLC). The heavy chain consists of a globular
head that binds actin and ATP, and a long rod domain that forms a coiled-coil alpha helix
with the other heavy chain. ELC stabilize the rod helix by binding calcium, and RLC
phosphorylation prevents heavy chain aggregation and activates myosin contraction. The
majority of RLC are phosphorylated by myosin light chain kinase (MLCK) and Rho
kinases (ROCK) (Vicente-Manzanares et al., 2009; Lowey and Trybus, 2010).

In fibroblasts, myosin II contraction promotes actin bundling in the lamella and stabilizes
focal adhesions (Parsons et al., 2010). When myosin pulls on actin filaments that are
bound to growing focal contacts, talin stretches open and reveals additional tyrosine
residues and binding sites for vinculin, α-actinin, and actin (Vicente-Manzanares et al.,
2009; Wolfenson et al., 2011; Aratyn-Schaus et al., 2011). Other focal adhesion proteins
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such as paxillin and members of the Crk-associated substrate (Cas) family (p130Cas,
Cas-L) respond to tension in a similar fashion (Sawada 2006; Wolfenson et al., 2011).
Therefore, myosin II exerts tensile force and produces conformational changes of
adhesion adapters to strengthen integrin binding capacity and reinforce focal adhesions.
In a variety of cell types including migrating murine T cells, periodic contraction of
actomyosin moves in lateral waves (Döbereiner et al., 2006). Notably, the Dustin group
determined that myosin IIA is required for T cell-APC conjugate stability, centripetal
movement of TCR microclusters, sustained calcium signaling, and TCR-proximal
signaling (Ilani et al., 2009). However, the specific mechanisms of how myosin II
contributes to activation signaling, VLA-4 integrin adhesion, and effector function in
lymphocytes remain unclear.

3.6 Significance and goals of present study
We initially hypothesized that myosin II contraction drives SLP-76 migration.
Additionally, we proposed that costimulatory signaling by VLA-4 depends on tensile
forces delivered by myosin II contraction. This study employs confocal imaging and
measures functional cytokine responses to investigate the mechanism of SLP-76 MC
migration and the role of cytoskeletal contraction in costimulatory signaling. We
determined that myosin II expression contributes to the stability of SLP-76 MC and the
cytokine response to stimulatory signals. The work outlined in this thesis will directly
contribute to the understanding of lymphocyte activation by elucidating characteristic
cytoskeletal behavior of VLA-4-costimulated T cells, and identify potentially immunespecific responses that require functional contraction of actomyosin. Identification of T
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cell proteins that are either uniquely targetable or of low abundance compared to other
cell types will aid the development of pharmacological agents and RNAi therapies that
directly treat T cell-mediated diseases.
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4. Materials and Methods:

4.1 Plasmid constructs and DNA electroporation
Plasmids encoding green fluorescent protein (GFP)-tagged myosin IIA and GFP-tagged
myosin IIB were obtained from Addgene (catalog numbers 11347 and 11348,
respectively). A plasmid coding for monomeric red fluorescent protein (mRFP1) was a
gift of R. Tsien (Shaner et al., 2004). For expression in Jurkat cells, the mRFP1 cDNA
was subcloned into a plasmid with a CMV promoter to produce plasmid 4503 (generated
by S. Bunnell).

Imaging experiments of myosin IIA- and myosin IIB-deficient cells required the
transfection of two plasmids: a construct that codes for MYH9-targeting shRNA and
mRFP1 (plasmid 6033), and a separate construct that expresses MY10-targeting shRNA
(plasmid 5226). Plasmid 6033 was generated by polymerase chain reaction (PCR)
amplification of the MYH9-targeting sequence from an existing shRNA plasmid (plasmid
3079, generated by N. Sylvain), using the primers NS753 and NS754 (Table 1). This
cDNA was inserted into plasmid 4503 using the restriction sites Ase I and Nde I. Plasmid
5226 was obtained from Open Biosystems (catalog number TRCN0000123074).
ELISA (enzyme linked immunoabsorbent assay) experiments of myosin IIA- and myosin
IIB-deficient cells required the transfection of a single construct, plasmid 6037. To
generate plasmid 6037, the myosin IIB-targeting sequence was PCR-amplified from
plasmid 5226, using the primers RB608 and RB610 (Table 1). Using the restriction sites
Nhe I and Spe I, this cDNA was inserted into plasmid 6034 (a modified version of
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plasmid 4503 featuring an added Spe I restriction site), to generate an intermediate vector
(plasmid 6036). The myosin IIA-targeting sequence was PCR-amplified from plasmid
3079 using the primers RB612 and RB611 (Table 1), and inserted in plasmid 6036 using
the restriction sites Nhe I and Spe I.

Table 1: Primers used to amplify targeting sequence cDNA for short hairpin RNA
vectors.
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Cells were transfected using the BTX ECM 830 Square-Wave Electroporator. Cellular
density was 4x107 cells per ml, and transfection volume was 100µl per well in a multiwell transfection cuvette. DNA did not exceed 10µg or 10% of the sample volume.
Cuvette gaps measured 4mm, and the electroporator administered one pulse of 10ms at
300V. Transfected cells were transferred to complete RPMI media (RPMI 1640 with
10% fetal calf serum, 10mM glutamine, and 10µg/mL ciprofloxacin) for at least eight
hours recovery in culture.

4.2 Cell lines and cell culture
All experiments utilized the parental Jurkat E6.1 cell line or its derivative, J14.SY.
J14.SY is a SLP-76-deficient Jurkat line that is stably reconstituted with yellow
fluorescent protein (YFP)-tagged SLP-76 (Bunnell et al., 2006).
Active cultures were maintained at 37oC, with 5% CO2. Cultures were grown in complete
media, which consists of RPMI 1640 (BioWhittaker) with 10% fetal calf serum, 10mM
glutamine, and 10µg/mL ciprofloxacin. Cultures were split routinely and supplemented
with fresh complete media to maintain a cellular density of about 5x105 cells per mL.

4.3 Plate-bound stimulation
Cells were stimulated on 96-well glass bottom plates (Thermo Scientific Matrix
Technologies) that were coated with 0.01% poly-L-lysine (Sigma) for fifteen minutes at
room temperature. Wells were aspirated, dried at room temperature overnight, and coated
with anti-CD3ε stimulatory antibody OKT3 (Bio-Express) at 10µg/mL in PBS at 37oC.
Next, wells used for additional stimulation by VLA-4 were coated with VCAM-1 (R&D

14

Systems) at 1µg/mL at 37oC. Following a one hour incubation at 37oC with each
stimulatory ligand solution, wells were washed three times with 0.2mL PBS. Finally,
wells were blocked with 1% BSA in PBS. Wells were stored in PBS at 4oC.
At the onset of each stimulation, PBS was replaced by complete RPMI media with 25mM
HEPES buffer, pH 7.4. Cells were injected slowly into the bottom of each well.

4.4 Cell lysis and Western blot
Cells were lysed at 2.5x107 cells/mL. Lysis buffer consisted of 50mM Tris-HCl pH 8.0,
150mM NaCl, 2mM tetrasodium EDTA, 1% Triton X-100, 10mM NaF, 1mM Na3VO4,
Complete Protease Inhibitor Tablet (Roche), 25µg/mL Pepstatin A, and 1mM DTT.
Cellular debris was removed by centrifugation at 15,000 rpm at 4oC for 15 minutes.
When loading protein samples in SDS gels, 2.5 x105 cell equivalents were loaded per
lane. Protein was transferred to Immobilon-P PVDF membranes by semi-dry transfer at
10V for one hour. Primary antibodies were used to detect myosin IIA (1:2000, Covance),
myosin IIB (1:1000, Sigma-Aldrich), JL-8 (1:1500, anti-GFP, Clontech), and γ-tubulin
(1:12000, Sigma-Aldrich). Secondary antibodies were used at a 1:5000 dilution and
include goat anti-mouse and goat anti-rabbit (Jackson ImmunoResearch Laboratories).

4.5 ELISA (Enzyme linked immunoabsorbent assay)
Standard and reagent dilutions, as well as all plate preparation, incubation, and wash
steps used the provided materials and protocol of the human IL-2 Duoset ELISA
Development Kit (R&D, catalog number DY202). ELISA Nunc-Immuno plates (Thermo
Scientific) were precoated with 100µL capture antibody overnight, washed, and blocked
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for one hour with 300µL 1% BSA in PBS. Every aspiration-wash step used 400µL of
0.05% Tween in PBS, three times. Cells (1x105 per well) were stimulated in culture for
12 hours. All samples were carried out in triplicate. 100µL of sample supernatant was
transferred from culture wells to ELISA wells and incubated for two hours. After another
wash step, wells were incubated for two hours in 100µL Detection Antibody, washed
again, then incubated for up to 20 minutes in 100µL Substrate Solution (1:1 mixture of
Color Reagents A and B, from R&D, catalog number DY999). Finally, 50µL of Stop
Solution (2N H2SO4) was added, and the optical density of each well was measured on
SpectraMax M5 (Molecular Devices).

4.6 Intracellular staining and FACS analysis
Cells were pretreated for one hour in complete media with the following drug
concentrations: no drug (untreated control), blebbistatin (100µM, Enzo Life Sciences),
H1152 (100µM, Enzo Life Sciences), Y27632 (40µM, Enzo Life Sciences), or ML-7
(20µM, Enzo Life Sciences). All experimental conditions were carried out in triplicate
(Figure 1). Cells were either added directly to stimulation wells in drug media, or were
washed three times in PBS and added to stimulation wells in fresh media. To block
cytokine secretion, Brefeldin A (3µM, EMD Chemicals) was added one hour after
injection of cells. Plates were returned to culture for 11 additional hours. Cells were
detached from the glass by brief incubation at 4oC and vigorous pipetting. Cells were
transferred to a fresh 96-well round-bottomed plate, fixed for 30 minutes at 37oC in a
solution of 100µL Fix Solution (2.5% paraformaldehyde, 1% FCS in PBS), and washed.
All wash steps were repeated three times with 200µL PFN Wash Solution (8% FCS,
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0.1% Saponin, 0.02% NaN3, filter-sterilized in PBS). Cells were blocked for 30 minutes
in 200µL PFN Block Solution (PFN Wash with 2% goat sera). Cells were pelleted and
resuspended in 20µL of primary antibody diluted 1:10 in PFN Block (anti-IL-2-APC
from BD, catalog number 554567). Following a one hour incubation, cells were washed
and resuspended in 100µL PFN Wash.

Cells were analyzed by flow cytometry, gating live cells for positive IL-2 expression.
Baseline stimulation within each drug condition was subtracted from the cells stimulated
on OKT3 +/- VCAM. IL-2 production routinely dropped in cells that were washed before
stimulation. Therefore, raw washout data was multiplied by a correction factor, which is
(% IL-2 positive, no washout) divided by (% IL-2 positive, washout) of cells treated with
drug-free media and stimulated on either OKT3 only (1.72/1.12 = 1.54) or
OKT3+VCAM (5.59/4.13 = 1.36). Because very low percentages stained positive for
intracellular IL-2, the effect of the drugs was depicted as the fractional inhibition, which
is the amount of IL-2 production that was hindered by the drugs. The fractional inhibition
of each drug treatment was calculated by dividing the (difference of the drug % and the
corrected washout %) over (total corrected washout %). Fractional inhibitions were
calculated for each condition in each experiment, and the error bars represent the s.e.m.
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Figure 1: Schematic of intracellular IL-2 staining experimental design and
normalization of data points.
Jurkat cells were pretreated with or without drugs in RPMI culture media for 1 hour.
Cells were either added directly to stimulation wells in drug media, or were washed three
times in PBS and added to stimulation wells in fresh media. Cells were left unstimulated,
stimulated on glass plate-bound OKT3 +/- VCAM for 12 hours, and Brefeldin A was
added 1 hour into stimulation. Cells were detached from the substrate, fixed, and stained
with anti-IL-2 Alexa 647. Cells were analyzed by flow cytometry on LSRII, gating live
cells for positive IL-2 expression. Baseline stimulation within each drug condition was
subtracted from the cells stimulated on OKT3 +/- VCAM. Washout cell percentages are
normalized by the correction factors.
Fractional inhibition is calculated by dividing the (difference of the drug % and the
corrected washout %) over (total corrected washout %).
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4.7 Immunofluorescent staining and confocal microscopy
J14.SY cells were pretreated with or without blebbistatin (50µM) for one hour at 37oC.
Cells were injected slowly on ligand-coated glass substrate, and stimulated in imaging
media with or without blebbistatin. After 5 minutes of stimulation, media was aspirated
and replaced with 100µL of phosphate-preserving fix solution (PBS with 1%
paraformaldehyde, supplemented with 1mM of the tyrosine phosphatase inhibitor
Na3VO4, and 10mM of the serine-threonine phosphatase inhibitor NaF) for 30 minutes at
37oC. All wash steps and staining steps were carried out at room temperature and utilized
solutions with added 1mM Na3VO4 and 10mM NaF. Wells were washed three times with
200µL PFN Wash Solution and blocked for one hour in 200µL PFN Block Solution.
Staining solutions were incubated in the wells for 1-2 hours. Solutions were composed of
primary antibodies at the indicated dilutions in PFN Block: Cas Y249 (1:100, Cell
Signaling), Cas Y410 (1:50, Cell Signaling), Cas Y762 (1:100, ECM Biosciences),
MLC2 S19 (1:200, Cell Signaling), PLCγ1 Y783 (1:50, Biosource), Pyk2 Y402 (1:100,
Biosource), Src Y416 (1:100, Cell Signaling), ZAP70 Y319 (1:100, Cell Signaling).
Following a one hour incubation, wells were washed three times with 200µL PFN Wash
Solution, and incubated for another hour in staining solutions using PFN Block and
appropriate secondary antibodies (goat anti-mouse IgG1-Alexa 647 or goat anti-rabbitAlexa 647, both at 1:1000 dilution, Molecular Probes). Finally, wells were washed three
times with 200µL of PFN Wash, and stored in PBS with 1mM Na3VO4 and 10mM NaF.
All fixed and time-lapse images were collected using a spinning-disk confocal
microscope (Axiovert 200), a CCD camera (Hatsamatsu), and RGBA filter (PerkinElmer). YFP was excited using the 488nm line of an argon ion laser, and excitation of
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Alexa 647-tagged epitopes was achieved by a 647nm line of a krypton/argon laser. Data
collection was accomplished by Perkin-Elmer Ultraview imaging software. Time-lapse
images were collected continuously for 5 minutes.

4.8 Image processing and statistical analysis
Microsoft Excel, Microsoft Powerpoint, iVision, and GraphPad Prism software were used
to prepare all graphs and figures. All images were analyzed using iVision software
(BioVision Technologies). Images were normalized in order to improve the visibility of
obvious features such as microclusters and cytoskeletal fibers. Cells representative of the
viewing field were selected for further analysis. Particle tracking scripts generated by N.
Sylvain were used to quantify the behavior of microclusters. Two kymographs were
generated for every selected cell. Individual microcluster paths were traced manually,
extracted, and compiled to produce an average trace for each cell. The average traces
were merged to generate an average path for each condition. Additionally, the total
duration, movement, time at a 3µm threshold, duration past a 3µm threshold, maximum
speed, and percent of SLP-76 in microclusters (cluster fluorescence compared to
background cytoplasmic SLP-76 fluorescence) was calculated for each individual
microcluster path. The 3µm threshold was used to determine whether microclusters move
a small distance over a longer period of time, and whether microclusters display long
sustained movement or die quickly as they approach the center. These calculations were
combined to produce average descriptions for the collection of selected cells in each
condition.
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Statistical significance of fractional inhibition of cytokine production was calculated
using the paired two-tailed Student’s t-test. P-values less than 0.05 were regarded as
significant.
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5. Results

5.1 Myosin II forms contractile bundles in stimulated T cells.
Previous studies have demonstrated that myosin II is important for cell migration and
integrin adhesion. Our group has shown that VLA-4 integrin engagement resists actin
flow and promotes costimulation in T cells (Nguyen et al., 2008). To explore the role of
myosin II in T cell stimulation and adhesion, we characterized the expression,
morphology, and orientation of myosin II in stimulated T cells.

5.1.1

Myosin II forms peripheral linear bundles in VLA-4-stimulated cells.

Other groups have shown that non-muscle myosin IIA is expressed in T cells (Jacobelli et
al., 2004). We aimed to determine the presence and localization of different myosin II
isoforms in T cells stimulated in our model system. To do this, we first performed a
Western blot analysis to identify the specific myosin II isoforms that are expressed
endogenously in Jurkat cells. Lysates of T cells expressing GFP-tagged myosin IIA,
GFP-tagged myosin IIB, or no exogenous fluorescent chimera were run on a 4% SDS
polyacrylamide gel, and immunoblotted for the GFP tag, myosin IIA, or myosin IIB. We
found that endogenous myosin IIA and endogenous myosin IIB were expressed in all
lysate samples (Figure 2). Additionally, selective expression of exogenous constructs was
detected by the corresponding primary antibodies. Therefore, subsequent imaging and
Western blot experiments clearly designate the presence and localization of specific
myosin isoforms.
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Figure 2: Myosin IIA and myosin IIB are expressed endogenously in Jurkat T cells.
Lysates of T cells expressing GFP-tagged myosin IIA, GFP-tagged myosin IIB, or no
exogenous construct were run on a 4% hand-cast SDS polyacrylamide gel. Because the
gel was a low percentage, the gel stretched and distorted the alignment of neighboring
bands. The membranes were cut and separately immunoblotted for the GFP tag (JL-8),
myosin IIA, or myosin IIB. The lower bands are endogenous myosin IIA and myosin IIB.
The upper bands are GFP-tagged myosin IIA and myosin IIB. One experiment was
performed by R. Brewka.
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To investigate the localization of myosin II in cells stimulated by our model system,
J14.SY cells were stimulated on ligand-coated glass coverslips, fixed, and stained for
myosin IIA. We found that myosin IIA forms linear bundles that accumulate at the center
of the contact in response to TCR stimulation (Figure 3A, bottom panel) and builds a
peripheral ring of linear bundles in response to TCR and VLA-4 stimulation (Figure 3A,
top panel).

To quantify these results, the collection of images was scored as a) centralized
accumulation of myosin IIA bundles, b) linear extension of myosin IIA bundles at the
peripheral region of the cell contact, or c) an intermediate phenotype (Figure 3B). Indeed,
more cells exhibit central accumulation of myosin IIA fibers in response to TCR
stimulation. In contrast, the majority of cells stimulated by TCR and VLA-4 displayed a
ring-like extension of myosin IIA fibers throughout the periphery, rather than in the
central region of the cell contact (58.2%, increased from 27.9% TCR only).
Overall, myosin IIA forms bundles in response to stimuli at the contact surface. Notably,
additional stimulation of VLA-4 changes the orientation of myosin IIA to a peripheral
ring. This result shows that VLA-4 adhesion alters the positioning of myosin IIA.
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A

B

Figure 3: Myosin IIA fibers extend throughout the periphery of the cell when
stimulated by TCR and VLA-4.
J14.SY cells were plated on glass coverslips coated with OKT3 only or OKT3 with
VCAM, fixed after 5 minutes of stimulation, and stained for myosin IIA. Individual cells
were selected and scored by the phenotype of myosin IIA localization. (A)
Representative examples of myosin IIA phenotypes quantified in (B). Top panel: linear
extension of myosin IIA bundles in the periphery of cells stimulated on OKT3 and
VCAM. Middle panel: intermediate phenotype of a cell stimulated on OKT3 and VCAM.
Bottom panel: centralized accumulation of myosin IIA bundles in a cell stimulated on
OKT3. (B) Total number of cells that were scored (n = 111 for OKT3, n = 55 for OKT3
and VCAM). Numbers within bars are percentage of cells with a given phenotype out of
total cells scored in the stimulation. One experiment was performed by R. Brewka.
Similar images were collected by S. Bunnell.
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5.1.2

VLA-4 ligation slows the inward flow of myosin IIA fibers.

To describe the behavior of myosin II in greater detail, we imaged GFP-tagged myosin
IIA by time-lapse microscopy. We found that myosin IIA forms filaments in the
periphery and flows centripetally in response to TCR stimulation (Figure 4, left panels).
Additional stimulation of VLA-4 slows the inward flow of myosin IIA (Figure 4, middle
panels). These results describe the conventional behavior of myosin IIA in Jurkat cells,
and indicate that co-stimulatory ligands influence the velocity of myosin IIA centripetal
flow. Previous studies have identified several focal adhesion proteins that bind directly to
actomyosin filaments (myosin and actin bundles) (Vicente-Manzanares et al., 2009). This
suggests that VLA-4 physically resists myosin II contraction in T cells.

5.1.3

Blebbistatin halts the inward flow of myosin IIA fibers.

In fibroblasts, blebbistatin inhibits the ATPase activity of the myosin II heavy chain and
the resulting contraction of myosin II fibers (Kovács et al., 2004). To determine the
morphology and movement of myosin IIA in blebbistatin-treated T cells, cells were
pretreated in imaging media with 50µM blebbistatin and imaged by time-lapse
microscopy. When T cells are treated with blebbistatin, myosin IIA filaments remained
immobile at the site of formation and fail to contract (Figure 4, right panels). This result
confirms the inhibitory capacity of blebbistatin and demonstrates that myosin IIA
filament formation does not require its ATPase activity. Because myosin IIA filaments
remain intact with blebbistatin treatment, future studies can investigate scaffoldingspecific roles of myosin IIA in T cells.
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Figure 4: Myosin IIA filaments display centripetal flow in response to stimulatory
ligands.
Jurkat cells were transfected with GFP-tagged myosin IIA and were stimulated on glass
substrate coated with OKT3 with or without VCAM. Cells were pretreated in imaging
media with 50µM blebbistatin, stimulated and imaged. Control cells were treated with
vehicle alone. Blebbistatin remained in imaging media throughout imaging duration (2-5
minutes). Single frames are shown in top panels. Kymographs depicting myosin
movement over time are shown in bottom panels. VLA-4 data presented in this figure are
representative of three experiments by R. Brewka, one completed with the collaboration
of A. Lovy-Wheeler. Blebbistatin data presented in this figure are from one experiment
conducted as a collaboration of R. Brewka and A. Lovy-Wheeler.
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5.2

SLP-76 MC persistence is dependent on myosin II expression.

Our lab has previously shown that VLA-4 ligation increases the persistence of SLP-76
MC (Nguyen et al., 2008). We wanted to further elucidate the influence of specific
integrin and cytoskeletal components on the locomotion and persistence of SLP-76 MC.

5.2.1

Myosin II filaments link SLP-76 MC.

Both myosin II filaments and SLP-76 MC develop and move centripetally in response to
TCR stimulation. Also, VLA-4 engagement slows the movement of myosin II and stops
the movement of SLP-76 MC. Intriguingly, stimulation of the TCR and VLA-4 produce
similar effects on the movement of a motor protein and the movement of an activation
adapter complex, which suggests cross-talk between these two processes. We co-imaged
myosin II and SLP-76 to determine if these two components colocalize. Cells stably
expressing YFP-tagged SLP-76 underwent TCR stimulation with or without VLA-4
costimulation. After five minutes, the cells were fixed, permeabilized, and stained for
myosin IIA or myosin IIB.

As expected, myosin IIA and myosin IIB filaments display central accumulation with
TCR stimulation (Figure 5 and Figure 6). Addition of VLA-4 costimulation retains
myosin IIA and myosin IIB in the periphery. Although myosin II orientation varies
depending on stimulation, myosin II filaments consistently connect SLP-76 MC to one
another. Notably, SLP-76 MC do not colocalize with myosin IIA and myosin IIB
filaments. Instead, SLP-76 MC form adjacent to the filaments. Lack of colocalization
suggests that other adapter proteins link myosin II and SLP-76. However, the similarity
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in orientation between a motor protein and a highly regulated activation adapter suggests
that these two elements are linked.

5.2.2

SLP-76 MC persist at peripheral nucleation sites when myosin II is inhibited.

When co-imaged, SLP-76 MC and myosin II display corresponding orientation. To
determine whether myosin II drives the inward movement of SLP-76 MC, we eliminated
the inward flow of myosin II by blebbistatin and imaged SLP-76 MC.

J14.SY cells were pretreated in imaging media with or without 50µM blebbistatin and
imaged by time-lapse microscopy. In contrast to normal centripetal movement in
untreated cells, SLP-76 MC remained immobile at the site of formation and failed to
contract in blebbistatin treated cells (Figure 7, right panels). We found that inhibiting
myosin II contraction eliminates the inward movement of TCR-induced SLP-76 MC.
This observation suggests that active myosin II drives the locomotion of SLP-76 MC.
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Figure 5: Myosin IIA bundles link, but do not colocalize with SLP-76 MC.
J14.SY cells were stimulated on glass substrate coated with OKT3 (10µg/mL) with or
without VCAM (1µg/mL) for five minutes. Cells were fixed, permeabilized, and stained
with myosin IIA primary antibody and goat anti-rabbit Alexa 647. Data presented in this
figure are from one experiment conducted by R. Brewka. Similar images were collected
previously by S. Bunnell.
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Figure 6: Myosin IIB bundles link, but do not colocalize with SLP-76 MC.
J14.SY cells were stimulated on glass substrate coated with OKT3 (10µg/mL) with or
without VCAM (1µg/mL) for five minutes. Cells were fixed, permeabilized, and stained
with myosin IIB primary antibody and goat anti-rabbit Alexa 647. Data presented in this
figure are from one experiment conducted by R. Brewka.
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Figure 7: SLP-76 MC remain immobile in myosin II-inhibited cells.
J14.SY cells were stimulated on glass substrate coated with OKT3 (10µg/mL). Cells were
pretreated in imaging media with 50µM blebbistatin, stimulated and imaged. Control
cells were treated with vehicle alone. Blebbistatin remained in imaging media throughout
five minute imaging duration. Maximum-over-time image compilations are shown in top
panels. Kymographs depicting SLP-76 MC migration over time are shown in bottom
panels. Data presented in this figure are from one experiment conducted by R. Brewka.
Similar images were collected previously by S. Bunnell and A. Lovy-Wheeler.
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5.2.3

SLP-76 MC centralize but fail to persist when myosin II is knocked down.

Pharmacological inhibition of myosin II appears to negatively impact the locomotion of
SLP-76 MC. To investigate the possibility that myosin II contraction drives the central
movement of SLP-76 MC, we knocked down the expression of myosin II and imaged
TCR-induced SLP-76 MC.

To reduce the expression of myosin IIA and myosin IIB, we transfected cells with an
RFP-expressing vector that contains a myosin IIA-targeting hairpin, and another vector
expressing a myosin IIB-targeting hairpin. Five micrograms of an RFP-expressing vector
were used as a control. Four days post-transfection, cells expressing the highest levels of
RFP (top 15%) were isolated by FACS and returned to culture conditions. Expression of
myosin IIA and myosin IIB in the sorted populations was determined by intracellular
staining (Figure 8). In contrast to cells that received RFP-only vector, cells that received
the myosin IIA hairpin-RFP vector showed a strong reduction of myosin IIA. In addition,
co-transfection with both hairpin vectors yielded cells that express reduced levels of both
myosin IIA and myosin IIB. As expected, cells expressing the highest level of RFP
showed the greatest degree of knockdown. To confirm efficient and simultaneous
knockdown of myosin IIA and myosin IIB, sorted cell lysates were evaluated by Western
blot (Figure 9). Overall, this experimental approach produced cells deficient in myosin
IIA and myosin IIB.
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Figure 8: RFP expression correlates with myosin IIA and myosin IIB knockdown.
J14.SY cells were transfected with 5µg of RFP-IIA hairpin vector +/- 5µg of a separate
IIB hairpin vector. Four days post-transfection, cells expressing the highest levels of RFP
were sorted by FACS, returned to culture conditions, and stained for intracellular myosin
II isoforms. One experiment was performed by R. Brewka.
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Figure 9: Western blot confirmation of myosin IIA and myosin IIB knockdown by
shRNA.
J14.SY cells were co-transfected with 5µg of RFP-IIA hairpin vector and 5µg of a
separate IIB hairpin vector. The null condition was transfected with 5µg of a vector
expressing RFP only. Four days post-transfection, cells expressing the highest levels of
RFP were collected via FACS. Cells were lysed, run on 8% hand-cast SDS
polyacrylamide gels, and assessed by Western blot. Myosin IIA antibody and myosin IIB
antibody were used to detect endogenous expression of myosin II isoforms, and γ-tubulin
antibody was used to control for equal loading. Data presented in this figure are
representative of three experiments conducted by R. Brewka.
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To evaluate the impact of myosin IIA and myosin IIB knockdown on the movement of
SLP-76 MC, sorted cells were plated on TCR-stimulatory glass substrates, and SLP-76
MC movement was measured by time-lapse microscopy. In both null and knockdown
conditions, SLP-76 MC migrated to the center of the cell contact. This result was
surprising, because it conflicts with the images of myosin-inhibited cells treated with
blebbistatin. However, knockdown cells seemed to display reduced central accumulation
of SLP-76 MC that appeared less bright.

To further analyze this data, we decided to utilize particle tracking scripts generated by
N. Sylvain. In brief, two kymographs were generated for every selected cell. Individual
microcluster paths were traced manually, extracted, and compiled to produce an average
trace for each cell. The average traces were merged to generate an average path for each
condition. Additionally, the total duration, movement, time at a 3µm threshold, duration
past a 3µm threshold, maximum speed, and percent of SLP-76 in microclusters was
calculated for each individual microcluster path. These calculations were combined to
produce average descriptions for the cells in each condition. This process resulted in data
that quantitatively describes the behavior of an average SLP-76 MC.

Because we hypothesized that myosin II promotes the inward flow of SLP-76 MC, we
expected that knockdown of myosin II would reduce the speed of SLP-76 centralization.
Surprisingly, the maximum speed of a knockdown microcluster was 135.55 nm/s, versus
a null microcluster at 118.19 nm/s. Also, the microclusters in knockdown cells arrived at
a 3µm threshold 23.37 seconds earlier than the null condition. However, elimination of
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myosin II expression shortened the length of time that the microcluster persisted and the
total distance traveled by the microcluster (Figure 10 and Table 2). After passing the 3µm
threshold, the microcluster in a knockdown cell lasted 40 seconds shorter. Finally, the
percent of SLP-76 in microclusters was reduced by 14% in the knockdown condition.

Overall, the microclusters in myosin II-deficient cells migrated more quickly and showed
reduced stability, as evidenced by decreased persistence, distance traveled, and
brightness. These results suggest that myosin II expression is necessary for viable and
functional microclusters. Additionally, myosin II may limit the speed of microcluster
movement by regulation of actin networks or by undetermined interactions with
microcluster components.
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Figure 10: SLP-76 MC persistence, movement, and central accumulation are
reduced by myosin II knockdown.
J14.SY cells were transfected with 5µg of RFP-IIA hairpin vector and 5µg of IIB hairpin
vector. The null condition was transfected with 5µg of a vector expressing RFP only.
Four days post-transfection, cells expressing the highest levels of RFP were sorted by
FACS. Cells were stimulated on glass substrate coated with OKT3 and imaged using
time-lapse microscopy.
Two kymographs were generated for every selected cell. Individual microcluster paths
were traced manually, extracted, and compiled to produce an average trace for each cell.
The average traces were merged to generate an average path for each condition (19 cells
for null, 20 cells for knockdown). Data are representative of two experiments conducted
by R. Brewka. Assistance with analysis was provided by N. Sylvain and S. Bunnell.
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Table 2: SLP-76 MC persistence, movement, and central accumulation are reduced
by myosin II knockdown.
J14.SY cells were transfected with 5µg of RFP-IIA hairpin vector and 5µg of IIB hairpin
vector. The null condition was transfected with 5µg of a vector expressing RFP only.
Four days post-transfection, cells expressing the highest levels of RFP were sorted by
FACS. Cells were stimulated on glass substrate coated with OKT3 and imaged using
time-lapse microscopy.
Two kymographs were generated for every selected cell. Individual microcluster paths
were traced manually and extracted. The total duration, movement, time at a 3µm
threshold, duration past a 3µm threshold, maximum speed, and percent of SLP-76 in
microclusters was calculated for each individual microcluster path. These calculations
were combined to produce average descriptions for the collection of selected cells in each
condition (19 cells for null, 20 cells for knockdown). Data are representative of two
experiments conducted by R. Brewka. Assistance with analysis was provided by N.
Sylvain and S. Bunnell.
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5.3

T cell stimulation is dependent on myosin II.

Previous studies have shown that SLP-76 MC formation and persistence contribute to
prolonged activation signaling (Bunnell 2010). As shown above, elimination of myosin II
compromises SLP-76 MC stability. Thus, we postulated that myosin II controls signaling
and effector function downstream of TCR and VLA-4 stimulation.

5.3.1

Myosin II inhibition by blebbistatin does not change the phosphorylation patterns

of several proteins critical for T cell activation and adhesion.
Stimulation of TCR and VLA-4 induces clustering of SLP-76 and phosphorylation of
multiple activation and adhesion signaling components (Baker et al., 2009; Smith-Garvin
et al., 2009). Myosin inhibition by blebbistatin reduces the central accumulation and
persistence of SLP-76 MC (Figure 10, Table 2). To determine whether myosin
contraction controls protein phosphorylation in activated T cells, we measured
phosphorylation of proteins involved in calcium signaling, adhesion, and tension sensing
in cells pretreated with blebbistatin. Cells were pretreated with blebbistatin for one hour,
stimulated for five minutes on glass substrates coated with stimulatory ligands, and
stained for phosphorylated residues of the proteins of interest.

First, we examined proteins that associate more proximally to the TCR. Upon TCR
stimulation, phosphorylated Src family proteins form clusters adjacent to SLP-76 MC
(Figure 11). Additional stimulation by VLA-4 changes the localization of SLP-76 MC to
the periphery of the cell contact, with phosphorylated Src clusters in a peripheral ring
adjacent and distal to SLP-76. In cells that were treated with blebbistatin, the localization
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and phosphorylation of Src does not change. These data confirms a study by the Dustin
lab, who showed that myosin inhibition does not alter the phosphorylation of Src kinases
(Ilani et al., 2009).

We also tested ZAP-70 phosphorylation in blebbistatin-treated cells. Upon TCR
stimulation, phosphorylated ZAP-70 forms clusters adjacent to SLP-76 MC (Figure 12).
Additional stimulation by VLA-4 changes the localization of SLP-76 MC to the
periphery of the cell contact, with phosphorylated ZAP-70 clusters in a peripheral ring
adjacent and distal to SLP-76. Notably, ZAP-70 phosphorylation increases in myosininhibited cells. These data conflict with data from the Dustin lab, who showed that
myosin inhibition decreases the phosphorylation of ZAP-70 (Ilani et al., 2009). This
discrepancy may result from the different methods of stimulation that we employ; the
Dustin lab used soluble stimulation and planar bilayers, and our group uses glass
substrates coated with immobile ligands. Additional experiments and quantitative
analysis are required to confirm the effect of myosin inhibition on ZAP-70
phosphorylation.

Next, we examined the phosphorylation of PLCγ1 in myosin-inhibited cells (Figure 13).
PLCγ1 phosphorylation is a useful tool to identify calcium signaling. Because the Dustin
lab has shown that blebbistatin reduces calcium flux in T cells (Ilani et al., 2009), we
expected the phosphorylation of PLCγ1 to decrease. Upon stimulation, phosphorylated
PLCγ1 forms clusters that colocalize or sit adjacently to SLP-76 MC. VLA-4 stimulation
changes the localization of the SLP-76 MC to the periphery of the cell contact, with
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PLCγ1 clusters remaining adjacent to SLP-76. Surprisingly, the addition of blebbistatin
does not change the phosphorylation phenotype of the clusters. To confirm this result,
this experiment can be repeated in tandem with calcium flux staining.

Proline-rich kinase 2 (Pyk2) is a non-receptor kinase that is closely related to focal
adhesion kinase (FAK), and is linked to calcium signaling and focal adhesion-like
signaling (Schaller 2010). Upon stimulation, phosphorylated Pyk2 forms clusters both
adjacent to and coinciding with SLP-76 MC (Figure 14). VLA-4 stimulation changes the
localization of Pyk2 and SLP-76 MC to the periphery of the cell contact. The addition of
blebbistatin does not change the phosphorylation of Pyk2. However, this imaging data
confirms that phosphorylated Pyk2 and SLP-76 colocalize, which is a result by other
members of our lab, and may be useful for future study of microcluster dynamics.

Myosin II filament assembly and subsequent contraction are regulated by
phosphorylation of the regulatory myosin light chain (MLC) and ATPase activity of the
myosin heavy chain. In our lab, S. Bunnell has repeatedly observed that phosphorylated
MLC precisely colocalizes with myosin IIA filaments. Similar to the organization of
myosin IIA and myosin IIB filaments (Figure 5 and Figure 6), we found that MLC lies
adjacently to SLP-76 (Figure 15). We also wanted to examine whether regulation of
MLC was affected by the ATPase activity of the heavy chain. Interestingly, blebbistatin
treatment severely reduced the amount of myosin light chain phosphorylation (Figure
15). This result suggests that MLC regulation and myosin contraction may rely on a
positive feedback loop for continuous functionality.
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Finally, we investigated the influence of myosin contraction on the phosphorylation of
Cas family proteins. T cells preferentially express Cas-L, which plays important roles in
molecular scaffolding and costimulation responses (Tikhmyanova et al., 2010; Iwata et
al., 2000). Cas family proteins are stretch-responsive adapters that contain conserved
domain structure: an N-terminal SH3 domain, a substrate domain with several SH2
motifs, a four helix bundle, and a C-terminal FAT-like domain. As Cas proteins bind to
active integrin and cytoskeletal components, the substrate domain in particular stretches
open to reveal additional phosphorylation and binding sites (Tikhmyanova et al., 2010).
We explored whether myosin contraction impacts the phosphorylation of Cas. Any
difference in Cas activation would reveal regulation of stretch-responsive signaling by
myosin II in T cells. Upon stimulation, Cas family proteins become phosphorylated at the
tyrosines Y249 (Figure 16), Y410 (Figure 17), and Y762 (Figure 18), and form clusters
adjacent and coinciding with SLP-76 MC. VLA-4 stimulation changes the localization of
Cas and SLP-76 MC to the periphery of the cell contact. However, the phosphorylation of
Y249 and Y410 (both located in substrate region) and the phosphorylation of Y762 do
not change when myosin II is inhibited. These results suggest that contraction of myosin
II does not regulate the phosphorylation and signaling capacity of the Cas family
proteins.

By comparing images of stimulated cells with and without blebbistatin treatment, we
found no detectable influence of myosin II contraction on Src, PLCγ1, Pyk2, or Cas
phosphorylation. However, ZAP-70 phosphorylation increased and MLC
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phosphorylation decreased when myosin II was inhibited. These results give us reason to
repeat these experiments and to investigate other proteins that control activation,
adhesion, and actin dynamics. Additional experiments are required to identify other
phosphorylation or localization patterns that change upon myosin II inhibition.
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Figure 11: Tyrosine phosphorylation and localization of Src family proteins does not
change with myosin inhibition.
J14.SY cells were pretreated with or without blebbistatin (50µM), stimulated on glass
substrate coated with OKT3 +/- VCAM for five minutes. Cells were permeabilized,
fixed, and stained with anti-Src family Y416 and anti-rabbit Alexa 647. Data presented in
this figure are from one experiment conducted by R. Brewka.
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Figure 12: Myosin inhibition increases tyrosine phosphorylation of ZAP-70.
J14.SY cells were pretreated with or without blebbistatin (50µM), stimulated on glass
substrate coated with OKT3 +/- VCAM for five minutes. Cells were permeabilized,
fixed, and stained with anti-ZAP-70 Y319 and anti-rabbit Alexa 647. Data presented in
this figure are from one experiment conducted by R. Brewka.
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Figure 13: Tyrosine phosphorylation and localization of PLCγ1 does not change
with myosin inhibition.
J14.SY cells were pretreated with or without blebbistatin (50µM), stimulated on glass
substrate coated with OKT3 +/- VCAM for five minutes. Cells were permeabilized,
fixed, and stained with anti-PLCγ1 Y783 and anti-rabbit Alexa 647. Data presented in
this figure are from one experiment conducted by R. Brewka.
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Figure 14: Tyrosine phosphorylation and localization of Pyk2 does not change with
myosin inhibition.
J14.SY cells were pretreated with or without blebbistatin (50µM), stimulated on glass
substrate coated with OKT3 +/- VCAM for five minutes. Cells were permeabilized,
fixed, and stained with anti-Pyk2 Y402 and anti-rabbit Alexa 647. Data presented in this
figure are from one experiment conducted by R. Brewka.
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Figure 15: Myosin inhibition by blebbistatin reduces the phosphorylation of MLC at
serine 19.
J14.SY cells were pretreated with or without blebbistatin (50µM), stimulated on glass
substrate coated with OKT3 +/- VCAM for five minutes. Cells were permeabilized,
fixed, and stained with anti-MLC Ser19 and anti-rabbit Alexa 647. Data presented in this
figure are from one experiment conducted by R. Brewka. Similar images (no drug
treatment) were collected previously by S. Bunnell.
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Figure 16: Phosphorylation of Cas Y249 does not change with myosin inhibition.
J14.SY cells were pretreated with or without blebbistatin (50µM), stimulated on glass
substrate coated with OKT3 +/- VCAM for five minutes. Cells were permeabilized,
fixed, and stained with anti-Cas Y249 and anti-rabbit Alexa 647. Data presented in this
figure are from one experiment conducted by R. Brewka.

50

Figure 17: Phosphorylation of Cas Y410 does not change with myosin inhibition.
J14.SY cells were pretreated with or without blebbistatin (50µM), stimulated on glass
substrate coated with OKT3 +/- VCAM for five minutes. Cells were permeabilized,
fixed, and stained with anti-Cas Y410 and anti-rabbit Alexa 647. Data presented in this
figure are from one experiment conducted by R. Brewka.
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Figure 18: Phosphorylation of Cas Y762 does not change with myosin inhibition.
J14.SY cells were pretreated with or without blebbistatin (50µM), stimulated on glass
substrate coated with OKT3 +/- VCAM for five minutes. Cells were permeabilized,
fixed, and stained with anti-Cas Y762 and anti-rabbit Alexa 647. Data presented in this
figure are from one experiment conducted by R. Brewka.
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5.3.2

IL-2 production requires functional myosin II-activating kinases.

T cell activation signaling drives calcium flux, NFAT induction, and downstream effector
functions such as cytokine secretion and cytotoxicity (Bonilla and Oettgen, 2010).
Interfering with myosin II dynamics, either by blebbistatin or by RNAi, negatively
influences the trafficking and persistence of TCR-induced SLP-76 MC (Figure 7 and
Figure 10). Hence, we postulated that myosin II contraction regulates the strength of
activation signaling and cytokine production in T cells.

Various pharmacological agents are known to interfere with the normal function of
myosin II. Blebbistatin is an extremely specific inhibitor of the ATPase activity of
myosin II family members (Kovács et al., 2004). The kinases responsible for the
phosphorylation of MLC can also be inhibited; H1152 and Y27632 are two drugs that
inhibit ROCK, and ML-7 is an inhibitor of MLCK. To investigate whether myosin II
contraction drives effector function, we measured IL-2 production in stimulated cells
after pretreatment with this collection of myosin inhibitors.

In brief, cells underwent drug pretreatment, and either stimulated immediately in drugcontaining media or rinsed with PBS and stimulated in drug-free media. After 12 hours of
stimulation, cells were detached from the glass substrate, permeabilized, fixed, and
stained for intracellular IL-2. Cells were analyzed by flow cytometry, gating live cells for
positive IL-2 expression.
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To test whether any of the drugs functionally kill the cells, we compared IL-2 production
with drug pretreatment with or without washout of the drug. We found that this washout
procedure impairs the IL-2 response of cells that were not drug treated (Figure 19). Thus,
we applied a correction factor to all data points that underwent thorough drug washout.
Importantly, we found that drug-treated cells were able to recover IL-2 production once
the drug was washed out, indicating that the effect of these drugs is reversible (Figure
20).

Because very low percentages stained positive for intracellular IL-2, the effect of the
drugs was depicted as the fractional inhibition (Figure 21). These data indicate the degree
of IL-2 inhibition and reveal the amount of recovery of each washout sample. The
pharmacological inhibition of ROCK or MLCK significantly reduces the ability of cells
to produce IL-2. However, this result is not consistent across all drug conditions, and in
particular in comparison of seven different experiments. This inconsistency is likely due
to the combination of a small level of activation (about 12% IL-2 positive cells stimulated
by TCR and VLA-4), mechanical error for cell detachment, and the several washing steps
that raise the ‘normal’ IL-2 levels even in the control cells. Future experiments may
benefit by utilizing primary murine or human cells, which display a greater dynamic
range of stimulation, and by stimulating with ligand-coated beads instead of glassbottomed wells.

As an effort to improve the consistency of our results, we decided to employ the ELISA
assay. Previous imaging experiments of fixed cells and live cells utilized a 50µM dose of
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blebbistatin, and staining of intracellular IL-2 was measured in cells treated with 100µM
blebbistatin. Therefore, these ELISA experiments used a variety of blebbistatin doses to
pretreat cells that were stimulated directly on ligand-coated glass substrates. The
supernatants were transferred to ELISA plates prepared for IL-2 measurement.

We found that IL-2 production varied severely between blebbistatin doses and between
experiments. Figure 22 shows the results from four independent experiments. The initial
experiment demonstrated that the lowest dose of blebbistatin (50µM) had very little effect
on IL-2 production. In the subsequent experiment, blebbistatin treatment at 100µM
increased IL-2 production in response to stimulation of the TCR only. Interestingly, this
second experiment revealed dramatic reduction of IL-2 at the highest dose of blebbistatin
(200µM). The final two experiments showed that IL-2 production doubled at the lowest
dose of blebbistatin. Also, increasing concentrations of blebbistatin (100µM and 200µM)
lowered IL-2 production to approximately the same level as the DMSO control.

We examined the involvement of myosin II contraction in TCR and VLA-4 stimulatory
responses by two different assays. However, the heterogeneity of the data yielded
inconclusive results. In the collection of IL-2 assays, inhibition of myosin II led to IL-2
production that increased, decreased, or did not change. Because drug inhibition
produced a sporadic cytokine output, the role of myosin II contraction in driving T cell
effector function remains unclear. Additional experiments and different experimental
approaches are needed to evaluate this phenomenon properly.
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Figure 19: Justification for washout correction.
IL-2 production drops in cells that were washed before stimulation, as shown by the grey
data set. Raw washout data is multiplied by a correction factor, which is (% IL-2 positive,
no washout) over (% Il-2 positive, washout) of cells treated with drug-free media and
stimulated by TCR and VLA-4 (5.59/4.13 = 1.36). Data shown in Figure 21 also used a
separate correction factor for cells stimulated by TCR only (not applied in Figure 19 or
Figure 20). Data are from one experiment performed by R. Brewka. Analysis assistance
provided by S. Bunnell.
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Figure 20: IL-2 production increases after washout of myosin II-inhibiting drugs.
After 1 hour drug pretreatment, Jurkat cells were either added directly to stimulation
wells in drug media, or were washed three times in PBS and added to stimulation wells in
fresh media. Cells were stimulated on glass plate-bound OKT3 +/- VCAM for 12 hours.
Cells were detached from the substrate, fixed, and stained with anti-IL-2 Alexa 647. Cells
were analyzed by flow cytometry, gating live cells for positive IL-2 expression. Data are
representative of three experiments ± s.e.m. The data presented in this figure was from
preliminary experiments, and does not correspond with the data in Figure 21. All
experiments conducted by R. Brewka. Analysis assistance provided by S. Bunnell.
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Figure 21: Inhibition of myosin II-activating kinases reduces IL-2 production.
After 1 hour drug pretreatment, Jurkat cells were either added directly to stimulation
wells in drug media, or were washed three times in PBS and added to stimulation wells in
fresh media. Cells were stimulated on glass plate-bound OKT3 +/- VCAM for 12 hours.
Cells were detached from the substrate, fixed, and stained with anti-IL-2 Alexa 647. Cells
were analyzed by flow cytometry, gating live cells for positive IL-2 expression. Washout
cell percentages are normalized by correction factors. Percent inhibition is calculated by
dividing the (difference of the drug % and the corrected washout %) over (total corrected
washout %). In each experiment, every sample was carried out in triplicate. Compilation
of each drug treatment is five experiments ± s.e.m., with the exception of H1152 (two
experiments). Therefore, the s.e.m. shown for H1152 is not valid. Data are * = threshold
p value required for significance (value less than or equal to 0.05). All experiments
conducted by R. Brewka. Analysis assistance provided by S. Bunnell.
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Figure 22: Low dose administration of blebbistatin dramatically increases IL-2
production in stimulated T cells.
After 1 hour blebbistatin pretreatment, Jurkat cells were stimulated on glass plate-bound
OKT3 +/- VCAM for 12 hours. IL-2 secretion in supernatants was detected by ELISA.
Experiments are numbered in order of completion. In each experiment, every sample was
carried out in triplicate. Error bars represent standard deviation within individual
experiments. Data presented in this figure are four independent experiments conducted by
R. Brewka. Assistance with assay technique and data analysis provided by B. Jacque.
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5.3.3

IL-2 production requires myosin II expression.

Inhibition of myosin II or the regulatory light chain of myosin yields highly variable
results (Figure 21 and Figure 22). To reduce the possibility of adverse effects, we
investigated the role of myosin II contraction in T cell effector function by measuring IL2 production in stimulated T cells that were deficient in myosin IIA and myosin IIB.

The endogenous expression of myosin IIA and myosin IIB was eliminated by direct
transfection of an RFP-expressing vector that contains a myosin IIA-targeting hairpin and
a myosin IIB-targeting hairpin. The control condition was transfected with a vector
expressing RFP only. Four days post-transfection, cells expressing the highest levels of
RFP (top 15%) were isolated by FACS, returned to culture conditions, and stimulated
directly on ligand-coated glass substrates. Then, the supernatants were transferred to
ELISA plates prepared for IL-2 detection.

When myosin IIA and myosin IIB expression are eliminated, the IL-2 response is
severely attenuated in response to TCR stimulation only and TCR and VLA-4
costimulation (Figure 23). This experiment was completed once, so additional
experiments are required to confirm this result. However, with the data we have acquired,
it is reasonable to conclude that effective IL-2 production is dependent on the expression
of myosin II. This result supports the notion that cellular contraction by myosin II and
actin drives T cell activation and subsequent effector function.
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Figure 23: Knockdown of myosin IIA and myosin IIB reduces IL-2 production.
J14.SY cells were transfected with 5µg of a single RFP-IIA hairpin-IIB hairpin vector.
The null condition was transfected with 5µg of a vector expressing RFP only. Four days
post-transfection, cells expressing the highest levels of RFP were sorted by FACS and
returned to culture. Sorted cells were stimulated on glass plate-bound OKT3 +/- VCAM
for 12 hours, and IL-2 was measured by ELISA. Every sample was carried out in
triplicate. Data presented in this figure are from one experiment conducted by R. Brewka.
Assistance with assay technique and data analysis provided by B. Jacque.
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6. Discussion:

Productive activation of T cells requires engagement of the TCR and costimulatory
ligands, such as the integrin VLA-4. These receptor interactions cause dramatic
reorientation of the cell polarity, formation of the immune synapse, and nucleation of
TCR-induced SLP-76 MC, which are composed of critical kinases and adapters that
promote calcium flux, actin rearrangement, and transcription. Over time, these signaling
complexes display centripetal migration to the center of the synapse. Our group and other
groups have demonstrated that retrograde actin flow is involved in MC locomotion
(Varma et al., 2006; Nguyen et al., 2008). VLA-4 ligation halts the locomotion of SLP-76
MC and enhances costimulatory signaling (Nguyen et al., 2008). However, it remains
unclear whether the locomotion of SLP-76 MC and costimulatory signaling are regulated
by the same mechanism. We hypothesized that myosin II, a motor protein that contracts
along actin filaments, is the primary driving force for the migration and signaling
downstream of SLP-76 MC.

First, we investigated the structure and behavior of myosin II in T cells. By confocal
imaging of TCR-stimulated Jurkat cells, we determined that filamentous bundles of
myosin II display centripetal flow, which decelerates with VLA-4 coligation (Figure 4).
Direct visual comparison of SLP-76 migration and myosin II contraction will improve
our understanding of their relative speeds and proximity over time. Because retrograde
actin flows more quickly SLP-76 MC (Nguyen et al., 2008), I would predict that myosin
II filaments contract more quickly than SLP-76 MC. Myosin contraction and actin waves
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likely sweep over microclusters, and actomyosin may carry the MC inward by transient
associations with available actin-binding motifs of MC components.

In a preliminary study using mass spectrometry, N. Sylvain identified the presence of
myosin IIA and myosin IIB in purified SLP-76 MC (unpublished data). Also, we
determined that SLP-76 MC and myosin II orientation correspond in stimulated cells
(Figure 5 and Figure 6). However, the adapter proteins that bridge myosin and actin to
SLP-76 have not been identified. We can implement pulldown assays (similar to SLP-76
MC purification) or yeast two-hybrid analyses to identify additional proteins that
associate with SLP-76 and/or myosin II. Specific domains and residues with these
proteins can be mutated and expressed to determine the critical links between SLP-76 and
actomyosin. For example, SLP-76 is known to bind WASp, which binds WIP, a protein
that binds actin and is necessary for T cell activation (Billadeau et al., 2007). Knockdown
of WASp expression may reveal a significant defect in MC locomotion.

When cells are treated with blebbistatin, a drug that interferes with the ATPase activity of
myosin II heavy chain, myosin IIA forms static filaments, and SLP-76 MC migration
ceases (Figure 4 and Figure 7). In contrast to the effect of blebbistatin, myosin II
knockdown does not eliminate SLP-76 MC centralization (Figure 10 and Table 2). These
conflicting results raise a few possibilities: (1) In addition to inhibiting myosin II filament
contraction, blebbistatin may produce nonspecific effects on cell function that cause SLP76 MC immobilization. When imaging blebbistatin-treated cells that express GFP-tagged
actin, S. Bunnell and A. Lovy-Wheeler have found that actin networks are static and
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display no treadmilling (unpublished data). Notably, J. Kolega has discovered that
blebbistatin is photoreactive to some wavelengths that are commonly used for fluorescent
imaging (Kolega 2004). Upon illumination, blebbistatin appears to bind cells and BSAcoated glass. However, the end products of photoactivated blebbistatin are not toxic to
endothelial cells. This suggests that blebbistatin forms a short-lived intermediate that is
toxic. As an alternative approach to using blebbistatin, we could mimic the effects of the
drug by expressing a dominant negative form of myosin II in myosin II-deficient cells.
(2) The knockdown of myosin II may be incomplete, and residual myosin expression may
suffice to drive SLP-76 MC movement. To remedy an inefficient knockdown approach,
we can implement additional short hairpin RNAs that target other regions of myosin IIA
and myosin IIB. Also, we can implement lentiviral constructs to produce cells that are
continuously deficient in myosin II. (3) An atypical blebbistatin-sensitive myosin isoform
may drive the inward movement of SLP-76 MC. We can eliminate the expression of
these motor proteins individually to evaluate their contributions to SLP-76 MC
movement. (4) Finally, another motor protein such as dynein may drive the inward
movement of SLP-76 MC. For this to be true, blebbistatin must possess non-specific
inhibitory effects (see above), or blebbistatin-inhibited 'inert' myosin filaments must
antagonize movements mediated by this protein.

Given the results we have generated so far, we propose a couple models to explain the
mechanism of SLP-76 migration as well as the different effects of blebbistatin treatment
or myosin II knockdown. Myosin II and SLP-76 bind actin and other actin-binding
proteins (ABP). With TCR stimulation, myosin II and actin contract and flow inward,
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carrying SLP-76 and other ABP. When myosin is knocked down, SLP-76 MC centralize
by actin flow but not as well as wildtype. Assuming that blebbistatin specifically inhibits
myosin II filament contraction, myosin II may act as a potent static scaffold that hinders
actin flow and SLP-76 MC centralization. However, if blebbistatin transforms into a
phototoxic intermediate that nonspecifically binds proteins, myosin filaments and actin
meshworks may crosslink rapidly and prevent both cytoskeletal contraction and SLP-76
MC migration.

The associations between integrins, actin, and myosin are well-studied (VicenteManzanares et al., 2009). Inside-out signaling converts integrins to the open
conformation, and once integrins cluster, outside-in signaling increases and attracts FA
proteins. Actomyosin contraction pulls and stretches open FA components, and matures
the FA by increased size, phosphorylation, and adherence (Rottner et al., 1999;
Bershadsky et al., 2006; Choi et al., 2008; Wolfenson et al., 2011). Our observations that
VLA-4 ligation changes the behavior of myosin II (Figure 3 and Figure 4) and actin
(Nguyen et al., 2008) indicates an intimate relationship between the cytoskeleton and
integrins in T cells.

Although myosin II does not drive MC movement directly, it may help activate actin
nucleators and promote MC stability over the duration of stimulation. As myosin II
contracts in fibroblasts, FAs mature and grow stronger (Rottner et al., 1999; Choi et al.,
2008). In fact, heightened activation of VLA-4 by myosin II contraction may facilitate
SLP-76 immobilization in activated T cells. To test this concept, SLP-76 MC can be
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visualized in myosin II-deficient T cells stimulated by both TCR and VLA-4. I would
expect that SLP-76 MC would nucleate in the periphery and eventually dissociate from
weakened integrin anchor points.

Myosin II-deficiency in T cells may result in decreased integrin avidity, immature focal
contacts, and weakened stimulatory contact. Indeed, the Dustin group has shown that
myosin II is required for stable T cell-APC conjugates (Ilani et al., 2009). This same
study described weakened calcium flux and decreased phosphorylation of ZAP-70 and
LAT in myosin II-inhibited cells. In contrast, we found that ZAP-70 phosphorylation
increases in myosin II-inhibited cells. This discrepancy may be due to different
stimulatory substrates; our system uses immobile ligand bound to glass coverslips, and
the Dustin group uses planar lipid bilayers with mobile stimulatory ligands.
Consequently, the stimulated T cell is subject to different molecular trafficking and
perhaps different levels of resistance to contractile forces (Balagopalan et al., 2011). Our
study did not identify significant phosphorylation differences in other activation adapters
and tension sensing proteins under these conditions (Figures 11, 13-14, 16-18). However,
we found that the IL-2 response is hindered when cells do not express myosin IIA and
myosin IIB (Figure 23). Therefore, diminished stimulatory contact and weakened surface
receptor engagement could account partially for defective IL-2 production in myosin IIdeficient cells.

The integrity of the SLP-76 MC is compromised in the absence of myosin II expression.
When myosin II is knocked down, SLP-76 MC reveal defects in persistence, movement,
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and total central accumulation (Figure 10, Table 2). Recent studies have demonstrated
that tension generated by actin filaments and myosin II plays critical roles in FA
maturation (Bershadsky et al., 2006; Wolfenson et al., 2011). The Waterman group has
recently described that paxillin phosphorylation by FAK is myosin II-dependent and
drives the maturation of the focal contacts in fibroblasts (Pasapera et al., 2010). A similar
mechanism may be true in lymphocytes as well; differential phosphorylation of paxillin
may indicate that VLA-4 integrin responds to tensile force in T cells. We can perform
immunofluorescent staining for paxillin Y31 in blebbistatin-treated cells. I predict that
the phosphorylation of paxillin will be reduced when tensile force from myosin II is
inhibited.

As we continue to investigate the role of myosin contraction in TCR- and VLA-4stimulated T cells, we postulate that actomyosin-mediated tension drives the maturation
of focal contacts, and prolongs the stability of MC and the functional T cell immune
response. Future experiments may identify lymphocyte-specific connections between
stimulatory receptors and actomyosin. Enhanced understanding of these associations may
enable us to modulate signaling and control the immune response.
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