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Formin-generated actomyosin arcs propel T cell
receptor microcluster movement at the
Immune synapse
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Actin assembly and inward flow in the plane of the immunological synapse (IS) drives the centralization of T cell receptor
microclusters (TCR MCs) and the integrin leukocyte functional antigen 1 (LFA-1). Using structured-illumination micros-
copy (SIM), we show that actin arcs populating the medial, lamella-like region of the IS arise from linear actin filaments
generated by one or more formins present at the IS distal edge. After traversing the outer, Arp2/3-generated, lamelli-
podia-like region of the IS, these linear filaments are organized by myosin Il into antiparallel concentric arcs. Three-
dimensional SIM shows that active LFA-1 often aligns with arcs, whereas TCR MCs commonly reside between arcs, and
total internal reflection fluorescence SIM shows TCR MCs being swept inward by arcs. Consistently, disrupting actin arc
formation via formin inhibition results in less centralized TCR MCs, missegregated integrin clusters, decreased T-B cell
adhesion, and diminished TCR signaling. Together, our results define the origin, organization, and functional signifi-

cance of a major actomyosin contractile structure at the IS that directly propels TCR MC transport.

Introduction

Recognition of antigen on the surface of an antigen-presenting
cell (APC) initiates signaling cascades within the T cell that
drive large-scale reorganization of its actin cytoskeleton (Bee-
miller and Krummel, 2013; Yu et al., 2013; Kumari et al., 2014).
This reorganization is essential for the formation of the immu-
nological synapse (IS), the specialized interface between the
two cells (Monks et al., 1998; Grakoui et al., 1999). Initially,
activation of actin polymerization within the T cell at the pe-
riphery of its contact with the APC drives the spreading of the T
cell across the surface of the APC. Once spreading is complete,
continued actin polymerization begins to drive an inward flow
of actin toward the center of the contact site and in the plane of
the IS. By coupling this inward flow with depolymerization at
the center of the IS, the T cell creates an ongoing centripetal
flow of actin that is thought to be a major driving force for the
inward movement of T cell receptor microclusters (TCR MCs)
and integrin clusters in the T cell’s plasma membrane (Bunnell
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Abbreviations used: ANOVA, analysis of variance; APC, antigen-presenting
cell; cSMAC, central supramolecular activation cluster; dSMAC, distal supramo-
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et al., 2001; Varma et al., 2006; Kaizuka et al., 2007; Babich et
al., 2012; Beemiller et al., 2012; Smoligovets et al., 2012; Yi
et al., 2012). Over the next 5-10 min, the inward movement of
receptor clusters culminates in the formation of a mature IS, in
which TCR MCs are concentrated at the center of the IS (the
central supramolecular activation cluster [cSMAC]), and leu-
kocyte functional antigen 1 (LFA-1), the T cell’s major integ-
rin, is concentrated in a surrounding ring (the peripheral SMAC
[pPSMAC]). Importantly, actin assembly and dynamics are inti-
mately linked not just to TCR MC movement, but to virtually
every key event during IS formation, including signalosome
assembly and tuning (Mattila et al., 2016), integrin activation
(Comrie et al., 2015a,b), the mechanical regulation of T cell
signaling (Chen and Zhu, 2013), and effector functions such
as lytic granule release (Brown et al., 2011; Mace et al., 2012;
Basu et al., 2016). Clearly, a full understanding of how actin cy-
toskeletal forces are created and organized at the IS is required
to define the mechanisms by which they drive T cell function.
Numerous laboratories have used diffraction-limited im-
aging of T cells engaged with planar lipid bilayers containing
freely diffusing activators (e.g., anti-CD3 and intercellular ad-
hesion molecule 1 [[CAM-1]) to correlate the dynamics of actin
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flow and receptor cluster movement in an ideal imaging plane
(Dustin, 2009). Importantly, these studies revealed robust, po-
lymerization-driven, actin retrograde flow in a ring surrounding
the pSMAC now known as the distal SMAC (dSMAC; Kaizuka
et al., 2007; Babich et al., 2012; Beemiller et al., 2012; Yi et al.,
2012). Moreover, the rate of centripetal TCR MC movement
in this radially symmetric dSMAC roughly correlated with the
rate of inward actin flow (Kaizuka et al., 2007), and elegant
biophysical studies demonstrated frictional coupling between
the TCR MCs and actin flow (DeMond et al., 2008; Yu et al.,
2010). Less clear, however, is what propels TCR MC movement
across the pSMAC, especially as GFP-actin, the reporter typi-
cally used to image actin dynamics at the IS, does not reveal
obvious actin organization there (Kaizuka et al., 2007). Using
F-Tractin, an indirect reporter for F-actin, we, in contrast, iden-
tified concentric actin arcs in the pPSMAC that are decorated
with myosin I (Yi et al., 2012). Additionally, we showed that
the lamellipodial-like dSSMAC and lamella-like pPSMAC exhibit
distinct rates of inward actin flow and that the rates of centrip-
etal TCR MC movement across these two zones matched their
distinct actin flow rates (Yi et al., 2012). Nevertheless, the exis-
tence of these arcs has been questioned (Beemiller and Krum-
mel, 2013; Le Floc’h and Huse, 2015), and they have never
been observed in primary T cells. Moreover, an alternate mech-
anism to drive TCR MC movement across the pPSMAC has been
proposed that involves dynein-dependent, microtubule-based
transport (Hashimoto-Tane et al., 2011). Finally, the role of
myosin II in TCR MC movement has been controversial (Ham-
mer and Burkhardt, 2013).

In this study, we sought to determine how the actin arcs
are created and how they become organized into concentric
structures. Beyond that, we sought to define the spatial relation-
ship between the arcs and receptor clusters during IS matura-
tion and to quantitate the contributions made by arcs to receptor
cluster distribution, T cell-APC adhesion, and proximal TCR
signaling. Finally, we sought to directly image the arc-depen-
dent translocation of TCR MCs. Key to accomplishing these
goals was the use of total internal reflection fluorescence—struc-
tured-illumination microscopy (TIRF-SIM), which, by virtue of
its high spatiotemporal resolution (Kner et al., 2009; Beach et
al., 2014; Li et al., 2015), proved pivotal in reaching several
of our main conclusions.

Results

SIM reveals the architecture and dynamics

of F-actin at the IS

To characterize the architecture of actin networks at the IS at
higher resolution, we imaged activated, phalloidin-stained Jur-
kat T cells with 3D-SIM to reveal endogenous F-actin structures
at ~120-nm lateral and ~250-nm axial resolution. Consistent
with our previous work at lower resolution (Yi et al., 2012),
3D-SIM demonstrated that the IS is comprised of three dis-
tinct zones of F-actin: an outer, dense ring corresponding to
the branched actin network in the dSSMAC, a middle ring com-
prised of concentric actin arcs corresponding to the pSMAC,
and a central, relatively actin-depleted zone corresponding to
the cSSMAC (Fig. 1 A, first and second panels). Color coding the
3D projection of this cell according to z position (Fig. 1 A, third
panel) shows that these actin structures are largely confined to
the plane of the IS, indicating that their dynamics will occur in
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close association with the plasma membrane at the IS. Also con-
sistent with previous work, 3D-SIM images of Jurkats stained
for actin and endogenous myosin IIA, the dominant myosin II
isoform in T cells, showed that the concentric actin arcs in the
PSMAC are highly enriched for this contractile motor (Fig. 1 B).

We next sought to visualize the dynamics of IS actin net-
works using a live-cell compatible SIM technique. Given that
these networks are close to the plasma membrane, we used
TIRF-SIM, which merges the power of SIM (in this study,
~100-nm xy resolution) with TIRF (enhanced signal-to-noise
ratio for structures close to the coverslip) in a format that dis-
plays little bleaching or phototoxicity while providing high
temporal resolution (Kner et al., 2009; Li et al., 2015). Fig. 1 C
(first three panels) shows still images taken from a video of a
Jurkat T cell expressing GFP—F-Tractin, an indirect, dynamic
reporter for F-actin (Johnson and Schell, 2009), 180, 210, and
240 s (Fig. 1 C) after engagement with an activating surface
(Video 1). It is immediately apparent that F-Tractin faithfully
reports the two actin networks and three IS zones identified in
fixed images of phalloidin-stained cells. This is most clearly
seen in Fig. 1 C (fourth panel), as well as in the corresponding
video. Additionally, TIRF-SIM imaging of Jurkats expressing
GFP-myosin ITA and tdTomato-F-Tractin revealed in dy-
namic fashion the enrichment of myosin on the actin arcs in the
pSMAC (Fig. 1 D, first and second panels). Importantly, close
examination of these images, stills from Video 2 (Fig. 1 D, third
and fourth panels), and Video 2 itself revealed the presence of
individual, 300-nm-long myosin IIA bipolar filaments decorat-
ing the actin arcs and moving inward with them. Together, these
observations confirm and enhance our previous understanding
of actin architecture at the Jurkat T cell IS and provide addi-
tional support for a radially symmetric contractile actomyosin
network within the pPSMAC.

Actomyosin arcs are also prominent
structures at the IS of primary

mouse T cells

We performed 3D-SIM on activated primary mouse CD8* T
cells stained with phalloidin and an antibody to myosin ITA to
reveal endogenous structures. Fig. 2 A shows that the IS of a
CD8* T cell is essentially indistinguishable from that of a Jurkat
T cell. Also, like Jurkats, the two major F-actin networks at the
CDS8* T cell IS are very close to the IS membrane (Fig. 2 C).
Strikingly, enlarged images of typical CD8* T cell synapses re-
veal an almost sarcomere-like pattern for myosin ITA embedded
in the actin arcs comprising their pPSMAC (Fig. 2 B, arrow-
heads). Perhaps most importantly, rather than being difficult to
detect or absent, actomyosin arcs are an even more prominent
component of the mouse CD8* T cell IS than the Jurkat T cell
IS (Fig. 2 D). Finally, still images from TIRF-SIM imaging of
primary mouse CD8* T cells expressing GFP-myosin ITA and
tdTomato—F-Tractin demonstrated the formation of the actomy-
osin arcs in the pSMAC (Fig. S1, A and B). Together, these
results demonstrate in unequivocal fashion the existence of ac-
tomyosin arcs at the IS of primary mouse T cells.

3D-SIM and TIRF-SIM reveal linear actin
filaments/bundles embedded within the
dSMAC that appear to give rise to the
actin arcs in the pSMAC

Closer examination of fixed, phalloidin-stained Jurkat synapses
using 3D-SIM revealed linear actin filaments/bundles embed-
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ded within the branched actin network of the dSMAC. These
structures appear to originate at the distal edge of the IS, tra-
verse the dSMAC, and bend upon exiting the dSMAC to give
rise to the actin arcs of the pSMAC (Fig. 3 A, yellow arrow-
heads in the bottom panels mark the origin of these structures
and red arrowheads mark their exit from the dSMAC). Further
support for their existence came from live-cell TIRF-SIM im-
aging of Jurkat T cells expressing GFP-F-Tractin. Specifically,
Fig. 3 B shows still images taken from Video 4 of a quadrant
of a Jurkat T cell synapse 180, 240, 300, and 360 s after en-
gagement with an activating surface. Close examination reveals
the progressive formation of several linear actin filaments/bun-
dles (Fig. 3 B, arrowheads) at the distal edge of the IS that are
oriented perpendicular to the plasma membrane, traverse the
dSMAC, and then bend and splay upon exit from the dSMAC to
form arcs (Video 3). Fig. 3 C shows four clear examples of such
bending upon exit from the inner aspect of the dSMAC (see red
arrowheads), and Video 4 shows all of the events described in
this section occurring across a broad section of a Jurkat IS.

The linear actin filaments/bundles, and

the actin arcs they give rise to, are

formin generated

From a topological standpoint, the linear actin filaments/bun-
dles observed in Fig. 3 are consistent with actin structures built
by formins (Kovar, 2006; Breitsprecher and Goode, 2013).

Figure 1. SIM imaging reveals concentric ac-
tomyosin arcs in the pSMAC region of the Jur-
kat T cell IS. (A, first and second panel) 3D-SIM
image of an activated Jurkat T cell stained with
phalloidin. (A, third panel) Cell in first panel
colorcoded by z position. Lighter colors are
closer to the coverslip. (B) 3D-SIM image of a
Jurkat T cell stained with phalloidin (red) and
anti-myosin lIA antibody (green). Individual
channels and the merged image are shown.
(C) Still images from a TIRF-SIM video of a Jur-
kat T cell expressing GFP-F-Tractin (Video 1).
(D) still images from two color TIRF-SIM videos
of two different Jurkat T cells expressing GFP-
myosin IIA and tdTomato-F-Tractin (Video 2,
corresponding to third panel). SMAC zones
bracketed in A-C at top. Bars, 5 pm.

wr g

vV
Bottom

EGFP-myosin IIA

— ~300 nm —

Specifically, they originate at the plasma membrane, the site
where formins are typically active, and project inwards, one
of two fates typically exhibited by formin-generated filaments
(the other being projection outward to make structures like filo-
podia). Additional indirect evidence that these structures are
formin generated stems from the observation that the arcs are
very poorly labeled by GFP-actin (Kaizuka et al., 2007) because
formins are known to incorporate modified actins into filaments
very ineffectively (Chen et al., 2012). This is completely con-
sistent with our previous observations (Yi et al., 2012), which
we confirmed and extended in this study using colocalization
analyses (Fig. S1, C-E).

Recent, paradigm-shifting studies in both yeast (Burke et
al., 2014) and mammalian cells (Lomakin et al., 2015; Rotty
et al., 2015) have demonstrated that the Arp2/3 complex and
formins are competing for a limiting pool of actin monomer, such
that when one actin nucleator is inhibited, the network created by
the other becomes more robust. We reasoned, therefore, that if
the linear actin filaments/bundles embedded within the dSSMAC
are formin generated, they should be augmented upon Arp2/3
inhibition. Consistently, Video 5 and the still images taken from
it (Fig. 4 A) show that the addition of the Arp2/3 inhibitor CK666
to activated Jurkat T cells expressing GFP—F-Tractin resulted in
the dramatic collapse of the Arp2/3-dependent, branched actin
network comprising the dSMAC and the progressive enhance-
ment of the linear actin filaments/bundles, which took on the
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Figure 2. Actomyosin arcs are also a very prominent feature of the primary mouse CD8* T cell IS. (A) 3D-SIM image of a primary mouse CD8* T cell
stained with phalloidin (green) and anti-myosin llA antibody (red). (B) Magnified views of actomyosin arcs in a separate CD8+ T cell stained as in A. Yellow
arrowheads mark sarcomere-like pattern of myosin IIA. (C, left) Cell in B color-coded by z position; each channel is separated in middle and right panels.
Lighter colors are closer to the coverslip. (D) Area occupied by pSMAC actin arcs (bracketed by yellow traces) in typical Jurkat IS (first panel) and primary
mouse CD8* T cell IS (second panel). The ratio of pPSMAC to dSMAC area (third panel) and pSMAC to total IS area (fourth panel) for Jurkat and mouse
CD8+ T cells. n = 17-24 cells/condition. Data are means + SEM. SMAC zones bracketed in A at top. Bars, 5 pm. ***, P < 0.001; **** P < 0.0001.

appearance of radial actin “spikes” in which actin polymeriza-
tion and retrograde flow continued (Fig. 4 A, compare second
panel [+CK666] to first panel [control]; note that this effect was
completely reversible in third panel [washout]; see also Video 5
and Gomez et al., 2007). 3D-SIM imaging of fixed, phalloidin-
stained Jurkat T cells treated with CK666 for 1, 2, and 4 min
revealed these spikes in greater detail as they emerged from the
shrinking lamellipodial network and increased in robustness over
time (Fig. 4 B, top). Importantly, actin arcs were still present in
these Arp2/3-inhibited cells. Moreover, the corresponding insets
in Fig. 4 B (bottom) show that the CK666-enhanced actin fila-
ments/bundles in the _ISMAC bend and reorient into actin arcs at
the dSSMAC/pSMAC boundary (the red arrowheads mark bend
points where the spikes marked by yellow arrowheads give rise to
arcs). This bending and reorientation process could be observed
in real time in Jurkats expressing GFP—F-Tractin and imaged
using TIRF-SIM (Video 6 and the still images taken from it in
Fig. 4 C). Together, these observations indicate that arc assembly
is largely Arp2/3 independent and argue that the arcs are created
by one or more formins acting at the distal edge of the IS.

To provide more direct support for the hypothesis that the
actin spikes observed upon Arp2/3 inhibition are formin gen-
erated, we compared cells treated with CK666 alone to cells
treated with both CK666 and the pan-formin inhibitor small-
molecule inhibitor of formin homology 2 domain (SMIFH2;
Rizvi et al., 2009). As before, 3-min incubation in the presence
of CK666 resulted in a considerable diminution in the size of
the branched actin array comprising most of the dSSMAC and
the appearance of actin spikes at the cell edge (Fig. 4 D, com-
pare second panel [+CK666 —SMIFH2] to first [DMSO con-
trol] panel; the red bracket in the second panel marks a typical
actin spike). Importantly, addition of CK666 to cells that had
been pretreated with SMIFH?2 resulted in a dramatic reduc-
tion in the formation of spikes (Fig. 4 D, compare third panel
[+CK666 +SMIFH2] to second panel [+CK666 —SMIFH2]).
This reduction is indicated by significant decreases in both the
mean length of spikes (Fig. 4 D, bottom left) and the number
of spikes per unit of cell perimeter (Fig. 4 D, bottom right) for
cells treated with both inhibitors relative to cells treated with
CK666 alone. These results provide additional support for the
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idea that the linear actin filaments/bundles embedded within the
dSMAC and contiguous with the actin arcs in the pSMAC are
formin-generated structures.

As a more direct test for the role of formins in actin
arc creation, we imaged arc formation with and without
SMIFH?2. To accomplish this, we allowed Jurkats to activate
for 2 min before SMIFH?2 addition and then asked if its addi-
tion prevented further actin arc formation. We observed that
5-min incubation in the presence of SMIFH2 (both 10 and
25 uM) resulted in a dramatic decrease in the presence of
actin arcs within the pSMAC, as revealed by 3D-SIM im-
aging of fixed, phalloidin-stained cells (Fig. 5 A, compare
second and third panels and the corresponding insets in the
fifth and sixth panels to the DMSO control in the first and
fourth panels). To quantitate arc loss, we measured total
phalloidin fluorescence in the pSMAC area of control cells
and cells treated with 10 uM SMIFH2. Fig. 5 A (bottom left)
shows that SMIFH2-treated cells exhibited significantly less
F-actin in their pSMACs, consistent with the loss of actin
arcs after formin inhibition. Importantly, SMIFH2-induced
arc loss is likely attributable to formin inhibition rather than
off-target effects because treatment with 10 uM KVSM18,
a closely related but inactive analogue of SMIFH2 (Rizvi et
al., 2009), does not cause arc loss (Fig. 5 A, bottom middle).
Interestingly, formin-inhibited cells also exhibited a dra-
matic increase in the number of F-actin foci in the dSSMAC
(Fig. 5 A, arrowheads). We believe these foci correspond to
the Arp2/3-dependent F-actin foci described recently (Ku-
mari et al., 2015) and that they become more robust upon
formin inhibition as a result of an increase in actin monomer
available for Arp2/3-dependent nucleation. On the flip side,
the inhibition of Arp2/3-dependent nucleation using CK666

Figure 3. SIM imaging reveals linear actin filaments/
bundles embedded in the branched actin network of
dSMAC. (A) 3D-SIM images of three representative phal-
loidin-stained Jurkat T cells. (B) Successive still images
from a TIRF-SIM video of a Jurkat expressing GFP-F-
Tractin (Video 3). (C) Four still images from TIRF-SIM vid-
eos of Jurkats expressing GFP-F-Tractin. Yellow arrow-
heads mark the origin of linear actin filaments/bundles
embedded in the branched actin network of the dSMAC,
whereas red arrowheads mark where they bend upon
exit from the dSMAC. See also Video 4. Bars, 5 pm.

increased the content of arcs in the pSMAC (Fig. 5 A, bottom
right), presumably because of an increase in actin monomer
available for formin-dependent nucleation.

Importantly, the SMIFH2-mediated inhibition of actin
arc formation was reversible, as washout of SMIFH2 re-
sulted in the rapid resumption of actin arc formation. This
is apparent in still images taken from a TIRF-SIM video
(Video 7) 30 (Fig. 5 B, top) and 180 s (Fig. 5 B, bottom)
after SMIFH2 washout. Careful examination of the mag-
nified insets in Fig. 5 B (right panels) show that SMIFH2
washout was accompanied not only by the appearance of
newly formed arcs in the pSMAC (Fig. 5 B, bottom right),
but also by the disappearance of the actin foci (Fig. 5 B, yel-
low arrowheads in top right), and the reappearance of linear
actin filaments/bundles embedded in the dSMAC (yellow
arrowheads in bottom right). Within 5 min of washout, the
content of F-actin in the pSMAC was restored to control
levels (Fig. 5 A, bottom left).

We next tested if one or more formins could be detected
at the tips of CK666-enhanced actin spikes by immunofluor-
escence staining for endogenous proteins. Previous studies
(Gomez et al., 2007; Ramabhadran et al., 2011) have pro-
vided evidence for the expression of four formins in Jurkat
T cells: mDial, mDia2, formin-like protein 1 (FMNL1), and
the non-CAAX version of inverted formin-2 (INF2). Of these,
we were able to detect clear signals for mDial, FMNLI1, and
non-CAAX INF2 at the tips of CK666-enhanced actin spikes
(Fig. S2 A, micrographs). Moreover, the fraction of spike tips
that stained for these three formins, which ranged from ~35 to
~55%, was significantly higher than the fraction that stained
for mDia2 or with preimmune sera (Fig. S2 A, right panel),
arguing that the tip staining seen for mDial, FMNLI, and

Formin-generated actomyosin arcs at the immune synapse * Murugesan et al.
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Phalloidin

Figure 4. Arp2/3 inhibition augments the assembly of the
formin-nucleated linear actin filaments in the dSMAC. (A) Still
images from a confocal video of a Jurkat T cell expressing
GFP-F-Tractin before (left) and 3 min after (middle) treat
ment with 25 pM CKé66 and after drug washout (right; and
Video 5). (B) 3D-SIM images of phalloidin-stained Jurkat T
cells treated with 25 pM CK666 for the indicated times. (C)
Still images from a TIRF-SIM video of a Jurkat T cell express-
ing GFP-F-Tractin treated with CKé66 as in B (Video 6). (D,
top) 3D-SIM images of Jurkats treated with DMSO, 25 yM
CK666, or 25 pM CK666 plus 10 pM SMIFH2 and stained
with phalloidin. The red bracket in the second panel marks
a spike. (D, bottom) Quantitation of mean length of linear
actin spikes per cell (left) and their surface density (right). n =
16-22 cells/condition. In B and C, yellow arrowheads mark
linear actin spikes, and red arrowheads mark their bend
points. Data are means + SD. Bars, 5 pm. **** P < 0.0001.
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non-CAAX INF2 is specific. Of these three formins, mDial
appears to be the most highly expressed in Jurkats (Gomez et
al., 2007). Importantly, Jurkat T cells in which we achieved
near-complete knockdown of mDial using shRNA (Fig. S2 B,
top left) exhibited a dramatic decrease in the content of arcs
in their pPSMAC relative to control cells expressing a scram-

bled shRNA plasmid (Fig. S2 B, micrographs and bottom
left). Also like SMIFH2-treated cells, mDial knockdown cells
exhibited a proliferation of Arp2/3-dependent actin foci (Fig.
S2 B, bottom right, arrowheads). Together, these data argue
that the formin mDial plays a major role in arc formation.
Consistent with this conclusion, Jurkats treated with a mem-
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Figure 5. Formin inhibition blocks actin arc formation. (A,
micrographs) 3D-SIM images of Jurkat T cells treated with
DMSO, 10 pM SMIFH2, or 25 yM SMIFH2 and stained with
phalloidin. Yellow arrowheads mark actin foci. (A, bottom)
Mean phalloidin fluorescence in the pSMAC. n = 21-30
cells/condition. Box plots are centered on means and display
upper and lower quartile ranges and min to max values. Bar
graphs are means = SEM. (B, top) Still image from a TIRF-SIM
video of a Jurkat T cell expressing GFP-F-Tractin 30 s after
SMIFH2 washout. Yellow arrowheads mark actin foci. (B,
bottom) Still image from the same TIRF-SIM video 180 s after
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SMIFH2 washout. Yellow arrowheads mark linear actin fila-
ments. SMAC zones are bracketed in A and B at top. See also
Video 7. Bars, 5 pm. ***, P < 0.001; **** P < 0.0001.
a.u., arbitrary units; Fluor. Int., fluorescence infensity.

brane-permeant pan-activator of Rho GTPases (CNO1), which
activate most formins including mDial, exhibited accentu-
ated linear actin structures embedded in their dASMAC, in the
amount of arcs in their pPSMAC, and in the overall size of their
pSMAC (Fig. S3, A-C). Finally, we found that tropomyosin, a
universal marker of formin-generated structures (Tojkander et
al., 2012), strongly decorates actin arcs. Specifically, Fig. S3

(D-F) show that GFP-tagged nonmuscle tropomyosin TM4 is
highly enriched on the arcs in the pSMAC, whereas a-actinin,
which typically cross-links Arp2/3-generated branched actin
networks, is largely restricted to the dSMAC. Together, the
results in this section provide compelling evidence that arcs
arise largely, if not entirely, from formin-dependent nucleation
at the outer edge of the dSSMAC.

Formin-generated actomyosin arcs at the immune synapse
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Myosin Il organizes the linear actin
filaments/bundles emanating from the
dSMAC into the concentric actin arcs

of the pSMAC

Given the enrichment of myosin IIA at the pPSMAC and the in-
herent ability of bipolar myosin II filaments to organize actin
networks, we asked if myosin II is required to organize the lin-
ear actin filaments/bundles emanating from the dSSMAC into the
concentric actin arcs of the pSMAC. To selectively and con-
ditionally inhibit myosin IIA, we used para-nitro-blebbistatin
(pnBB), a new variant of blebbistatin that lacks the original mol-
ecule’s phototoxicity (Képird et al., 2014). In all experiments,
Jurkats were pretreated with pnBB for 30 min followed by ac-
tivation on antibody-coated coverslips for 10 min. 3D-SIM im-
ages of fixed, phalloidin-stained cells show that preincubation
with 50 uM pnBB resulted in large-scale disruption of actin arc
organization in the pSMAC (Fig. 6 A, compare second and third
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Figure 6. Myosin lIA inhibition disrupts actin arc organiza-
tion. (A) 3D-SIM images of a Jurkat pretreated with DMSO
and two Jurkats pretreated with 50 yM pnBB for 30 min and
stained with phalloidin (Video 9). (B) Cells were scored for
actin arc morphology as indicated. n = 100 cells/condition;
three experiments per condition; data are means = SD (see
Materials and methods for details). (C) Boxed regions cov-
ering the pSMAC (yellow) were quantitated for actin arc
anisotropy in D using FibrilTool. n = 22-26 cells/condition.
(E) Model depicting formin-dependent actomyosin arc forma-
tion at the IS. Bars, 5 pm.

YdSMAC E—JpSMAC lcSMAC

B==8 myosin IIA

panels, and the corresponding insets in fifth and sixth panels to
the DMSO control in first and fourth panels). This result was
borne out by visual scoring of arc organization (Fig. 6 B), as
only ~12% of cells treated with 50 uM pnBB and ~5% of cells
treated with 100 uM pnBB have highly organized concentric
actin arcs, as compared with ~52% of control, DMSO-treated
Jurkats (Fig. 6 B, orange bars). In place of organized arcs, the
PSMAC region of pnBB-treated cells exhibited either: (1) actin
filaments/bundles that projected inward toward the center of the
IS (Fig. 6 A, middle panels; and Fig. 6 B, blue bars); or (2) a
highly disorganized, meshlike organization (Fig. 6 A, right pan-
els; Fig. 6 B, gray bars; and Video 8).

To further quantify the defects in actin arc organization
seen upon myosin II inhibition, we determined the anisotropy
of actin structures in the pPSMAC using FibrilTool, which mea-
sures how well a structure of interest (in this study, actin arcs)
in a given region of interest (ROI; in this study, the pSMAC)
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is organized in parallel arrays. The values obtained range from
0, when the orientation of the structures in the ROI is random,
to 1, when all of the structures are oriented in the same direc-
tion. To deal with the fact that the IS is radially symmetric, we
divided the pSMAC region in 3D-SIM images of fixed, phal-
loidin-stained Jurkats into 10-12 trapezoid-shaped ROIs of
similar size (Fig. 6 C). Fig. 6 D shows that the anisotropy of
PSMAC actin structures is significantly lower in cells treated
with 50 uM pnBB (red line) than in control, DMSO-treated
cells (black line), corroborating the qualitative assessments de-
scribed in Fig. 6 (A and B). Together, these data argue strongly
that bipolar filaments of myosin IIA organize formin-generated,
linear actin filaments/bundles emanating from the dSMAC into
concentric actin arcs populating the pSMAC. Importantly, sto-
chastic variation in the direction the linear filaments bend as
they exit the dSMAC should ensure that bipolar myosin II fil-
aments are routinely engaged with actin filaments of opposing
orientation, a prerequisite for myosin II-dependent contraction
and inward movement of arcs (Fig. 6 E). This self-organizing
property should propel the formation of the radially symmetric
contractile actomyosin network in the pSMAC.

Actomyosin arcs facilitate the
accumulation of TCR and LFA-1 clusters

at the cSMAC and inner aspect of the
PSMAC, respectively

Glass-supported planar lipid bilayers displaying stimulatory
molecules to mimic the APC surface have been used exten-
sively to correlate cytoskeletal dynamics in the plane of the IS
with TCR MC and integrin cluster position and dynamics in
T cells (Kaizuka et al., 2007; Hartman et al., 2009). As a first
test for the role of actin arcs in IS formation, we determined
the distributions of F-actin, TCR MCs, and the open, active
conformation of LFA-1’s 2 subunit in control, DMSO-, and
SMIFH2-treated Jurkats after a 10-min engagement with bi-
layers containing fluorescent anti-CD3 antibody and unlabeled
ICAM (and where antibody M24 against the fixation-sensi-
tive, open, active conformation of the 2 integrin was present
for the last 4 min). At 10 min, the cells were fixed, stained
with phalloidin, and the distributions of F-actin (Fig. 7, A and
B, white), TCR MCs (red), and open, active LFA-1 (green)
imaged with 3D-SIM. As expected, control, DMSO-treated
Jurkats exhibited a strong accumulation of TCR MCs in
their cSMAC (i.e., inside the arcs populating their pPSMAC;
Fig. 7 A, left), and the accumulation of active LFA-1 in a ring
along the inner aspect of their pPSMAC/actin arcs (Fig. 7 B,
left). Strikingly, SMIFH2 treatment disrupted the centraliza-
tion of TCR MCs (Fig. 7 A, right) and the formation of the
ring of active LFA-1 (Fig. 7 B, right), accompanied by the
loss of actin arcs (Fig. 7, A and B, right). These conclusions
are supported by radial plot profiles, which report the mean
distribution of TCR MCs (Fig. 7 C) and active LFA-1 clusters
(Fig. 7 D) between the cell center (0 on the x axis) and the cell
edge (1.0 on the x axis). Relative to the DMSO control (black
lines), SMIFH2 addition (red lines) reduced the centralization
of TCR MCs (Fig. 7 C, as indicated by a flattening and right-
ward shift in the red line) and broadened the distribution of
active LFA-1 clusters (as indicated by a broadening of the red
line on both sides of the black peak in Fig. 7 D; P < 0.0001).
The effect of SMIFH2 on the distribution of the open, active
integrin becomes especially clear when we fit line scans across
the IS to Gaussian distributions (Fig. 7 E), in which the nor-

mal bimodal distribution of active LFA-1 across the IS that
corresponds to the pSMAC ring (black circles and black fitted
line) is lost upon SMIFH?2 treatment (red circles and red fitted
line). Finally, consistent with the fact that arcs require myosin
II to assemble into radially symmetric contractile structures,
we observed similar defects in the distributions of TCR MCs
and active LFA-1 in Jurkats treated with pnBB (Fig. S4 A).
Collectively, these results argue strongly that actin arcs, in
conjunction with myosin II bipolar filaments, make a major
contribution to the centripetal movement and distribution of
both TCR MCs and integrin clusters at the IS.

Actomyosin arcs promote robust T cell-
APC adhesion and TCR proximal signaling
To further gauge the physiological significance of actin arcs
at the IS, we measured adhesion and TCR proximal signal-
ing in control and formin-inhibited Jurkats present in con-
jugates with an APC. For the adhesion assay, Jurkats were
mixed with staphylococcal enterotoxin E (SEE)-loaded Raji
B cells in the presence or absence of SMIFH2, incubated
for 10 min, fixed, immunostained with fluorescent antibodies
against OKT3 to mark Jurkats and human leukocyte antigen
(HLA) to mark Raji B cells, and the fraction of total Jur-
kat cells present in OKT3 and HLA double-positive conju-
gates was determined by flow cytometry analysis. Fig. 7 F
shows that inhibition of arc formation with SMIFH2 results
in an approximately fivefold reduction in cell adhesion rela-
tive to the DMSO control.

To test for possible defects in TCR proximal signaling
after the loss of arcs, Jurkat T cells and Raji B cells expressing
plasma membrane markers farnesylated GFP and farnesylated
RFP, respectively, were mixed together in the absence or pres-
ence of SMIFH2, incubated for 10 min, fixed, and immunos-
tained with fluorescent antibodies specific for the tyrosine
phosphorylated versions of Src (Y416), Zap70 (Y319), or Lat
(Y191) as proxies for the extent of proximal TCR signaling.
To quantitate the signals for pSrc, pZap70, and pLat at the
IS, we used an Amnis ImageStream flow cytometer, which
combines the sample-size advantages of flow cytometry with
the sensitivity of fluorescence microscopy. Specifically, we
identified GFP and RFP double-positive T-B cell conjugates
and measured the mean fluorescence intensity (MFI) of the
three phosphorylated signaling molecules on the T cell side
of the IS using a masking strategy to identify the contact area
between the two cells (Fig. 7 G and Materials and methods).
Fig. 7 H shows that disruption of arc formation using SMIFH2
resulted in marked reductions relative to the DMSO control
in the content of pSrc (Y416) and pLAT (Y191) at the IS of
Jurkat—Raji cell conjugates and a small but significant reduc-
tion in the content of pZAP70 (Y319). Of note, significant re-
ductions in the phosphorylation of these signaling molecules
were also seen in Western blots of SMIFH2-treated Jurkats
activated using soluble anti-CD3 (Fig. S5, A and B; C shows
that KVSM18-treated Jurkats did not show a drop in Lat phos-
phorylation). Finally, consistent with the data in preceding
figures and the work of others (Ilani et al., 2009; Kumari et
al., 2012; Yu et al., 2012), Jurkats in which myosin II was in-
hibited using pnBB phenocopied SMIFH2-treated cells as re-
gards defects in adhesion (Fig. 7 F) and signaling (Fig. 7 H).
Together, these results argue that formin-generated actomyo-
sin arcs are required for robust adhesion and TCR proximal
signaling in T cell-APC conjugates.

Formin-generated actomyosin arcs at the immune synapse * Murugesan et al.
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Functional consequences of formin inhibition. (A) 3D-SIM images of phalloidin-stained (grayscale) DMSO-reated or 10 pM SMIFH2-treated

Jurkat T cells stimulated on planar lipid bilayers containing Alexa Fluor 647-labeled anti-CD3 (red) to report TCR MC distribution. (B) Same as in A, except
cells were stained with M24 antibody (green) during IS formation to determine the distribution of open, active LFA-1. Radial plot profiles of TCR MCs (C)
and LFA-1 clusters (D) after DMSO or SMIFH2 treatment. n = 14-16 cells/condition; Data are means + SEM; P < 0.0001, two-way ANOVA. (E) Line scans
across cells in B fit to Gaussian distributions. (F) Adhesion conjugate assay after DMSO, SMIFH2, or pnBB treatment. n > 3 independent experiments; data
are means + SEM. (G) Combination masking strategy to quantitate fluorescence at the T cell IS. (H) Imaging flow cytometry of Jurkat T-B cell conjugates
fixed, immunostained, and analyzed on a flow cytometer for background-corrected MFI (Norm. Fluor. Int.) of the indicated signaling proteins after DMSO,
SMIFH2, or pnBB treatment. n > 3 independent experiments; data are means + SEM. Note that the differences remain statistically significant even when
background correction is omitted (DNS). Bars, 5 pm. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. a.u., arbitrary units; Norm. Fluor.

Int., normalized fluorescence intensity.

To further define the physical relationship among actomyosin
arcs, TCR MCs, and active LFA-1 in maturing synapses, we
engaged Jurkats with bilayers as in Fig. 7. In this case, however,
the anti—active LFA-1 antibody M24 was added 2 min after en-
gagement, and cells were fixed at 6 min instead of 10 min so as
to capture IS organization during maturation. After staining with
phalloidin, the distributions of F-actin (Fig. 8 A, white), TCR
MC:s (Fig. 8 A, red), and open, active LFA-1 (Fig. 8 A, green)
were imaged by 3D-SIM to precisely define the spatial relation-
ships among them. Fig. 8 A (first panel) shows a SIM image
of a typical Jurkat 6 min after engagement. Fig. 8 A (second
panel) shows an enlargement of a region in this cell’s pPSMAC.
Fig. 8 A (bottom nine panels) shows the signals in this boxed
region as a series of three pairwise comparisons. We made three
observations from these comparisons. First, the individual sig-
nals for TCR MCs (Fig. 8 A, third panel), F-actin (Fig. 8 A,

fourth panel), and their overlay (Fig. 8 A, fifth panel) indicate
that TCR MCs (red) tend to reside between actin arcs (white).
Second, the individual signals for TCR MCs (Fig. 8 A, sixth
panel), active LFA-1 (Fig. 8 A, seventh panel), and their overlay
(Fig. 8 A, eighth panel) indicate that TCR MCs (red) also tend
to reside between LFA-1-rich structures (green). Finally, the in-
dividual signals for F-actin (Fig. 8 A, ninth panel), active LFA-1
(Fig. 8 A, tenth panel), and their overlay (Fig. 8 A, eleventh
panel) indicate that active LFA-1 (green) tends to coincide with
actin arcs (white). Importantly, these observations were borne
out by quantitation. First, Pearson’s coefficient analyses of the
entire pPSMAC region show that the colocalization of F-actin
and active LFA-1 is much more significant than the colocaliza-
tion of F-actin and TCR MCs, LFA-1 and TCR MCs, and a ran-
domized control in which images were rotated 90° relative to
each other (Fig. 8 B). Second, line scans and radial plot profiles
across population average projections of individual TCR MCs
(Fig. 8, C and D) show overlapping intensity profiles for actin
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On average, TCR MCs reside between arcs, whereas active LFA-1 coincides with arcs in maturing synapses. (A) Three-color 3D-SIM imaging of

endogenous actin (grayscale), TCR MCs (red), and open, active LFA-1 (green) at a Jurkat T cell IS 6 min after bilayer engagement. (A, bottom nine panels)
Pairwise comparisons of the actin, LFA-1, and TCR MC channels and overlays. (B) Pearson’s correlation coefficient; n = 20-40 cells/correlation. Box plots
are cenfered on means and display upper and lower quartile ranges and min to max values. (C) Line scans across population-averaged TCR MCs. n =
110. (D) Radial plot profiles of population-averaged TCR MCs. n = 11 cells; 10-15 TCR MCs/cell. Data are means + SEM. Note that TCR MCs overlap
considerably with F-actin during initial cell spreading (Lam Hui et al., 2014). Bars, 1 pm. ****, P < 0.0001. a.u., arbitrary units; MyollA, myosin IIA;

Norm. Fluor. Int., normalized fluorescence intensity.

arcs (black line) and active LFA-1 (green line) that bracketed
and were largely excluded from the peak of TCR MC intensity
(red line). Finally, analysis of samples stained for endogenous
myosin II show that, as expected from the preceding data, the
position of myosin II correlated well with that of LFA-1 and
F-actin (Fig. 8 B and Fig. S4 B). Together, these highly resolved
static SIM images argue that, on average, TCR MCs reside be-
tween actin arcs, whereas active LFA-1 (and myosin II) coin-
cide with actin arcs during IS maturation.

The static SIM images in Fig. 8 demonstrating that TCR MCs
commonly reside between actin arcs suggest that TCR MCs
may be “swept” inward by these arcs. To look for such sweep-
ing behavior, we used live TIRF-SIM to image Jurkat T cells
expressing GFP-F-Tractin and engaged with bilayers contain-
ing Alexa Fluor 548-labeled anti-CD3 antibody to report the
position of TCR MCs. Video 9 and still images taken from it
(Fig. 9 A) show a clear example of this sweeping behavior, in
which a single TCR MC (Fig. 9 A, white open arrowheads)
is swept inward for a time by one arc (Fig. 9 A, first through
third panels, white closed arrowheads), slips past it (Fig. 9 A,
fourth panel) to be immediately picked up and swept inward

by a second arc (Fig. 9 A, fifth through seventh panels, yellow
arrowheads), and then slips again to be picked up by a third
arc (Fig. 9 A, eighth panel, blue arrowheads). Video 10 and the
still images taken from it in Fig. 9 B show a second example
of this sweeping behavior, in which a TCR MC (Fig. 9 B, open
arrowheads) is swept inward successively by two arcs (Fig. 9 B,
first through fourth panels, white closed arrowheads, and fifth
and sixth panels, yellow closed arrowheads). Consistent with
our previous work (Yi et al., 2012), the rates of inward arc
flow and TCR MC movement are not statistically different in
these videos (Fig. 9 C), suggesting that the immobile phase
arising from slippage is not large enough to significantly un-
couple MC movement from arc flow, at least in a bilayer con-
text. Collectively, these findings provide strong evidence that
formin-generated, LFA-1- and myosin II-rich actin arcs in the
pSMAC sweep TCR MCs inward to facilitate their robust ac-
cumulation in the cSMAC.

In this study, we used SIM to define the organization of the
Jurkat T cell’s actin cytoskeleton in unprecedented clarity and

Formin-generated actomyosin arcs at the immune synapse
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demonstrate in unequivocal fashion the existence of actomyo-
sin arcs in the pSMAC region of their IS. By combining SIM
imaging with the use of specific inhibitors, we showed how
formins and myosin II cooperate to create these actin arcs, and
we demonstrated their functional importance. We also used
TIRF-SIM to provide the first subdiffraction-limited imaging
of actin-driven TCR MC transport. Importantly, we showed that
actomyosin arcs are also major components of primary mouse
T cell synapses, arguing that they may play significant roles in
promoting T cell effector functions in vivo.

Although we presented many lines of evidence that the
arcs are formin generated, current models for the formation of
anisotropic lamellar actin structures like the arcs described in
this study involve not only formin-dependent nucleation, but
also the repurposing of the branched actin network in the lamel-
lipodium after debranching and cross-linking (Medeiros et al.,
2006; Burnette et al., 2011; Tojkander et al., 2012; Henson et al.,
2015; Tee et al., 2015). Although we cannot rule out some con-
tribution to arc formation from this pathway, it appears from our
imaging and inhibitor studies that the linear filaments made by
formins at the edge of the dSMAC are primarily responsible for
arc formation. Regarding the fate of the branched actin network
in the dSSMAC, the addition of Jasplakinolide, a drug that pre-
vents the depolymerization of actin filaments, causes the rapid
formation of a large F-actin ring at the dSSMAC/pSMAC bound-
ary (Yi et al., 2012). We think, therefore, that the majority of
the dSMAC is disassembled at this boundary, with the ensuing
release of monomer supporting continued Arp2/3- and formin-
dependent actin nucleation at the outer edge of the dSSMAC.

With regard to the functional significance of pSMAC
arcs, we show in Jurkat T cells that disruption of their forma-
tion via formin inhibition results in numerous functional defi-
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Figure 9. Actin arcs propel the centripetal transport of TCR
MCs across the pSMAC. (A and B) Still images from two
separate TIRF-SIM videos of Jurkat T cells expressing GFP-F-
Tractin (grayscale) stimulated on planar lipid bilayers contain-
ing Alexa Fluor 568-labeled anti-CD3 antibody (red) to re-
port TCR MC movement (Videos 9 and 10). (C) Quantitation
of rates of centripetal movement of actin and TCR MCs across
the dSMAC and pSMAC obtained from Videos 9 and 10. n
= 15-19 measurements/condition. Box plots are centered on
means and display upper and lower quartile ranges and min
to max values. Bars, 1 pm.
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ciencies, including less centralized TCR MCs, missegregated
integrin clusters, decreased T-B cell adhesion frequency, and
diminished TCR proximal signaling in conjugates. Moreover,
myosin II inhibition phenocopies formin inhibition, consistent
with the fact that arcs require myosin II for their organization
and contraction. This latter finding is consistent with a subset
of previous studies of myosin II function at the IS (Hammer
and Burkhardt, 2013). Given that centrosome repositioning is
facilitated by formins (Gomez et al., 2007) and helps sustain T
cell signaling (Martin-Céfreces et al., 2008), it remains possible
that some portion of the defects seen upon formin inhibition are
downstream of reduced centrosome repositioning.

Our demonstration that actomyosin arcs are commonly
decorated with the open, active conformation of LFA-1 during
IS maturation diverges from the recent results of Comrie et al.
(2015a), who reported essentially no overlap between active
LFA-1 and myosin II at the IS. Although part of this discrep-
ancy could be because of the different T cells studied (Jurkat in
this study versus human CD4%), it may have more to do with the
time points chosen for imaging (6—10 min in this study versus
30 min). Interestingly, Comrie et al. (2015a) attributed LFA-1
activation primarily to polymerization-driven actin retrograde
flow and minimally to myosin II contractility. This conclu-
sion was based in part on their observation that activation was
strongly inhibited when retrograde flow was blocked using Jas-
plakinolide, but not when myosin II contraction was inhibited
using blebbistatin. We note, however, that using Jasplakinolide
to impair actin retrograde flow may also impair actomyosin arc
function by rapidly depleting the actin monomer pool, based
on our demonstration in this study that this pool is normally
limiting for nucleation in T cells. We also note that their use
of blebbistatin (no preincubation and addition 5 min after ac-
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tivation) may have underestimated myosin II’s role in LFA-1
activation. That said, we also see evidence that actin retrograde
flow can promote LFA-1 activation, because open, active LFA-1
was still present at the IS when arc formation had been inhib-
ited (Fig. 7). Nevertheless, our demonstration that the open,
active conformation of LFA-1 commonly colocalizes with acto-
myosin arcs in maturing synapses argues that actomyosin arcs
probably play a significant role in integrin activation in T cells,
as in mesenchymal cells.

Perhaps our most remarkable observation, made possible
by the enhanced spatiotemporal resolution provided by 3D-SIM
and TIRF-SIM, was that TCR MCs in the pPSMAC appear to be
swept inward by the actomyosin arcs. This conclusion has rel-
evance for the longstanding question of how inward actin flow
propels the centripetal transport of MCs. Studies by DeMond
et al. (2008) and Yu et al. (2010) showed that thwarting the
inward movement of MCs using barriers placed in the bilayer
causes actin flow to slow transiently at the site of the thwarted
MC. This seminal observation argues for a frictional coupling
between TCR MCs and a viscoelastic actin cytoskeleton. Our
TIRF-SIM videos showing that arcs sweep MCs inward and
that slippage events can occur are consistent with this conclu-
sion. Whether the basis for this frictional coupling is simply
physical collision between the actin and the MC or involves
transient physical tethering between them (or some combina-
tion of both) remains to be seen. The imaging described in this
study could serve useful in efforts to resolve this latter issue.
Finally, these SIM modalities could prove valuable in defin-
ing the contributions made by actomyosin force generation to
phase-separated cluster formation, ligand discrimination, and
mechanotransduction at the IS (Chen and Zhu, 2013; Depoil
and Dustin, 2014; Su et al., 2016).

Materials and methods

Cell culture and transfection

E6.1 Jurkat T cells were maintained at 37°C in Iscove’s modified Dul-
becco’s media (Thermo Fisher Scientific) supplemented with 10% FBS
(Sigma-Aldrich), sodium pyruvate, L-glutamine, penicillin-strepto-
mycin, and MEM nonessential amino acids solution (Thermo Fisher
Scientific). Transfections were performed with 1.0 x 10° cells/ml and
2 to 3 pg plasmid DNA by nucleofection using Amaxa kit V (Lonza).
Primary mouse T cells were obtained via dissection of mouse ingui-
nal, axillary, brachial, and mesenteric lymph nodes. CD8* T cells were
isolated via negative selection using a CD8a* T cell isolation kit (Kit
II, MACS; Miltenyi Biotec) and grown in DMEM supplemented with
5% FBS, L-glutamine, and penicillin-streptomycin. The cells were then
activated for 72 h with plate-bound 2.5 pg/ml anti-mouse CD3 and 1
pg/ml anti-mouse CD28 antibodies (BD), followed by stimulation with
50 U/ml recombinant interleukin-2 (R&D Systems) every 48 h.

Plasmids and reagents

F-Tractin tagged with mGFP or tdTomato were gifts from M. Schell
(Uniformed Services University, Bethesda, MD). Anti-myosin IIA an-
tibody was purchased from Sigma-Aldrich. shRNA plasmids for con-
trol and mDial knockdown were gifts from D. Billadeau (Mayo Clinic,
Rochester, MN). Alexa-conjugated secondary antibodies and phalloi-
din were purchased from Thermo Fisher Scientific. Alexa Fluor 488—
conjugated anti-human LFA-1 (M24 clone) antibody was purchased
from BioLegend. Anti-INF2 non-CAAX antibody was a gift from
H. Higgs (Dartmouth University, Hanover, NH). Anti-mDial antibody

was purchased from Bethyl Laboratories, Inc. Anti-FMNL1 and anti—
a-actinin antibodies were purchased from Sigma-Aldrich. GFP-Tm4
was a gift from P. Gunning (University of New South Wales, Sydney,
New South Wales, Australia). pnBB was purchased from Octopharma.
CNO1 was purchased from Cytoskeleton, Inc. The inactive SMIFH2
analogue KVSM18 was a gift from D. Kovar (University of Chicago,
Chicago, IL). CK666, SMIFH2, ML-7,Y27632, and DMSO for vehicle
control were purchased from Sigma-Aldrich.

Immunofluorescence

Jurkat T cells were allowed to adhere to the substrate for 7 min at
37°C and then fixed for 15 min in 4% (wt/vol) PFA solution (Elec-
tron Microscopy Sciences) in cytoskeletal buffer (300 mM NaCl,
10 mM EGTA, 10 mM glucose, 10 mM MgCl,, 20 mM Pipes, pH
7.4, and 0.4% sucrose). Samples were then incubated in a blocking
solution consisting of 10% FBS (Sigma-Aldrich), 0.01% sodium
azide (Sigma-Aldrich), 1x PBS, and 0.2% saponin (Sigma-Aldrich)
for 15 min at room temperature (RT). After three washes in 1x PBS,
the cells were stained with primary antibody (1:100- to 500-fold
dilution in 1x PBS) for 1 h at RT, followed by secondary anti-
body (1:1,000-fold dilution in 1x PBS) or phalloidin (1:200-fold
dilution) for 1 h at RT.

Preparation of supported planar lipid bilayers

Liposomes and glass-supported planar lipid bilayers were prepared
as described previously (Varma et al., 2006; Yi et al., 2012; Crites et
al., 2015). All lipids were purchased from Avanti Polar Lipids, Inc.
Liposomes were created using a mixture of 1,2-dioleoyl-sn-glycero-
3-phosphocholine, biotin—-CAP-PE (1% molar ratio), and 1,2-dioleoyl-
sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)suc-
cinyl] (DGS)-NTA (1% molar ratio) lipids. To generate unilamellar
liposomes, lipids were lyophilized overnight, reconstituted in nitro-
gen-purged Tris-saline buffer, sonicated in a water bath, and passed
through an extrusion membrane (~50-nm pore size) using a mini-ex-
truder kit (Avanti Polar Lipids, Inc.). Bilayers were created in flow
chambers assembled using glass coverslips that had been cleaned using
Piranha solution (70% [vol/vol] sulfuric acid [Sigma-Aldrich]; and 30%
[vol/vol] hydrogen peroxide [Thermo Fisher Scientific]). After deposit-
ing liposomes onto the flow chambers, the chambers were washed with
HBS buffer (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buf-
fer saline) and 5% (wt/vol) casein (Sigma-Aldrich) to block nonspecific
sites (Yi et al., 2012). Next, a 1:2 ratio of monobiotinylated Alexa Fluor
568/647— or rhodamine X-labeled (10 pg/ml) anti-CD3e antibody and
streptavidin (85878; Sigma-Aldrich) were added to the flow chambers
along with histidine-tagged ICAM-1, either unlabeled or labeled with
Alexa Fluor 647 (0.5 pg/ml). Anti-CD3e antibody (OKT3; Biovest
International Inc.) was monobiotinylated and labeled with fluorescent
dyes as described previously (Carrasco et al., 2004). The uniformity
and lateral mobility of lipids in the bilayers was assessed by FRAP.

Preparation of stimulatory glass coverslips

Coverslip substrates coated with immobilized antibodies to stimu-
late Jurkat T cells were prepared as described previously (Bunnell et
al., 2003). In brief, eight-well coverglass chamber slides (Lab-Tek;
Thermo Fisher Scientific) were washed in HCL and 70% (vol/vol) eth-
anol. After three washes in 1x PBS, each well was incubated for 30 min
at RT with 500 pl of 0.01% (vol/vol) poly-L-lysine (Sigma-Aldrich).
Wells were then incubated for 1 h at 37°C with 500 ul of a solution con-
taining 20 pg/ul anti-CD3e antibody and 20 pg/ul anti-CD28 antibody
(BD) diluted in 1x PBS. For primary mouse CD4+/CD8* cells, the same
procedure was followed except that mouse anti-CD3/CD28 antibodies
(BD) were used instead.
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Microscopy

3D-SIM was performed on a 3D-SIM Imaging System (GE Delta-
Vision OMX; Applied Precision Ltd.) equipped with a 60x 1.42 NA
objective (Olympus). Raw data were reconstructed using Softworx
(Applied Precision Ltd.; GE Healthcare) and 0.003 for the wiener filter
constant. TIRF-SIM imaging was performed as described previously
(Beach et al., 2014; Li et al., 2015). In brief, images were acquired
using an inverted microscope (Axio Observer; ZEISS) fitted with a
100x 1.49 NA objective (Olympus) and a spatial light modulator to
provide phase grating for structured illumination (Li et al., 2015). Con-
focal imaging was performed on an IX81 with a 150x 1.4 NA objective
(Olympus) fitted with a spinning disk confocal unit (Yokogawa Electric
Corporation). Linear adjustments to images were made using ImageJ
software (National Institutes of Health).

Adhesion conjugate assay

The adhesion conjugate assay was performed as previously described
(Cannons et al., 2010; Zhao et al., 2012). In brief, Raji B cells were
pulsed with 2 pg/ml SEE for 1 h at 37°C and washed three times in
medium. Jurkat T cells were mixed with SEE-pulsed Raji B cells at a
ratio of 1:4 and incubated for 10 min at 37°C. For myosin II inhibition,
Jurkat T cells were preincubated with 50 uM pnBB or DMSO control.
For formin inhibition, 25 uM SMIFH2 was added to the Jurkat T cell
and Raji B cell mixture. Samples were fixed using 4% PFA and stained
with FITC-conjugated anti-human CD3 antibody (OKT3; eBioscience)
and PE-conjugated anti-human HLA-antigen D related (DR) antibody
(LN3; eBioscience). Conjugate frequency was analyzed using flow cy-
tometry (LSR II; BD) after collecting a minimum of 10,000 events,
with the OKT3* HLA-DR* double-positive population representing
Jurkat T-Raji B cell conjugates.

Amnis ImageStream flow cytometry assay

Imaging flow cytometry was performed as previously described (Mar-
key et al., 2015). In brief, Jurkat T and Raji B cells were transfected
with GFP- and RFP-farnesyl plasmids, respectively, using a nucleo-
fector kit (Amaxa; Lonza). Raji B cells were pulsed with 2 ug/ml SEE
for 1 hat 37°C and washed three times in medium. Jurkat T cells were
mixed with SEE-pulsed Raji B cells at a ratio of 1:1 and incubated
with NucBlue Live Ready Probes Reagent (Thermo Fisher Scientific)
for 10 min at 37°C. Samples were fixed using 4% PFA, permeabilized
using 0.2% saponin, and stained for phosphorylated signaling mole-
cules. Anti—phosphorylated Src (Y416) antibody, anti—phosphorylated
Zap70 (Y319)/Syk (Y352) antibody, and anti—phosphorylated Lat
(Y191; Cell Signaling Technology) were used as primary antibodies,
followed by an Alexa Fluor 647 secondary antibody (Thermo Fisher
Scientific). For data acquisition, a flow cytometer (Amnis Image-
Stream Gen-X Mark II; EMD Millipore) with four lasers (405, 488,
561, and 642 nm) was used. All acquisition was performed at a mag-
nification of 40 collecting a minimum of 30,000 events with a negative
control (SEE-null) and compensation controls. Focused cells based on
the gradient root mean square feature were analyzed. Doublet events
were gated from the aspect ratio analysis and then refined further using
GFP and RFP double-positive cells. Jurkat T cell and Raji B cell dou-
blets were successfully identified using this strategy, and the selection
of high image quality, focused doublets within the viewing window
allowed the refining of final gating (n = 25-225 cells). A combination
mask was then used to identify pixels at the interface (valley mask)
and overlap with the T cell (intensity mask). Background-corrected
MFIs at the masked region were calculated by subtracting the MFI of
the control (SEE-null) from the MFI of each phosphoprotein in differ-
ent inhibition conditions. These values were then used for statistical
analyses (Prism 6; GraphPad Software).
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In vitro T cell activation assay

To activate Jurkats using soluble anti-CD3 antibody (Balagopalan et
al., 2011), cells were washed with serum-free RPMI 1640, resuspended
to a concentration of 3 x 107 cells/ml, and activated with anti-CD3 (1
ug/ml) for the indicated time points. Activation was halted by lysing the
cells using 95°C 2x sample buffer and boiling for 3 min. Samples were
then passed through a small-gauge syringe needle to shear the DNA
and loaded onto a 10% precast polyacrylamide gel (Thermo Fisher
Scientific). The separated proteins were transferred to nitrocellulose
membrane that was then blocked overnight at 4°C in TBST (10 mM
Tris, pH 8.0, 150 mM NaCl, and 0.05% Tween 20) supplemented with
5% milk. All antibodies were diluted in TBST containing 5% milk.
Primary antibodies were added to the membrane for 2 h at RT, fol-
lowed by three 10-min washes in TBST and a 1-h incubation at RT
with the appropriate secondary antibody. The proteins were visualized
by chemiluminescence. Quantitation of the phosphorylation status of
the signaling proteins was performed by measuring the integrated den-
sity of the bands on ImageJ (National Institutes of Health) followed
by background correction and normalization to an anti—actin antibody
(Sigma-Aldrich) loading control.

Image and statistical analyses

All statistical analyses were performed using Prism 6 (GraphPad Soft-
ware). Unless otherwise indicated, all statistical comparisons were per-
formed using unpaired, two-tailed ¢ tests. Box and whiskers plots are
centered on the mean and display upper and lower quartile ranges and
min to max values. All data represent mean + SEM except Figs. 4 D and
6 B, which are mean + SD. To compare the relative pPSMAC footprint at
the IS of Jurkat T cells versus primary CD8* T cells (Fig. 2 D), the total
IS area was determined based on thresholds for F-actin intensity. Out-
lines for the dSSMAC and pSMAC were manually determined using the
F-actin channel and superimposed on the thresholded image. The area
within the identified regions was measured using ImageJ (National In-
stitutes of Health). To compare the actin spike morphology in Fig. 4 D
(bottom panels), the Filotracker script from MATLAB application
CellGeo was used on max projections of phalloidin-stained 3D-SIM
images as previously described (Tsygankov et al., 2014). To qualita-
tively assess actin arc morphology, maximum projections of 3D-SIM
images of phalloidin-stained Jurkat T cells were scored manually into
four categories: Organized/concentric, Disorganized/inward pointing,
Disorganized/meshwork, and No arcs. Note that Organized/concentric
was used to describe cells with robust actin arcs, similar to representa-
tive images of control cells. To quantify the content of actin arcs in the
PSMAC, maximum projections of phalloidin-stained 3D-SIM images
of Jurkat T cells were used to capture the interior of the IS (i.e., every-
thing except the dSSMAC). Note that we chose to measure all regions of
the IS except the dSSMAC because formin inhibited cells do not display
enough actin arcs to accurately define a pPSMAC/cSMAC boundary.
Note also that formin-inhibited cells display an increase in cSMAC
phalloidin signal because of an increase in the frequency of F-actin
foci. Therefore, our results likely underestimate the loss of pSMAC
actin arc fluorescence upon SMIFH2 treatment. Imaging parameters
across conditions were kept identical. The integrated pixel intensities
of the outlined regions of interest for each condition were measured
using ImageJ (National Institutes of Health). The FibrilTool plugin
for Image] was used to measure actin arc morphology as described
previously (Boudaoud et al., 2014). In brief, the pPSMAC regions in
maximum projections of phalloidin-stained 3D-SIM images were di-
vided into 10-12 trapezoid shaped ROIs of similar size to measure the
anisotropy of arcs in the radial symmetric pPSMAC. To measure the
distribution of TCR MCs and LFA-1 at the IS, we used the radial plot
profile plugin for ImagelJ. The plugin approximated the outline of the
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cell based on manual drawing of a quadrangle that best fit the cellular
dimensions (identified by F-actin staining). This outline was super-
imposed on the channel displaying TCR MCs or LFA-1, followed by
radial plot profile generation. Radial plot profile intensities were back-
ground subtracted and normalized for intensity. To account for cell size
variance, cell radii were normalized to 1, and intensities were binned
41 times along the normalized radii. The two-way analysis of variance
(ANOVA) was used to test for statistical significance between control
and experimental condition datasets. The distribution of TCR MCs and
LFA-1 at the IS was also measured by drawing line scans across the
IS. After background subtraction, the line scans were normalized as
described above for radial plot profiles, but fit to Gaussian distributions
and tested for single versus two-Gaussian fit in Prism (GraphPad Soft-
ware). To compare the spatial associations between F-actin, TCR MCs,
LFA-1, and myosin IIA, 3D-SIM images were thresholded using the
F-actin channel to find the center of the cell (xy coordinates). The TCR
MC channel was then thresholded to identify the MCs and find their
centers (xy coordinates). A 40 x 40-pixel box was drawn to crop 10-15
PSMAC TCR MCs per cell. These images were aligned and rotated
by measuring the angles between the MC and the center of the cell in
Excel using the ArcTan function (Microsoft). The images from each
channel were then superimposed to obtain population averaged images
for radial plot profiles and line scan analyses as described earlier in this
section. To assess colocalizations, Pearson’s coefficient analyses were
performed using the JaCop plugin in ImageJ. To measure the speed
of centripetal actin and TCR MC movement, kymographs were made
from TIRF-SIM videos using the MultipleKymograph plugin from Im-
agelJ. The dSSMAC and pSMAC regions were identified by the relatively
abrupt change in slope for F-actin flow, and rates were determined by
measuring slope angles.

Online supplemental material

Fig. S1 shows that actomyosin arcs exist in primary mouse CD8* T cells
and that td-Tomato—F-Tractin, but not RFP-actin, labels actin arcs. Fig.
S2 shows that several formins (including mDial) are enriched at the tips
of actin spikes and that mDial knockdown inhibits arc formation. Fig.
S3 shows that an activator of Rho GTPases enhances arcs and that arcs
label robustly with TM4 but not a-actinin. Fig. S4 shows that myosin
II inhibition disrupts receptor cluster distribution and that myosin II
coincides with actin and open, active LFA-1 in the pSMAC. Fig. S5
shows that SMIFH2 inhibits signaling in T cells stimulated with soluble
antigen and that KVSM18 does not inhibit Lat phosphorylation. Video 1
shows the dynamics of F-actin networks at the IS using TIRF-SIM.
Video 2 shows the dynamics of actomyosin arcs using two-color TIRF-
SIM in a Jurkat. Video 3 shows the formation of linear actin filaments/
bundles at the distal edge of the IS. Video 4 shows linear actin filaments/
bundles, embedded in the dSMAC, flowing inward and giving rise
to pSMAC actin arcs. Video 5 shows the reversible augmentation of
linear actin filaments/bundles upon Arp2/3 inhibition. Video 6 shows
augmented actin filaments/bundles that flow inward and bend to give
rise to actin arcs. Video 7 shows the recovery of actin arc formation upon
washout of the formin inhibitor. Video 8 shows that myosin II inhibition
disrupts the organization of actin arcs. Videos 9 and 10 show TCR MCs
being swept inward by actin arcs. Additional data are available in the
JCB DataViewer at http://dx.doi.org/10.1083/jcb.201603080.dv.
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