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Abstract

The engagement of a T cell with an antigen-presenting cell (APC) or activating surface results in
the formation within the T cell of several distinct actin and actomyosin networks. These networks
reside largely within a narrow zone immediately under the T cell’s plasma membrane at its site of
contact with the APC or activating surface, i.e., at the immunological synapse. Here we review the
origin, organization, dynamics, and function of these synapse-associated actin and actomyosin
networks. Importantly, recent insights into the nature of these actin-based cytoskeletal structures
were made possible in several cases by advances in light microscopy.
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INTRODUCTION

Upon contact with an antigen-presenting cell (APC), the portion of the T cell’s cortex in
contact with the APC undergoes a dramatic increase in the assembly of several actin and
actomyosin networks (1-10). The dynamics of these unique networks drive in cooperative
fashion the centripetal transport and positioning of proteins within the T cell’s plasma
membrane. The culmination of these events is the formation of a mature immunological
synapse (IS) characterized by three distinct zones within the T cell: the central
supramolecular activation cluster (cSMAC) and two surrounding radial symmetric rings, the
peripheral SMAC (pSMAC) and the distal SMAC (dSMAC) (11, 12) (Figure 1a). This
review focuses on the creation, organization, dynamics, and function of the actin and
actomyosin networks that span these three zones. Toward that end, we begin with a review
of the basic principles of actin assembly and myosin biochemistry. We then explain how T
cells employ these basic principles to create distinct actin and actomyosin networks at the
immune synapse. Finally, we describe how these distinct networks drive the maturation of
the IS, the adhesion of the T cell to the APC, and one major T cell effector function—the
polarized secretion of lytic granules (LGs) by cytotoxic T cells (CTLS).
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Our review is centered around four distinct actin networks that coexist at the IS: the
lamellipodia-like branched actin network at the periphery of the IS (the dSSMAC), the
lamella-like actomyosin arc network in the medial portion of the IS (the pPSMAC), the
hypodense actin network at the center of the IS (the cSMAC), and actin foci in the dASMAC
and pSMAC (Figure 1b). For each network, we describe what it looks like, where it comes
from, and what it does. More specifically, we describe the signals that stimulate its
formation, the nucleation-promoting factors (NPFs) and nucleation machines that create it,
the specifics of its architecture and dynamics, the signature molecules it contains, and
current understanding of its functions. Most of this information has come from imaging T
cells on activating surfaces (13). While this approach places the IS in an imaging plane that
is ideal for high-resolution and superresolution microscopy, it is not entirely physiological.
We close, therefore, with a discussion of where the field must go to visualize these actin
networks in truly physiological settings.

BASIC PRINCIPLES OF ACTIN ASSEMBLY

Although cells typically contain copious amounts of F-actin at steady state, these filaments
do not arise spontaneously, as spontaneous filament nucleation and elongation are strongly
suppressed in cells by two mechanisms (14-16). First, small actin seeds like dimers and
trimers that form spontaneously are extremely unstable and very rapidly dissociate back to
monomers rather than elongate into filaments. Second, most of the actin monomer in cells is
bound to profilin. While the profilin:actin complex works perfectly as a substrate for actin
filament elongation (with profilin being released immediately upon addition), it is
completely incapable of undergoing spontaneous nucleation. What all this means is that
actin filaments do not form on their own. Rather, they are made only when the cell decides
to make them through the action of specific nucleating machines. This is the first major
principle of actin filament assembly in cells.

Cells make actin filaments using two actin filament nucleation machines: the Arp2/3
complex and the formins (17-21). Amazingly, these two nucleation machines create
networks of dramatically different architecture. The seven-member Arp2/3 complex creates
branched actin networks by first binding to the side of an existing filament (the mother
filament) and then nucleating a branch (the daughter filament) that grows off the side of the
mother at a 70° angle (22). The rapid capping of these branched filaments by Capping
Protein results in a dendritic actin network that exhibits sufficient tensile strength to push the
cell edge forward. The quintessential Arp2/3-generated actin structure is the lamellipodium,
a flat, sheet-like extension found at the leading edge of mesenchymal cells. Formins, on the
other hand, create linear actin networks by nucleating single filaments and then elongating
them while simultaneously holding on to their growing end (23, 24). Filament nucleation
and elongation involve cooperation between the formin’s two FH2 domains, which rock
back and forth on the growing filament end to allow in alternating fashion the addition of a
profilin:actin complex to each strand of the actin filament. Assembly is accelerated by the
formin’s FH1 domain, which feeds profilin:actin complexes to the FH2 domains. Common
cellular structures whose formation involves formin-dependent nucleation/assembly include
filopodia, diverse types of stress fibers that occupy the lamella of mesenchymal cells, and
the contractile ring of dividing cells.
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Importantly, the Arp2/3 complex and formins (at least Dia and FMNLL1, the two major
formins expressed in T cells) (25) are by themselves largely inactive. For Arp2/3, its ability
to robustly nucleate a branch off the side of a mother filament requires its transient
interaction with an NPF. The two major NPFs for Arp2/3 are WASp and WAVE (14, 18, 19).
Even more importantly, WASp and WAVE are intrinsically inactive. In the case of WASpP, it
undergoes autoinhibitory intramolecular folding in the cytoplasm, which blocks its ability to
activate the Arp2/3 complex (26, 27). Several signals at the plasma membrane, most notably
Cdc42-GTP, the polyphosphoinositide PIP5, and the adaptor protein Nck, synergize to
simultaneously recruit, unfold, and activate WASp, allowing it to then promote Arp2/3-
dependent branched actin nucleation immediately under the membrane. In the case of
WAVE, it too is held inactive in the cytoplasm, but in this case through an interaction with
four other proteins that, together with WAVE, constitute the WAVE Regulatory Complex
(WRC) (28, 29). Binding of the WRC to both Rac1-GTP and the polyphosphoinositide PIP3
in the plasma membrane alters the conformation of the WRC such that WAVE can now
promote Arp2/3-dependent nucleation. Finally, the formins Dia and FMNL1 are also
intrinsically inactive because they undergo intramolecular folding in the cytoplasm, which
blocks their ability to nucleate and elongate actin filaments (20). Both formins are
simultaneously unfolded and activated for linear filament assembly by binding to RhoA-
GTP and PIP; in the plasma membrane.

Several major principles of actin filament assembly are embedded in the regulatory and
assembly mechanisms just described. First, actin filament nucleation and assembly occur
almost exclusively at the interface between the plasma membrane and the cytoplasm (or
between intracellular membranes and the cytoplasm). For branched networks, this involves
the continued recruitment of fresh Arp2/3 molecules to the leading edge of the growing
network, where they are then activated by a membrane-bound NPF to promote further
branching. For linear networks, this means the same membrane-associated formin that
initiated the assembly of a filament remains on the end of that filament, where it then drives
the addition of monomers while simultaneously holding on to both the growing end and the
membrane (this process is often referred to as insertional polymerization). Simply stated, all
assembly action occurs in a very narrow zone just under the plasma membrane (or just
outside of an organelle membrane). Second, a common set of “make-actin” signals, most
notably active Rho family GTPases and polyphosphoinositides, drive actin assembly
(specific adaptors, which are not covered here except for Nck for WASp and WRC for
WAVE, also play important roles). Finally, by controlling the signals at membranes that
drive the recruitment and activation of formins and the NPFs for Arp2/3, cells can exert
almost total control over when and where actin filaments are made.

A final principle of actin assembly that is particularly relevant to recent studies in T cells is
that the amount of actin monomer available at steady state for filament creation is limiting,
such that the Arp2/3 complex and formins are competing for it. This central paradigm was
demonstrated initially in budding yeast, where inhibition of Arp2/3 was shown to result in a
very large increase in the amount of formin-dependent actin structures (and vice versa using
formin inhibition) (30). Subsequent studies extended this observation to vertebrate cells, and
showed that the greater effect is seen on formin-dependent structures when Arp2/3 is
inhibited, as Arp2/3 is consuming the majority of monomer at steady state (31-33). A major
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implication of this concept is that for actin assembly to continue, fresh actin monomer must
be continuously generated by actin filament disassembly. The major player driving actin
filament disassembly is the F-actin-severing protein cofilin (34). It makes sense, therefore,
that the signals that drive Arp2/3-dependent assembly downstream of WAVE (the major
consumer of monomer in most cells, including T cells) also drive cofilin activation (35).
Without cofilin-driven filament turnover, filament assembly would rapidly slow as Arp2/3
quickly becomes starved for monomer. Of note, this principle means that blocking actin
filament disassembly with jasplakinolide also leads to the rapid diminution of assembly as
the monomer pool rapidly shrinks.

BASIC PRINCIPLES OF MYOSIN 2 FUNCTION

Nonmuscle myosin 2 s (denoted here simply as myosin 2), of which there are three in
vertebrates (myosin 2A, myosin 2B, and myosin 2C), are the major actin-based contractile
machine in all nonmuscle cell types, including T cells (which express primarily myosin 2A)
(36-38). Myosin 2s are similar structurally and functionally to muscle myosins and, like
muscle myosins, perform their cellular duties in the form of bipolar filaments (albeit much
smaller filaments containing only ~30 myosins, consistent with the tight working
environment within nonmuscle cells). When the motor domains at each end of these ~300-
nm-long myosin 2 bipolar filaments engage actin filaments of opposing orientation, they
drive the sliding of these opposing actin filaments past each other, resulting in contraction
(just as in the muscle sarcomere). Common cellular functions powered by myosin 2 bipolar-
filament-dependent actin filament sliding are the closure of the contractile ring during
cytokinesis and the generation of tension on focal adhesions by myosin 2-rich stress fibers.
Notably, myosin 2 filaments drive motility primarily in cooperation with linear, formin-
generated actin structures.

Cells regulate where and when myosin 2—based contractions occur by regulating where and
when myosin 2 monomers are assembled into bipolar filaments through the action of
multiple regulatory light chain (RLC) kinases (37, 38). RLC phosphorylation activates
myosin 2s by converting them from folded monomers, which are mechanically silent and
incapable of assembling into filaments, into extended monomers, which readily assemble
into filaments and are capable of walking on F-actin. One major RLC kinase is the Rho-
associated coiled-coil kinase (commaonly referred to as ROCK), which is activated by Rho-
GTP and appears to play a leading role in the assembly and maintenance of large-scale
actomyosin structures in the lamella of mesenchymal cells. Of note, myosin 2s are very
unlikely to act as vesicle motors. As “low-duty ratio” motors, myosin 2s act as ensembles to
drive the contraction of actin networks, not as unitary, processive, cargo-binding, “high-duty
ratio” motors like myosin V (39).

Myosin 2 function in cells can be blocked conditionally and rapidly using the cell-permeant,
small-molecule inhibitor blebbistatin, which selectively inhibits all myosin 2 isoforms by
stabilizing their motor domains in a weak actin-binding state, effectively dissociating them
from actin (40). Of note, the original version of blebbistatin rapidly degrades when
illuminated with blue light [e.g., when imaging green fluorescent protein (GFP)] (41). This
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causes it not only to lose activity but also to generate free radicals that are toxic to cells. A
newer version, para-nitroblebbistatin, does not have this issue (42).

THE FOUR ACTIN NETWORKS AT THE T CELL IMMUNOLOGICAL
SYNAPSE

Most of what we know about the formation, organization, and dynamics of actin and
actomyosin networks at the 1S has come from imaging T cells engaged with activating
surfaces (coated glass, planar lipid bilayers), which position this cortical structure in the
ideal imaging plane. Within minutes of contact with an activating surface, two major actin
networks, one less conspicuous actin structure, and a region containing much less actin
(albeit still functionally important) are evident at the maturing IS (Figures 1b, 2a). Below we
review the source, organization, and dynamics of these four actin networks. In the following
sections, we review the contributions they make to T cell function.

THE BRANCHED ACTIN NETWORK IN THE dSMAC

Far and away the most obvious actin network at the IS is the bright actin ring that forms at
the periphery of the IS (i.e., the dSMAC portion of the IS) shortly after contact with an
activating surface (43-53) (Figures 1c—f,2a; see also Supplemental Video 1). This ring,
which can be seen in both Jurkat T cells and primary T cells without very sophisticated
microscopy (Figure 1c), is composed almost entirely of a branched actin network created by
the Arp2/3 complex located all along the outer edge of the IS (Figure 2b). The assembly of
this network, which is analogous to the lamellipodium of a crawling mesenchymal cell,
serves initially to drive the spreading of the T cell across the activating surface. Once the cell
is fully spread, continued assembly of this network drives a radially symmetric inward flow
of F-actin commonly referred to as retrograde flow, which moves inward at ~0.1 um/s
(47,48, 52) (Figure 2c¢). This network occupies just the dSMAC portion of the IS, as it is
largely disassembled at the dSSMAC/pSMAC boundary, based on imaging (it disappears
rather abruptly at this boundary; see, for example, Figure 1c—f, Supplemental Video 1) and
on the rapid appearance of a bright actin ring at this boundary when actin filament
disassembly is blocked using jasplakinolide (47) (Figure 2b). Of note, seminal work
employing fluorescence speckle microscopy revealed a similarly abrupt disassembly of the
lamellipodium in mesenchymal cells (54).

This branched network can be imaged dynamically using GFP-actin because the Arp2/3
complex efficiently incorporates modified actins into filaments. Importantly, the assembly of
this network can be rapidly, potently, and conditionally blocked using the membrane-
permeant, small-molecule inhibitor of the Arp2/3 complex, CK-666 (55). Finally, the core
machinery driving the assembly of this branched actin network is as follows. First, activation
of the lipid kinase PI3K downstream of T cell receptor (TCR) engagement leads to the
conversion of PIP; to PIP3 in the plasma membrane (56). PIP3 then recruits the Rac GEF
DOCKZ2, leading to elevated levels of active Rac-GTP in the membrane (57, 58). These two
“make-actin” signals then recruit and activate WRC complexes containing WAVE?2 at the
plasma membrane (29, 56, 59). Finally, active WAVE2 promotes branched nucleation by the
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Arp2/3 complex just under the plasma membrane at the outer edge of the IS to drive cell
spreading and then retrograde actin flow (59, 60) (Figure 3a).

THE ACTOMYOSIN ARC NETWORK IN THE pSMAC

The second major actin network at the IS is the myosin 2—rich actin arc network that
occupies the pSMAC portion of the IS (47-52) (Figures 1c—f,Figure 2a; see also
Supplemental Videos 1, 2). The actin making up this network, which is analogous to
actomyosin networks in the lamella of mesenchymal cells, is created by the formin Dial
functioning at the plasma membrane at the IS outer edge (48) (Figure 2b). There Dial
generates linear actin filaments that dive down through the branched actin network in the
dSMAC and then bend upon exiting the dASMAC to give rise to concentric actin arcs in the
pSMAC (48) (Figure 2b). These linear filaments have the topology of filaments generated by
membrane-bound formin, which can either protrude outward to form filopodia or dive down
into the cell, as is the case at the IS. Arc assembly is rapidly, potently, and conditionally
inhibited using the pan-formin inhibitor SMIFH2 (61), as well as by knockdown of Dial
(48). Importantly, the arcs are heavily decorated with bipolar filaments of myosin 2A
(Figures 1c,f and Figure 2a; Supplemental Video 2) and so are thought to undergo a
telescoping contraction as they move inward, much as occurs in the contractile ring of a
dividing cell (48, 52, 62). The average inward speed of this radial symmetric, contracting
actomyosin network is ~0.035 pm/s, or about one-third the rate of polymerization-driven
retrograde actin flow in the dSSMAC (47, 48) (Figure 2c¢). Myosin 2 is required to organize
the arcs into concentric structures, as inhibition of myosin 2 using blebbistatin results in
nonconcentric, highly disorganized arcs (48). Therefore, one can either block the formation
of the arcs with SMIFH2 or disrupt their concentric organization with blebbistatin if one
wishes to inhibit the function of this network. Finally, this actomyosin arc network occupies
just the pSMAC portion of the IS, as it is largely disassembled at the pPSMAC/cSMAC
boundary based on imaging (it disappears rather abruptly at this boundary; see, for example,
Figure 1c—f; Supplemental Videos 1, 2), and on the rapid appearance of a bright actin ring at
this boundary when actin filament disassembly is blocked using jasplakinolide (47) (Figure
2h).

While actin arcs are visible by phalloidin staining in untransfected cells (Figure 1c,d) or in
live cells using an indirect reporter for F-actin like F-Tractin (Figure 1e,f; Supplemental
Videos 1, 2), they are not visible using GFP-actin (44—-46) because, unlike the Arp2/3
complex, most if not all formins do not incorporate modified actins efficiently (63). Indeed,
the fact that the arcs label very poorly with GFP-actin is a clear indication that they are
formin-generated structures. Because most investigators have historically used GFP-actin to
follow IS actin dynamics, the existence of the arcs was missed for many years (although
strong myosin 2 staining at the pPSMAC had been seen). That said, their existence in the
pSMAC, where the T cell accumulates its integrin LFA-1 to drive adhesion to the APC (see
below), should not be surprising given that the lamella of mesenchymal cells is dominated
by linear, formin-generated, myosin 2-decorated actin structures that colocalize with
integrin-based adhesions.
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The pSMAC actin arc network is considerably more challenging to image than the branched
network in the ASSMAC, as it is much dimmer. Phalloidin-stained or F-Tractin-labeled arcs
can be seen using high-resolution confocal imaging [e.g., spinning disc confocal microscopy
with a high-numerical-aperture objective (47)] or, more recently, superresolution confocal
microscopy using Zeiss Airyscan (unpublished observation). That said, their organization
and dynamics are best imaged using a combination of total internal reflection (TIRF)
illumination, which provides superior signal-to-noise ratio (and can be used because these
structures are very close to the ventral plasma membrane), and structured illumination,
which provides ~100-nm X/Y resolution, allowing one to image individual arcs (48) (Figure
1d-f; Supplemental Videos 1, 2).

Actin arc formation increases dramatically following the addition of the Arp2/3 inhibitor
CK-666, most likely because of the increase in actin monomer made available to Dia (48).
Moreover, the Dia-generated linear filaments embedded within the dSSMAC that give rise to
the arcs transform upon CK-666 addition into surface spikes as the surrounding branched
network disappears (25, 48). Consistent with the fact that the arcs are eliminated by the
knockdown of Dia, the tips of these CK-666-induced spikes stain strongly for endogenous
Dia (48). Finally, both spike formation and the increase in arc content caused by CK-666
addition are blocked by the simultaneous addition of SMIFH2 (48).

Two self-organizing properties propel the formation of the radially symmetric contractile
structure composing the pSMAC. First, the filaments used to create the arcs all have their
barbed ends at the plasma membrane because they are formin generated (Figure 2b).
Consequently, these filaments present their pointed ends upon entering the pSMAC, just as
filaments do upon entering the bare zone of the sarcomere. Second, stochastic variations in
the direction the linear filaments bend as they exit the dSMAC and enter the pSMAC (Figure
2a) should ensure that bipolar myosin 2 filaments are routinely engaged with actin filaments
of opposing orientation, a prerequisite for the myosin 2—dependent contraction and inward
movement of the arcs (48).

The recruitment of Dial to the plasma membrane is most likely driven by its binding to both
RhoA-GTP and PIP, (Figure 3b). Recruitment also serves to unfold and activate Dial by
disrupting the interaction between the two domains that serve to stabilize its folded, inactive
conformation (the DID and DAD domains) (20). The signals that drive the loading of RhoA
with GTP in T cells have not been defined. Finally, the phosphorylation of Dial’s DAD
domain by the kinase ROCK may also help to unfold and activate it (20) (Figure 3b). This
would fit nicely with the fact that myosin 2, which is required to organize and contract the
actin structures created by Dial, is strongly activated by the ROCK-dependent
phosphorylation of its RLC and the ROCK-dependent inhibition of the RLC phosphatase
PP2A (36-38) (Figure 3b).

Finally, while this actomyosin network was initially identified in Jurkat T cells (47, 48), it is
also present in synapses formed on activating surfaces by primary T cells (49). Indeed, the
arc network formed by primary T cells occupies an even greater fraction of total IS area than
that formed by Jurkat T cells. Moreover, the localization of endogenous myosin 2 on the arcs
of primary T cells often appears almost sarcomeric in nature (48).
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THE HYPODENSE F-ACTIN NETWORK IN THE cSMAC

The relatively abrupt, large-scale disassembly of the actomyosin arcs at the inner aspect of
the pPSMAC yields a cSMAC with greatly diminished F-actin density (43-52) (Figures 1c—f
Figure 2a; Supplemental Videos 1, 2). Indeed, the cSMAC is commonly referred to as actin-
poor, actin hypodense, or even actin depleted based on typical confocal images of the
cSMAC in mature synapses generated on activating surfaces. While the cSMAC is clearly
actin poor compared to the major actin networks in the dSMAC and pSMAC, high-
resolution confocal images often reveal small amounts of F-actin distributed across it (47,
52). More importantly, imaging this cSMAC actin in mature synapses made by natural killer
(NK) and T cells on activating surfaces using several super-resolution imaging modalities
[most notably stimulated emission depletion (STED) microscopy and TIRF-structured
illumination microscopy (SIM)] has revealed a fine isotropic network of filaments that
pervades the cSMAC and that comprises small actin foci embedded within both straight and
branched filaments/fibers (64, 65). While this network is largely static in terms of directional
flow (Figure 2¢), it is dynamic on a nanoscale (66). Experiments using CK-666 indicate that
a significant fraction of this fine actin network is created by the Arp2/3 complex, although
the specific site of nucleation and the NPF involved remain unknown (66) (Figures 2b, 3c).
As for the linear filaments, experiments using SMIFH2 to test a possible contribution from
formins were inconclusive (66). That said, the substantial increase in linear filament content
in the cSMAC following CK-666 addition seen in this study argues that at least one formin
is contributing (66), although the specific formin involved, the signals that recruit/activate it,
and its exact site of nucleation remain unknown (Figures 2b, 3c). One distinct possibility is
that the linear actin structures in the normal cSMAC are simply remnants of the formin-
generated actin arcs that span the pSMAC. Finally, simultaneous imaging of F-actin and LG
secretion at the cSMAC is consistent with granule release triggering an increase in actin
assembly at the cSMAC that is preceded by a rise in plasma membrane PIP, content, and
that serves to restrict further LG secretion and promote serial killing (67). The specific
nucleator, NPF, and signal (other than PIP,) driving this actin assembly have not been
identified.

ACTIN FOCI IN THE dSMAC AND pSMAC

The last of the four actin networks at the T cell IS are small actin foci found throughout the
dSMAC and pSMAC in synapses made by primary T cells on activating surfaces (68)
(Figure 2a). These structures, which represent a minor fraction of total synaptic F-actin, are
created by the Arp2/3 complex in conjunction with the NPF WASp (Figure 2b).
Consistently, they are greatly diminished in T cells that lack WASp (68). Moreover, they are
the only IS actin structure that is diminished in T cells lacking WASp because the Arp2/3
complex uses WAVE?2 rather than WASp to create the branched network in the dSSMAC, and
the arc network in the pSMAC is formin generated (Figures 2b, 3). In other words, the
appearance and organization of actin and actomyosin at synapses formed by WASp null T
cells are essentially normal (2, 4, 59, 69). Approximately 35% of TCR microclusters
colocalize with actin foci, although what distinguishes these TCR microclusters from the
remainder that lack foci is unclear (68). Foci present at the periphery of the IS move inward
at the same rate as actin retrograde flow in the dSMAC (~0.1 um/s) and disappear by the
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time they reach the pPSMAC/cSMAC boundary (Figure 2a,c). Finally, many actin foci are not
associated with TCR microclusters. This fact, together with their general appearance (i.e.,
actin dots), their dependence on WASp and Arp2/3 for formation, and the fact that their
formation also requires HS1 (the hematopoietic version of cortactin, which serves to
stabilize actin branches), makes them quite similar to podosomes (70). Staining with a
podosome-specific marker like TKS4 would help resolve this ambiguity.

The pathway leading to foci formation is the pathway most often cited in reviews regarding
actin assembly at the IS, in which proximal signaling downstream of TCR engagement leads
to the recruitment of the adaptor protein Slp76 to LAT clusters at the plasma membrane (71,
72) (Figure 3d). SIp76 then recruits Vav, which serves as a guanine nucleotide exchange
factor (GEF) for Cdc42, the specific Rho GTPase that recruits, unfolds, and activates WASp
(73, 74). Finally, Slp76 also recruits the adaptor protein Nck, which also helps bring WASp
to the membrane. Interestingly, Jurkat T cells apparently do not make actin foci (68). This
might be because Jurkats lack the lipid phosphatase PTEN, which generates PIP, from PIP3.
PTEN loss should result, therefore, in reduced PIP levels in the plasma membrane, which in
turn would impair the recruitment of WASp and the formation of foci. Perhaps the
expression of PTEN in Jurkats, or the partial suppression of PI3K activity, might augment
foci formation in Jurkats by shifting the balance between PIP, and PIP3 in favor of PIP,. Of
note, formin inhibition in Jurkats not only blocks arc formation but also results in the
appearance of numerous actin foci at the IS, possibly downstream of increased Arp2/3-
dependent nucleation (48). The precise relationship between these actin foci and those
reported by Kumari et al. (68) has not been explored, however.

FUNCTION OF ACTIN AND ACTOMYOSIN STRUCTURES AT THE T CELL
IMMUNOLOGICAL SYNAPSE

Actin and actomyosin structures at the IS must accomplish at least four major tasks: (&)
promote the assembly of TCR microclusters to drive TCR signaling, (6) power the
centripetal transport of TCR microclusters to drive IS maturation and microcluster fate, (¢)
promote the activation of integrins and their positioning to drive T cell-APC attachment, and
(d) control/facilitate major T cell effector functions like polarized secretion. We next discuss
the contributions made by the four actin networks described above to these four major tasks.

ASSEMBLY OF TCR MICROCLUSTERS AND SUBSEQUENT SIGNALING

TCR microclusters assemble largely within the branched actin network in the dASMAC but
can further enlarge as they move inward across the actin arc network in the pSMAC (46-48,
52). Global disassembly of F-actin using latrunculin dramatically inhibits TCR microcluster
formation and, therefore, TCR-dependent signaling and T cell activation (6-8). TCR
microclusters signal robustly while transiting the dSSMAC and pSMAC, but they stop
signaling upon reaching the cSMAC because they become dissociated from key adaptor
molecules (75). Consistently, slowing inward actin flow by increasing adhesion strength,
which in primary T cells will retard inward actin flow, results in increased signaling because
it lengthens the residence time of TCR microclusters in the dSSMAC and pSMAC (76,
although see 77). Conversely, halting the polymerization-dependent retrograde flow of the
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branched network in the dSSMAC using the Arp2/3 inhibitor CK-666, an inhibitor of PI3K to
block PIP3 synthesis, or via knockdown/knockout of DOCK2, WAVE2, or WRC
components impairs many aspects of TCR signaling (47, 52, 56, 59, 60). These defects
include the phosphorylation and activation of proximal signaling molecules like ZAP70 and
LAT, as well as more downstream components like PLCy~1 activation and subsequent
calcium signaling. Similar signaling defects are seen after halting the myosin 2—dependent
inward flow of the actomyosin arc network in the pSMAC using the myosin inhibitor
blebbistatin or the formin inhibitor SMIFH2 (48, 62). Consistent with the defect in calcium
signaling exhibited by WASp null T cells (6), the WASp-dependent actin foci that associate
with TCR microclusters, and that are the only obvious WASp-dependent actin structure at
the IS, also appear to contribute to PLCy~1 recruitment, activation, and subsequent calcium
flux (68).

CENTRIPETAL TRANSPORT OF TCR MICROCLUSTERS

Over a period of ~10 min following attachment to an activating surface, TCR microclusters
form within the outer ASMAC ring and are transported inward to accumulate at the cSMAC.
Importantly, their centripetal transport can be visualized in an ideal imaging plane using
planar lipid bilayers (PLBs) containing freely diffusing, labeled molecules to engage and
activate the TCR [anti-CD3 in the case of Jurkats, peptide—-major histocompatibility complex
(pMHC) in the case of primary T cells harboring a clonal TCR]. Moreover, the organization
and dynamics of the four IS actin networks described above can be visualized
simultaneously using a dynamic, indirect reporter for F-actin-like F-Tractin. Studies
employing these approaches have provided very strong evidence that the centripetal
transport of TCR microclusters is driven largely if not entirely by the inward flow of the two
major actin networks composing the dSMAC and pSMAC (47, 48, 52; although see 78).
First, the rates of centripetal TCR microcluster transport across the 1S measured using PLBs,
~0.1 um/s across the dSMAC and ~0.035 um/s across the pSMAC, match exactly the rates
of retrograde actin flow in the dASMAC and inward actomyaosin arc flow in the pSMAC,
respectively (47,48, 52) (Figure 2c). Second, blocking the assembly of the branched actin
network in the ASSMAC using cytochalasin D (a blocker of actin polymerization), or blocking
the assembly/organization of the actomyosin arc network in the pSMAC using SMIFH2 or
blebbistatin, inhibits TCR microcluster transport across their respective regions (47, 48, 52,
62). Finally, blocking both networks simultaneously completely halts both the inward flow
of actin and the inward movement of TCR microclusters (47). In summary, these studies
argue strongly that the inward flow of the branched actin network in the dSMAC, which is
driven by continuous Arp2/3-dependent polymerization at the outer edge of the IS, followed
by the inward flow of the actin arcs in the pPSMAC, which is driven by their myosin 2—
dependent contraction, together drive the centripetal transport of TCR microclusters to the
cSMAC. Stated more simply, the cSMAC is at the end of an actin- and actomyosin-driven
conveyor belt that propels inward TCR microcluster transport. Importantly, the actin
monomer required to continuously feed this escalator is generated constantly by the ongoing
disassembly of the branched and arc networks at the inner aspects of the dSSMAC and
pPSMAC, respectively (Figure 2b).
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How exactly are TCR microclusters moved inward by these actin and actomyosin structures?
Two recent papers have provided insight into this central question. In the first paper,
Murugesan et al. (48) showed using 3D SIM imaging of fixed cells that microclusters
typically reside in between the actomyosin arcs that populate the pPSMAC. This distribution
is consistent with the idea that these contractile arcs drive inward TCR microcluster
movement by sweeping the microclusters inward (Figure 2c). Importantly, high-speed, live-
cell, TIRF-SIM imaging of actin arcs and TCR microclusters on PLBs revealed exactly this
sweeping phenomenon (48). This and other data obtained in Jurkat and primary T cells (49)
argue that these telescoping actomyosin arcs drive inward TCR microcluster transport across
the pPSMAC via the frictional coupling mechanism proposed by Jay Groves and colleagues,
where the collision of moving cortical actin structures with microclusters simply pushes
them inward, like a broom pushing dirt (79-81). While this mechanism does not completely
exclude direct physical interaction between the arcs and TCR microclusters, such
interactions, if they occur, would likely be very transient.

Regarding TCR microcluster transport across the dSMAC portion of the IS, recent work
from the Rosen lab combining in vitro reconstitution with live-cell imaging has provided
evidence that TCR microclusters within the branched dSMAC physically associate with this
network as it flows inward by means of basic regions in WASp and its adaptor Nck that bind
to F-actin (82) (Figure 2c¢). Importantly, as TCR microclusters exit the dSMAC, they lose
Nck (and presumably WASp), and therefore their direct connection to F-actin. At this point,
the microclusters are picked up and moved inward across the pPSMAC by the sweeping
action of the actomyosin arcs described by Murugesan et al. (48) (Figure 2c). In support of
this model, overexpression in Jurkats of a chimeric adaptor that prevents the normal
uncoupling of TCR microclusters from F-actin at the dSSMAC/pSMAC boundary caused
microclusters to now undergo a more circumferential inward path in the pPSMAC,
presumably because they are now bound to the telescoping actomyosin arcs (82). Together,
these data argue that WASp and Nck act as a clutch to connect TCR microclusters to actin
and that changes in TCR microcluster composition at the dSSMAC/pSMAC boundary cause
the mode by which microclusters are transported inward to also change, from an actin-
attached mode in the dSMAC to an actin-detached, sweeping mode in the pSMAC (Figure
2c). These results (82), together with those of Murugesan et al. (48), also explain how these
two actin networks manage to move TCR microclusters in a relatively straight path to the
cSMAC despite differing in the way they engage the microclusters, and in their overall
orientation relative to the cell edge (primarily perpendicular for the dSMAC network and
parallel for the arc pSMAC network) (Figure 2a). Implicit in this model is the idea that
changes in actin architecture and organization may exert control over TCR microcluster
composition, and that altering the position of the ASMAC/cSMAC boundary should alter the
timing of such compositional changes. Also implicit in this model, given that it is WASp
centric, is that the TCR microcluster—associated, WASp-dependent actin foci described by
Kumari et al. (68) may play a role in coupling TCR microclusters to the branched actin
network in the dSMAC. Consistent with this idea, recent work has implicated a complex of
DOCKS8, WIP, and WASp in forming actin foci and linking TCRs to the actin cytoskeleton
(83).
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ACTIVATING AND POSITIONING INTEGRINS

Attachment of the T cell to an APC is driven largely by the binding of the T cell’s major
integrin LFA-1 to the integrin ICAM-1 on the surface of the APC (8, 84, 85). In mature
synapses, LFA-1 is found primarily in the actomyosin-rich pSMAC, with the highest density
being at the pSMAC/cSMAC boundary (47) (Figure 2d). This organization creates a circular
adhesive gasket around the cSMAC in T cell: APC conjugates. The creation of this gasket,
when coupled with the repositioning of the T cell’s centrosome to the plasma membrane at
the cSMAC, which positions the T cell’s secretory machinery in the direction of the target
cell, serves to focus and limit the T cell’s effector functions to the bound APC (86, 87).

As with TCR microclusters, the inward transport of LFA-1 clusters at the IS can be followed
using PLBs (in this case containing labeled ICAM-1) (46, 47, 52). While the inward
transport of integrin clusters in these images is obvious, how their rate compares with the
rates of inward actin flow in the dSMAC and pSMAC is difficult to ascertain owing to
difficulties in tracking individual integrin clusters. Nonetheless, the inward movement of
integrin clusters clearly depends on the inward flow of the branched actin and the
actomyosin arcs (46-48, 52). LFA-1:ICAML1 pairs are excluded from the cSMAC because of
the size of their extracellular domains, which are larger than the TCR:pMHC extracellular
domains congregated at the cSMAC (Figure 2d).

The tight association of LFA-1 with ICAM-1 requires that LFA-1 assume its high-affinity,
extended-open conformation (84, 85). The conversion of LFA-1 from its low-affinity, bent-
closed conformation to its high-affinity, extended-open conformation involves several steps.
First, TCR activation leads, in a process known as inside-out signaling, to the recruitment of
the Rap1-RIAM complex to the cytoplasmic tail of LFA-1 (88, 89). There, the complex
promotes the recruitment, unfolding, and activation of the actin-associated, LFA-1-binding
protein talin, which serves to coax LFA-1 from its bent-closed conformation to its second
low-affinity state, the extended-closed conformation. Finally, a force perpendicular to the
plasma membrane is applied to the cytoplasmic tail of LFA-1’s f1 subunit to convert LFA-1
from its low-affinity, extended-closed conformation into its high-affinity, extended-open
conformation (84, 85, 90-92). This force is typically provided by a cortical flow of actin
under the plasma membrane that is connected to LFA-1’s B1 tail through talin. For T cells,
this actin flow arises downstream of TCR ligation in the form of the two major actin
networks composing the dSSMAC and pSMAC.

In mesenchymal cells, myosin-dependent pulling forces on cortical actin also contribute
significantly to integrin activation, as well as to the maturation and maintenance of
extracellular-matrix-bound focal adhesions (93, 94). Indeed, myosin inhibition in these cells
leads to a rapid disassembly of their focal adhesions. By contrast, a recent study in T cells
using an antibody that specifically recognizes LFA-1’s extended-open conformation,
together with inhibitors of either actin flow or myosin function, argued that actin retrograde
flow is almost entirely responsible for LFA-1 activation, i.e., that myosin contractility makes
only a minor contribution (85). That said, the stability of T cell: APC conjugates is greatly
reduced by myosin inhibition, as well as by blocking the formation of actomyosin arcs in the
pSMAC using SMIFH2 (48, 62). Moreover, these actomyosin arcs are highly decorated with
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open-extended LFA-1 (48, 49) (Figure 2d). These results, together with the fact that
LFA-1:1CAML1 pairs accumulate in the actomyosin-arc-rich pPSMAC and the fact that the
pSMAC associates much more tightly with activating surfaces than the dASMAC (47, 50),
argue that myosin contractility must also contribute to LFA-1-dependent adhesion in T cells.

One conceivable way to reconcile this apparent discrepancy can be found in the literature on
integrin activation and focal adhesion maturation in mesenchymal cells (93, 94). Focal
adhesions typically begin as small structures known as focal contacts that form just inside
the leading edge. These focal contacts then mature into larger focal adhesions as the cell
advances. Importantly, the force associated with actin retrograde flow alone appears
sufficient to activate enough integrins to form and maintain focal contacts (95). The
conversion of these nascent adhesions into mature focal adhesions, on the other hand,
requires forces generated by the myosin 2—based contraction of actin structures that are
attached to focal adhesions, such as ventral stress fibers. By analogy, actin flow in the
dSMAC may be sufficient to activate a large fraction of LFA-1, but the force created by the
myosin 2—dependent contraction of the actomyaosin arcs in the pPSMAC may be required for
the maturation and maintenance of the adhesive structures connecting the T cell to the APC
(Figure 2d). Central to this idea is the fact that several key proteins in adhesions (e.g., talin
and vinculin) are mechanosensitive and require large forces to be fully active (96, 97). This
activation typically involves the strain-dependent unfolding of the protein, leading to the
exposure of cryptic sites for protein-protein interactions that drive adhesion maturation. In
mesenchymal cells these activation steps (e.g., the opening of talin to allow vinculin
binding) are very strongly promoted by myosin 2—dependent force generation. Something
similar may be going on in the pSMAC. That said, adhesion maturation in T cells, at least as
typically defined in mesenchymal cells (usually an increase in the size of the adhesion and
its content of clutch components and regulatory molecules), has not been demonstrated
(although see 77). This may have a lot to do with imaging on PLBs, because they offer very
little resistance to the inward movement of LFA-1:ICAML1 pairs (except perhaps at the
pSMAC/cSMAC boundary—see below). This is important because the activating force
exerted on LFA-1’s B1 cytoplasmic tail by cortical actin flow within the T cell will increase
significantly if the ICAM-1 to which LFA-1 is bound is not free to move. This has been
shown directly in T cells by measuring their content of extended-open LFA-1 when bound to
APCs in which the mobility of ICAM-1 in the APC’s membrane was reduced (98). It may
well be that under these conditions, adhesion maturation within the T cell occurs, and that
the forces exerted on these adhesions by the actomyosin arcs in the pPSMAC help drive this
maturation.

Finally, integrin pairs may be excluded from the cSMAC not only because they are
prevented from entering it by the size of their extracellular domains (99) but also because the
actomyosin arcs pulling on LFA-1 to sustain inside-out signaling disassemble at the
pSMAC/cSMAC boundary (Figure 2d). This should result in the loss of myosin-based
tension on LFA-1 at this boundary, leading to LFA-1:ICAM-1 uncoupling (like what occurs
at focal adhesions in mesenchymal cells following blebbistatin addition). On the flip side of
this equation, an increase in myosin-based contractile tension within the arcs that probably
occurs when their inward movement is thwarted by their attachment to integrin-based
adhesion complexes that cannot proceed into the cSMAC may promote rapid arc
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disassembly at this boundary by cofilin (Figure 2b), as cofilin-dependent severing is thought
to be potentiated by strain placed on actin by myosin contractility (100).

CONTROLLING AND FACILITATING LYTIC GRANULE SECRETION

Secretion of LGs at the cSMAC portion of the IS by CTLs usually occurs after the
establishment in the pPSMAC of an adhesive gasket around the cSMAC, and after the
repositioning of the CTL’s centrosome and attached interphase microtubule array to the
plasma membrane at the cSMAC. This latter event serves to point the T cell’s microtubule-
based secretory machinery in the direction of the bound target cell, while both events help
limit killing to the target cell (86, 87). As discussed above, imaging T cells and their close
brethren NK cells on activating surfaces using two superresolution imaging modalities
(STED and SIM) has revealed a fine isotropic actin meshwork that pervades the mature
cSMAC (64, 65) (Figures 1, Figure 2a). Moreover, this meshwork exhibits an average pore
size about half the diameter of a LG, consistent with it serving as a barrier to LG secretion
(64-66). Importantly, T cell/NK cell activation leads to the appearance of larger pores in the
meshwork that would allow a LG to pass. Moreover, the point in time following activation
that these larger pores appear is the same point in time that LG secretion increases (~5 min
for T cells, ~30 min for NK cells) (64-66). Equally important, studies using jasplakinolide
to freeze actin dynamics, and blebbistatin to inhibit myosin 2, argue that nanoscale-level
actin filament dynamics and myosin 2-based contractions within this fine actin meshwork
drive the activation-dependent increases in meshwork pore size that lead to LG secretion
(66) (Figure 2e).

It is useful to consider these results in the broader context of cortical F-actin and secretion.
Traditionally, cortical actin has been thought of as a barrier to vesicle secretion, such that
cells must clear it first before vesicles can dock and fuse (101). Indeed, the thick mat of
cortical F-actin that pervades the initial site of contact between the T cell and the APC seen
recently using lattice light sheet (LLS) microscopy would almost certainly block secretion at
the immature synapse (102). Moreover, those same images show that this thick mat of actin
largely disappears as the synapse matures. What probably remains at the center of the
mature synapse, however, is the fine actin meshwork seen by superresolution imaging of T
cells on activating surfaces (64, 65). Nanoscale-level actin filament/fiber rearrangements
within this fine actin meshwork caused by actin dynamics and myosin contractility would
then serve to regulate LG secretion (66). Taken together, these observations call for a more
nuanced appreciation for the role of F-actin at the lytic synapse, just like what has evolved in
the field of neuroendocrine cell secretion (103). Of note, it seems likely that this hypodense
cSMAC actin network serves purposes beyond just regulating secretion, such as supporting
the internalization (104) and/or ESCRT-dependent shedding of TCR microclusters (105,
106).

Finally, exciting recent work from a collaboration between the Huse and Kam labs has
provided evidence that actomyosin-based forces exerted by the T cell on the target cell
increase the efficiency of target cell killing by increasing the efficiency with which perforin
forms pores in the target cell membrane (107). Several key observations led to this
discovery. First, DOCK-2 knockdown T cells were shown to form tiny synapses (consistent
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with a block in the DOCK-2-dependent formation of the branched actin network composing
the dSMAC), to generate reduced force (measured using a micropipette pulling assay and
micropillar deflection assay), and to kill poorly. Conversely, PTEN knockdown T cells were
shown to make larger synapses (consistent with an enhancement of DOCK-2-dependent
branched actin network assembly downstream of elevated PIP3 levels), to generate more
force, and to kill much more effectively. Most importantly, DOCK-2 and PTEN knockdown
cells (as well as myosin 2 knockdown T cells, which phenocopied DOCK-2 knockdown
cells) exhibited no defects in calcium flux, centrosome repositioning, or LG release (as
measured by the expression of LAMP1 on their surface). This result argued that the
difference in cytotoxic function between these cells cannot be explained by a difference in
the release of lytic components, and it raised the possibility that force exerted by the T cell
on the target cell might promote in some way the ability of lytic components to kill the
target. Much of the remainder of the paper provided evidence that increasing strain within
the target cell membrane increases the speed and magnitude of perforin pore formation
(shown using both purified perforin and perforin delivered by the T cell). This would of
course augment the entry of granzymes into the target cell, thereby potentiating target cell
killing. Together, these data argue that forces created by the T cell’s actomyosin
cytoskeleton at the IS help drive cytotoxicity by increasing tension within the target cell’s
plasma membrane, thereby promoting perforin pore formation (107).

A last point worth considering given the focus of this review is where exactly in the T cell
synapse these forces are generated. Relevant to this question, Basu et al. (107) imaged T
cells on micropillars (to mark sites of force generation) expressing pHluorin-LAMP1 (to
mark sites of exocytosis) to provide spatial correlation between force generation and LG
release. Importantly, secretion typically appeared at hotspots of micropillar defection/force
generation, and quantitation supported this correlation. They also quantified where within
the synapse these coupled micropillar defection events and degranulation events were most
likely to occur. These events were seen most often within an annular region about halfway
between the center of the 1S and the outer edge. This is roughly where, in principle, the
myosin-rich actin arc network composing the pPSMAC should be. That would make a lot of
sense given that this network is almost certainly the major contractile structure in T cells, as
well as the major site of adhesion to the target cell (which is required for transcellular force
transmission) (Figure 2e). Moreover, the actin-hypodense cSMAC is unlikely to generate
much force. Despite making good sense (108,109), drawing these conclusions should be
done with caution because the organization of actin and myosin in micropillar-engaged T
cells, where the activating molecules are presented as point sources and are not mobile,
probably does not exactly mirror their organization on PLBs (i.e., radial symmetric in
organization and inward flow). What is needed, therefore, is a way to correlate in space and
time force generation and LG exocytosis using an activating surface that allows normal
actomyosin organization and dynamics. Perhaps this could be accomplished by modifying
traction force microscopy to include imaging LG release (110, 111).
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IMAGING ACTIN AND MYOSIN IN T CELL:ANTIGEN-PRESENTING CELL
CONJUGATES

Much of what is stated above about actin and myosin at the T cell IS was learned by imaging
T cells using activating surfaces. The strength of this approach comes from the fact that
essentially all imaging modalities, including superresolution imaging modalities like SIM,
provide much greater resolution in the XY plane (the plane of the IS on an activating
surface) than in the Z plane (the plane of the IS in a typical T cell: APC conjugate). But even
PLBs (which are much more physiological than glass surfaces coated with activating
molecules, because the molecules can move and reorganize when presented in the bilayer)
are far from physiological. For example, because PLBs provide little resistance to the
movement of activating molecules, efforts to study phenomena like TCR
mechanotransduction and adhesion maturation are somewhat problematic (112-114). That
said, the information gained from this ideal imaging plane should be extrapolatable to the
more physiological context of T cell: APC conjugates in vitro (and to the most physiological
context of conjugates in living tissue), just as the information gained from studying focal
adhesions in 2D (where they are large and relatively stable) has turned out to be
extrapolatable to focal adhesions in more physiological 3D environments (where they are
much smaller and more dynamic) (115).

What is clearly needed to push the field forward is the ability to visualize the actin and
actomyosin structures described above, along with the dynamics of TCR microclusters and
integrin clusters, in live T cell: APC conjugates at the superresolution level. One way to
approach this is to improve the imaging of conjugates in which the IS is aligned in the Z
plane (the typical orientation for conjugates). The imaging modality best suited for this is
LLS (116) in SIM mode, as it provides nearly isotropic resolution (~ 150 nm in X, ~ 180 nm
in'Y, and ~250 in Z). Running LLS in SIM mode is important, because running it in dither
mode provides only diffraction-limited images, which most likely cannot resolve fine
structures in conjugates like the actomyosin arcs (102). LLS in SIM mode is relatively slow,
however, so it might not allow live visualization of IS formation, as does dither mode. One
way to improve this situation might be to place the T cell on top of a very flat APC to create
a conjugate in which the IS is in the XY plane, much as has been done recently to image B
cell-APC interactions (117). This approach would take advantage of the slightly higher
resolution LLS-SIM provides in XY than in Z, and it would also be amenable to other high-
resolution imaging modalities like instant SIM (ISIM) and Airyscan.

The best live-cell images of F-actin within T cells engaged with an APC to date were
obtained using LLS in diffraction-limited dither mode (102). While these images showed
with remarkable clarity the dynamics of the branched actin network in the dASMAC,
including its contribution to a flow of F-actin up the sides of the APC-bound T cell
(analogous to rearward-flowing dorsal ruffles seen in mesenchymal cells), none of the other
three actin networks described above were visible. These latter networks, all of which are
much fainter actin structures than the dSSMAC, would presumably become visible using one
or more of the cell set-up and superresolution imaging modalities described above.
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Challenges other than those associated with imaging also abound. Many of these arise from
the fact that the IS is unlikely to remain flat in conjugates. Instead, it will undulate, possess
interdigitations, and exhibit much less radial symmetry (118-120). As a result, it is unlikely
that the organization of actin and myosin at synapses formed in conjugates will be as well
defined and symmetric as that of actin and myosin in synapses formed on activating
surfaces. Nevertheless, the hope is that the organization and function of actin and
actomyosin gleaned from studying T cells on activating surfaces will be extrapolatable to
conjugates, albeit after considerable averaging and analysis of conjugate images. Finally,
there are challenges associated with the fact that T cells often function in ways not in exact
agreement with common themes permeating the literature. For example, T cells can kill
without forming well-defined synapses and without centrosome repositioning (121). How
actin and myosin participate in these noncanonical synapses and secretory events will also
be important to address.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
The four actin networks at the T cell IS. (8) The three distinct functional zones within the

mature IS. (6) The spatial relationships between these three IS zones and the four actin
networks at the 1S. (¢) A SIM image at the bottom of an activated Jurkat T cell that was
stained for F-actin using phalloidin (/ red) and myosin 2A (/i, green). Subpanel Jii shows the
overlaid image, while the magnified inset in subpanel /vshows in greater detail the
lamellipodia-like branched actin network spanning the dSMAC, the lamella-like actomyosin
arc network spanning the pPSMAC, and the actin hypodense network in the cSMAC. The
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green doublets that are concentrated in the pPSMAC region in subpanel /v are individual
myosin 2 bipolar filaments (reproduced from Reference 48). Note that the colors used in the
drawings in panels aand b are not meant to match the colors in the micrographs in panels ¢,
d and e. (@) A 3D SIM image of an activated Jurkat T cell stained for F-actin using
phalloidin (). The inset in subpanel /7 shows in greater detail the three networks noted in
panel ¢. Color coding the 3D projection of this cell according to Z position (/) shows that
these actin networks are largely confined to the plane of the IS (reproduced from Reference
48). These networks can be considered, therefore, as 2D structures (which makes live TIRF-
SIM possible) (see also 122). That said, the branched actin network in the dSSMAC can
sometimes lift off the surface, as shown by Yi et al. (47) and, more recently, Fritzsche et al.
(50). (e) A still image from a TIRF-SIM movie of an activated Jurkat T cell expressing the
indirect F-actin reporter F-Tractin tagged with GFP (adapted from Reference 48; see also
Supplemental Video 1). (A A still image from a two-color TIRF-SIM movie of an activated
Jurkat T cell expressing Td-Tomato-tagged F-Tractin (red) and GFP-tagged myosin 2A
(green) (adapted from Reference 48; see also Supplemental Video 2). Abbreviations:
cSMAC, central SMAC; dSMAC, distal SMAC; GFP, green fluorescent protein; 1S,
immunological synapse; pPSMAC, peripheral SMAC; SIM, structured illumination
microscopy; SMAC, supramolecular activation cluster; TIRF, total internal reflection.
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Figure 2.
Key characteristics of the four actin networks. (&) An expanded view of the four actin

networks at the IS. It should be noted that while the boundary between the branched actin
network and actomyosin arc network, as well as the boundary between the actomyosin
network and the actin hypodense center of the IS, can be both sharp and symmetric (see, for
example Figure 1c—f), they can be more graded in some cells. (6) Assembly sites for the four
actin networks, along with the nucleation-promoting factors and nucleation machines that
drive their formation. Also shown are the two major sites of actin filament disassembly,
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along with key players in the disassembly process. Many other actin regulators play
important roles in creating, organizing, and disassembling these actin networks. Some of
these important proteins are HS1, IQGAP, ezrin/moesin, coronin 1A, L-plastin, CARMIL,
and GMF (123-131). Due to space limitations, we could not address the roles of these
proteins in depth. (¢) Dynamics of the four actin networks at the 1S. Note that while the actin
in the cSMAC s static in terms of directional flow, it is dynamic on a nanoscale. (d)
Distribution of integrins (purp/é) in the mature synapse, which accumulate across the
actomyosin-arc-rich pSMAC and, most dramatically, at the pSMAC/cSMAC boundary
(because the LFA-1:ICAM pairs are size-excluded from the cSMAC). The expanded view
shows that the actin arcs (red) are decorated with open, active LFA-1 (purple) as well as with
myosin 2 bipolar filaments (b/ue) (see 48). (€) Activity-dependent, nanoscale, actin filament
dynamics and myosin 2 contractility within the cSMAC promote lytic granule secretion by
increasing the size of pores in the fine actin meshwork that normally restricts granule access
to the plasma membrane fusion machinery (the red'and green circles indicate restricted and
unrestricted granules, respectively; the view is from just the APC side of the T cell plasma
membrane looking into the T cell). The actomyosin arc network in the pPSMAC is the likely
source of the T cell-based force that augments cytotoxicity by straining the target cell
plasma membrane. Abbreviations: APC, antigen-presenting cell; cSMAC, central SMAC;
dSMAC, distal SMAC; IS, immunological synapse; MC, microcluster; pPSMAC, peripheral
SMAC; SMAC, supramolecular activation cluster; TCR, T cell receptor.
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unfold, __ TArp2/3-dependent
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Contractile actomyosin arcs

5 —
nucleation

Origins of the four actin networks. “Make-actin” signals drive the formation of the four actin
networks at the 1S. While the generation of these signals is in every case downstream of the
engagement of the TCR (and its coreceptors), we do not attempt to include TCR-proximal
signaling pathways in this figure. Abbreviations: IS, immunological synapse; TCR, T cell

receptor.
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