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Human T-cell receptor triggering requires
inactivationofLimkinase-1bySlingshot-1
phosphatase
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Aldo Borroto5, Raul Torres-Ruiz6,7,8, Sandra Rodriguez-Perales 6, Francisco Sánchez-Madrid3,9,10,
Noa Beatriz Martín-Cófreces 3,4,9,10,12 & Pedro Roda-Navarro 1,2,12

Actin dynamics control early T-cell receptor (TCR) signalling during T-cell activation. However, the
precise regulation of initial actin rearrangements is not completely understood. Here, we have
investigated the regulatory role of the phosphatase Slingshot-1 (SSH1) in this process. Our data show
that SSH1 rapidly polarises to nascent cognate synaptic contacts and later relocalises to peripheral
F-actin networksorganisedat themature immunological synapse.KnockdownofSSH1expressionby
CRISPR/Cas9-mediated genome editing or small interfering RNA reveal a regulatory role for SSH1 in
CD3ε conformational change, allowing Nck binding and proper downstream signalling and
immunological synapse organisation. TCR triggering induces SSH1-mediated activation of actin
dynamics through amechanismmediatedbyLimk-1 inactivation. Thesedata suggest that during early
TCR activation, SSH1 is required for rapid F-actin rearrangements that mediate initial conformational
changes of the TCR, integrin organisation and proximal signalling events for proper synapse
organisation. Therefore, the SSH1 and Limk-1 axis is a key regulatory element for full T cell activation.

T cells scan antigen-presenting cells (APCs) through exploratory contacts
dependent onmicrovilli enriched infilamentous actin (F-actin),which canbe
stabilised when the T-cell receptor (TCR) encounters a cognate peptide
bound to the major histocompatibility complex (pMHC)1. Activation of the
TCR triggers the rearrangement of the tubulin and actin cytoskeleton during
the immunological synapse (IS), which in turn are required for sustained T
cell activation and effector function2,3. In this regard, actin polymerisation at
TCRclustering sites isneeded forTCRtriggeringandnascent signalling4,5 and
promotes theassociationofNck (non-catalytic regionof tyrosinekinase)with
the CD3ε invariant chain of the TCR to enable downstream signalling6,7.

The actin severing and depolymerising factor cofilin promotes actin
polymerisation by increasing the local concentration of actin barbed ends
and the pool of available globular actin in vitro8. In T cells, cofilin par-
ticipates in cytoskeletal rearrangements downstream of co-stimulatory
signals3,9,10, is recruited to the contact area between T cells and APCs and
is critical for LFA-1 clustering11. Cofilin also regulates NF-ĸB translo-
cation to the nucleus for cytokine production12,13. Consistent with an
important role during T cell activation, active species of cofilin increase in
in vitro expanded, antigen-experienced T cells14. Cofilin has been pro-
posed to mediate the differentiation of αβ but not γδ T cells15, but the
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underlying mechanisms explaining the role of cofilin in T cells remain
unknown.

Cofilin activity is regulatedby the phosphorylation/dephosphorylation
balance of the serine 3 (Ser3) residue. Several phosphatases have been
described as activators of cofilin, such as the Ser-Thr phosphatases PP1 and
PP2A16, chronophin, and the family of dual-specific phosphatases Slingshot
(SSHs; SSH1, SSH2andSSH3); conversely, inactivationof cofilin is achieved
by phosphorylation by Limand testicular protein kinases (LIMKandTESK,
respectively)17. SSH1 and SSH2 have higher phosphatase activity against
cofilin than SSH3 and have bundling activity on actin filaments, which
greatly enhances their phosphatase activity against cofilin18. These proteins
can also dephosphorylate Limk-1, leading to its inactive state. Thus, the
phosphatase activity of the SSHs is expected to promote ultrasensitive
activation of cofilin, which has been proposed to promote efficient T cell
responses14.

The role of SSHs during TCR stimulation has not been characterised
and this issuewas investigatedhere. EndogenousSSH1expression correlates
with cofilin activation in activated T cells, suggesting a regulatory role for
SSH1 during this process. SSH1 is rapidly recruited to nascent cognate
interactions with APCs, where it activates cofilin and regulates the TCR
conformational change that exposes the proline-rich sequence of the CD3ε
invariant chain for Nck recruitment. Consistent with these observations,
SSH1-deficient cells show defective T cell activation and impaired synaptic
organisation of the TCR and integrins, as well as reduced cytokine
production.

Results
SSH1 is upregulated by T-cell activation and recruited to the IS
To investigate the potential role of SSH1 during human CD4 T-cell acti-
vation and differentiation, SSH1 expression was assessed. Western blot
analysis revealed an induction of the expression of the phosphatase during
activation of primary human CD4 T cells isolated from PBMCs, after
16–40 hofTCR stimulation and co-stimulation engagement in the presence
of IL-12 (Fig. 1a). Thehigher expression levelswere reachedandmaintained
for approximately 88 h during CD4 T cell expansion and differentiation
(Fig. 1a, b and Supplementary Fig. 1a, b). This increased expression corre-
latedwith the concomitant activation of cofilin, as shown by the decrease in
the phosphorylation level of Ser3 (Fig. 1a, b). These results indicate that
increased SSH1 expression supports cofilin activation in stimulated CD4
T cells. Resting CD4 T cells expressed almost undetectable levels of SSH1
compared to their counterpart blasted CD4 T cells (Fig. 1a and Supple-
mentary Fig. 1a, b). Since cofilin is a known regulator of actin dynamics,
which is essential for T cell activation, these data suggest that SSH1may be a
regulator of F-actin networks in T cells and that it may play a relevant role
during cognate synaptic contacts with APCs.

Endogenous localisation of SSH1was studied by immunofluorescence
of synaptic contacts established by in vitro SEE-stimulated, primary human
CD4T cells isolated fromPBMCs to generate expanded lymphoblasts. SEE-
preloaded Raji B cells were used as APCs. Unstimulated lymphoblasts in
contact with Raji B cells did not induce the localisation of SSH1 at the
synaptic contacts. The presence of SEE induced a rapid polarisation of SSH1
to the IS, accompaniedby the expected accumulationofCD3ε and increased
local F-actin polymerisation (Fig. 1c, d). SSH1 localised mainly to F-actin
networks at the periphery of the mature IS, an area from which CD3ε was
excluded (Fig. 1e). Consistent with this, a clear co-localisation of SSH1 and
F-actin was found (Fig. 1e, f).

Dynamic recruitment of SSH1 to the immunological synapse
depends on F-actin networks
The dynamic polarisation of SSH1 and CD3ζ to the synapse was tracked by
live-cell confocalmicroscopy inCH7C17 JurkatT cells overexpressingGFP-
SSH1 and CD3ζ-mCherry fluorescent fusion proteins. HOM2 lympho-
blastoid B cells were used as APCs to present the influenza haemagglutinin
peptide (HAp) specifically recognised by the TCR expressed by CH7C17.
GFP-SSH1 polarisation at the IS was observed as soon as the T cell initiated

early exploratory contacts with HAp-loaded HOM2 cells. As a result, there
was a rapid and clear accumulation of the protein at the contact sites,
observed as early as 30 s. After 130 s of interaction, GFP-SSH1 and CD3ζ-
mCherry were located in peripheral and central areas of the IS, respectively
(Fig. 2a, b andSupplementaryMovie 1). These data showedanearlydelivery
of SSH1 tonascent cognate interactions and its distribution to theperipheral
sites of the mature synapse.

To ascertainwhetherGFP-SSH1 localisationat the synapsedependson
F-actin integrity, E6-1 JurkatTcells overexpressingGFP-SSH1were allowed
to form synapses with SEE-preloaded Raji B cells and treated with
latrunculin-A (Lat-A), which prevents F-actin polymerisation. Lat-A was
added after 5min of T-B cognate interaction to disrupt local F-actin at the
synapse. Lat-A blocked the accumulation ofGFP-SSH1 and F-actin, but not
CD3ε, at the IS (Fig. 2c, d). Pearson´s coefficient showed that Lat-A treat-
ment reduced the co-localisation at the synapse of GFP-SSH1 with F-actin
but not with CD3ε (Fig. 2c–e). To further prove the role of the actin
cytoskeleton in SSH1 dynamics, cytochalasin D (Cyto-D), which promotes
F-actin depolymerisation18, was used in a similar set of experiments, par-
alleling the effect of Lat-A on SSH1 localisation. However, Cyto-D disrup-
tion of F-actin also cleared CD3ε from the already formed synapse,
preventing polarisation (Supplementary Fig. 2a, b). Changes in the Pear-
son’s coefficient were similar upon treatment withCyto-D and Lat-A; SSH1
and F-actin colocalisation decreased, but that of SSH1 and CD3ε remained
unchanged (Supplementary Fig. 2a, c). This indicates that the location of
SSH1 at the IS is highly dynamic and depends on the balance between actin
depolymerisation and polymerisation, whereas CD3ε, after an initial relo-
calisation, can be detected at the synaptic contact in the absence of new actin
polymerisation, probably due to TCR-MHC binding19. These data raise the
hypothesis that SSH1 localisation may depend on the organisation of
F-actin networks established at the synapse during cognate interactions
between T and B cells.

SSH1 regulates TCR signalling and T-cell activation
To investigate the relevance of SSH1 in TCR activation, early signalling
activated downstream of the TCR was assessed in CRISPR/Cas9-mediated
genome-edited E6-1 Jurkat T cells to knockout SSH1 expression (SSH1KO
cells) (Supplementary Fig. 3a). The initial polyclonal population of edited
cells already showed reduced levels of SSH1 compared to control cells and
no changes in cofilin activation were observed in these quiescent cells
(Supplementary Fig. 3b). To isolate knockout cells, cloneswere generated by
limitingdilution (Supplementary Fig. 3c) and theDNAsequencingof oneof
the clones (clone 12), confirmed the specific editing of the gene, in which an
insertion of three base pairs generates a premature stop codon in the region
upstream of the B (binding) and the P (phosphatase) domains (Supple-
mentary Fig. 3d). The phosphorylation state of cofilin in the clone 12 or in
the pool of four knockout clones (purple squares in Supplementary Fig. 3c)
was not different from that in control cells (Supplementary Fig. 3d). These
data indicate that the phosphorylation status of cofilin in resting Jurkat cells
is not regulated by SSH1.

The pool of SSH1 KO clones, which potentially avoids problems of
clonal selection, was tested for expression of cell surface markers by using
specific antibodies andflowcytometry. Similar expression of activation and
adhesion receptors, CD3,CD4and integrins such as LFA-1 andVLA-4was
observed compared to control cells (Supplementary Fig. 4). These cells
were activated or not with SEE-preloaded Raji B cells for the indicated
times, and signalling pathways emanating from the TCRwere studied. The
level of phosphorylation of molecules involved in the early signalling
pathways was reduced by the absence of SSH1 (Fig. 3a, c). Different anti-
bodies were used against specific residues known to be relevant, such as
pY83 in the first ITAM (immunoreceptor tyrosine-based activationmotif)
of CD3ζ and pY493 of ZAP70, two molecules that form part of the early
signalling module of the TCR20,21 and showed decreased activation ratios
(Fig. 3a). The signalosomeof LAT, a scaffolding protein downstreamof the
TCR, was also analysed by probing pY132 LAT, pY783 PLCγ1 and pY145
SLP7622 (Fig. 3b); pY132 LAT decreased at early times (2 and 5min) and
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Fig. 1 | SSH1 expression and distribution in activated CD4 T cells. aWestern blot
showing the expression of SSH1, GAPDH, phosphorylated cofilin at Ser3 (pCof) and
total cofilin (tCof) in peripheral blood CD4 T cells stimulated for the indicated times
in hours (h). bGraphs, ratios of SSH1 vs. GAPDH and pCof vs. tCof. Densitometric
values were normalised to 88 and 0 h, respectively. Individual experiments are
shown by dots and lines represent the mean value (n = 3), two-tailed paired t-test.
c Fluorescence images of SEE-expanded human primary CD4 T lymphoblasts
conjugated with CMAC-labelled, SEE-loaded or unloaded Raji B cells. SSH1,
pseudocolour or green in the merged image; CD3ε (cyan) and F-actin (magenta).

Bar, 5 µm. d Graphs, SSH1 and F-actin polarisation at the IS. Graph, mean ± SD;
control, n = 44; SEE, n = 60 cells analysed from three independent experiments; two-
tailed unpaired t-test. e Long-term synapse from (c). Yellow rectangles, magnifi-
cations showing co-localisation pixel map (white pixels) of SSH1 (green) with
F-actin (blue; top) or CD3ε (blue; bottom). f Graphs, Pearson’s correlation coeffi-
cient obtained in individual cell conjugates analysed (blue and orange symbols).
Lines indicate the mean ± SD; (SSH1/F-actin and SSH1/CD3, n = 41 cells analysed
from three independent experiments). Two-tailed paired t-test. *p < 0.05,
***p < 0.001, ****p < 0.0001. See also Supplementary Fig. 1.
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PLCγ1 showed a decreased activation ratio at all times examined. The
extent of SLP76 phosphorylation showed similar levels than control cells at
5 and 15min, with decreased activation at early times (Fig. 3b). Finally,
ERK1/2 showed decreased activation at all the times tested, with the
greatest differences observed at shorter times of activation (Fig. 3c). Similar
decrease in TCR downstream signalling was observed in SSH1 silenced

CH7C17 Jurkat T cells stimulated with HAp-loaded HOM2 cells (Sup-
plementaryFig. 5a). The phosphorylationofY83CD3ζ, Y783PLCγ1,Y493
ZAP70 andT202/Y204 ERK1/2 were decreased in cells with reduced SSH1
expression (Supplementary Fig. 5b–d). To address whether this defect in
proximal signalling is relevant to T cell activation, CD69 expression was
analysed by flow cytometry in experiments with control and SSH1 KO JK
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T cells stimulated by SEE-preloaded Raji B cells. SSH1 KO cells showed
reduced CD69 expression (Fig. 3d and gating strategy in Supplementary
Fig. 6) and reduced IL-2 secretion as measured by ELISA (Fig. 3e). These
results suggest that SSH1 is required for full T cell activation and that its
action is exerted very early after TCR activation, affecting several signalling
pathways.

SSH1 is required for TCR conformational change
To determine whether SSH1 directly regulates the TCR, control and SSH1
KO cells were stimulated with anti-CD3 plus anti-CD28 monoclonal anti-
bodies for the indicated times and subjected to GST-Nck pulldown. Nck
binds to the TCR by interacting with the CD3ε invariant chain when it
changes its conformation due to the engagement of a specific antigen6. We
observed that the interaction of GST-Nck with the TCR (assessed by CD3ζ
pull-down) was reduced in SSH1 KO cells at early time points, either the
15 kDa form or the phosphorylated 21 kDa form23,24 (Fig. 4a), suggesting
that theTCRrequires SSH1 to enable efficientCD3ε conformational change
leading to activation of the downstream signalling pathways. Cells from
these assayswere probed for activationwith pT202/Y204 ERK1/2 and pY83
CD3ζ (Supplementary Fig. 7), reinforcing the idea of a defect in the early
phosphorylation of CD3ζ observed previously (Fig. 3a). To determine
whether the absence of SSH1 prevents the open conformation of the CD3ε
dimer, we used APA1/1, a specific monoclonal antibody that recognises a
conformational epitopeon the intracellular part of thedimerofCD3ε chains
when active6,25. Polyclonal activation of T cells with stimulatingmonoclonal
antibodies and detection by flow cytometry indicated that SSH1 KO cells
showed reduced activation in terms of active TCR(Fig. 4b). Indeed, reduced
active CD3εwas observed at the contacts of SSH1KO cells with APCs, with
decreased APA1/1 labelling in central areas of IS established by SSH1 KO
cells. The localisation of active CD3ε was close to peripheral F-actin, as
shown in the 3D reconstruction of the T-APC contact area (Fig. 4c; 3D
merge). A reduced accumulation of total CD3ε was also observed by
extracellular epitope staining, with a similar distribution (Fig. 4d; 3D
merge). These results suggest that SSH1 is an early regulator of the active
conformation of the TCR/CD3 complex upon contact with cognate anti-
gens, and that this may influence TCR recruitment to the synapse, which is
required for full T cell activation.

SSH1 links TCR-dependent actin-related pathways
The correlation between the increase in SSH1 expression and cofilin acti-
vation suggested that this phosphatase dephosphorylates and activates
cofilin in lymphoblasts (Fig. 1a). To investigate this regulation of cofilin
activity during T cell activation, control and SSH1KO cells were stimulated
with SEE-preloaded Raji B cells. SSH1KO cells showed no expression of the
protein (Fig. 5a). Phosphorylation of cofilin and Limk-1 was analysed in
these cells by Western blot. The phosphorylation of Limk-1 was strongly
increased in SSH1KOcells uponTCR activationwith SEE-preloadedRaji B
cells for the indicated times (Fig. 5b). The activation of Limk-1 correlated
with a decrease in the activation of cofilin, as shown by the increased
phosphorylation at Ser3 (Fig. 5b, c). To further characterise the cofilin
regulatory module, phosphorylation of p21-activated kinase (PAK1), a
protein involved in cofilin inhibition through phosphorylation and activa-
tion of Limk-126, was also determined. Consistent with what was observed
for cofilin and Limk-1, SSH1KOcells showed increased phosphorylation of

T402PAK1 compared to control cells (Fig. 5d). To verify this regulatory role
of PAK1 on the cofilin module via Limk-1, control and SSH1KO cells were
treated with stimulatory anti-CD3 plus anti-CD28 antibodies for the indi-
cated times and subjected to pulldown with GST-PAK-CRIB, which
recognises active Rac1, a small GTPase involved in PAK1 activation and
increase in actin dynamics27. Rac1 activationwas increased in SSH1KOcells
compared to control cells (Fig. 5e), suggesting that SSH1 is a negative reg-
ulator of Rac1 and PAK1, thereby controlling the level of activation of these
proteins. These data suggest a role for SSH1 in activating cofilin duringTcell
stimulation by dephosphorylating Limk-1 and/or directly depho-
sphorylating cofilin, as well as controlling Rac1 activation. Altogether, these
results support a role for SSH1 in regulating actin dynamics during TCR
activation and synapse organisation.

SSH1-regulated actin dynamics enables integrin organisation
Consistent with our previous observations, microscopy experiments
revealed that SSH1KO cells exhibited enhanced actin polymerisation at the
IS establishedwith SEE-loadedRaji B cells (Fig. 6a).Given the importance of
actin dynamics in establishing cell asymmetry and centrosome polarisation
uponTCRactivation, we also analysed centrosome localisation in these cells
and found a defect in centrosome translocation towards the IS in SSH1KO
cells (Fig. 6a). To further evaluate the role of SSH1 in F-actin dynamics,
control or SSH1 KO cells expressing mCherry-β-actin were seeded over
stimulatory surfaces coated with anti-CD3 monoclonal antibody and
recombinant ICAM-1. Live cells were imaged by total internal reflection
fluorescence microscopy (TIRFm) to follow the dynamics of the actin
cytoskeleton polarised to the stimulatory surface. Kymographs were gen-
erated from the videos, and thedisplacement of the actin signalwas analysed
to measure the distance travelled over time (Fig. 6b, c and Supplementary
Movie 2). SSH1 KO cells showed increased actin retrograde flow at the
lamellipodia, as shown by calculating the speed of particle displacement
(Fig. 6d). The observed increase in F-actin polymerisation in SSH1KO cells
was also detected by flow cytometry in time-course experiments upon
activation with anti-CD3ε and CD28 stimulatory antibodies (Fig. 6e).

F-actin organisation is required to enable integrin organisation at the
IS28–31. The integrin adhesion ring is established at the lamella/pSMAC
thanks tomechanotransduction forces generated by contractile actomyosin
arcs at this area of the IS and actin retrograde flow at the lamellipodium/
dSMAC32,33. Confocal sections and 3D reconstructions showed that SSH1 is
required for proper polarisation and positioning of the integrins LFA-1 and
VLA-4 at T-B IS (Fig. 6f, g). This perturbed distribution of integrins is
indicative of defective F-actin dynamics, as observed (Fig. 6a–e). These data
support a role for SSH1 in regulating cofilin activity and promoting the
required F-actin dynamics to achieve the canonical integrin distribution at
mature IS.

SSH1 regulates Limk-1 in primary human CD4 T cells
To confirm the role of SSH1 in primary T cells, CD4 T cells isolated from
healthy donors were silenced by nucleofecting small interfering RNAs
(siRNAs) specific for the SSH1 gene (siSSH1) or unspecific as control
(siCtrl) (Supplementary Fig. 8a). Forty-eight hours post-transfection, CD4
T cells were assayed for their ability to regulate Limk-1 and cofilin activity
through phosphorylation upon TCR and CD28 stimulation (Fig. 7a, b).
Limk-1 phosphorylation in siCtrl transfected cells decreased rapidly after

Fig. 2 | Dynamic accumulation of overexpressed SSH1 at the IS is dependent on
F-actin integrity. a Confocal fluorescence images from a time-lapse assay showing
the polarisation of GFP-SSH1 (pseudocolour or green in the merged images) and
mCherry-CD3ζ (pseudocolour or magenta in the merged images) to the IS in
conjugates of transfected CH7C17 Jurkat T cells and CMAC-labelled, HAp-
preloaded HOM2 cells. Bar, 5 µm. b Graph, accumulation of SSH1 at the IS after
initial contact between cells (0 s), normalised to 0 s; (n = 4) individual cells are shown
by coloured dots and the grey line represents themean value. cConfocalfluorescence
images showing cell conjugates of GFP-SSH1-overexpressing E6-1 Jurkat T cells and
CMAC-labelled, SEE-preloadedRaji cells, treated or notwith LatrunculinA (Lat-A);

GFP-SSH1, pseudocolour or green in the merged picture; CD3ε, cyan; F-actin,
magenta. Bar, 5 µm. Yellow squares, magnified long-term synapses; white pixels
indicate co-localisation of SSH1 (green) and F-actin (blue; left) or CD3ε (blue; right).
dGraphs showing SSH1, F-actin and CD3ε accumulation at the IS. Symbols are cell
conjugates measured. e Pearson’s correlation coefficient for co-localisation between
SSH1/F-actin and SSH1/CD3ε. Symbols are conjugates measured. Data are
mean ± SD; control, n = 30; Lat-A, n = 37 cells analysed from three independent
experiments; two-tailed unpaired t-tests. **p < 0.01; ****p < 0.0001. See also Sup-
plementary Fig. 2.
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Fig. 3 | SSH1 regulates TCR signalling and T cell activation in Jurkat T cells.
Western blots showing the phosphorylation kinetics of (a) pY83 CD3ζ and pY493
ZAP70, (b) pY132 LAT, pY783 PLCγ1 and pY145 SLP76, and (c) pT202/Y204 ERK
1/2 in control and SSH1 KO JK T cells conjugated with SEE-preloaded or not Raji B
cells for the indicated times. Graphs, ratio of phosphorylation to total protein
normalised to unstimulated control. d Graph showing the average geometric mean

of CD69 in control and SSH1 KO JK T cells conjugated with SEE-preloaded or not
Raji B cells for 18 h. e Secretion of IL-2 by control and SSH1KO cells conjugated with
SEE-preloadedRaji cells for 18 h. Data are individual experiments shown as dots and
lines representing the mean value (a–c) or mean ± SD (d, e); a–c n = 3; d n = 5;
e n = 3, two-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. See
also Supplementary Figs. 3–6.
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activation (2–5min) and a recovery of phosphorylation was observed from
5 to15min. In contrast, in siSSH1 transfected cells, Limk-1phosphorylation
increased with activation and peaked at 5min (Fig. 7a). Consequently,
cofilin phosphorylation decreased with stimulation in siCtrl transfected
cells, in contrast to siSSH1 transfected cells, which showed a constant
increase inphosphorylation and thus a lack of activationof the protein upon
TCRandCD28 stimulation (Fig. 7b). These data support the specific role of

SSH1 as a phosphatase that regulates cofilin activity through Limk-1 in
primary CD4 T cells after TCR and CD28 stimulation. Therefore, SSH1
regulates both the status of cofilin and Limk-1 phosphorylation in T cells,
and the absence of SSH1 promotes impaired inactivation of Limk-1 and
activation of cofilin, which would be expected to result in deregulated
cytoskeletal rearrangement. These results demonstrate that SSH1 regulates
F-actin dynamics during the IS assembly.
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SSH1 regulates CD4 T-cell activation
Todeterminewhether this dysregulation of cofilin activity had an impact on
early TCR signalling, pY83 CD3ζ and pY783 PLCγ1 were examined and
found to have a similar decrease in their activity as in SSH1 KO Jurkat cells
(Fig. 7c). Defective TCR signalling in siSSH1 transfected cells corresponded
to larger and irregular F-actin containing lamellae observed in confocal
planes of synaptic-like contacts established across stimulating anti-CD3
plus anti-CD28monoclonal antibody coated surfaces (Fig. 7d). 3Dplots and
quantification of MFI per area showed increased polymerisation of F-actin
at the synapse-like contacts in siSSH1 cells (Fig. 7e, f). The organisation of
CD3ζ relative to F-actin was also defective in SSH1 silenced CD4 T cells,
with CD3ζ localisation being more external than in siCtrl CD4 T cells
(Fig. 7g), resulting in enhanced co-localisation with F-actin (Fig. 7h). This
distribution was also observed in siSSH1 CD4 T cells forming synapse-like
structures with stimulating beads coated with anti-CD3 and anti-CD28
monoclonal antibodies to achieve a more canonical geometry of the IS
(Fig. 7i). F-actin was increased in synapses formed by SSH1 silenced CD4
T cells andCD3ζpolarisation at the ISwas reduced (Fig. 7i). These defects in
T cell activation showed long-term consequences, as a reduction in CD69
and CD25 expression was observed in silenced SSH1 CD4 T cells, which
showed a reduced fold induction of these molecules after 18 h of activation
(Fig. 7j, k and Supplementary Fig. 8b). Consistently, IL-2 production was
also reduced in the cell culture supernatants of these cells (Fig. 7l). Taken
together, these data support a role for SSH1 in regulating F-actin dynamics
through Limk-1 activity in T cells (Fig. 8) and suggest a specific regulatory
role for this phosphatase in facilitating TCR priming and T cell polarity,
which in turn leads to full T cell activation.

Discussion
In thiswork,weprovide experimental evidence for a regulatory role of SSH1
in cofilin activation during antigen-induced stimulation of T cells, and that
this is mediated by downregulating Limk-1 activity. We show that SSH1 is
recruited early at synaptic contacts establishedwithB cells, where it localises
to the peripheral area of the mature IS, as has been described for cofilin12.

Late induced expression in the in vitro model used here indicates that
this cytoskeleton regulator might contribute to cellular processes required
for appropriate T cell immune responses such as cell division or metabolic
reprogramming. These are interesting questions that deserve further
research. Interestingly, an enhanced expression of SSH1 concomitantwith a
down-modulation of phosphorylated cofilin in Ser3 during differentiation
of CD4 T cells is observed, and this is consistent with the role of SSH
phosphatases in cofilin activation by dephosphorylation of this residue to
fine-tune F-actin cytoskeleton rearrangements34. Once active, cofilin binds
to actin filaments, severing them and facilitating their depolymerisation35,36.
Cofilin has been shown to be activated by several receptors, including CD2
andCD28, providing a link betweenTcell surface receptors and cytoskeletal
rearrangements12. However, direct intracellular regulators of cofilin during
antigen-induced stimulation of T cells were not previously known.Cofilin is
essential for the formation of local F-actin networks required for TCR
activation and signalling37. In this context, our results show that Limk-1
deactivation by SSH1 is required for cofilin activation and F-actin rear-
rangements during human primary CD4 T cell activation. Resting E6-1
Jurkat CD4 T cells showed unaffected cofilin phosphorylation status fol-
lowing SSH1 depletion by CRISPR/Cas9 genome editing, in contrast to

other cells where partial silencing of SSH1 by siRNA promoted an incre-
ment in phosphorylated cofilin38. A potential explanation is that cofilin
dephosphorylation and activation depends on PI3K34, which is hyper-
activateddue todefective expressionof thephosphatasePTEN39. Limk-1has
been shown to promote cofilin inactivation by direct phosphorylation of
Ser3, a process that allows F-actin stabilisation36. Remarkably, our data
suggest that SSH1 could also control the stabilisation of the F-actin cytos-
keleton through modulation of the Rac-PAK axis, which leads to Limk-1
activation. Thus, by activating cofilin and controlling PAK function, SSH1
promotes a fine-tuned local rearrangement of the actin cytoskeleton very
early upon T-cell stimulation (model in Fig. 8).

SSH1 is inhibited by phosphorylation at residues S937 and S978 by
protein kinase D (PKD) and interaction with 14-3-3 proteins, which blocks
the interaction of the phosphatasewith the actin cytoskeleton36,40. The PKC/
PKD axis has been demonstrated in B and T lymphocytes41. In particular,
PKD inT cells rapidly polarises to the centre of the IS driven by a gradient of
DAG at this location42. Therefore, theremay be a correlation between SSH1
localisation at peripheral sites of the mature synapse (here) and the re-
localisation of PKD at the centre of the IS upon TCR/CD28 activation
observed in other studies, which would be dependent on PI3K activity
stimulatedbyCD28. Thus, the observed absence of SSH1 at the centre of the
IS could be due to the removal of the protein from the centre of the IS upon
phosphorylation by PKD. In Jurkat T cells, the absence of PTEN does not
affect PKD activity43,44 and then it is therefore plausible that this pathway
controls the distribution of active SSH1 during the establishment of T cell
synaptic contacts. Our data suggest that antigen-induced T cell stimulation
triggers the rapid redistribution of SSH1 to regulate early T cell activation at
the immunological synapse. The dynamics and determinants of SSH1 dis-
tribution within the different compartments of the immunological synapse
should be further investigated. This distribution of SSH1 is dependent on
F-actin dynamics integrity, while the accumulation of CD3ε remains in
absence of actin polymerisation, consistent with previous observation19.
Therefore, SSH1 at nascent cognate interactions allows proper cofilin acti-
vation, which would enable the formation and temporal regulation of local
actin networks required for the proper recruitment and binding of Nck to
CD3ε. Recent studies, which demonstrate the requirement of actin for Nck
binding to CD3ε7, support this proposedmodel. TheNck-CD3ε interaction
occurs upon antigen engagement-induced αβ-TCR conformational change
and stimulates actin reorganisation during T-cell spreading and immuno-
logical synapse assembly6. Binding of F-actin at cognate interactions would
increase the catalytic activity of SSH1 against cofilin45. Therefore, cofilin
would be efficiently activated to facilitate actin dynamics through the for-
mation of new barbed ends and depolymerisation of pre-existing cortical
actin structures. This would facilitate the establishment of the local actin
network for the efficient recruitment of Nck. In this context, our data also
suggest that F-actin integrity at the peripheral sites of the mature synapse is
required for SSH1 polarisation.

The defective F-actin regulation, with increased speed of retrograde
flow observed in SSH1 KO cells also affects TCR/CD3, integrins and
centrosome localisation at the IS. These data highlight the importance of
rapid actin rearrangements not only for proper initial T cell contacts, but
also for further reorganisation of the actin and tubulin cytoskeleton in
mature IS. For the tubulin cytoskeleton, this may be achieved by
requiring actin polymerisation to fix the centrosome at specific

Fig. 4 | SSH1 is required for the TCR conformational change. a Western blot of
pull-down assay with GST-Nck fusion protein as a bait for control or SSH1 KO JK
T cells. Activation was performed with soluble anti-CD3 and anti-CD28 antibodies
for the indicated times. CD3ζ and GST are shown. CD3ζ levels in whole cell lysates
are shown in the bottom row.Graph, quantification ofCD3ζ bands normalised to the
unstimulated control. b Graph, fold increase of the averaged geometric mean nor-
malised to the unstimulated control of active CD3ε (detected by staining with the
APA1/1 antibody) in control or SSH1 KO JK T cells after activation with anti-CD3
and anti-CD28 antibodies for the indicated times. Fluorescence confocal images of
control or SSH1KO JK T cells conjugated with SEE-preloaded Raji cells showing (c)

active CD3ε (cyan) and F-actin (red) and (d) CD3ε (cyan) and F-actin (red). Bar,
5 µm. Graphs, polarisation ratio of (c) active CD3ε and (d) CD3ε at the IS. Symbols
are cell conjugates measured. Data are individual experiments shown as dots and
lines representing the mean value (a, b) or mean ± SD (c, d); a n = 4, two-way
ANOVA; b n = 4, two-way ANOVA; c Ctrl(−) n = 83, Ctrl(+) n = 80, SSH1 KO(−)
n = 75, SSH1 KO(+) n = 73, three independent experiments. Mann–Whitney test;
d Ctrl(−) n = 79, Ctrl(+) n = 77, SSH1 KO(−) n = 70, SSH1 KO(+) n = 76, three
independent experiments. Mann–Whitney test. *p < 0.05; **p < 0.01; ***p < 0.001.
See also Supplementary Fig. 7.
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Fig. 5 | Limk-1 inactivation and cofilin activation downstream the TCR
require SSH1. Western blot showing (a) SSH1 knockout, (b) phosphorylation of
pT508/505 LIMK1/2 (c) pSer3 Cofilin and (d) pT402 PAK1 in control or SSH1 KO
JK T cells after conjugation with SEE-preloaded Raji cells for the indicated times.
Graphs, ratio of phosphorylation to total protein normalised to unstimulated con-
trol. eWestern blot of pull-down assay with GST-PAK-CRIB fusion protein as a bait

for control or SSH1 KO JK T cells. Activation was performed with soluble anti-CD3
and anti-CD28 antibodies for the indicated times. Rac1 and GST are shown. Rac1
levels in whole cell lysates are shown in the bottom row. Graph, quantification of
Rac1 bands normalised to unstimulated control. Data are individual experiments
shown as dots and lines representing the mean value; a–c n = 3; d n = 5; e n = 3, two-
way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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locations46, which could be achieved by the ability of F-actin to organise a
diffusion barrier around centrosomes47, thus favouring the existence of
different gradients of regulatory molecules at centrosomal and synaptic
sites, as proposed46,47. An interestingmodel for achieving cell asymmetry
at the IS is based on the ability of T cells to accumulate newly synthesised
proteins at specific sites, such as centrosomes, early after TCR activation,

without the need for gene expression48. In this context, the tubulin
cytoskeleton is also regulated downstream of Limk-137,49, and the precise
regulatory pathway for tubulin and actin by SSH1 and its impact on
global asymmetric organisation should be investigated. Defective
integrin positioning can also be explained by deregulated F-actin50.
Indeed, it has recently been shown that the correct recruitment of LFA-1
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to the IS is dependent on cofilin11. However, based on the reduction in
the actin flow mediated by the LFA-1/ICAM-1 interaction28, the defec-
tive positioning of LFA-1 described here may also account for the
observed increase in the speed of the actin retrograde flow.

Overall,findings presented here underscore SSH1 as a regulator of very
early actin dynamics that drive T cell activation and proper organisation of
the IS. Our data highlight a central role for SSH1 in fine-tuning early
cytoskeletal rearrangements during T cell activation and co-stimulation.
First, SSH1 activity on the Limk1-cofilin pathway directly promotes local
actin rearrangements required for proper recruitment of Nck to allow fur-
ther signalling downstream of the TCR (Fig. 8; left panel, green arrow). In
this context, cofilin activation is also required for proper LFA-1 recruitment,
which also contributes to early signalling. Secondly, SSH1 could control
excessive activation of PAK (Fig. 8; left panel, red line), possibly originated
from Nck51,52, via PI3K downstream co-stimulation, where a potential
positive feedback loop could occur via pCof/PLD53. The model presented
here deserves further investigation, particularlywith regard to the role of the
SSH1 regulatory hub in the rearrangements of the tubulin cytoskeleton and
the molecular reactions that lead to proper SSH1 activation downstream of
the TCR and costimulatory interactions. In this context, it is important to
note that the defective asymmetry observed in SSH1 KO or SSH1 silenced
cells has specific consequences on the activation of different signalling
pathways, leading to a defective expression of genes indicating full T-cell
activation, such as CD69, CD25 and IL-2 in primary CD4 T-cells.

Methods
Cells
ThehumanJurkatE6-1CD4Tcell line (Vαl.2Vβ8+TCR)andCH7C17CD4
T cell line (CH7; Jurkat-derived) (HAp-specific Vαl.4 Vβ3+ HA1.7 TCR)54,
and the lymphoblastoid B cell lines Raji (Burkitt lymphoma; obtained from
the DSMZ Organisation; ACC-319) and HOM2 (Epstein-Barr virus trans-
formed lymphoblastoid line; CVCL_A612) were cultured in RPMI
1640+GlutaMAX–I+ 25mM HEPES (Gibco–Invitrogen) and supple-
mented with 10% fetal bovine serum (FBS) (Hyclone, Thermo Fisher).
CH7C17cellsweregrown in thepresenceof 4 µg/mLpuromycin (Lonza) and
0.4mg/mLhygromycinB (Lonza) tomaintain expression of transfectedHA-
specific Vβ3 TCR. All lymphoid cell lines were routinely tested for specific
expression of CD (clusters of differentiation) with specific antibodies by flow
cytometry (Supplementary Fig. 4) and for mycoplasma infection by PCR.

Human peripheral blood mononuclear cells (PBMCs) were isolated
from buffy coats of healthy donors by separation on a Biocoll gradient
(Biochrom) according to standard procedures. Monocytes were separated
fromPBMCs by adherence for 30min at 37 °C inRPMI supplementedwith
10%FBS.Non-adherent cellswerewashed off andCD4T cellswere purified
fromPBMCs using an EasySep negative isolation kit for humanCD4T cells
(Stem Cell Technologies). CD4 T cells were nucleofected with control or
SSH1-specific siRNAs (2.5 µM) inOptimem55 andused for activation assays
48 h post-transfection. T lymphoblasts were generated by either culturing
CD4 T cells on RPMI 1640 containing 10% FBS, 100U/mL penicillin,
100 µg/mL streptomycin and 2mML-glutamine (Lonza), in the presence of
Dynabeads Human T-Activator CD3/CD28 (ratio 1:1) (Thermo Fisher
Scientific) and 10 ng/mL IL-12 for 4 days, or by plating PBMCs at 1 × 106

cells/mL in medium as before onto P24 wells in the presence of

Staphylococcal Enterotoxin E (SEE), adding 50 U/mL IL-2 every 48 h, and
allowing them to grow for 6 days. These studies were performed adhered to
the principles of the Declaration of Helsinki andwere approved by the local
ethics committee for basic research at the ‘Hospital La Princesa’ and ‘Hos-
pital Clinico de Madrid’. Informed consent was obtained. All ethical reg-
ulations relevant to human research participants were followed.

Antibodies and reagents
The commercial primary antibodies used in this study were anti-phospho-
CD3ζ Y83 (ab68236; 1:1000 for WB), anti-CD3ζ (ab190728; 1:1000 for
WB), anti-phospho-LAT Y132 (ab4476; 1:1000 for WB) and anti-GFP
(ab13970; 1:200 for IF) from Abcam; anti-β-actin (AM4302; clone AC-15;
1:2000 for WB), anti-α-tubulin (T6199; clone DM1A; 1:2000 for WB) and
fluorescein isothiocyanate (FITC)-conjugated anti-α-tubulin (F2168; clone
DM1A; 1:100 for IF) from Sigma-Aldrich; anti-ERK1/2 (SKU 13-6200;
1:500 forWB), anti-phospho-LIMK1/2 Y507/T508 (07-850; 1:500 forWB)
and anti-PAK1 (71-9300; 1:500 for WB) were from Invitrogen; anti-phos-
pho-ERK1/2 T202/Y204 (44285; 1:1000 for WB) was from Calbiochem;
anti-Rac1 (610651; 1:500 forWB) and anti-p150glued (610474; 1:500 forWB)
were fromBDPharmingen; anti-phospho-PAK1T402 (612-401-E05; 1:500
forWB)was fromRockland; anti-CD3ɛ (317302; cloneOKT3; 1:200 for IF),
anti-CD69-V450 (1:200 for FACS), anti-CD25-PE-Cy7 (1:200 for FACS),
anti-CD19-APC (1:200 for FACS), anti-CD3-PE (1:200 for FACS) and anti-
CD4-APC (1:200 for FACS)were fromBioLegend; anti-cofilin (66057-1-Ig;
1:1000 for WB) was from Proteintech; anti-phospho-cofilin S3 (3311S;
1:1000 for WB), anti-phospho-ZAP70 Y493 (2704T; 1:1000 for WB), anti-
ZAP70 (2705S; 1:1000 for WB), anti-phospho-SLP76 Y145 (14770; 1:1000
for WB), anti-PLCγ1 (2822S; 1:1000 for WB), anti-phospho-PLCγ1 Y783
(2821L;1:1000 forWB) and anti-SSH1 (13578S; 1:1000 forWB; 1:100 for IF)
were from Cell Signaling Tech; anti-LIMK2 (sc-515585; 1:500 forWB) was
from Santa Cruz Biotechnology. Ghost Dye™ Red 780 (13-0865; 1:500 for
FACS) and Ghost Dye™ Violet 510 (13-0870; 1:500 for FACS) were from
Tonbo Biosciences.

The followingmAbs: anti-CD3ε (clone T3b), anti-CD3ε (clone APA1/
1),which recognises the activation-dependent intracellular epitope ofCD3ε,
anti-CD11a (clone TP1/40) and anti-CD49d (clone HP2/1) were produced
in our laboratory56.

The anti-GST constructs, anti-GST antibody and the rabbit polyclonal
Ab 448 (anti-humanCD3ζ) were described previously6. Cell tracker CMAC
(7-amino-4-chloromethylcoumarin; 10 μM, C2110) was from Molecular
Probes, Invitrogen; SEE (0.5 μg/mL, PE404) was from Toxin Technologies;
haemagglutinin peptide (HAp210-219; 200 μg/mL) (sequence: TYVSVG
TSTL) was synthesised by LifeTein, LLC; prolong gold antifade mounting
medium (P-36934) and prolong gold antifade mounting medium with
DAPI (P-36931) were from Thermo Fisher Scientific; Cytochalasin D
(1 µM), latrunculin A (0.12 µM), fibronectin and poly-L-Lysine were from
Sigma-Aldrich; recombinant ICAM-1 was from Hölzel Diagnostika Han-
dels GmbH and human IL-2, IL-7 and IL-12 were purchased from
PeproTech.

The following secondary reagents were used: phalloidin conjugated
to Alexa Fluor 647 (A-22287; 1:40 for IF; 1:500 for FACS), phalloidin
conjugated toAlexa Fluor 488 (A-12379; 1:40 for IF), goat anti-rabbit and
goat anti-mouse highly cross-adsorbed secondary antibodies conjugated

Fig. 6 | SSH1 regulates F-actin dynamics and integrin localisation at the IS.
a Fluorescence images of control and SSH1KO cells interacting with SEE-preloaded
Raji cells. F-actin (red); α-tubulin (green); Raji cells (CMAC, blue). Bar, 5 µm.
Graphs, ratios of F-actin MFI per contact area and MTOC distance to the APC.
b Time-lapse TIRFm images from Video 2, showing control and SSH1 KO cells
expressing mCherry-β-actin (pseudocolour; time, 0 s). Bar, 10 μm. White lines
indicate the location of numbered kymographs. c Kymographs of white lines in (b);
Y, distance andX, time. dGraph, speed of retrograde flow at lamellipodia from (b, c).
Symbols are single measurements. e Graph, F-actin polymerisation in control and
SSH1KOcells activatedwith anti-CD3/anti-CD28monoclonal antibodies expressed
as fold increase of the averaged geometric mean normalised to unstimulated control.

Confocal images of conjugates showing (f) LFA-1 αL integrin (cyan) and F-actin
(red) and (g) VLA-4 α4 integrin (cyan) and F-actin (red). Bar, 5 µm. Graphs,
accumulation of LFA-1 and VLA-4 at IS. Symbols are cell conjugates measured.
Data, mean ± SD; a Ctrl(−) n = 77, Ctrl(+) n = 85, SSH1 KO(−) n = 77, SSH1(+)
n = 75, three independent experiments. Mann–Whitney test; b–d Ctrl n = 84; SSH1
KO n = 40, three independent experiments, two-tailed unpaired t-test; e n = 7, two-
way ANOVA; f Ctrl(−) n = 82, Ctrl(+) n = 73, SSH1 KO(−) n = 78, SSH1 KO(+)
n = 77, three independent experiments. Mann–Whitney test; g Ctrl(−) n = 75,
Ctrl(+) n = 89, SSH1 KO(−) n = 78, SSH1 KO(+) n = 72, three independent
experiments. Mann–Whitney test; *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001.

https://doi.org/10.1038/s42003-024-06605-8 Article

Communications Biology |           (2024) 7:918 11



to Alexa Fluor 488 (A-11034 andA-11029, respectively; 1:500 for IF), 568
(A11036 andA-11031, respectively; 1:500 for IF) or 647 (A-21443 andA-
21236, respectively; 1:500 for IF or FACS), donkey anti-goat highly cross-
adsorbed secondary antibody conjugated to Alexa Fluor 647 (A-21447;
1:500 for IF), donkey anti-rabbit secondary antibody conjugated to Alexa
Fluor 555 (A-31572; 1:500 for IF) and goat anti-chicken antibody con-
jugated to Alexa Fluor 488 (A-11039; 1:500 for IF) were purchased from

Thermo Fisher Scientific; horseradish peroxidase(HRP)-conjugated
secondary antibodies for WB (anti-rabbit 31460, anti-mouse 31430
or anti-goat IgG+IgM 31460; all 1:5000) were purchased from Thermo
Fisher Scientific. Fluorescence-labelled secondary antibodies IRDye
680 goat anti-rabbit and IRDye 800 goat anti-mouse (926-68071
and 926-32350, respectively; 1:5000 for WB) were from LI-COR
Bioscience.
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Generation of SSH1 KO cells
CRISPR RNA (crRNA) were designed complementary to the early coding
region of the SSH1 gene using the online Benchling CRISPR gRNA design
tool (http://www.benchling.com) (crRNA_1: CCACCACCATGTACCG-
GACCCGG & crRNA2: CACCGAGGAGAATATCTTGCTGG). The
crRNAwas complexedwith the trans-activatingRNA(tcrRNA) to form the
guide RNA (gRNA). gRNA (3.3 µM) was incubated with Alt-R HiFi Cas9
Nuclease V3 (IDT) at 0.27mg/mL and electroporated using the Neon
Electroporation System (Thermo Fisher Scientific) as previously
described14. Briefly, 2 × 105 Jurkat cells were electroporated using the fol-
lowing parameters: 1600 V, 10ms, 3 pulses; after electroporation, the cells
weremaintained on antibiotic-freemedium for 24 h and later cultured with
fresh medium. Clones were obtained by limiting dilution, and SSH1
expression was measured byWestern blot. Clones with no detectable levels
of the protein were then mixed into an SSH1 KO pool. To confirm the
knockout, genomic DNA was amplified by PCR using a specific pair of
primers SSH1_Fw: TCCAAAGGCAGGTTAGTGAGAG and SSH1_Rv:
ACCTAGCCCATCAGACTCACC (Sigma-Aldrich). PCR products from
control and SSH1 KO samples were cloned and were sequenced to detect
mutations in the edited region (Genomics facility of the Complutense
University of Madrid, Spain).

Plasmids and siRNA transfections
The plasmid encoding the GFP-SSH1 fusion protein was previously
described14 and the plasmid encodingmCherry-CD3ζwas generated byDr.
Balbino Alarcon (Molecular Biology Centre Severo Ochoa, Spain).
mCherry-β-actin (C-18) was a gift from Michael Davidson (Addgene
plasmid, 54967). Double-stranded control (UUCUCCGAACGUGUGC
ACG and CGUGCACACGUUCGGAGAA) and SSH1-specific (CGGA-
GAACCUAAACAACAAandUUGUUGUUUAGGUUCUCCG) siRNAs
were purchased from Eurogentec.

For Jurkat T cell transfection57, cells were centrifuged at 1200 rpm for
5min, washed with Hank’s balanced salt solution (HBSS, Lonza) and
resuspended in Opti- Mem I (Gibco–Invitrogen) (1 × 107 cells in 400 μL).
Ten µg of plasmids or 2.5 μM siRNAs were added to the cell suspension,
which was electroporated in a Gene-Pulse III system from Bio-Rad
Laboratories set at 240 V, 975mΩ. After electroporation, cells were resus-
pended in 5mL RPMI 1640+GlutaMAX–I+ 25mM HEPES med-
ium+ 5% FBS, plated in 25 cm2

flasks and supplemented with 10% FBS
after 3 h. Experiments were performed 24 h post-transfection.

Primary CD4 T cells (5 × 106 cells in 100 μL) were nucleofected with
control or SSH1-specific siRNAs (2.5 μM) in pre-warmed Opti-MEM I
(Gibco-Invitrogen) using the U-04 programme of Nucleofector I, (Amaxa)
after a heat-shock stepwith coldHBSS (Hank’s balanced salt solution). Cells
were cultured for 48 h in RPMI 1640 supplemented with 10%FBS and IL-7
(10 ng/mL). Dead cells were discarded using Biocoll Separating Solution
24 h post-transfection. Experiments were performed 48 h post-transfection;
specific silencing was verified by Western blot.

T cell activation and lysis for pull-downs and immunoblotting
For CD4 T cell or Jurkat activation, 1 × 106 cells per condition in 100 μL of
RPMI were stimulated with 10 μL αCD3αCD28 tetramers (ImmunoCult™
Human CD3/CD28 T-Cell Activator; StemCell Technologies) for the
indicated times. For the GST-Nck and GST-PAK-CRIB pull-down assays,
4 × 106 cells T cells in 200 μL ofRPMIwere stimulatedwith anti-CD3 (clone
HIT3a, BioLegend) at 10 µg/mL plus anti-CD28 (clone CD28.2, BD Bios-
ciences) at 3.33 µg/mLantibodies for the indicated times. RecombinantGST
protein was then added to cell lysates in GST-Fish buffer (Tris-HCl
50mMpH= 7.4 containing 100mM NaCl, 1% NP-40, 2mMMgCl2, 10%
glycerol and protease inhibitors) and pull-downs were performed as pre-
viously described58. For conjugate formation, 1 × 105 Raji cells were pulsed
with 0.5 μg/mLSEE (1 h, 37 °C, completemedium), washed andmixedwith

Fig. 8 |Model for the role of SSH1during early T cell stimulation. Left panel: SSH1
inactivates Limk1 and modulates Rac1/PAK1 activation to further control Limk1
activity. This mechanism tunes cofilin action needed for proper Nck recruitment to

the TCR. Right panel: SSH1 loss deregulates cofilin, resulting in decreased TCR
signalling with F-actin stabilisation and hampered late events. Created with
BioRender.com.

Fig. 7 | SSH1 regulates cofilin and T-cell activation in CD4 T cells.Western blot
showing the phosphorylation of (a) pT508/505 LIMK1/2, (b) pS3 cofilin, (c) pY83
CD3ζ and pY783 PLCγ1 in peripheral blood CD4 T cells obtained from individual
donors, transfected with siCtrl and siSSH1 and stimulated with αCD3/αCD28 tet-
ramers for the indicated times. Graphs, ratio of average phosphorylation to total
protein normalised to unstimulated control. d Confocal fluorescence images of
representative peripheral blood CD4 T cell transfected with siCtrl and siSSH1 and
stimulated over surfaces coated with stimulatory anti-CD3/anti-CD28 monoclonal
antibodies. F-actin (pseudocolour and magenta in the single and merged images,
respectively) and CD3ζ (pseudocolour and green in the single and merged images,
respectively) are shown. e 3D surface plots of (d) are shown. f Graphs, F-actin and
CD3ζ MFI per area at the IS. Symbols are cells measured. g Graph, fluorescence
intensity profile of F-actin and CD3ζ distribution at the IS shown in (d). h Graph,
Pearson’s correlation coefficient for co-localisation between F-actin and CD3ζMFI
at the IS. Symbols are cells measured. i Fluorescence images of CD4 T cells

transfectedwith siCtrl and siSSH1 and conjugatedwith anti-CD3/anti-CD28-coated
beads to establish IS. F-actin (magenta), CD3ζ (green), brightfield (BF) and DAPI
(blue) are shown. Bar, 5 µm. Graphs, ratios of F-actin MFI and CD3ζ polarisation at
the IS. j–l Peripheral blood CD4 T cells transfected with siCtrl and siSSH1 and
stimulated or not with αCD3/αCD28 tetramers (18 h). Fold increase of the averaged
geometric mean of (j) CD69 and (k) CD25 normalised to unstimulated control.
l Concentration of IL-2 detected in supernatants. Data are individual experiments
shown as dots and lines representing the mean value (a–c) or mean ± SD (d–l);
a–c n = 3 independent donors, two-way ANOVA; f siCtrl n = 59, siSSH1 n = 52 cells
analysed from four independent donors, Mann–Whitney test; h siCtrl n = 111,
siSSH1 n = 91 cells analysed from four independent donors, two-tailed paired t-test;
i siCtrl n = 41, siSSH1 n = 44 cells analysed from four independent donors,
Mann–Whitney test; j, k n = 6; l n = 12 independent donors, two-tailed paired t-test.
ns not significant, *p < 0.05; **p < 0.01; ****p < 0.0001. See also Supplemen-
tary Fig. 8.
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1 × 106 E6-1 Jurkat T cells (1:10) or 1 × 105HOM2were loadedwith 200 μg/
mLHAp (2 h, 37 °C, completemedium) and then conjugated with siCtrl or
siSSH1 CH7C17 Jurkat T cells (1:10) for the indicated times. Cells were
centrifuged at 800 rpm at 37 °C to promote conjugate formation. A total of
1 × 106 cells were lysed in 50 μL of 5mM Tris-HCl pH 7.5 containing 1%
NP40, 0.2% Triton X-100, 150mM NaCl, 2mM EDTA, 1.5 mM MgCl2,
and phosphatase and protease inhibitors (Sigma-Aldrich) for 30min on ice
followed by a preclearance step by centrifugation at 14,000 rpm (4 °C,
10min) to remove debris and nuclei. Samples were processed for SDS-
PAGE, transferred to nitrocellulose membranes, and incubated with
appropriate primary (o/n, 4 °C) and peroxidase-labelled secondary anti-
bodies (1 h, RT). Chemiluminescence was detected using the Amersham
880 detection system (GEHealthcare). For fluorescentWestern blot, IRDye
680 goat anti-rabbit and IRDye 800 goat anti-mouse secondary antibodies
(Li-Cor Biosciences) were also incubated for 1 h at RT and detected using
the Odyssey® Infrared Imager (LI-COR Bioscience).

For the analysis of protein expression after T cell differentiation and
the verification of CRISPR in E6-1 Jurkat cells, cells were lysed in ice-cold
20 mM Tris-HCl pH 7.5 buffer, containing 1% NP40, 0.1% SDS, 0.5%
sodium deoxycholate (SDS) and phosphatase and protease inhibitors
(Phosphostop and Complete tablets from Roche, respectively) for
30 min on ice followed by a sonication step (Sonics & Materials Inc; 3
pulses of 10 s at 20% amplitude). Proteins were resolved by SDS–PAGE
and transferred to PVDF membranes. After blocking with TBS con-
taining 0.2% Tween and 5% BSA, the membranes were blotted with
primary antibodies (o/n, 4 °C) followed by either peroxidase-labelled or
fluorescence-labelled secondary antibodies (1 h, RT). Chemilumines-
cence or fluorescence was detected using the Odyssey® Infrared Imager
(LI-COR Bioscience).

Densitometric analysis and quantification of Western blots
Bands from Western blots were quantified (arbitrary units per pixel)
using either the supplied Image Gauge (Fujifilm Inc) or Image Studio
Lite (v5.2, LI-COR Biosciences) softwares. Background was subtracted
and the resulting values were normalised to unstimulated control
samples. The data obtained were statistically analysed and plotted using
PRISM8 (GraphPad software).

Cell conjugate formation and immunofluorescence experiments
For cell conjugate formation57,59, Raji B cells were washed once with
HBSS and loadedwith theCMACcell tracker (10 μM;Molecular Probes)
and with SEE (0.5 μg/mL; Toxin Technologies) for 1 h at 37 °C. The cell
conjugates were then attached to poly-L-Lys-coated coverslips for
30 min at 37 °C. CD4 T cells were incubated for 30 min at 37 °C on
coverslips coated with αCD3 (cloneHIT3a, BioLegend) at 10 µg/mL and
αCD28 (clone CD28.2, BD Biosciences) at 3.33 µg/mL or conjugated
with anti-CD3ε mAb (10 μg/mL; HIT3a clone) and anti-CD28 mAb
(3.33 μg/mL; CD28.2 clone) coated latex microbeads (6.4 μm in dia-
meter, Sigma-Aldrich) for 30 min at 37 °C and were allowed to spread
over poly-L-Lys-coated coverslips. Controls were CD4 T cells con-
jugated with human γ-globulin (100 μg/mL) coated beads. Cells were
then fixed with 4% paraformaldehyde in PHEM (PIPES 30 mM, HEPES
20 mM, EGTA 2mM,MgCl2 1 mM, pH: 6.9) containing 0.12 M sucrose
for 10 min (R/T), permeabilised with TX-100 (0.2%) in PHEM for 5 min
at R/T and blocked with PHEM containing 100 μg/mL γ-globulin, 3%
BSA, 0.2% azide for 30 min at R/T. Cells were sequentially stained with
the indicated primary antibodies (1–10 μg/mL) followed by Alexa Fluor
488-, 568- or 647-conjugated secondary antibodies (4 μg/mL), Alexa-
conjugated phalloidin (5 μg/mL) or fluorescein isothiocyanate (FITC)-
conjugated anti-α-tubulin (0.1 μg/mL). Samples were mounted on
Prolong gold or Prolong gold-DAPI (Invitrogen). A series of fluores-
cence and brightfield images were captured using a TCS SP5 confocal
laser scanning unit (Leica Microsystems) attached to an inverted epi-
fluorescence microscope (DMI6000) fitted with an HCX PL APO 63x/
1.40-0.6 oil objective. Epifluorescence images from CD4 T cells

conjugated with latex microbeads were acquired as a Z-series of fluor-
escence and brightfield images under a THUNDER Imager Live Cell &
3D Cell Culture & 3D Assay and processed with the accompanying
thunder algorithm for deconvolution (Leica Microsystems). A 100x
objective was used.

To disrupt the actin cytoskeleton, conjugates were incubated for 5min
before the additionof 0.12 μMlatrunculinA(Lat-A)or 1 μMcytochalasinD
(Cyto-D), and then incubated for a further 10min before fixation. For live
imaging, CH7C17 cells were co-transfected with plasmids encoding GFP-
SSH1 andmCherry-CD3ζ. Transfected cells were added into poly-L-lysine-
coated chambers. CMAC-stained HOM2 cells were loaded with HAp for
2 h at 37 °C and added to the chambers under the microscope and time-
lapse confocal microscopy was performed with a FV1100 confocal micro-
scope (Olympus). Confocal sections were acquired with elapsed times of
10 s. The different fluorophores were excited at 405 nm (CMAC), 488 nm
(GFP), 594 nm (mCherry) and 647 nm (Phalloidin-647).

Images were processed using Image J software (http://rsbweb.nih.gov/
ij/). The ‘Synapse Measures’ plugin (http://rsbweb.nih.gov/ij/) was used to
quantify protein accumulation at the contact area60. This programme pro-
vides accurate measurements of localised immunofluorescence by com-
paring fluorescence signals frommultiple regions of the T cell, APC, IS and
after subtraction of background fluorescence. Maximal projections and 3D
analysis of the T cell-APC contact area were generated using ‘Z-project’,
‘Reslice’ and ‘3D surface plot’ functions of Image J. Colocalisation was
measured by using the built-in tool ‘Colocalization threshold’. The distance
of the centrosome to the IS was calculated using IMARIS 8.4 software
(https://imaris.oxinst.com) by calculating volumes based onMFI and using
the matlab implemented utility ‘spots to volume distance’61.

TIRFm and image analysis
For total internal reflection fluorescence microscopy (TIRFm), control
and SSH1 KO cells were transfected with Neon technology to over-
express mCherry-β-actin. Cells were incubated for 24 h, washed, and
cultured in Hank’s balanced salt solution supplemented with FBS (1%)
and HEPES (25 mM). Cells were then seeded onto glass-bottom dishes
coated with stimulatory anti-CD3εmonoclonal antibody (clone UCHT-
1) and recombinant ICAM-1. Imaging was performed using a Leica AM
TIRFMCM 329 system (Leica Microsystems) mounted on a Leica DMI
6000B microscope coupled to an Andor-DU8285 VP-4094 camera, fit-
ted with an HCX PL APO 100.0×1.46 immerse oil objective and a Z
penetrance of 150 nm. mCherry in the samples was excited with the
560 nm laser. The elapsed time of videos was 90 ms. To estimate the
speed of actin in TIRFm images, kymographs were created from the
radius of the cell, and a line was drawn, following the signal of interest
signal, to measure its angle and length59. The speed of actin was calcu-
lated using the following trigonometric function, where the hypotenuse
(H) is the length of the drawn line, the catheti are the distance (Catd) and
time (Catt), and the measured angle is the angle between the hypotenuse
and Catd (θ):

Catd ¼ CosineðθÞ×H

Catt ¼ SineðθÞ×H

Flow cytometry staining
A total of 1–2 × 105 cells of each cellular type were employed in each flow
cytometry staining. Primary and secondary antibody staining was main-
tained for 30min on ice and washed with FACS buffer (HBSS, 50 µg/mL
human γ-globulin, 2% BSA, 1mM EDTA). For intracellular F-actin and
APA1/1 detection by flow cytometry, 5 × 105 cells were activated in high
binding flat bottom, 96-well plates coated with αCD3 (clone HIT3a, BioLe-
gend) at 10 µg/mLandαCD28 (cloneCD28.2, BDBiosciences) at 3.33 µg/mL
for corresponding times, and then fixed with fixation buffer (BioLegend) for
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30min on ice. Cells were then washed with permeabilisation buffer (BioLe-
gend) and incubated with Alexa 647-conjugated phalloidin or APA 1/1
antibody followedbyAlexaFluor 647-labelled secondary antibody for 30min
on ice in permeabilisation buffer. For CD69 and CD25 surface expression
detection byflow cytometry in primaryCD4T cells or in conjugates of Jurkat
and Raji cells, CD4 T cells were activated with αCD3αCD28 Immunocult for
18 h or 1 × 105 Raji cells were loaded with 0.5 µg/mL SEE for 1 h and then
conjugated with Jurkat cells at 1:1 ratio in U-bottom 96-well plate for 18 h at
37 °C and 5% CO2. Cells were then washed with FACS buffer and stained
with fluorophore-labelled primary antibodies for 30min on ice. Finally, cells
were resuspended in 200 μL of FACS buffer for flow cytometry acquisition.
Data were acquired using a FACSCanto II analyser cytometer (405 nm violet
laser, 488 nm solid state blue laser and 633 nmHe-Ne) (BDBiosciences) and
analysed using FlowJo software v10.8.1 (BD Biosciences).

ELISA
Supernatants of Jurkat cells conjugatedwithRaji for 18 h59 or primaryCD4
T cells activated with αCD3αCD28 Immunocult for 18 h were collected
anddiluted 1:5 or 1:10 respectively and stored at−80 °Cuntil analysis. IL-2
detection was performed by ELISA (Human IL-2 ELISA Kit, Diaclone,
851500010) according to manufacturer’s instructions. The results were
quantified in an ELx800 absorbance microplate reader (Promega).
Absorbance values were interpolated in a standard curve using Excel
software.

Statistics and reproducibility
Statistical analyses were performed using PRISM8 (GraphPad software).
Normality tests were performed to apply Student’s t test orMann–Whitney
test when comparing two samples. When comparing two or more samples,
including time courses, two-way ANOVAwas used. Specific details of each
analysis are given in the figure legends. Significant differences were con-
sidered when p < 0.05 (*); ** indicates p < 0.01; ***p < 0.001 and
****p < 0.0001.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The data underlying this article are available in the article and in its Sup-
plementary Information. Numerical data source is provided in the Sup-
plementary data. All other data and source data are available from the
corresponding authors on reasonable request.
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