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A single class Il myosin modulates T cell motility
and stopping, but not synapse formation

Jordan Jacobelli!, Stephen A Chmura!, Denis B Buxton?, Mark M Davis® & Matthew F Krummel'

Upon encountering an antigen, motile T cells stop crawling, change morphology and ultimately form an ‘immunological
synapse’. Although myosin motors are thought to mediate various aspects of this process, the molecules involved and their
exact roles are not defined. Here we show that nonmuscle myosin heavy chain I1A, or MyH9, is the only class Il myosin
expressed in T cells and is associated with the uropod during crawling. MyH9 function is required for maintenance of the
uropod and for T cell motility but is dispensable for synapse formation. Phosphorylation of MyH9 in its multimerization domain
by T cell receptor-generated signals indicates that inactivation of this motor may be a key step in the ‘stop’ response during

antigen recognition.

T lymphocytes circulate through vasculature into peripheral lym-
phoid tissues, scanning antigen-presenting cells (APCs) for pep-
tide—major histocompatibility complex (MHC) ligands for their T
cell receptors (TCRs). After leaving the vasculature, T cells acquire a
polarized morphology and initiate crawling, probably as a result of
chemotactic stimuli, earlier activating stimuli or both!3. The charac-
teristic ‘hand-mirror’ shape of a crawling T cell consists of a flattened
leading edge followed by the nucleus and a handle-like tail termed the
uropod*. Cells rapidly convert to a rounded morphology during
peptide-MHC recognition and the ensuing formation of an immuno-
logical synapse>°.

Polarization during crawling is likely to be a mechanism for effi-
cient motility as well as a response to chemotactic and adhesive stim-
uli. The leading edge of activated T cells is enriched with chemokine
receptors such as CCR2 and CCRS5 (ref. 7); it is also a site of integrin
activation that permits pseudopodal projections to adhere to the sur-
rounding substratum. The uropod, by contrast, contains the micro-
tubule organizing center (MTOC) and the majority of cellular
organelles and cytoplasmic volume. Current models indicate that
integrins are deactivated at this site to allow retraction of the tail.
However, it is also possible that various adhesion molecules at the
uropod can tether cells and aid in extravasation®.

For a T cell to stop crawling and convert to a rounded shape with
a flattened surface at the synapse requires an encounter with an
antigen-MHC-bearing APC>°. After this early TCR triggering by
agonist peptide-MHC complexes, T cells initiate the formation of
an ‘immature synapse’ with the presenting APC. During this initial,
highly dynamic phase, the TCR aggregates at the contact site as a
series of microclusters, coinciding with the initiation of calcium

signaling!?. Over time, these microclusters coalesce into a charac-
teristic mature synapse, defined by a central core of TCR-CD3 com-
plexes surrounded by a ring of adhesion molecules'2. The
MTOC, formerly in the uropod, translocates to the contact sitel3.
In this process, the nucleus is displaced away from the nascent
synapse, the elongated projection that defines the uropod is lost
and the T cell becomes more rounded®. In addition, a bulk surface
movement seems to recruit membrane domains from the former
uropod toward the APC, bringing with them membrane compo-
nents that may reinforce signaling'*. The changes in morphology
and redistribution of receptors and lipid rafts that follow antigen
recognition in T cells, and the speed at which these transitions
occur, indicate that these events may be dependent on an intact
cytoskeleton and are possibly motor driven!4-17,

Myosin motor proteins are likely candidates for mediating many of
the events associated with synapse formation. Myosins are a super-
family of actin-based motor proteins consisting of approximately 40
members in 15 classes. These cellular motors have a variety of func-
tions, including cytokinesis, migration, modulation of the retrograde
flow of projections of the neural growth cone, influence on ruffling
behavior, and possibly transport of cellular cargo along the actin
cytoskeleton'$-20, Myosins are able to generate ATP-dependent
movement along actin filaments. Their structure consists of a globu-
lar head that can bind actin and has ATPase activity, a neck domain
that binds myosin light chains or calmodulin, and a tail of variable
length that can either promote multimerization or bind different cel-
lular cargo. Although each family member has a unique C-terminal
‘cargo’ domain, the identity of the specific players involved in T cell

responses remains obscure!8-20,
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A subclass of myosin motors, the class II myosins, have been pro-
posed to have a crucial role in regulating polarity and synapse forma-
tion, in part because their orthologs in the amoeba Dictyostelium
discoideum are required for receptor capping. The class II nonmuscle
myosin family consists of two widely expressed isoforms, myosin-ITA
and myosin-1IB!?, and a third, less-characterized isoform, myosin-IIC,
that was recently identified by genome sequencing and is expressed
mainly in the intestine, colon and skeletal muscle?%?!. Class IT myosins
are heterohexamers composed of two heavy chains and two pairs of
light chains. Myosin-II molecules further self-assemble into bipolar
multimeric filaments through interaction of their a-helical coiled-coil
domains in the tail region. These myosin filaments can cross-link and
contract actin filaments and provide tension to the cell. Their forma-
tion is necessary for many cellular functions, such as the separation of
daughter cells during cytokinesis?>?3. Class II myosins are also impor-
tant in D. discoideum migration>42>,

To assess the function of class II myosins in T cell crawling and
synapse formation, we have extensively analyzed the expression pat-
terns of these molecules in mouse T cells. Nonmuscle myosin heavy
chain ITA (NMMHC-IIA, MyH9) was the sole class II myosin
expressed in T cells and was highly enriched in the uropod. Whereas
clusters of MyH9 seemed to move away from pseudopodia and
toward the uropod during crawling, the protein ultimately translo-
cated to the synapse after TCR ligation. However, inhibition of MyH9
disrupted uropod formation and crawling but not mature synapse
formation. The change in localization of MyH9 seemed to be directly
linked to TCR triggering, as the tail domain was phosphorylated after
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Figure 1 MyH?9 is the predominant class || myosin motor expressed in T
cells. (@) Immunoblot analysis of cell lysates from naive DO11.10 CD4*
T cells, day 6 DO11.10 activated T cells, D10 T cell clones or COS-7
cells with MyH9 (upper) or MyH10 (lower) isoform-specific antibodies.
(b) Immunoblot analysis of cell lysates from naive DO11.10 CD4* T cells,
day 6 DO11.10 activated T cells, D10 T cell clones or MEF cells (as a
negative control) and PC12 (as a positive control) with MyH14 isoform
specific-antibodies. Similar amounts of lysates were loaded in each gel,
as determined by protein assay. Results shown are representative of three
(a) and two (b) independent experiments.

peptide-MHC or anti-CD3 stimulation and this phosphorylation
was mediated directly by a rise in intracellular calcium. We suggest
that this phosphorylation event represents a means by which the
detection of antigen by T cells may inhibit motility of the cell by
inactivating MyH9.

RESULTS

T cell expression of class Il myosin motors

Because earlier evidence has indicated that myosin motors could con-
trol T cell morphology and receptor reorientation during crawling
and synapse formation, we screened mouse T cell-derived cDNA for
myosin family members using a degenerate PCR approach. Among
the myosins that our screening identified as being highly expressed in
T cells was the class II nonmuscle heavy chain myosin MyH9. To
determine class II myosin heavy chain expression in T cells, we
assessed protein expression in lysates from freshly isolated CD4" T
cells, day 6 activated T lymphocytes, a conalbumin-specific CD4* T
cell clone D10.G4-IL2 (D10) and control cells. We readily detected
MyH9 protein in all T cells, but did not detect either MyH10
(NMMHC-IIB) or MyH14 (NMMHC-IIC; Fig. 1). Semiquantitative
PCR analysis also did not detect MyH10 or MyH14 mRNAs in naive T
cells or the D10 clone (data not shown).

To analyze the distribution of MyH9 in T cells during crawling and
synapse formation, we generated stable transfectants of D10 T cell
clones expressing a previously described fusion protein of human
MyH?9 with the green fluorescent protein (MyH9-GFP)?°. These cells
were analyzed by time-lapse fluorescence microscopy. During crawling,
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Figure 2 MyH9 is enriched and recycled at the uropod of crawling T cells and repolarizes to the T cell-APC interface during synapse formation. (a) Localization
of MyH9-GFP in crawling lymphocytes. Individual time points from top to bottom (also see Supplementary Video 1) showing DIC (left) and fluorescence (right) of
an MyH9-GFP transfected D10 T cell clone crawling from left to right within field. Black arrow marks the initial protrusion site of a pseudopod; white and gray
arrows follow the localization of MyH9-GFP enriched packets over time (min:s). (h) Representative image of MyH9 distribution in crawling D10 T cells. Cells
were seeded on glass coverslips, incubated for 30 min at 37 °C and then fixed, permeabilized and stained with anti-MyH9. (¢) Timing of MyH9 polarization

to the synapse. Shown, for individual time points, are simultaneous DIC (left), calcium concentration (as measured by Fura2-AM displayed in pseudo-color
scale; middle), and MyH9-GFP fluorescence (right) images of transfected D10 T cell clones during coupling with antigen-pulsed APCs (also see Supplementary
Video 2). Time 00:00 is arbitrarily set at the initial contact between T cell and APC. (d) MyH9 polarization to the synapse. T cells and antigen-pulsed B cells
were mixed together and incubated for 30 min at 37 °C; the conjugates were fixed in paraformaldehyde and spotted on glass coverslips. The cells were then
permeabilized and stained with anti-MyH9. DIC and fluorescence images are shown for a representative T cell-APC conjugate. Bars, 10 um. Similar results
were obtained in three independent experiments.
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Figure 3 MyH9 motor activity is required for T cell polarity. (a) DIC images of D10 T cells treated with vehicle control (DMSO) or 50 uM blebbistatin.
(b) Quantification of the loss of uropodal morphology of blebbistatin-treated cells (n = 50). (¢) siRNA downregulation of MyH9 expression induces loss
of uropod projections in T cells. Overlay of DIC and green fluorescence images showing morphology and GFP positivity of control and siRNA transfected
D10 T cells. (d) Quantification of the loss of uropod projections by anti-MyH9 siRNA treatment (n = 36). (e) Immunoblot and densitometry data (shown

as normalized protein abundance relative to control) for downregulation of MyH9 protein expression by siRNA. Similar results were obtained in three

independent experiments.

MyH?9 was not uniformly expressed throughout the cell but was instead
enriched in the uropod (Fig. 2a). We confirmed the general distribu-
tion of endogenous MyH9 protein in fixed, nontransfected cells using
MyHO9-specific antibodies (Fig. 2b). Time-lapse analysis also showed
higher-density packets of this motor protein at the sites where
pseudopodal projections were reabsorbed and at the head-tail junction.
Although they were indistinguishable by other means, these packets
showed two distinct behaviors with respect to cellular positioning. One
type of MyH9 packet stayed in approximately the same position along
the cell border, whereas a second type recycled toward the uropod with
an average normalized speed of 0.21 * 0.04 pm/s relative to the cell
body (eight packets analyzed from five different cells; Fig. 2a and
Supplementary Video 1).

We then characterized the bulk distribution of MyH9 during T
cell-APC conjugation and immunological synapse formation. After
the encounter with antigen-pulsed APCs, most MyH9-GFP rapidly
relocalized from the rear to the front of a motile cell, typically
within minutes after the onset of calcium signaling and coincident
with the transition from hand-mirror to round shape (Fig. 2¢ and
Supplementary Video 2; quantified in Supplementary Fig. 1). In
addition, this translocation was coordinated with the rearward
movement of the nucleus, indicating that the relocalization of
MyH9 could be tied to the general cytoplasmic repolarization
process. We confirmed that endogenous MyH9 was localized at the

synapse in fixed, untransfected T cell blast—-APC couples using iso-
form-specific MyH9 antibodies (Fig. 2d). Thus, our data show that
MyH9 is the only class II myosin expressed in T cells and that it is
enriched at the uropod in crawling T cells but redistributes to the T
cell-APC interface upon formation of the immunological synapse.

MyH9 regulation of T cell morphology and motility
Although the uropodal distribution during crawling implied a possi-
ble role for MyH9 in mediating motility, synapse localization also
indicated that it might function during receptor recruitment and sig-
naling. To establish the role of MyH9 in promoting these two
processes, we assessed whether inhibition of MyH9 would affect
either T cell crawling and the formation, or maintenance, of an ame-
boid morphology or the formation of the immunological synapse.
For these studies we used the chemical inhibitor blebbistatin, which is
a highly specific inhibitor of class I myosin ATPase activity??.
Treatment of D10 T cells with 50 UM blebbistatin resulted in cell
rounding and the disappearance of the uropod (Fig. 3a). We quanti-
fied this effect by measuring the percentage of T cells treated with
blebbistatin or with dimethyl sulfoxide (DMSO), as a vehicle control,
that had a uropodal morphology. Cells treated with the inhibitor were
significantly less polarized: only 14.8% had a uropod as compared to
68% of control cells (P < 0.00001, Fig. 3b). We also measured the loss
of uropodal morphology by calculating the elliptical form factor of
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Figure 4 MyHO9 function is necessary for T cell crawling. (a) Quantification of the effect of blebbistatin on crawling velocities of T cells, showing
velocities of single cells and average values (n = 8). (b) Migration paths of D10 T cells treated with vehicle control or 50 uM blebbistatin. (¢) DIC
images of vehicle or blebbistatin-treated cells showing active formation of pseudopodal protrusions (black arrows). Results shown are representative

of three independent experiments.
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Figure 5 Pharmacological inhibition of MyH9
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the cells (see Methods) and, although we observed a broad shape dis-
tribution, these results confirmed that blebbistatin-treated T cells
were significantly less elongated than control cells (P < 0.001;
Supplementary Fig. 2). To confirm the results obtained with blebbis-
tatin and to further assess the specificity of MyH9 in regulating T cell
morphology, we used an siRNA approach to block MyH9 protein
expression. We observed a similar loss of polarization for siRNA-
transfected D10 T cells (Fig. 3¢c,d), although inhibition of MyH9
expression was not complete (Fig. 3e). Because of the partial effect of
siRNA inhibition of MyH9 expression and the low cell recovery, we
limited our use of this approach to cell polarity experiments.

Next, we measured the effects of MyH9 blockade on crawling
through analyses of center-of-mass velocity and path length. D10 T
cells treated with blebbistatin were essentially nonmotile, whereas
untreated cells crawled at about 9 pm/min, similar to speeds observed
in vivo? (Fig. 4a,b). Live imaging of D10 T cells in which MyH9 activ-
ity was blocked showed that these cells were not completely inactive,
as they could still generate pseudopods similar to those observed at
the leading edge of untreated cells (Fig. 4c). Pseudopod formation
was never followed by cellular translocation in blebbistatin-treated
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representative of one of three independent
experiments. The amount of conalbumin peptide-
loading of B cells is indicated on the x axis.

cells (Fig. 4a,b). Thus, class II myosin motor function in T cells is
required for their characteristic ameboid uropodal morphology as
well as their migratory capacity.

MyH9 is not required for synapse formation

The observation that a motor protein was required for a uropodal
phenotype and for cellular translocation did not preclude its func-
tioning during synapse formation. We therefore analyzed synapse
formation while inhibiting MyH9 motor function. We initially used
a cytofluorimetry—based conjugation assay. Carboxyfluorescein
diacetate succinimidyl ester (CFSE)-loaded D10 T cells were pre-
treated with 50 UM blebbistatin or DMSO as the vehicle control and
then mixed with conalbumin peptide-bearing APCs labeled with the
red fluorescent dye PKH26. After a 45-min incubation, the cells were
analyzed by flow cytometry for the presence of conjugates. Subtle
differences in cell conjugation efficiency between blebbistatin-
treated and control T cells were observed when the assay was per-
formed by mixing together T cells and APCs in flat-bottom dishes at
low densities without centrifugation (Fig. 5a). This result was most
likely dependent on the motility defect of blebbistatin-treated T cells.
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Figure 6 MyH9 inhibition does not prevent relocalization of immunological synapse and cytoskeletal components. (a) T cells treated with vehicle control
(DMSO) or 50 uM blebbistatin were spun together with antigen-pulsed B cells, incubated 30 min at 37 °C and then fixed and plated on slides. Cells were
permeabilized and stained for CD3, LFA-1, MyH9, actin and tubulin. T cell-APC conjugates were then scored for polarization and the relative redistribution
percentages from three independent experiments were averaged and graphed. (b) CD3 and LFA-1 three-dimensional SMAC formation in cells treated with
DMSO or blebbistatin. Left, color-combined maximal projection image of the Z-stacks with CD3 in red and LFA-1 in green; right, reconstructed front view of
the interface. Results shown are representative of three independent experiments.
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Figure 7 MyH9 is phosphorylated at threonine residues in response to TCR recognition. (a) DO11.10 T cell blasts were mixed 2:1 with APCs pulsed

with antigen, or unpulsed control APCs, and incubated at 37 °C for the indicated times (’, minutes; ”, seconds). Cell lysates were then analyzed by
immunoblotting with a phosphorylation state-specific anti-pThr1939-MyH9 and subsequently stripped and reblotted with an anti-MyH9. (b) DO11.10 T cell
blasts were left untreated (NS) or incubated with anti-CD3 for 30 min at 4 °C and cross-linked with soluble goat anti-hamster for the indicated times at 37
°C. Cell lysates were then analyzed as in a. (¢) DO11.10 T cell blasts were left untreated (NS) or incubated with anti-CD3 and then cross-linked as in b for

2 min. The entire stimulation procedure was carried out in PBS with calcium and magnesium or in PBS without calcium and magnesium and with 5 mM
EDTA added (+EDTA). Cell lysates were analyzed as in a. (d) DO11.10 T cell blasts were left untreated (NS) or stimulated for 2 min with PMA, ionomycin or
both. Cell lysates were analyzed as in a. Results are representative of three independent experiments.

In contrast, no difference in conjugation frequency was detected
when cells were spun together at higher densities to bypass the need
for crawling by the T cells. Therefore, even with blebbistatin inhibi-
tion, T cells were completely competent to form antigen-dependent
adhesive contacts (Fig. 5b). Sampling at various times after centrifu-
gation did not show any kinetic differences in cell conjugation effi-
ciency, even as early as 1 min after incubation (data not shown).
Blockade of interactions between the adhesion molecules LFA-1 and
ICAM-1 reliably inhibited conjugate formation in the presence or
absence of blebbistatin, showing that integrin function was responsi-
ble for this effect even in the absence of MyH9 activity (Fig. 5¢).

Although these results indicated that MyH9 activity was not
required for the formation of stable cell-cell contacts, it still seemed
possible that different aspects of synapse formation, for example
receptor recruitment and MTOC reorientation, might require MyH9
motor activity. Thus, we investigated whether cells could produc-
tively reorient membrane receptors and cytoskeletal components in
the presence of blebbistatin. For these experiments, we pretreated
day 6 T cell blasts with 50 UM blebbistatin or vehicle control for 30
min and then briefly spun together the T cells and ovalbumin (OVA)
peptide—pulsed B cells to bypass the crawling defect of blebbistatin-
treated T cells. After 30 min of incubation at 37 °C, the cells were
fixed and stained with specific antibodies and analyzed by fluores-
cence microscopy. Immunological synapse recruitment was normal
with respect to CD3 and LFA-1 relocalization in T cell-B cell conju-
gates formed in the absence of MyH9 function (Fig. 6a and
Supplementary Fig. 3). In addition, actin assembly at the synapse
was unaffected, because actin adhesion rings were found in T cell-B
cell conjugates formed with blebbistatin- or DMSO-treated T cells,
and MTOC reorientation occurred normally in the presence of
MyH9 blockade. Finally, MyH9 still accumulated at the synapse even
in the presence of blebbistatin, indicating that this accumulation
may be the result of a passive mechanism or that another motor pro-
tein may be responsible for MyH9 recruitment to T cell-APC inter-
face (Fig. 6a and Supplementary Fig. 3). We also analyzed the
formation of central supra-molecular activation clusters (c-SMACs)
of TCRs and peripheral-SMACs of LFA-1 by three-dimensional
T cell-APC interface reconstruction in cells treated with blebbistatin
or with DMSO. Although in our experimental system the overall fre-
quency of prototypical SMAC distributions was low, we found no
relevant differences between control (32.1% CD3-LFA-1 SMACs,
n = 28) and blebbistatin-treated cells (28.6% CD3-LFA-1 SMACs,
n=28) (Fig. 6b).
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TCR-induced phosphorylation of MyH9

Although our data showed that MyH? is not necessary for immuno-
logical synapse formation, its key role in motility implies that it might
be important for T cells to deactivate this myosin to permit the transi-
tion between crawling and T cell-APC conjugate formation. In
rat mast cells, calcium-dependent phosphorylation of the MyH9
C-terminal residues Ser1917 and Thr1940 (equivalent to mouse
Ser1916 and Thr1939, respectively) has been proposed to contribute
to cytoskeletal rearrangements, facilitating access of secretory gran-
ules to the plasma membrane?”?8, Because TCR stimulation gener-
ates the stop signal and induces the morphological transition in
T cells>?, we assessed the phosphorylation state of the MyH9 heavy
chain during TCR stimulation. Encounter of T cell blasts with
antigen-pulsed APCs induced phosphorylation of MyH9 at Thr1939
in the C-terminal region of the myosin tail (Fig. 7a). To further assess
whether TCR stimulation induced this phosphorylation in the
absence of accessory signals, we stimulated T cell blasts with anti-
CD3. Phosphorylation of Thr1939 of MyH9 in T cells peaked after 2
min of TCR stimulation, returning to baseline after 20 min (Fig. 7b).
We also analyzed the phosphorylation status of Ser1916 of MyH9 and
Ser19 and Thr20 of the myosin light chains but did not detect any
antigen-induced changes (data not shown).

Because increased cytosolic calcium is an important second mes-
senger in T cell activation, underlies the stop signal and is impli-
cated in MyH9 phosphorylation in mast cells, we assessed the
requirement for calcium signaling and the ability of the calcium
ionophore ionomycin, phorbol myristate acetate (PMA) or both to
induce MyH9 phosphorylation in T cells. Intracellular calcium
transients were necessary and sufficient to induce threonine phos-
phorylation of MyH9 (Fig. 7¢,d). Thus, the antigen-induced phos-
phorylation of MyH9 Thr1939 showed a direct connection between
TCR signals and myosin motors, suggesting a role for MyH9 as a
part of the T cell stop signal.

DISCUSSION

According to the general model of class II myosin function in
migrating cells, actin polymerization generates lamellipodial mem-
brane protrusions at the leading edge of cells, which serve as
anchors to the substratum. Subsequently, myosin-dependent forces
pull or push the cellular body forward while cells detach their trail-
ing edge by regulating integrin adhesiveness?>**°. Two principal
mechanisms for myosin-generated traction force have been pro-
posed. According to the ‘contraction’ model, cells form stronger
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adhesion contacts at their leading edge as compared to their trailing
edge and actin contraction induced by myosin activity results in a
net forward movement of the cell. In the ‘transport’ model, polar-
ized actin filaments serve as tracks for directed movement generated
by class Il myosin motors®®3!. Further variations in the mechanisms
of myosin based crawling are dependent on cell type, based on dif-
ferences in cytoskeletal structure, morphology and speed of the cells
during migration.

For T cells, the exact mechanism by which class IT myosins pro-
mote polarity and migration has not yet been fully addressed. The
high speed at which T cells migrate, as compared to fibroblasts and
endothelial cells, and the fact that they do not form stress fibers or
focal adhesions are suggestive of a continuous and coordinated
remodeling of the actomyosin cytoskeleton®. On the basis of two
lines of indirect evidence obtained here, it is more likely that
migration of T cells may occur through an extrusive process based
in the uropod.

First, MyH9 was enriched at the uropod, particularly at the head-
tail junction, indicating that this is its primary site of action during
crawling. Such data are consistent with the posterior localization of
myosin II during chemotaxis in D. discoideum??. In addition, in
response to nondirectional stimuli, myosin I in D. discoideum is cor-
tically distributed and is accompanied by the absence of a uropodal
projection33. We have also observed small, submembrane, MyH9
packet-like structures that migrate rearward from pseudopodal pro-
jections and the head-tail junction. This either might suggest that
MyH?9 aids crawling by retracting membrane away from pseudopo-
dia and into a highly tensioned uropodal structure or, alternatively,
might represent static accumulations of MyH9 on a mobile
cytoskeletal structure. The velocity of the motile intracellular packets
(0.21 £ 0.04 pum/s) was similar to the previously established in vitro
motility speed of MyH9 (0.29 £0.03 um/s), consistent with their
propulsion by MyH?9 itself**. That these packets move backward at a
pace that is faster than the cell projects forward supports a model
whereby MyH9 retracts excess membrane into the uropod. Further,
the relative paucity of MyH9 at the leading edge makes it less likely
that the motor acts from this location.

Second, specific inhibition of class II myosin indicated that T cells
require MyH9 motor activity to maintain their characteristic hand-
mirror morphology and that in the absence of MyH9 function T cells
are unable to crawl. Our data also showed that this motor is necessary
for cellular translocation but that the leading-edge activities that use
the actin cytoskeleton may not require myosin function and might
depend only on actin polymerization.

An appealing model for the role of the T cell uropod is that it may
serve as the main site of contraction for the actin cytoskeleton, gener-
ating the extrusive force needed to propel the bulk of the cytoplasm
forward into the leading edge. In this regard, the role of myosin II in
closing the cleavage furrow during cytokinesis and pinching off
daughter cells in D. discoideum may represent a similar constrictive
function of myosin II.

MyH?9 has been found in association with the chemokine receptor
CXCR4 in T cells in cell lysates®. Although this interaction has
intriguing implications for chemotactic polarity, more work is
required to determine whether chemokine receptors can recruit
MyH9 to the leading edge where they are typically localized’.
Alternatively, chemokine receptors might associate with and deacti-
vate MyH9 at the leading edge, rather than activating MyH9 for
propulsive purposes in the uropod.

An important result of our study is that MyH9 may be a regula-
tory site for TCR-induced effects on the cytoskeleton. Notably, the
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residue phosphorylated on activation of T cells, Thr1939, is in the
C-terminal domain of MyH9, directly adjacent to the coiled-coil
domain. Evidence from D. discoideum demonstrates that the activi-
ties of myosin II require the motors to be in the form of thick fila-
ments. In this system, as in many others, threonine or serine
phosphorylation of the tail portion of the heavy chain, catalyzed by
protein kinase C, calmodulin (CaM) kinase and the casein-kinase
families, destabilizes the coiled-coil interactions that maintain fila-
ment assembly. Phosphorylation induces the dissociation of myosin
II bipolar filaments, which releases cellular cortical tension pro-
vided by the actin cytoskeleton?>3%37, Although evidence for a sim-
ilar mechanism of regulation of MyH9 in mammalian cells is not
clear, phosphorylation of Thr1939 could also affect filament forma-
tion in less direct ways, for example by modulating the interaction
of other proteins with MyH9. Mts-1, a member of the S100 family of
calcium-binding proteins that is upregulated in active motile cells
and in cancer cells, has been proposed as one such player®®3°, Mts-1
binds to the tail of MyH9 between residues 1909 and 1937, inducing
partial filament depolymerization*. Phosphorylation of Thr1939
may thus modulate binding to Mts-1 as a means of regulating fila-
ment formation.

In contrast to such signals, light chain activation of myosins fre-
quently occurs through the CaM-myosin light chain kinase
(MLCKs) pathway, which, in turn, is activated by calcium influxes.
This calcium-dependent phosphorylation of the regulatory light
chains by MLCKs, Rho kinase or p21-activated kinase causes activa-
tion of myosin II by increasing ATPase and motor activities?>4142,
MyH9 phosphorylation resulting in downregulation of motor func-
tion may explain how T cells undergoing TCR signaling can cease
crawling despite high calcium concentrations that would other wise
be expected to induce the activity of calcium-dependent proteins.

Our results provide evidence against a direct role for myosin II
in synapse formation in T cells. This result was somewhat unex-
pected, as previous work has implicated myosin motors in revers-
ing the retrograde membrane flow in T cells and transporting key
surface molecules, including CD3, into the immunological
synapse!*. This study did not, however, identify the specific
myosins involved in the process, owing to the relative lack of selec-
tivity of the general myosin inhibitor (butanedione monoxime)
used!®. Therefore, as our data imply that MyH?9 is not required for
assembly of the immunological synapse, the active transport of
membrane components and receptors to the T cell-APC interface
must rely on some other (non—class IT) motor proteins, most likely
unconventional myosins.

The release of uropodal tension and cessation of crawling is never-
theless an integral step in initiating synapse formation. Our findings
indicate that MyH9 motor activity, though required for migration
and polarization, may be inactivated as part of the stop signal. The
TCR and calcium dependence of heavy chain phosphorylation paral-
lels the TCR and calcium dependence of cell arrest and rounding that
have been observed previously>. Although phosphorylation cannot
immediately be detected after TCR stimulation using our methods,
cessation of motility and dissolution of the uropod also lags at least
30 s behind calcium influx®. To this extent, synapse formation and
long-term signaling may rely intricately on the regulation of this
motor, as disregulation would be expected to prevent long-term APC
contacts from being established. Taken together, the requirement for
MyH9 function in T cell crawling, the ability to form synapses in the
absence of MyH9 activity and the TCR-induced phosphorylation of
this myosin indicate that MyH9 regulation may be one of the mecha-
nisms controlling the T cell stop signal.
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METHODS

Cells and mice. Naive and activated T cells were derived from DO11.10 TCR
transgenic mice (in a BALB/c background) purchased from Jackson
Laboratories. The transgenic TCR expressed by DO11.10 T cells recognizes the
OVA(323-339) peptide in the context of MHC class II I-Ad (ref. 43). The
D10.G4-IL2 CD4" T cell clone derived from AKR/] mice was maintained in
RPMI medium supplemented with 50 U/ml interleukin-2 (IL-2). This T cell
clone recognizes the conalbumin(134-146) peptide in the context of MHC
class IT TAX (ref. 44). A20 and CH27 B cell lines were used as APCs for I-A9 and
I-AK MHC class II peptide presentation, respectively. All mice were bred and
maintained in accordance with the guidelines of the Lab Animal Resource
Center of the University of California at San Francisco.

Antibodies and reagents. The following primary antibodies were used for cell
staining, immunoblotting or T cell stimulation: rabbit anti—class II myosin
polyclonal (BTI); rabbit isoform-specific anti-MyH9 and anti-MyH10
(Covance); rabbit anti-MyH 14 (a kind gift of R.S. Adelstein®*); hamster anti-
CD3 500.A2 and rat anti-LFA-1 M17/4 (both from Pharmingen); and biotiny-
lated anti-tubulin (Molecular Probes).

A rabbit polyclonal antibody was raised against a phosphopeptide corre-
sponding to amino acids RIVRKGTGDCSDE of the mouse MyH9 heavy
chain (anti-pThr1939-MyH?9). The antibody was affinity purified using the
phosphopeptide and then cross-adsorbed with nonphosphorylated peptide
to give a phospho-specific antibody. Lysates from carbachol-stimulated and
unstimulated rat basophilic leukemia cells, RBL-2H3 (ref. 28), were used to
confirm specificity for pThr1939 of MyH9 (Supplementary Fig. 4). In addi-
tion, MyH9 was immunoprecipitated from lysates of unstimulated or CD3-
stimulated DO.11.10 T cells; the MyH9 immunoprecipitates were then
immunoblotted with anti-pThr1939-MyH9 as a further specificity control
(Supplementary Fig. 4).

Unconjugated and rhodamine-conjugated goat anti-hamster, FITC-
conjugated donkey anti-rat, FITC- and rhodamine-conjugated donkey anti-
rabbit and FITC-conjugated streptavidin secondary reagents were purchased
from Jackson ImmunoResearch Laboratories. Rhodamine-phalloidin, CFSE
fluorescent cellular dye and Fura2-AM ester ratiometric calcium dye were
from Molecular Probes. PKH26 red fluorescent membrane dye, aprotinin,
leupeptin, phenylmethylsulfonyl fluoride (PMSF), sodium fluoride, iodoac-
etamide and sodium orthovanadate were purchased from Sigma. Horse-
radish peroxidase—conjugated goat anti-mouse and protein A, and
detergent-compatible protein assay kit, were purchased from Bio-Rad.
Blebbistatin was purchased from Calbiochem and was used at 50 UM with a
30-min pretreatment and kept present during the various assays. Because
this drug is light sensitive, its activity in each experiment was verified by the
observation of rounded cells lacking uropods.

Cell stimulation, lysis and immunoblotting. For antibody stimulations,
DO11.10 day 6 T cell blasts were starved in serum-free RPMI for 1 h, incu-
bated with saturating doses of anti-CD3 for 30 min at 4 °C, washed and then
stimulated for different lengths of time at 37 °C with soluble goat anti-hamster
secondary antibody. In T cell stimulation experiments, we used 500 ng/ml ion-
omycin, 10 ng/ml PMA and 5 mM EDTA. For T cell stimulation through B cell
coupling, DO11.10 day 6 T cell blasts were starved of serum and then mixed
2:1 with either A20 B cells pulsed with 1 pg/ml OVA(323-339) or unpulsed
controls, and incubated for different times at 37 °C. Cells were lysed in modi-
fied RIPA lysis buffer (150 mM NaCl, 1 mM CaCl,, 1 mM MgCl, and 1%
Triton X-100 in PBS) containing a cocktail of protease and phosphatase
inhibitors (2 pg/ml aprotinin, 2 pg/ml leupeptin, 2 mM PMSEF, 10 mM sodium
fluoride, 10 mM iodoacetamide and 1 mM sodium orthovanadate). Aliquots
of cell lysates containing equal amounts of protein, as determined with the
Bio-Rad detergent-compatible protein assay, were resolved by SDS-PAGE.
This was followed by immunoblotting analysis with anti-pThr1939-MyH9
and then by stripping and reblotting with an anti-MyH9 (Covance).

siRNA vector construction and transfection. The siRNA constructs were con-
structed using the U6 tRNA promoter driving expression of a short siRNA
sequence specific for the MyH9 gene (5'-GGGTGCCTTCCAGCAAGAATGG-3')
or a control nonsilencing sequence (5'-AATTCTCCGAACGTGTCACGT-3").
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These PCR generated constructs were inserted into the pGEM-T easy cloning vec-
tor (Promega). Anti-MyH9 or control siRNA plasmids were then electroporated
into D10 T cells along with a GFP-expressing plasmid at a 10:1 ratio. At 24 or 48 h
after transfection, GFP-positive cells were sorted and used for experiments.

Microscopy. Imaging experiments were done using a modified Zeiss
Axiovert 200M microscope with a plan-neofluar x40 objective (Carl Zeiss).
The microscope was fitted with dual excitation and emission filter wheels
and a Photometrics Coolsnap-HQ camera. The imaging and control soft-
ware used was Metamorph (Universal Imaging). For morphology and
crawling experiments, 10° untransfected or MyH9-GFP-transfected D10 T
cells were plated into coverslip wells (Nunc) and kept at 37 °C on the heated
stage of the microscope. Data collection of differential interference contrast
(DIC) and green fluorescence (for transfected cells) images was done at 5-s
intervals over a period of 30 min. For live coupling assays, D10 T cells were
loaded with 1 pM Fura2-AM for 20 min at room temperature (22-25 °C),
washed and plated onto coverslips on the heated stage. Antigen-pulsed
CH27 APCs (1 pg/ml conalbumin(134-146) peptide) were then added and
imaging was carried out at 30-s intervals for 30 min. Calcium concentra-
tions were measured using the calcium-sensitive ratiometric dye Fura2-AM
and are shown in a pseudo color scale (range: blue-green-yellow-red-white)
reflecting increases in the intracellular calcium concentration. We collected
DIC, Fura2 340-nm emission, Fura2 380-nm emission and green fluores-
cence images for each time point.

Fixed cell staining was done by briefly spinning together 10° day 6 DO11.10
T cell blasts (treated with DMSO or blebbistatin) with an equal number of A20
B cells pulsed with 1 pg/ml OVA peptide as APCs. The cells were incubated at
37 °C for 30 min and then fixed with 1% paraformaldehyde at room tempera-
ture for 15 min. Fixed cell samples were antibody stained by spotting cells on
slides, blocking with 3% goat or donkey serum and permeabilizing with 0.02%
saponin in PBS for 30 min. The primary antibodies were incubated for 60 min,
then extensively washed and subjected to secondary antibody staining for
60 min. After thorough washing, the cells were treated with anti-fade reagent
(Bio-Rad) and the slides were sealed and imaged. CD3-LFA-1 SMAC distribu-
tion experiments were carried out on D10 T cell clones with CH27 as APCs
using the same conditions described above.

Molecule redistribution in T cell-FAPC conjugates was scored using the fol-
lowing criteria: if fluorescence intensity at the synapse was at least 1.5 times the
average intensity level of the rest of the cell and no other major high-intensity
‘spots’ were present, the couple was scored as fully polarized; if additional
high-intensity spots were present at sites other than the T cell-FAPC interface,
the couple was scored as partially polarized; and if the intensity at the synapse
was below the set threshold, the couple was scored as negative. All image
analysis and measurements were done using Metamorph software.

Coupling assay. D10 T cells were loaded with 5 pM CFSE at 37 °C for 15 min
and then washed. Conalbumin-pulsed CH27 B cells were labeled with 2 pM of
the red fluorescent dye PKH26 at RT for 10 min and then washed according to
the manufacturer’s protocol. 10° T cells and B cells were mixed together and
incubated at 37 °C for 45 min, with or without an initial centrifugation step of
1 min at 300g. After incubation, the cells were immediately analyzed on a
FACSCalibur cytofluorimeter (Becton Dickinson) to quantify the percentage
of conjugate formation. This percentage was quantified as the number of dou-
ble-positive T cells (CFSE- and PKH26-positive) versus total numbers of T
cells (CFSE-positive).

Morphology quantitation and packet tracking. D10 T cells were seeded into
glass coverslips, allowed to re-adhere and then treated for 30 min with blebbis-
tatin (50 pM) or DMSO. DIC images of the cells were then acquired. Uropodal
morphology was scored either visually (analyzing 50 cells per treatment condi-
tion) or by measuring the elliptical form factor—cell length divided by its
breadth, with a score of 1 equaling to a round cell—of the cells (analyzing 20
cells per condition). The uropodal morphology of T cells was also assessed
after MyH9-specific siRNA transfection (described above). A minimum of 36
GFP-positive cells were scored visually for both the specific and control siRNA.

The speed of MyH9-GFP packets was measured with the ‘track point’ func-
tion of Metamorph on time-lapse videos of transfected crawling T cells. Eight
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packets were randomly selected from five crawling cells; their normalized
velocities were measured relative to cell body velocity and these were averaged
over the duration of the packet’s movement.

Note: Supplementary information is available on the Nature Immunology website.
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