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signaling by the actin cytoskeleton
and poroelastic cytoplasm

Summary: The actin cytoskeleton plays essential roles in modulating
T-cell activation. Most models of T-cell receptor (TCR) triggering sig-
nalosome assembly and immune synapse formation invoke actin-
dependent mechanisms. As T cells are constitutively motile cells, TCR
triggering and signaling occur against a cytoskeletal backdrop that is
constantly remodeling. While the interplay between actin dynamics
and TCR signaling have been the focus of research for many years,
much of the work in T cells has considered actin largely for its ‘scaf-
folding’ function. We examine the roles of the actin cytoskeleton in
TCR signaling and immune synapse formation with an emphasis on
how poroelasticity, an ensemble feature of actin dynamics with the
cytosol, relates to how T cells respond to stimulation.
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TCR triggering and the actin cytoskeleton
Triggering mechanisms and actin

T cells are activated through the interaction of T-cell
receptors (TCRs) with agonist—peptide bound to major his-
tocompatibility complexes (pMHCs) on the surface of vari-
ous antigen-presenting cells (APCs). Sustained TCR
signaling is dependent on the integrity of the actin cyto-
skeleton (1, 2). Given the essential role that the actin
cytoskeleton plays in T-cell activation, it is natural to
hypothesize that actin contributes directly to TCR trigger-
ing. In two-dimensional settings (2D), TCRs show high on
rates for agonist pMHCs, as well as high off rates (3, 4).
The high off rates depend on F-actin (3), indicating that
the actin cytoskeleton facilitates binding and unbinding
sequences to serially trigger many TCRs with limited
PMHC agonists (5). Rapid binding and unbinding implies
that TCRs must rapidly translate transient binding into sig-
nalosome formation. A number of groups have proposed
that the TCR can act as a mechanosensor when bound to
pMHC (6, 7). This is suggestive of a conformational
change—induced mechanism (8), in which force applied to
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the receptor complex is converted into a biochemical
change, such as through exposure of a phosphorylation
site (9, 10), to trigger signalosome formation. This would
allow TCRs to couple signal generation to the mechanical
energy of the actin cytoskeleton.

In the kinetic segregation mechanism of triggering,
TCRs are continuously phosphorylated and dephosphoryl-
ated, and the transition to signalosome formation entails
physical segregation of TCRs from inhibitory phosphatases
(11). This exclusion is based on the relatively bulky extra-
cellular domain of CD45 versus the short interaction dis-
of TCR-pMHC (12, 13).

mechanism lends itself to actin-based mechanisms through

tance Obviously, such a
the ability of the cytoskeleton to generate force, squeezing
the cell membranes together (1). This mechanism is
appealing, as it nicely aligns with general synapse architec-
ture and with the exclusion of CD45 phosphatase from
microclusters and the signaling regions of the interface
(14, 15). Recent work from James and Vale supports an
actin-independent kinetic segregation mechanism of TCR
triggering (16). Their work further indicated that TCRs
can trigger in the absence of conformational changes,
implying that mechanically driven mechanisms of confor-
mational receptor changes are not important for TCR trig-
gering. However, these experiments rely on a reconstituted
system driving high expression of Lck and Zap70, as well
as highly abundant agonist pMHCs on the engineered
APCs. In this regard, it is not clear how well kinetic seg-
regation ‘scales’ to limited agonist doses presented against
a background of non-stimulatory pMHCs. In a nascent T-
cell-APC contact that is not yet stable, mechanical trigger-
ing might dominate, allowing small signaling islands to
form, which grow through segregation into stable signal-

ing domains.

TCR signaling complexes and actin scaffolds

Interactions with actin are important for TCR signaling
beyond the initial triggering event. As TCR signaling
begins, TCRs coalesce into signaling microclusters contain-
ing hundreds of TCRs (17). These signaling microclusters
require an intact actin cytoskeleton to form and dynami-
cally recruit factors that can scaffold signaling complexes
onto the actin cytoskeleton (2, 18-20). Linker of activated
T cells (LAT), a critical TCR signaling adapter (21), is rap-
idly incorporated into signaling microclusters (22). In turn,
LAT facilitates recruitment of SLP-76, which can mediate
interaction with cytoskeletal regulatory proteins, such as
Vav and WASp (23, 24).
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As the size scale of TCR signaling microclusters is amena-
ble to conventional fluorescence microscopy, their general
composition and dynamics have been studied by microscopy
for years. However, the submicroscopic scale has only
recently been accessible via microscopy through the devel-
opment of super-resolution microscopy, such as photoacti-
vation localization microscopy (PALM) (25). Using PALM,
two groups have analyzed the nanoscale organization of
TCRs and how that organization changes in response to
agonists (26, 27). TCRs were found to precluster into
islands — approximately 50-nm-radius probability peaks con-
sisting of 7-20 TCRs (26). Upon stimulation, TCRs islands
linked together into microclusters containing hundreds of
TCRs. LAT was also shown to reside in nanoclusters inde-
pendent of stimulation. Like TCRs, LAT clustering was
increased on stimulating surfaces. Following stimulation,
domains of TCR and LAT clusters were found to concatenate
— the domains mixed, but did not fully merge (26). These
regions of mixing or overlap were suggested to be ‘hot-
spots’ of LAT phosphorylation (27). These new super-reso-
lution analyses bring to mind previous work demonstrating
that a T-cell’s TCRs appear to undergo ‘avidity maturation’
upon encounter with antigen; this maturation corresponds
to an increase in TCR oligomerization (28, 29). Not surpris-
ingly, this effect appeared to depend on the actin cytoskele-
ton and lipid rafts, in agreement with the recent super-
resolution analyses that indicated that nanocluster distribu-
tions were dependent on the actin cytoskeleton for mainte-
nance (26, 27). More recent work has produced a formal
model of the nanoscale organization of cell surface mole-
cules that suggests that actin ‘asters’ drive dynamic nanoclu-
stering (30).

The scaffolding of TCRs into preclusters that can be rap-
idly brought together likely contributes to the sensitivity of
the TCR; a limited number of agonist pMHCs can quickly
trigger a number of closely associated TCRs (5, 31). By
increasing the number of TCRs per nanocluster, the T cell
can gain sensitivity. By preclustering signaling factors, the T
cell can then rapidly deliver a collection of effectors to TCRs
in response to triggering and assemble nascent signaling
complexes. The concatenation, rather than complete mixing,
of the TCR and LAT clusters suggests that interactions
between receptors and their signaling adapters are transient,
rather than long-lived interactions. This view is supported
by observations that molecules such as SLP-76 and Vavl do
not constitutively interact with TCRs microclusters in syn-
apses, and enter independent microclusters that traffic
autonomously of TCRs (19, 22, 32). Zap-70, likewise,
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appears to continuously cycle among signaling complexes
(22). This indicates that triggered TCRs are stabilized or
semistabilized, perhaps needing only occasional interaction
with signaling factors to remain triggered. This might also
allow the cell to rapidly deactivate signaling as TCRs reach
the end of their signaling life cycle.

Coordinating TCR signaling with actin meshwork
dynamics

Organizing TCR signaling through polymerization and
depolymerization

TCR microclusters in immune synapses are dynamic, both
in terms of their protein components and their position in
the synapse. Immune synapse formation is often analyzed
using supported lipid bilayers as a surrogate for an
authentic APC (17). The bilayers can be loaded with inter-
cellular adhesion molecule (ICAM), pMHC, and various
other surface proteins to mimic the plasma membrane of
an APC. TCR microclusters form rapidly as T cells spread
onto activating bilayers. Following spreading, microclusters
translate radially within the synapse face, aggregating into
a central supramolecular-activating cluster (cSMAC) (17).
These synapses resemble the original description of the
synapse, with TCRs occupying the interior of the interface,
the integrin pair LFA-1-ICAM occupying the peripheral
SMAC (pSMAC), and an outer, CD45-enriched distal SMAC
(dSMAC) (17, 33, 34). The flow of TCRs into the ¢SMAC
is regulated by the actin cytoskeleton (35). As the cSMAC
is associated with the termination of signaling and recy-
cling of TCRs (36, 37), this demonstrates that the actin
cytoskeleton controls both the initiation and downregula-
tion of TCR signaling.

Depolymerization can terminate signaling by destroying
the scaffold necessary to hold signaling factors and TCRs
together. Using the actin depolymerization antagonist Jas-
plakinolide, several groups have demonstrated the signifi-
cance of actin depolymerization in guiding TCRs into
cSMACs (38—40). These results are not necessarily surprising —
it is known that depolymerization is critical to continuous
actin retrograde flow (41, 42). Ultimately, depolymerization
is necessary to recycle actin monomers and generates con-
tinuous treadmilling (42, 43). However, these results do
underscore the fact that TCR signaling is integrated into
actin cytoskeletal homeostasis and could be regulated by
actin turnover. Cofilin activity increases actin turnover and
retrograde flow rates (41). Balancing the activities of kinases

and phosphatases that regulate cofilin could modulate the

150

residence time of TCR microclusters in the signaling-sup-
portive pSMAC (36). Given how critical cofilin activity is to
all aspects of actin cytoskeletal function, cofilin knockouts
and short interfering RNA depletion in T cells might not be
tractable. A peptide-based approach can allow acute impair-
ment of cofilin function, though, allowing its role in TCR
signaling to be analyzed (44). Alternatively, proteins that
regulate cofilin activation, such as Slingshot, could be
targeted (45).

One recent study has suggested that actin retrograde flow
was required for sustained TCR signaling. By inhibiting actin
turnover in Jurkat cells interacting with anti-CD3é&—coated
coverslips, Babich et adl. (40) implicated actin turnover in
sustaining PLCyl phosphorylation and calcium signaling.
However, this analysis used high-dose Jasplakinolide. High
doses of Jasplakinolide can impair actin polymerization, as
well as depolymerization, and generate gross abnormalities
in the cytoskeletal architecture (46, 47). As a result, this
result might not reflect a depolymerization-specific defect.
We found that calcium signaling in OT1 T-cell blasts on
stimulating lipid bilayers appeared to be unaffected when
actin depolymerization was inhibited with Jasplakinolide
(39). However, because of the sensitivity of the primary
mouse T cells to Jasplakinolide, we limited our analysis to a
minimal effective dose. The actin cytoskeletal activities that
control the interactions of TCRs with signaling effectors

might have remained partially intact.

Myosin motors and TCR signaling

Questions remain about the roles that myosin motors play
in TCR signaling, microcluster transport, and synapse forma-
tion. Some reports indicate that myosin II affects TCR cen-
tralization into cSMACs (38, 48). Others show that myosin
II is dispensable for TCR microcluster transport (39, 40, 49,
50). In Jurkat cells, myosin Il-enriched actin arcs were
reported to drive TCR centralization in the pSMAC (38).
However, these actinomyosin arcs are not evident in pri-
mary T cells. It is not clear that the actin cytoskeletal activi-
ties in Jurkat cells, a large, non-polarized cell line that lacks
PTEN activity, are directly comparable to the actin cytoskele-
tal dynamics of T cells (51).

Beyond the mechanics of microcluster movements, the
more significant underlying biological question is whether
myosin motors affect TCR signaling outputs. Whatever
accessory role myosins might play in TCR microcluster reor-
ganization in synapses, a role for myosins in the formation

of TCR signalosomes or modulating signaling would be
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more interesting. This too is unresolved, though. Knockouts
do not clearly support a role in modulating TCR signaling
outputs, whereas the use of blebbistatin, often under condi-
tions that favor its non-specific actions (52), largely domi-
nate the works that support this role (48, 50). To the extent
that myosin II apparently increases the rate of TCR micro-
cluster transport into the interior of synapses in some stud-
ies, the observation that signaling is largely extinguished in
those zones would lead one to expect that loss of myosin II
would enhance TCR signaling (35, 37). However, the stud-
ies that support a role for myosin II in TCR signal genera-
tion point to impaired signaling following reduction in
myosin II activity (48-50).

At present, these questions remain unresolved in the liter-
ature, but genetic knockouts of myosin II have dominant
motility and cell viability effects and less obvious signaling
defects (39, 53). The viability effects of myosin II depletion
might, in part, account for some observations of impaired
signaling. It is difficult to separate specific effects on TCR
signaling from effects on general cellular functions and via-
bility. For example, it was reported that loss of myosin II
resulted in increased synapse areas on antigen-presenting
bilayers (49). However, myosin II is required for cytokinesis
(54), and cells become larger following myosin II depletion
(39). Cells treated acutely with blebbistatin, an inhibitor of
myosin II (55), do not show increased synapse areas on bi-
layers (39), suggesting that increased synapse areas in myo-
sin II-depleted cells are not directly related to TCR signaling
responses. Another confounding effect is introduced by the
use of blebbistatin with the calcium-sensitive dye Fura-2
(56), which is frequently used to measure calcium influx
into the cytoplasm following TCR triggering. Blebbistatin-
mediated cross-linking is induced by short-wavelength light
(52, 57), such as that used for Fura-2 imaging. This clouds
the interpretation of results that use Fura-2 and blebbistatin
(48). Other than myosin II, little is known about how other
myosin motors affect TCR signaling. This lack of data likely
reflects the difficulty, broadly, in perturbing myosin motors
in sensitive, primary T cells or partial redundancy among
myosin families. Analyzing how a myosin motor might con-
trol TCR signaling and T-cell responses in vivo will be even
more difficult, due to roles in motility and lymph node
recirculation (53, 58).

Calcium release from the endoplasmic reticulum typically
is associated with myosin light-chain kinase activation,
phosphorylation of the myosin II light chain, and increased
motor activity (59). However, in murine T cells, TCR trig-
gering is accompanied by phosphorylation of MyH9 heavy
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chain at a C-terminal threonine, but not light-chain phos-
phorylation (60). Phosphorylation of the MyH9 tail region
is associated with unbundling of F-actin by myosin II (61).
Calcium signaling has also been reported to antagonize
myosin I-mediated tensioning (62), raising the possibility
that myosin tensioning might generally be reduced by TCR
signaling. This would lead to a reduction in cortical rigidity
as filament cross-linking drops. Reducing cortical rigidity
might facilitate mixing of receptor and signaling factor
nanoclusters.

TCR signaling and calcium influx classically have been
associated with T-cell stopping, particularly a near-complete
cessation of motion (63). A more nuanced view is that sig-
naling induces a deceleration that is proportional to the
magnitude of the stimulation (39, 64). Inhibition of myosin
II is generally associated with lower cell speeds (42, 58,
65), suggesting that TCR signaling could reduce motility by
deactivating myosin II. We have proposed that myosin
motor activities in synapses are downregulated, allowing the
T cell to slow and spread over the APC surface to scan for
additional agonists. Myosin-independent actin dynamics
would allow the T cell to continue reorganizing synapse
receptors while it moves slowly over an APC. Subsequent
termination of TCR signaling would lead to reactivation of
myosins, contraction of the synaptic interface, release from
the APC, and the resumption of high-speed motility that
typically characterizes T cells. Myosin activities that promote
release from the APC would also be consistent with a myo-
sin II-dependent mechanism of LFA-1 de-adhesion in T-cell

migration (66).

Poroelastic cytoplasm, hydraulic force, and the actin
cytoskeleton

In conventional models of actinomyosin-based cell motility
and transport, microfilament growth and movement gener-
ate forces that propel a cell’s leading edge forward and
transport materials. Lamellipodial actin polymerization can
push the lamellipod forward (67), provided that anchors,
such as focal adhesions, are in place to generate traction
(68, 69). Resistance from the plasma membrane can cause
filaments to move backwards, termed retrograde flow (70).
Myosins, through their ability to shift along actin microfila-
ments, can move material over the actin cytoskeleton, or
move entire filaments and associated cargo (71). In addi-
tion, there is evidence that myosin II contributes to retro-
grade flow through actin disassembly as well (42, 72).
Given the extended network of branched filaments that

comprise the actin cytoskeleton, all proteins and complexes
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embedded in the actin meshwork will undergo retrograde
flow to some extent, even if they do not specifically bind to
the actin cytoskeletal factors.

This view naturally emphasizes the solid components of
the cell and tends to posit the cell as a perfectly coordinated
machine. Unlike man-made machines, though, in which
individual parts perform limited functions and make pre-
cisely delineated connections to other parts, cellular compo-
nents make multiple connections with other components.
The components connect with varying affinities, and those
affinities can be modulated over time or based on cellular
context. In addition, the solid compartments of the cell,
from single proteins to ribosomes to organelles, are bathed
in the cytosol, which can exert its own pressure on cellular
components. If the cytoplasm was a viscous and incompress-
ible medium — that is, if forces were instantly transmitted
across cells — the machine-like view of cells would seem
appropriate. However, it is now evident that cells can expe-
rience and respond to non-equilibrium hydraulic pressures
at subcellular length scales and at timescales comparable to
cell biological processes (73, 74). As a result, the cell is best
viewed as a poroelastic media. In simple terms, poroelasticity
models the cytoplasm as two phases, fluid and solid, that
permeate each other, similar to water within a sponge (75).
The solid phase, constituted by the cytoskeleton, organelles,
and macromolecular complexes, forms an elastic and porous
solid bathed in the fluid, cytosol phase. Crucially, these
phases are not perfectly coupled in a poroelastic model, but
instead can move relative to each other, leading to hydraulic
microenvironments (74, 75). As a macroscopic analogy,
you can wring water out of one end of a sponge, with little
or no water displacement in adjacent regions. After releasing
the sponge, water will move through the pores of the
sponge, equilibrating the hydrostatic pressure across the
sponge. Similarly, if you wet one half of a dry sponge, the
pores within the sponge will be at hydrostatic non-equilib-
rium, and water will flow into the dry half of the sponge.
In a cell, hydrostatic pressure could be generated by the
activities of ion antiporters, leading to locally hyperosmotic
conditions and water influx (75). The localization of the
NHE! Na-H exchanger to the leading edge of motile cells
(76), and the requirement for aquaporins and water influx
for motility support this view (77, 78). Alternatively,
hydraulic pressure can be generated on small spatial and
temporal scales by abrupt contractility that squeezes cytosol
into different regions of the cell (65). The rate of diffusion
of water along an osmotic gradient would likely exceed the

rate at which the dendritic actin mesh can move, allowing
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hydrostatic pressure to transport material at speeds greater
than actin-based flow. Such a hydrostatic mechanism is
hypothesized to transport actin monomers from regions of
microfilament depolymerization to protrusion sites in motile
cells (79).

Poroelasticity and scaffolding

Regional dehydration can decrease pore size as water leaves
the dehydrating region (74, 80). This can reduce diffusion,
as particles with diameters greater than the local pore size
are no longer able to move through pores. Conversely, local
rehydration can increase diffusion as the average pore size
increases. This can facilitate interactions between molecules
that were previously isolated, or allow molecules that are
only weakly bound to release and separate. Coupled with
fluid flow, this could also allow proteins and macromolecu-
lar complexes to be rapidly reorganized.

The observed preclustering of TCRs might reflect interac-
tions between TCR complexes that weakly hold several TCR
complexes in a single pore (26, 27). Preaggregation of TCRs
could be indirectly regulated by actin-associated factors,
which could transiently bind to and corral receptors prior to
triggering (30, 81), or lipid raft-like structures (28, 29).
Notably, TCR oligomerization is mediated by the CD3{ sub-
unit (29), which is known to facilitate linkage of the TCR
to the actin cytoskeleton (82, 83). However, this result was
based on the association of phosphorylated CD3({ with
detergent-insoluble cell fractions and coprecipitation. Simi-
larly, many TCR—actin associations have been identified by
coimmunoprecipitation or colocalization analyses. As a
result, associations between TCRs and actin regulatory factor
might represent general corralling through indirect or tran-
sient interactions. Corralling of TCRs is supported by evi-
dence that diffusion of untriggered TCRs is reduced by non-
specific activation of actin polymerization (84). Nanoclusters
need not be thermodynamically stable or long lived, as cyto-
skeletal remodeling would regularly form, reshape, and
destroy pores, allowing the receptors to continuously
reshuffle among pores and different nanoclusters. The extent
to which TCRs could hold together in a pore would be lim-
ited by the relatively low basal affinity of the complexes for
each other, and steric considerations that limit the number
of TCR complexes per pore. Sherman et a. (27) reported a
continuum of LAT nanocluster sizes that ranged from a few
molecules to hundreds of molecules, and that nanoclusters
of all sizes participated in signaling. The smallest nanoclus-
ters of LAT might be important for the initiation of signal-
ing, though. As they could more easily cross cytosolic pore
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boundaries, smaller nanoclusters could visit TCR nanoclus-
ters more readily.

As a consensus emerges on the resting nanoscale organiza-
tion of TCRs and signaling factors, the next question is how
TCRs and the actin cytoskeleton interact and change at this
level to support TCR signaling. Although TCR signaling and
microcluster formation clearly depend on F-actin (1, 2), and
TCR activation clearly leads to global increases in actin poly-
merization (23), the extent to which TCRs generate nanoscale
local actin polymerization and directly interact with actin is
not yet clear. LAT, through interactions with SLP-76, Nck,
Vav, and WASp (20, 32), provides a likely candidate to scaf-
fold TCRs into actin microfilament—supported structures.
However, many cytoskeletal regulators, such as Vav, do not
directly bind to F-actin, raising the possibility that TCRs acti-
vate actin polymerization non-locally through brief interac-
tions with cytoskeletal regulators. This idea is supported by
observations that Vav and SLP-76 partition into separate mi-
croclusters from TCRs (32), as well as ‘slippage’ in the cou-
pling of TCR flow to actin retrograde flow (85, 86).

The dense mesh of the actin cortex creates a barrier to
macromolecular reorganization. In the resting state, segre-
gating TCRs and signaling factors might be important to
prevent inappropriate activation. Measurements of the aver-
age pore size are on the order of tens of nanometers, which
could keep macromolecular assemblies from freely diffusing
(74, 80). These estimates represent coarse averages based on
dehydration experiments. Also, membrane proximal F-actin
densities might be lower than this average. However, it does
suggest that the local mesh might need to be remodeled
to allow larger aggregates of TCRs and signaling factors
to interact. A poroelastic mechanism dependent on TCR-
stimulated, local osmotic changes would allow the TCRs to
expand the local pore size, facilitating rearrangement into
concatemers of nanoclusters and provide room to incorpo-
rate signaling adapters into the pore (Fig. 1).

Alternatively, signalosomes might segregate into larger
cytosolic pores, allowing for larger aggregates of TCRs,
while also making room to incorporate other signaling fac-
tors. Recently, evidence that TCRs generate local actin poly-
merization factors following triggering was reported (87).
The authors make the intriguing argument that rather than
actin scaffolding and stabilizing the TCR microcluster, it is
the TCRs that template the actin cytoskeleton in their local
environment. TCR microclusters and the actin cytoskeleton
likely provide cross-stability to each other — peripheral TCR
microclusters are slow to disassemble following latrunculin
treatment, but ultimately do dissipate (2). However, this

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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does suggest that TCRs can directly generate a de novo pore
within the cytosol or stabilize an existing pore to ensure

signal propagation.

Poroelasticity, hydrostatic pressure, and receptor flow

Hydrostatic pressure simultaneously exerts pressure on
both the actin cytoskeleton and the protein components
embedded within it. It is tempting to speculate that this
mechanism controls TCR segregation from signaling fac-
tors in ¢SMACs (2, 14). In signaling synapses, TCR mi-
croclusters recruit SLP-76 as they move inward from the
periphery (18). Incorporation of SLP-76 is transient,
though, and SLP-76 microclusters do not remain associ-
ated with TCRs as they reach the pSMAC—cSMAC border,
and non-TCR microclusters dissipate (18, 32). Other fac-
tors that support and enhance TCR signaling transiently
associate with TCR microclusters and are similarly
restricted to the periphery of synapses (20, 88, 89). TCR
microclusters, on the other hand, become autostable over
time. By the time TCR reach the ¢SMAC, they will remain
clustered after the actin cytoskeleton is dissociated with la-
trunculin (2).

Like TCR signaling microclusters, the integrin molecules
that mediate adhesion are also known to couple to retro-
grade flow in the synapse (86). In a clever set of experi-
ments, Hartman and others showed that cross-linking LFA-1
integrins with an antibody increased the extent to which it
centralized in synapses. Adding a cross-linking level using a
secondary antibody further increased the extent to which
the integrins centralized (90). In terms of poroelasticity, this
would hint at a gradient of pore sizes across the synapse
coupled with an anterograde hydraulic force pressing sig-
nalosomes against the pores. In the periphery of the syn-
apse, actin polymerization would generate finely sized
pores, while actin disassembly closer to the center of the
synapse would deconstruct actin filaments, expanding the
pores. Hydraulic pressure, directed against actin retrograde
flow would force signalosomes against this mesh, sieving
the proteins by size (65).

We present some of the known and postulated features of
flow and hypothesize how these may be set up in the
immune synapse (Fig. 2). This starts with inward-directed
actin flow and putatively outward-directed fluid flow. Indi-
vidual proteins, which are smaller than the mean cytosolic
pore size, could even move anterograde — against the flow
of actin — with fluid flow. This would be consistent with
the active transport of actin monomers to the leading edge

of migrating cells (79) and might explain, for example,
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Fig. 1. Models of T-cell receptor scaffolding. Two models of signaling microcluster scaffolding. (A-D) A direct, microfilament interaction-based
model of signalosome scaffolding. (E-H) A poroelastic model of signalosome scaffolding. (A) T-cell receptors (TCRs) and signaling effectors like
linker of activated T cells (LAT) interact with the actin cytoskeleton, organizing into nanoclusters. (B) Upon triggering, actin cytoskeletal
rearrangements allow protein islands of TCRs and LAT to concatenate. (C) Further concatenation and cytoskeletal remodeling lead to the
aggregation of microclusters and the recruitment of other signaling effectors, such as SLP-76. (D) Association with signaling effectors is
dependent on the actin cytoskeleton for scaffolding. As a result, as microclusters move into the ¢cSMAC, signaling effectors are lost from TCR
microclusters. In the pSMAC, the effectors can be rescaffolded with F-actin. (E) The actin cytoskeleton corrals TCRs into cytosolic pores.
Confinement to a pore is not absolute, and diffusion into nearby pores can occur (dotted line). The rate at which molecules move into
neighboring pores would be inversely proportional to the strength of the homotypic interactions holding molecules in nanoclusters and the
hydrodynamic radius of the molecule. (F) As signaling is initiated, water influx, possibly induced by Na—H antiporter activity, changes the local
hydrostatic pressure, causing pore deformation and swelling. This increases the mean pore size, allowing nanoclusters of TCRs and LAT to merge
in growing pores. (G) Continued hydrostatic pressure facilitates the merging of TCR nanoclusters into microclusters and the incorporation of
more signaling effector molecules, such as SLP-76 to sustain signaling. (H) In the low F-actin density interior of the synapse, effectors that
require actin scaffolding to remain associated with TCRs release and are separated from TCRs by anterograde fluid flow. The molecules are free to
diffuse back into smaller peripheral pores, terminating TCR signaling. Meanwhile, TCRs, which have become independent of the actin
cytoskeleton for association in microclusters, remain trapped in the cSMAC. The TCRs cannot diffuse into the periphery of the synapse due to the
fine pore size of the pSMAC.

molecules, such as SLP-76, which move outward even when
cells are stimulated with non-motile TCR ligands that pre-
vent TCRs from moving inward. Ultimately, signalosomes
and other cellular components would be forced to move
inward with retrograde actin flow. However, hydraulic force
would modulate this retrograde flow, providing a sort of
positive buoyancy. Larger signaling complexes would flow
inward until the local mean pore size is large enough that
hydraulic force could counteract the force of actin retro-
grade flow. At that point, for molecular assemblies that
require actin for stability, the local pore size would fail to
provide adequate scaffolding and the complex would disas-

semble. TCRs in microclusters that have reached the ¢cSMAC
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would be prevented from recycling, perhaps through a
lipid-based retention mechanism (14). The hydrostatic pres-
sure gradient and the fluid flow generated need not be
monotonic. For example, the pSMAC—cSMAC border could
form a high-pressure ridge through the activity of myosin.
Less stable complexes might not penetrate this region,
whereas complexes that did traverse the boundary would
become trapped behind it (Fig. 2). This would still allow
signalosomes in the pSMAC to be segregated by size and
the

cSMAC. This mechanism would require a balance of actin

further enforce TCR microcluster sequestration in
polymerization and depolymerization to generate actin flow,

but also to segregate molecular complexes, as both polymer-
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Fig. 2. Models of cellular transport. (A) The organization of the immune synapse macromolecular domains. Microclusters are generated in the
periphery in the pSMAC and dSMAC, and then flow into the cSMAC. (B) A slice through the immune synapse domains showing the branched
actin network. F-actin density is highest in the peripheral SMAC zones. As a result, the cytosolic pore size is inversely proportional to the distance
from the center of the synapse. Due to the small pore size in the pSMAC, signaling complexes are efficiently coupled to retrograde actin flow. (C)
A proposed, simplified map of hydrostatic pressure across the synapse. (D) As signaling complexes centralize, they are simultaneously subjected to
retrograde actin flow toward the ¢SMAC and anterograde fluid flow through the poroelastic media toward the periphery of the cell. (E) The two
forces counteract each other, modulating the flow of solid material through the cell in a size-dependent manner. The balance of these two forces
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regulates the speed and direction of protein complex movement. Large complexes, such as T-cell receptor (TCR) microclusters, segregate into the
interior region with a larger cytosolic pore size. Intermediate-size complexes, such as linker of activated T cells (LAT) and integrin microclusters,
are coupled to actin retrograde flow in the pSMAC, but are unstable in the ¢cSMAC. Very small particles, such as actin monomers, are driven by

hydrostatic pressure to the edge of the synapse as in migrating cells, allowing continuous actin treadmilling.

ization and depolymerization are known to be required for
proper microcluster movement.

The combination of actin-based retrograde flow and
anterograde hydraulic pressure could also explain our obser-
vation that nascent microclusters formed at the edge of syn-
apses move outward with the expanding synapse edge (39).
Resisting this outward hydraulic pressure might require sta-
bilization of actin—TCR linkages, or incorporation into a sta-
ble pore. In that case, there would be a lag until the TCR
could interact with actin-modifying activities and integrate
into a pore within the actin meshwork. The microcluster
would then be coupled to retrograde flow. We see other
hints that hydraulics might affect TCR microcluster flows, as
microclusters appear to squeeze together and move in the
direction of motility as they reach the F-actin—poor synapse

interior of synapses (39).

Reconciling synapse models with transient,
discontinuous signaling

Issues with in vitro cell motility and artificial synapses

Many studies of actin cytoskeletal dynamics and cell motility
are conducted using large fibroblasts or keratinocytes. The
mechanics of how these cells crawl are likely to differ from

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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T cells in many ways (53, 58, 91), so care must be taken
when applying insights from these cells to T cells. In partic-
ular, the small size of T cells means that hydraulic forces
propagate proportionally further from back to front. In addi-
tion, small ‘cam’-like contacts may generate significant fric-
tion for force transfer and motility. In contrast, fibroblasts
are typically analyzed as they move across large, flat,
homogenous glass interfaces. While this substrate might
arguably be relatively appropriate for those cell types, it
clearly does not reflect the context of antigen presentation
to T cells. Cellular motility in three dimensions is clearly
different from crawling across planar surfaces (91).

Much of our understanding of cytoskeletal roles in syn-
apse and motility dynamics is derived from supported lipid
bilayers. These have been enormously informative and have
generated considerable data about synapse formation, but
these APC surrogates suffer from a range of issues. In a typi-
cal experiment, the bilayer formation regimen is optimized
to maximize the lateral mobility of the adsorbed protein
ligands. The bilayer itself is mounted on an absolutely rigid
substrate with no topological variation. In some ways, this
is ideal for testing treatments hypothesized to affect T cells’
ability to reorganize receptors and membrane domains —

any impairment of T-cell functions will be fully reflected in
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the morphology of the synapse and the T-cell response.
However, it is also clear that APCs can influence the organi-
zation of immune synapses (92, 93), and that synapses can
take on diverse conformations (94, 95). When coupling
with other cells to form synapses, T cells must adapt to
varying contours and stiffness as they move across the sur-
face of their synaptic partner. In addition, the APC might
generate resistance to receptor reorganization.

An additional concern with lipid bilayer-based experi-
ments is that cells are usually transferred from suspension,
where they are non-polarized, to the bilayer and allowed to
directly adhere. In vivo, T cells encounter APCs as they con-
stitutively move through an environment presenting various
chemokine and adhesive signals. TCR signaling is initiated
in brief, serial encounters with agonist-bearing dendritic
cells (96). During the early phases of antigen responses, T
cells establish and break contact with one or more dendritic
cells, allowing them to ‘integrate’ the agonist abundance,
which controls incorporation of T cells into the immune
response (97, 98). In an in vitro bilayer experiment, though,
the T cell is typically activated with a relatively massive,
coordinated stimulus — many hundreds to thousands of
PMHC molecules are presented under the T cells as it
spreads onto the bilayer over the first few minutes of con-
tact. As a result, T cells activated with bilayers generally
bypass the early stages of activation in which interaction
with agonist is intermittent and response thresholds are
reached over long time periods. Even if the bilayer is loaded
with super low doses of agonist, the T cell is also unable to
break contact with the surrogate APC. If T cells really do
sum the TCR signaling generated over successive contacts,
then the bilayer will ultimately present an activating dose,
no matter the local concentration, as the many square milli-
meters of bilayer provide an effectively infinite antigen dose.
As a result, it is clear that synapses formed on supported
lipid bilayers are not capable of recapitulating all the

dynamics of authentic cell—cell synapses.

Steady-state actin dynamics and discontinuous TCR

signaling
As T cells cease crawling for only brief periods during their
life cycle, it is important to understand how the factors that
regulate TCR activation integrate into the continuously
remodeling cortical actin meshwork. In the early stages of
T-cell responses to antigen, T cells make sequential, rela-
tively brief contacts with agonist-bearing dendritic cells (96,

99, 100). Over time, T-cell motility declines and cells form
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longer duration contact with dendritic cells. However, it is
clear that TCR signaling is initiated during the early, tran-
sient interactions, and that these interactions shape the T-cell
response (97). The transient interfaces between T cells and
dendritic cells formed in the early immune response are
unlikely to resemble the stable, highly organized immune
synapses seen on bilayers. A complete model of the immune
synapse will describe the organization of TCRs and signaling
domains in both short-lived contacts and stable, longer
duration interactions.

Maintenance of symmetry has been proposed as an
important factor in production of a stable, productive syn-
apse (49, 101). It is difficult to reconcile this idea with the
short-lived, dynamic contacts of early T-cell activation. It is
possible that the requirement for symmetry is not absolute,
but rather context dependent, and that some synapses do
not need to maintain symmetry to be productive. This is an
attractive idea, and would indicate that T cells can bias the
types of synapses they generate based on their differentia-
tion state (94), as well as the nature of the information
exchange occurring at the synapse (102). For example, in
the

exchanged at the synapse is limited and largely one way — a

early T-cell encounters with antigen, information
relatively limited amount of information (agonist) is pre-
sented by the dendritic cell to the T cell. Perhaps in other
synapses, such as T-helper cell-B-cell synapses where cyto-
kines are transmitted across the synapse, stability and sym-
metry are paramount to ensure that sufficient, bidirectional
information exchange occurs. Conversely, cytotoxic T cells,
which are exquisitely sensitive (103), need only receive a
very limited amount of information before committing to
cytolysis of their target. By adapting to more flexible, unsta-
ble synapses, cytotoxic T cells would then be able to rapidly
kill a series of targets (104, 105). This could be reflected in
our analyses of motile synapses formed by antigen-experi-
enced CD8" T cells (39). We found that CD8" T-cell blasts
could initiate migration on bilayers even as synapse forma-
tion began. In these motile synapses, TCR microcluster
movements did not appear to focus on a single location.
Instead, TCR microclusters flowed independent of the loca-
tion of the ¢SMAC into F-actin—poor regions of the synapse
and passively merged into larger aggregates.

If T cells are able to adapt various synapse conformations
based on context, the actin cytoskeleton will surely be an
important factor in shaping those context-specific synapses.
Modulating the relative activity levels of proteins like WASp
and PKCO could enhance the ability of cytotoxic T cells to

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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form kinapses or motile synapses (101, 106). Synapses are
also often viewed as binary partnerships, and much work
has been done analyzing T-cell polarization toward an
exclusive APC partner (107, 108). However, rather than
stably polarizing, the MTOC polarization can oscillate and
can rapidly flop between multiple, associated target cells
(109). Cytotoxic T cells can uncouple effector functions
from synapse formation to simultaneously kill multiple
targets, and T cells can rapidly switch polarization toward
different partners in synapses (105, 110). Therefore, T cells
manage multiple independent signaling interfaces, possibly
on opposite sides of the cell. By coupling organelle move-
ments to hydrostatic pressures, T cells could quickly
squeeze organelles related to synapse effector activities,
such as degranulation, between distal signaling interfaces.
In this regard, the F-actin—poor interior of the synapse
might facilitate secretion into the synaptic interface, but
might also represent a low hydrostatic pressure region
toward which organelles can move. In the case of a multi-
faceted synapse, multiple F-actin—poor regions could form
multiple low hydrostatic pressure zones, which organelles
would cycle through by following fluctuating hydrostatic

pressure gradients.
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Conclusion

Not all the observations we discuss require poroelastic
mechanisms to be explained, and some can instead be mod-
eled in terms of mechanical pushing and pulling by the
actin cytoskeleton. However, given that the poroelastic
model of the cytoplasm can explain features of animal cell
dynamics that have gone unappreciated, it is important to
incorporate it into models of how cells respond to stimuli.
Moreover, poroelasticity and non-hydraulic mechanisms are
not mutually exclusive, and hydraulic- and filament-based
likely

between signaling factors and the actin cytoskeleton can

mechanical forces interact. Binding interactions
scaffold factors into complexes and exert force on those
complexes, leading to or cooperating with hydraulic-driven
mechanisms that squeeze factors into different porosity
regimes; these pore-related dynamics could change not just
diffusion behaviors but also the binding partners available
for interactions, feeding back into signaling activities. In this
way, poroelastic mechanics can reinforce weak or transient
interactions between signaling factors that might not survive
the relatively massive shear forces that the cytoskeleton can
apply to receptor complexes as cells crawl over an APC

surface.
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