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Ultrasensitivity allows filtering weak activating signals and responding emphatically to 
small changes in stronger stimuli. In the presence of positive feedback loops, ultrasen-
sitivity enables the existence of bistability, which convert graded stimuli into switch-like, 
sometimes irreversible, responses. In this perspective, we discuss mechanisms that 
can potentially generate a bistable response in the phosphorylation/dephosphorylation 
monocycle that regulates the activity of cofilin in dynamic actin networks. We pay partic-
ular attention to the phosphatase Slingshot-1 (SSH-1), which is involved in a reciprocal 
regulation and a positive feedback loop for cofilin activation. Based on these signaling 
properties and experimental evidences, we propose that bistability in the cofilin signaling 
module might be instrumental in T cell responses to antigenic stimulation. Initially, a 
switch-like response in the amount of active cofilin as a function of SSH-1 activation 
might assist in controlling the naïve T cell specificity and sensitivity. Second, high con-
centrations of active cofilin might endow antigen-experienced T cells with faster and 
more efficient responses. We discuss the cofilin function in the context of T cell receptor 
triggering and spatial regulation of plasma membrane signaling molecules.
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ActiN DYNAMics AND ActivAtiON OF t ceLLs

Initial signaling events triggered by the T cell receptor (TCR) after the specific engagement of 
antigenic peptide–MHC complexes (pMHC) occur in dynamic TCR microclusters organized at the 
periphery of the immunological synapse (IS) (1). TCR microclusters migrate to the center of the IS, 
where they are endocytosed for signaling downmodulation (2). The actin cytoskeleton is essential 
for the early signaling and centripetal movement of TCR molecules and integrins that precedes TCR 
downmodulation (1, 3, 4). TCR early signaling promotes the formation of a dynamic network of 
filamentous actin (F-actin), which, in turn, mediates the maturation of the IS with the formation of 
a central and a peripheral supramolecular activation cluster (cSMAC and pSMAC, respectively) (5).

Beyond the function in the initial signaling events and IS maturation, actin dynamics have been 
suggested to regulate the kinetics of the TCR/pMHC engagement. Experiments based on Förster 
resonance energy transfer (FRET) in live cells have demonstrated that the affinity of the TCR/
pMHC interaction is higher but yet short-lived than previously detected by in vitro experiments 

Abbreviations: ac, active cofilin; Ag-e, antigen-experienced; APCs, antigen-presenting cells; F-actin, filamentous actin; pCof, 
phospho-cofilin; pMHC, peptide–MHC complex; SEE, staphylococcal E enterotoxin; tCof, total cofilin.
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(6). The actin cytoskeleton was proved to promote a high dis-
sociation rate. These data pose the question about how brief 
TCR interactions can efficiently activate T cells that are scanning 
antigen-presenting cells (APCs), which frequently contain low 
densities of surface antigenic pMHC compared with endogenous 
pMHC. High affinity and brief interactions might assist the 
serial-specific engagement of TCR molecules compacted together 
in surface oligomers, so-called nanoclusters or “protein islands” 
(6, 7). TCR clustering can also help to keep specificity while 
raising sensitivity of T cells by ensuring the effective half-life or 
“confinement time” of a TCR–pMHC interaction as predicted by 
the rebinding model that was recently proposed (8, 9). Antigen-
experienced (Ag-e) T cells exhibit bigger TCR nanoclusters that 
parallel a lower activation threshold than the observed in naïve T 
cells (10). Thus, it seems that an avidity-maturation process medi-
ates enhanced responses seen in effector or memory T cells (10, 
11). The mechanism regulating the organization of cell surface 
nanoclusters is nonetheless not known. Interestingly, it has been 
recently proposed that dynamic short actin filaments promote the 
formation of surface protein oligomers (12). Thus, in addition to 
controlling kinetic parameters of the TCR/pMHC engagement 
and the molecular dynamics during early T cell activation, actin 
dynamics might also be involved in the spatial and temporal 
organization of cell surface oligomers of signaling molecules.

reGULAtiON OF ActiN DYNAMics BY 
cOFiLiN

Cofilin depolymerizes and severs F-actin, being in this way one 
of the major regulators of actin dynamics in the cell. Activity of 
cofilin is regulated by a phosphorylation/dephosphorylation 
monocycle of the serine residue in position 3 (Ser-3) (Figure 1A). 
Phosphorylation of Ser-3 by LIM kinases 1 and 2 (LIMK1 and 
LIMK2) and testicular protein kinases 1 and 2 (TESK1 and TESK2) 
inactivates cofilin. By contrast, activation of cofilin is mediated by 
several phosphatases, including serine–threonine phosphatases 
PP1 and PP2A, chronophin, and a subfamily of dual-specific 
phosphatases, called Slingshots (SSH-1, SSH-2, and SSH-3) (13). 
Among Slingshots, SSH-3 does not bind F-actin and shows a less 
efficient cofilin-phosphatase activity (14). Beyond the regulation by 
phosphorylation cofilin is also inactivated by PIP2 binding at mem-
branes (15) and by oxidative stress conditions (16). Cofilin action 
on F-actin generates both new barbed ends ready to polymerize and 
a pool of globular actin to feed polymerization (17–19). In this way, 
cofilin promotes the formation of a dynamic network of F-actin (20), 
which is essential for the stimulation of T cells (21). In fact, agents 
that perturb cofilin dynamics inhibit IS assembly and T cell effector 
functions (22). Despite the significance of cofilin recruitment to the 
IS (22), there is no information about the molecular dynamics of 
cofilin regulators during IS assembly and T cell activation.

ULtrAseNsitivitY iN tHe cOFiLiN 
siGNALiNG MODULe

Signaling modules based on opposing enzymes, such as the cofilin 
phosphorylation/dephosphorylation monocycle (Figure 1A), can 

exhibit different steady-state response functions (Figures 1B–D). 
When enzymes are working far from saturation and mass action 
kinetics are assumed, the steady-state response function exhibits 
a Michaelian shape, which is linear at low stimulatory inputs and 
tends to a plateau when the amount of substrate decreases with 
stronger stimulation (Figure 1B). However, properties, such as 
reciprocal regulations, positive feedback loops, and multiphos-
phorylation reactions, are known to generate ultrasensitive 
responses (23), which are characterized by a sigmoidal, switch-
like relation between the stimulus and the response, frequently 
described by the cooperative Hill equation (Figure 1C) (24). In 
addition to the above-mentioned properties, ultrasensitivity is 
also generated when substrate levels make both the inhibitory 
and the activating enzyme to operate close to saturating condi-
tions (so-called zero-order ultrasensitivity) (24), and when a 
signaling molecule and its activator are concomitantly located 
to a particular cell compartment (25). Thus, both enzyme levels 
and molecular dynamics (spatial and temporal regulation) are 
essential for the output of signaling modules and, consequently, 
for the cell response. One of the benefits of ultrasensitivity is that 
it enables cells to filter low stimulatory inputs and to get fast and 
efficient responses as the stimulus increases. Most importantly, 
in the presence of positive feedback or double negative feedback 
loops, ultrasensitivity can also facilitate bistable responses, which 
constitute real switches in which two stable steady-states are 
possible (low/“off ” and high/“on”) for one particular stimula-
tory input and an intermediate response cannot take place 
(Figure 1D) (26). As soon as a threshold is reached, the system 
turns to the “on” state, where it stays even when the stimulus 
falls under the threshold level, a property called hysteresis. When 
positive feedback loops are very strong, bistable responses can be 
irreversible. In this situation, the “on” state is maintained even 
when the stimulus is completely depleted. Bistability indicates 
the existence of a molecular memory controlling the response of 
the signaling module.

The cofilin signaling module has several of the above-mentioned 
properties that generate ultrasensitivity (Figure 1A), including (i) 
a reciprocal regulation mediated by Slingshot-1 (SSH-1) activa-
tion, which activates cofilin and inactivates LIMK1 (27); (ii) a 
positive feedback loop on SSH-1, which can be self-activated by 
auto-dephosphorylation (28); and (iii) a positive feedback loop due 
to the enhanced (1200-fold) cofilin-phosphatase activity of SSH-1 
when it is bound to F-actin networks (29), whose organization 
is promoted by cofilin action (20). These positive feedback loops 
could promote a bistable response showing hysteresis, especially at 
high local concentrations of active cofilin that would make LIMK1 
to work close to saturation (26). It seems then probable that any 
stimulus triggering SSH-1 activation will generate an ultrasensitive 
or bistable response. These regulatory mechanisms of SSH-1 have 
not been established in either SSH-2 or SSH-3. Supporting a TCR-
mediated activation of SSH-1, we found that although an even 
distribution, with partial colocalization with F-actin, was found in 
non-stimulated cells (data not shown), GFP-SSH-1 accumulated 
at peripheral sites in the IS (Figure 1E), as previously described 
for cofilin (22). These data support the notion that TCR signals 
could generate an ultrasensitive response of the cofilin signaling 
module due to the accumulation of cofilin and its activator SSH-1 
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FiGUre 1 | Ultrasensitivity in the cofilin phosphorylation/dephosphorylation monocycle. (A) Regulation of cofilin activity by SSH-1 and LIMK1. Red and 
green lines indicate negative and positive regulations, respectively. (i)–(iii) label the reciprocal regulation and positive feedback loops on SSH-1 activation as indicated 
in the main text. Schematics are shown of graded Michaelian (B), ultrasensitive (c), and bistable (D) steady-state response functions. Dashed lines represent 
intermediate, not possible, states. The green area labels the window of stimulatory inputs generating two stable steady states. A green arrow labels the threshold for 
switching the module on. Black arrows indicate the going-up and going-down responses characteristic of hysteresis. (e) Confocal microscopy of Jurkat CD4 T cells 
transiently transfected with GFP-SSH-1 and interacting with Raji cells presenting staphylococcal E enterotoxin (SEE). Confocal sections of the green, red, and 
merged channels as well as three-dimensional (3D) reconstructions of interaction sites are shown. Arrows indicate CD3 clusters and sites of early phosphotyrosine 
(pY) signaling. Calibration bars quantify the intensity of GFP-SSH-1 (left panels). APCs are identified by staining with 7-amino-4-chloromethylcoumarin (CMAC). TL: 
transmission light. (F) Levels of endogenous phospho-cofilin (pCof) as a function of ectopically expressed GFP-SSH-1 in non-stimulated Jurkat CD4 T cells 
assessed by flow cytometry (FACS). Lines delimit the regions obtained to plot the mean of pCof versus the mean of GFP-SSH-1 levels (middle panel). Right panel: 
active cofilin (ac), calculated as [total cofilin(tCof) − pCof]/tCof, as a function of the mean of GFP-SSH-1 levels as before. The tCof was obtained from FACS data 
(not shown). Black dots are experimental data fitted to a four-parameter Hill equation (red line). Hill exponent (n) is indicated. Goodness of fit: SSE 2.2e−6, adjusted 
R-square: 0.9998, and RMSE: 0.00085. (G) Histograms of pCof in each of the four regions labeled in (F) with color-coded numbers. Note the bimodal distribution of 
pCof in region 2. Panels show one representative experiment out of three.
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FiGUre 2 | Bistability in the cofilin signaling module. (A) Western blot showing levels of phospho-cofilin (pCof) and total cofilin (tCof) in resting peripheral blood 
CD4 T cells and in Ag-e CD4 T cell blasts obtained by stimulating peripheral blood mononuclear cells with staphylococcal E enterotoxin (SEE) for 7 days (labeled as 
+SEE). In some samples (labeled as −SEE), antigenic stimulation was applied for only 24 h and then washed away leaving cells without the stimulus for 6 days. The 
western blot of one representative experiment out of five is shown. Numbers indicated the ratio of pCof/tCof normalized to resting cells. (B) Left panel: schematic of 
the proposed steady-state response of active cofilin (ac) as a function of T cell stimulation. The red line shows the ultrasensitive response expected in naïve T cells. 
Lower stimuli would be filtered out as noise (red area). The green line shows the “on” state of the module proposed for Ag-e T cells. Note, hysteresis (red and green 
arrows). Right panels: schematics of the cofilin module in naïve and Ag-e T cells. (c) Effects of high levels of active cofilin on T cell stimulation in Ag-e cells versus 
naïve T cells, as explained in the main text by points (i)–(iv).
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at the IS. Nonetheless, cofilin-activating signals, such as costimu-
lation (30), might also regulate the dynamics of SSH-1 during T 
cell activation. It is also plausible that local SSH-1 will be on its 
highest activation state bound to cortical F-actin. Thus, an efficient 
inhibition of LIMK1 and, consequently, a reciprocal regulation, is 
expected at these sites. Consistent with ultrasensitivity, we have 
found a sharp decrease in the mean of phospho-cofilin amount 
in T cells as a function of SSH-1 levels (Figure  1F; Figures S1 
and S2 in Supplementary Material). Interestingly, the detection at 
the lowest SSH-1 levels of two discrete populations of active and 
inactive cofilin with no intermediate states suggests the existence 
of a bistable response (Figure  1G; Figure S2 in Supplementary 
Material). In agreement with irreversible bistability and hysteresis, 
we have found a higher proportion of active cofilin in Ag-e than in 
resting T cells, even when they were deprived from the antigenic 
stimulus for 6 days (Figure 2A). In order to further demonstrate 
irreversibility, it will be needed to design experiments for the com-
plete deprivation of peptide antigenic stimulation by, for example, 
combining antigen washing and pharmacological inhibition of 
early TCR signals as previously done (31).

PHYsiOLOGicAL reLevANce

We propose that the steady-state response of active cofilin as 
a function of SSH-1 activation may be an irreversible bistable 
switch (Figure  2B). A fast increase in the actin dynamics is 
expected once an activation threshold is reached due to TCR and 
costimulatory signals. Other environmental clues may participate 
in the regulation of active cofilin during T cell activation. For 
example, the local reducing environment promoted by dendritic 
cells at inflammatory sites (32) has been proposed to prevent the 
inhibition of cofilin activity by PIP2 in antigen-specific T cells 
(33). Interestingly, this might also prevent inhibition of SSH-1 
by reactive oxygen species (34). Cofilin ultrasensitive response 
in coordination with other signaling modules may have potential 
effects in the sensitivity, specificity, rapidity, and efficiency of 
switch-like T cell responses.

In naïve T cells, ultrasensitivity might be instrumental in 
maintaining the peripheral tolerance to low signals emanating 
from self-peptides while endowing cells with enough sensitivity 
to foreign antigens. Switching the module to the “on” state will 
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rapidly increase actin dynamics to assist on the early assembly 
of TCR microclusters after the engagement of antigenic pMHC. 
This will enable an efficient organization of initial signaling 
complexes.

Slingshot-1 may participate in the molecular memory that 
keeps the cofilin signaling module in the “on” state in Ag-e 
T cells even when the antigenic stimulus is depleted. Although 
recent findings challenge the notion that Ag-e T cells have 
lower activation thresholds (35), there is a general agreement 
about the faster and more efficient responses seen in these cells 
when compared to their naïve counterparts. High levels of 
active cofilin will increase the depolymerization and severing 
of actin. This might promote the following effects in tuning TCR 
triggering and signaling during the activation of Ag-e T cells 
(Figure  2C): (i) a higher mobility of TCR nanoclusters. This 
may raise the chance of finding and engaging antigenic pMHC; 
(ii) the formation of big TCR oligomers at the cell surface due to 
abundant short dynamic actin filaments, as described for other 
surface molecules (12). A bistable response of the cofilin module 
might then represent a mechanism for the avidity-maturation 
or for the rebinding model mentioned above; (iii) the genera-
tion of stronger actin tracking forces. This would ensure both, 
more efficient T cell responses by promoting enough short-lived 
serial engagements of TCR molecules at the larger nanoclusters 
and the discrimination of low quality ligands; and (iv) a more 
efficient release of molecules participating in initial events of 
signaling by the TCR. Recently, it has been shown that TLR 
signaling in B cells increases the cofilin-dependent actin 
dynamics and, consequently, reduces the BCR confinement 
enhancing signaling (36). The same mechanism might also 
operate in T cells.

In summary, while the cofilin signaling module at the “off ” 
state may guarantee the auto-tolerance and sensitivity of naïve 
T cells, the “on” state may mediate faster and more efficient 
responses exerted by Ag-e T cells. Regulation of SSH-1 activity is 
expected to be essential for switching the cofilin signaling module 
to the on state. Thus, regulators and dynamics of SSH-1 during the 
activation of primary T cells should be investigated. A described 
regulator of SSH-1 during insulin signaling is PI3K (37). PI3K 
is an effector of ras (38), whose activation is characterized by 

a bistable response (31). Thus, it seems that T cell responses 
are tuned by bistability in several signaling modules operating 
in early steps downstream the TCR (31, 39–41). In order to 
formally demonstrate the existence of hysteresis, we will need 
models that enable us to reach maximal stimulation of primary 
T cells with physiological antigenic peptides and then be able to 
go down in the stimulation before re-testing the activation state 
of the signaling module (31). Acute perturbation of signaling 
components and the cell machinery (such as cytoskeleton and 
endosomal compartment) should inform about the key players 
and the dynamics controlling the ultrasensitive response. In this 
context, dynamic regulation of cofilin by slingshots is under 
further investigation in our group.
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