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ABSTRACT
T-cell receptor stimulation induces the convergence of multivesicular bodies towards the microtubule-
organizing centre (MTOC) and the polarization of the MTOC to the immune synapse (IS). These events
lead to exosome secretion at the IS. We describe here that upon IS formation centrosomal area F-actin
decreased concomitantly with MTOC polarization to the IS. PKCδ-interfered T cell clones showed
a sustained level of centrosomal area F-actin associated with defective MTOC polarization. We analysed
the contribution of two actin cytoskeleton-regulatory proteins, FMNL1 and paxillin, to the regulation of
cortical and centrosomal F-actin networks. FMNL1β phosphorylation and F-actin reorganization at the IS
were inhibited in PKCδ-interfered clones. F-actin depletion at the central region of the IS, a requirement
for MTOC polarization, was associated with FMNL1β phosphorylation at its C-terminal, autoregulatory
region. Interfering all FMNL1 isoforms prevented MTOC polarization; nonetheless, FMNL1β re-expres-
sion restored MTOC polarization in a centrosomal area F-actin reorganization-independent manner.
Moreover, PKCδ-interfered clones exhibited decreased paxillin phosphorylation at the MTOC, which
suggests an alternative actin cytoskeleton regulatory pathway. Our results infer that PKCδ regulates
MTOC polarization and secretory traffic leading to exosome secretion in a coordinated manner by
means of two distinct pathways, one involving FMNL1β regulation and controlling F-actin reorganiza-
tion at the IS, and the other, comprising paxillin phosphorylation potentially controlling centrosomal
area F-actin reorganization.

Abbreviations: Ab, antibody; AICD, activation-induced cell death; AIP, average intensity projection;
APC, antigen-presenting cell; BCR, B-cell receptor for antigen; C, centre of mass; cent2, centrin 2; cIS,
central region of the immune synapse; CMAC, CellTracker™ Blue (7-amino-4-chloromethylcoumarin);
cSMAC, central supramolecular activation cluster; CTL, cytotoxic T lymphocytes; DAG, diacylglycerol;
DGKα, diacylglycerol kinase α; Dia1, Diaphanous-1; dSMAC, distal supramolecular activation cluster; ECL,
enhanced chemiluminescence; ESCRT, endosomal sorting complex required for traffic; F-actin, filamen-
tous actin; Fact-low cIS, F-actin-low region at the centre of the immune synapse; FasL, Fas ligand;
FMNL1, formin-like 1; fps, frames per second; GFP, green fluorescent protein; HBSS, Hank’s balanced salt
solution; HRP, horseradish peroxidase; ILV, intraluminal vesicles; IS, immune synapse; MFI, mean
fluorescence intensity; MHC, major histocompatibility complex; MIP, maximal intensity projection;
MVB, multivesicular bodies; MTOC, microtubule-organizing centre; NS, not significant; PBL, peripheral
blood lymphocytes; PKC, protein kinase C; PKCδ, protein kinase C δ isoform; PLC, phospholipase C; PMA,
phorbol myristate acetate; Pol. Index, polarization index; pSMAC, peripheral supramolecular activation
cluster; PSF, point spread function; ROI, region of interest; SD, standard deviation; shRNA, short hairpin
RNA; SEE, Staphylococcus enterotoxin E; SMAC, supramolecular activation cluster; TCR, T-cell receptor
for antigen; T-helper (Th); TRANS, transmittance; WB, Western blot.
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Introduction

T cell receptor (TCR) stimulation by antigen presented by
major histocompatibility complex (MHC)molecules on an

antigen-presenting cell (APC) induces the formation of the
immune synapse (IS), the convergence of secretory vesicles
of T lymphocytes towards themicrotubule-organizing cen-
tre (MTOC) and the polarization of the MTOC to the IS
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[1,2]. IS formation is associated with an initial increase in
cortical actin at the IS [3]. Subsequently, MTOC polariza-
tion is preceded by a decrease in cortical actin density at the
central region of the immune synapse (cIS), that contains
the secretory domain [4,5]. The central supramolecular
activation cluster (cSMAC) is located in this low-density
F-actin region of the cIS (Fact-Low cIS), adjacent to the
secretory domain [2,4,5]. Next, cortical actin recovery at
the IS leads to termination of lytic granule secretion in
CTLs [6]. These reversible, cortical actin cytoskeleton reor-
ganization processes occur during the degranulation of
both the lytic granules in cytotoxic T lymphocytes (CTL)
and some cytokine-containing secretory vesicles in
T-helper (Th) lymphocytes [4,5,7], despite both the nature
and cargo of the secretory vesicles in these cell types are
quite different. Thus, the formation of a mature IS pro-
duces several crucial biological outcomes, including activa-
tion of Th cells (usually CD4+ cells) and cell killing by
primed CTLs (mostly CD8+ cells). Accordingly, there are
two major types of secretory IS established by
T lymphocytes that result in very diverse, but also critical,
immune effector functions [8–10]. The IS made by primed
CTLs induces rapid polarization (ranging from seconds to
few minutes) of the lytic granules towards the IS. The
degranulation of the lytic granules induces the secretion
perforin and granzymes to the synaptic cleft [11], which are
pro-apoptotic molecules, but also exosomes [12]. The
secreted perforin and granzymes subsequently induce kill-
ing of the target cells [13]. CTLs develop transient synapses,
lasting only few minutes, as the target cells are killed [2,4].
This is probably due to the fact that the optimal CTL task
requires a rapid and temporary contact with target cells, in
order to distribute as many lethal strikes as possible to
numerous target cells [2,4]. In contrast, Th lymphocytes
such as Jurkat cells generate stable, long-standing IS (from
10–30 min up to hours), since this appears to be necessary
for both directional and continuous secretion of stimulat-
ing cytokines [2,4]. Moreover, we have described in Th
lymphocytes that cortical actin reorganization at the IS
plays an important role during the polarized traffic of
multivesicular bodies (MVB) containing intraluminal vesi-
cles (ILV) [14], a different type of secretory vesicles
involved in exosome secretion at the IS [15–17]. Exosome
secretion in Th lymphocytes follows TCR stimulation, IS
formation,MVB polarization and degranulation, and these
exosomes can induce Fas ligand-dependent autocrine acti-
vation-induced cell death (AICD) [15,16,18], a key process
in regulating T lymphocyte homoeostasis [19]. Regarding
the intracellular signals controlling this specialized secre-
tory pathway, we have shown that TCR-stimulated PKCδ
regulates cortical actin reorganization at the IS ultimately

controlling MTOC/MVB polarization leading to exosome
secretion at the IS [14]. PKCδ-interfered T cell clones
showed inhibition of cortical actin reorganization at the
IS concomitantly to defective MTOC/MVB polarization
[14]. Overall, this lead us to hypothesize that an altered
actin reorganization at the IS may underlie the deficient
MVB polarization occurring in PKCδ-interfered T cell
clones [14]. However, it cannot be ruled out that PKCδ
may govern other actin reorganization networks apart
from actin reorganization at the IS, that may also contri-
bute to the diminished MTOC/MVB polarization effi-
ciency observed in PKCδ-interfered clones [14].

TCR-triggered actin cytoskeleton reorganization and
polarized traffic of secretory vesicles are regulated by two
major pathways: one involves HS1/WASp/Arp2/3 com-
plexes acting in cortical F-actin, and the other formins
such as formin-like 1 (FMNL1) and Diaphanous-1 (Dia1)
[20,21]. Several studies suggest that cortical F-actin reorga-
nization at the IS is necessary and sufficient for MTOC/
lytic granules polarization [5,22]. However, other results
show that depletion of formins FMNL1 or Dia1 impedes
MTOC polarization without affecting Arp2/3-dependent
cortical actin reorganization [23], supporting that, at least
in the absence of FMNL1 or Dia1, cortical actin reorgani-
zation is not sufficient forMTOCpolarization. Conversely,
in the absence of cortical actin reorganization at the IS
occurring in Jurkat cells lacking Arp2/3, the MTOC can
polarize normally to the IS [21,23]. Regarding other mole-
cules controlling MTOC polarization, paxillin (an actin-
regulating adaptor protein) [24] is necessary for MTOC
polarization to the IS in CTLs [25] and its phosphorylation
is required for lytic granule secretion fromCTL [26]. Along
these lines, recent studies in B lymphocytes forming IS
indicated that the MTOC is a F-actin organizing centre
[27], and F-actin depletion around the MTOC crucially
facilitates MTOC polarization towards the IS in B-cell
receptor (BCR)-stimulated B lymphocytes [28,29]. In sum-
mary, taking together these observations, it is clear that
MTOC andMVBpolarization induced by IS formation are
regulated by HS1/WASp/Arp2/3-dependent cortical and
formin-dependent non-cortical actin networks, and that
PKCδ may regulate the reorganization of both actin
networks.

To better understand the mechanisms involved in these
processes in T cells, we studied the contribution of
FMNL1, Dia1 and paxillin. Here we report that PKCδ
appears to coordinately regulate MTOC and MVB polar-
izations via at least two distinct actin cytoskeleton regula-
tory pathways: FMNL1β-mediated regulation of F-actin
reorganization at the IS and paxillin-mediated reorganiza-
tion of centrosomal area F-actin.
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Materials and methods

Cells

Raji B and Jurkat T (clone JE6.1) cell lines were obtained
from the ATCC. Cell lines were cultured in RPMI 1640
medium containing L-glutamine (Invitrogen) with 10%
heat-inactivated FCS (Gibco) and penicillin/streptomy-
cin (Gibco). Jurkat cells were transfected with control or
PKCδ shRNA-encoding plasmids, selected with puro-
mycin, and control (C3, C9) and PKCδ-interfered (P5,
P6) Jurkat stable clones were isolated by limiting dilu-
tion and phenotyped as previously described [14].

Plasmids and transient transfection

pECFP-C1CD63 (expressing CFP-CD63) was provided by
G. Griffiths. CD63 is an enriched marker in MVB and has
beenwidely used to study the secretory traffic ofMVBboth
in living and fixed cells [15,16]. The plasmid expressing
dsRed-centrin 2 (dsRed-cent2) was a gift from J. Gleeson
(Addgene plasmid # 29,523; http://n2t.net/addgene:29523;
RRID:Addgene_29,523). pmCherry Paxillinwas a gift from
K. Yamada (Addgene plasmid # 50,526; http://n2t.net/
addgene:50526; RRID:Addgene_50,526). The control vec-
tor (shControl-HA-YFP), FMNL1 interfering (shFMNL1-
HA-YFP) and FMNL1-interfering, re-expressing vectors
(shFMNL1-HA-YFP-FMNL1α, shFMNL1-HA-YFP-
FMNL1β, shFMNL1-HA-YFP-FMNL1γ and shFMNL1-
HA-YFP-FMNL1ΔFH2 mutant) were previously
described [30] and generously provided by D. Billadeau.
Jurkat clones were transiently transfected with 20–30 μg of
the plasmids as described [16].

Antibodies and reagents

Rabbit monoclonal anti-human PKCδ EP1486Y for WB,
does not recognize mouse PKCδ (Abcam). Rabbit mono-
clonal anti-PKCδ EPR17075 for WB recognizes both
human and mouse PKCδ (Abcam). Mouse monoclonal
anti-human CD3 UCHT1 for cell stimulation and immu-
nofluorescence (BD Biosciences and Santa Cruz
Biotechnology). Mouse monoclonal anti-FMNL1 clone
C-5 for WB, and mouse monoclonal anti-FMNL1 clone
A-4 for immunoprecipitation (Santa Cruz
Biotechnology). Mouse monoclonal anti-Dia1 clone E-4
forWB (Santa Cruz Biotechnology) and rabbit polyclonal
anti-Dia1 (Diap1) clone E1E4 K for immunoprecipitation
(Cell Signalling Technology). Mouse monoclonal anti-γ-
tubulin for immunofluorescence (SIGMA). Mouse
monoclonal anti-paxillin clone 349 for WB and anti-
paxillin clone 349 coupled to TRITC for immunofluores-
cence (BD Biosciences). Rabbit polyclonal anti-phospho-
Thr538 paxillin for WB and immunofluorescence (ECM

Biosciences). Rabbit polyclonal Phospho-(Ser) PKC sub-
strate antibody for WB and immunofluorescence (cell
signalling technology). Fluorochrome-coupled secondary
antibodies (goat-anti-mouse IgG AF488 A-11029, goat-
anti-rabbit IgG AF488 A-11034, goat-anti-mouse IgG
AF546 A-11030, goat-anti-mouse IgG AF647 A-21236)
for immunofluorescence were from ThermoFisher.
Horseradish peroxidase (HRP)-coupled secondary anti-
bodies (goat anti-mouse IgG-HRP, sc-2005 and goat anti-
rabbit IgG-HRP, sc-2004) were from Santa Cruz
Biotechnology. CellTracker™ Blue (CMAC) and phalloi-
din were from ThermoFisher. Staphylococcal enterotoxin
E (SEE) was from Toxin Technology, Inc. SirActin and
verapamil were from Cytoskeleton Inc.

Immunoprecipitation

Immunoprecipitation from cell lysates was performed
by using Protein A/G Magnetic Beads (Pierce,
ThermoScientific) following the instructions provided
by the company. Briefly, 0.5 ml lysates corresponding
to 20–30 × 106 Jurkat clones, stimulated or not as
described, were incubated with the primary antibody
(5 µg) for 2 h at 4ºC. Subsequently, 15 µl of magnetic
beads suspension were added and incubated for 3 h at
4ºC. Beads were washed 5× with lysis buffer and the
antigens were eluted with 2 M glycine pH = 2 and
neutralized. Eluates were run on SDS-PAGE gels,
6,5% Acrylamide and proteins transferred to PDVF
membranes.

Western blot analysis

Cells were lysed in TritonTM ×100-containing lysis
buffer supplemented with both protease and phospha-
tase inhibitors. Approximately 50 µg of cellular pro-
teins were recovered in the 10,000×g pellet from 106

cells. Cell lysates and neutralized, acid-eluted immuno-
precipitates were separated by SDS-PAGE under redu-
cing conditions and transferred to HybondTM ECLTM

membranes (GE Healthcare). Membranes were incu-
bated sequentially with the different primary antibodies
and developed with the appropriate HRP-conjugated
secondary antibody using enhanced chemilumines-
cence (ECL). When required, the blots were stripped
following standard protocols prior to reprobing them
with primary and HRP-conjugated secondary antibo-
dies. Autoradiography films were scanned and the
bands were quantified using Quantity One 4.4.0 (Bio-
Rad) and ImageJ (Rasband, W.S., ImageJ, National
Institutes of Health, Bethesda, Maryland, USA, http://
rsb.info.nih.gov/ij/, 1997–2004) softwares.
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Time-lapse microscopy, immunofluorescence and
image analysis

Jurkat clones transfected with the different expression
plasmids were attached to ibidi microwell culture
dishes using fibronectin (0.1 mg/ml) at 24–48 h post-
transfection, and stimulated in culture medium at
37ºC. In some experiments requiring IS formation,
Raji cells attached to ibidi microwell culture dishes
using fibronectin (ibiTreat, for paraformaldehyde fix-
ing) or poly-L-lysine (glass bottom, for acetone-fixa-
tion) were labelled with CMAC and pulsed with 1 µg/
ml SEE, mixed with transfected Jurkat clones and
ISs analysed as described [15,31,32]. Acetone fixation
required for γ-tubulin staining of MTOC was compa-
tible with phalloidin labelling [33]. In other experi-
ments, transfected Jurkat clones were stimulated with
plastic-bound anti-TCR UCHT1 (10 µg/ml) or in sus-
pension with phorbol myristate acetate (PMA, 100 ng/
ml). Immunofluorescence of fixed synapses was per-
formed as previously described [34], and additional
fixations were performed between each fluorochrome-
coupled secondary antibody staining and subsequent
fluorochrome-coupled primary antibody staining, to
exclude any potential cross-reaction of secondary anti-
bodies (i.e. Figure 7a).

For in vivo actin reorganization experiments, dsRed-
Cent2-transfected Jurkat clones were preincubated over-
night with 100 nM SirActin and 2 µM verapamil, and
subsequently challenged with SEE-pulsed Raji cells as
described above. Wide-field, time-lapse microscopy was
performed using an OKO-lab stage incubator (OKO) on
a Nikon Eclipse TiE microscope equipped with a DS-
Qi1MC digital camera and a PlanApo VC 60x/1.4NA
OIL objective (Nikon). Time-lapse acquisition and ana-
lysis were performed by using NIS-AR software (Nikon).
Subsequently, epi-fluorescence images were improved by
Huygens Deconvolution Software from Scientific
Volume Image (SVI) using the “widefield” optical option
as previously described [32,35]. For quantification, digital
images were analysed using NIS-AR (Nikon) or ImageJ
softwares (Rasband, W.S., ImageJ, National Institutes of
Health, Bethesda, Maryland, USA, http://rsb.info.nih.
gov/ij/, 1997–2004). The quantification and analysis of
F-actin mean fluorescence intensity (MFI) in
a centrosome-centred area (centrosomal area F-actin
MFI) in time-lapse experiments, was performed within
a 2 μm diameter, floating region of interest (ROI) (i.e.
ROI changing XY position over time), centred at the
centre of mass of the MTOC (MTOCc), by using NIS-
AR software (Figure 2d). These measurements were per-
formed in deconvoluted time-lapse series because of the
enhanced signal-to-noise ratio of the images, although

raw time-lapse series yielded comparable results. In par-
allel, for each time-lapse time point, the measurement of
the distance from the MTOCc towards the IS was per-
formed by using NIS-AR software and represented versus
the corresponding centrosomal area F-actin MFI value
(Figure 2d, upper panels). Confocal microscopy imaging
of synapses made by living cells was performed by using
a SP8 Leica confocal microscope equippedwith anHCPL
APO CS2 63×/1.2 NAwater objective (zoom for C3, 5.34;
zoom for P5, 4.47; scan velocity, 1000 Hz bidirectional;
pixel size, 0.068 µm; pinhole, 111.5 µm; z-step size,
0.6 µm; z-stack, 9 µm). The synaptic conjugates for
these experiments were prepared by mixing SEE-pulsed
Raji cells with transfected Jurkat clones in suspension, as
previously described [5,6]. The quantification of relative
centrosomal area F-actin MFI in these experiments was
calculated as the F-actin MFI corresponding to a 2 μm
diameter, floating ROI, centred at the MTOC centre of
mass (MTOCc), relative to the F-actin MFI of this cen-
trosomal area ROI at time = 0, using the average intensity
projection (AIP) from the three focal planes (2 μm thick-
ness) containing the maximal signal of MTOC.

Confocal microscopy imaging in fixed synapses was
performed by using a SP8 Leica confocal microscope,
with sequential acquisition, bidirectional scanning and
the following laser lines: UV (405 nm, intensity: 33.4%),
supercontinuum visible (633 nm, intensity: 15.2%), super-
continuum visible (550 nm, intensity: 20.8%), superconti-
nuum visible (488 nm, intensity: 31.2%). Deconvolution of
confocal images was performed by using Huygens
Deconvolution Software from Scientific Volume Image
(SVI) with the “confocal” optical option. Colocalization
analyses were accomplished by using Jacop plugin from
ImageJ.

The velocity of movement of MVB was measured
by automatically analysing the trajectories of CFP-
CD63+ vesicles in videos (i.e. Suppl. Video 2) with
the use of NIS-AR software (tracking module) and
the ImageJ MJTrack plugin. The trajectory of MTOC
was analysed by using ImageJ MJTrack plugin (i.e.
Suppl. Video 1). In polarization experiments, to
establish the relative ability of the MTOC and MVB
to polarize towards the IS, MTOC and MVB polar-
ization indexes (Pol. Indexes) were calculated as
described in Figure 1a, using MIP of acetone-fixed
synapses. In the MIP, the position of the cell centre
of mass (CellC), MTOC and MVB centre of mass
(MTOCC and MVBC, respectively) were used to pro-
ject MTOCC (or MVBC) on the vector defined by the
CellC–synapse axis. Then the MTOC (or MVB)
polarization index was calculated by dividing the
distance between the MTOCC (or MVBC) projection
and the CellC (“A” distance) by the distance between
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the CellC and the synapse (“B” distance) (Figure 1a).
CellC position was taken as the origin to measure
distances, thus those “A” values in the opposite

direction to the synapse were taken as negative.
Thus, Pol. Indexes (Pol. Index = A/B) ranked from
+1 (fully polarized) to −1 (fully anti-polarized).
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Figure 1. PKCδ regulates MTOC and MVB polarization.
(Panel A) C3 control and P5 PKCδ-interfered clones were challenged with CMAC-labelled SEE-pulsed Raji cells for 1 h, fixed, stained with anti-γ-
tubulin AF546 to label MTOC and anti-CD63 AF647, to label MVB and imaged by confocal fluorescence microscopy. In the upper diagram, the
distances (A, green; B, blue) used for the calculation of Pol. Index (A/B) are indicated. The red dot represents the cell centre of mass (CellC), whereas
the yellow dot indicates the projection of MTOC or MVB centre of mass (MTOCc and MVBc, respectively) on the vector defined by the CellC–synapse
axis. Since the CellC position was taken as the origin to measure distances, those “A” distance values in the opposite direction to the synapse were
taken as negative. Thus, polarization indexes range form +1 (fully polarized) to −1 (fully anti-polarized). In the lower panels, MIP of the indicated,
merged channels of representative images for both C3 and P5 forming synapses are included. The Raji cells and the Jurkat clones are labelled with
discontinuous and continuous white lines, respectively. The superimposed white crosses label the MTOCc or MVBc. The white arrow indicates MTOC
position, whereas the yellow arrow labels the MVB. (Panel B) MTOC Pol. Index was calculated as indicated in panel A for the indicated number of
synaptic conjugates made by C3, C9 (control) and P5, P6 (PKCδ-interfered) clones, that were previously challenged for 1 h with SEE-pulsed Raji cells.
Dot plot distribution and average Pol. Index (red horizontal line) are represented. **, p ≤ 0.05. (Panel C) C3 control and P5 PKCδ-interfered clones
were challenged with CMAC-labelled SEE-pulsed Raji cells for 1 h, fixed, stained with phalloidin AF488 and anti-CD63 AF647 and imaged by
confocal fluorescence microscopy. Upper panels: top views corresponding to the maximal intensity projection (MIP) of the indicated, three merged
channels, in a representative example. White arrows indicate the direction to visualize the face on views of the synapse (IS interface) enclosed by
the ROIs (white rectangles) as shown in Suppl. Video 3. Middle panels: face on views of the IS. The enlarged ROIs from the upper panel (1.5x and
2.5x zoom, respectively) were used to generate (as shown in Suppl. Video 3) the IS interface merged images (phalloidin and CD63 channels from
frame no. 43 of Suppl. Video 3). Lower diagrams: phalloidin and CD63 MFI vs position along the indicated, rectangular ROIs (discontinuous line)
embed in the face on views from the lower panels. CMAC labelling of Raji cells in blue, phalloidin in green and CD63 in magenta. Scale bars, 10 µm.
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Figure 2. PKCδ regulates centrosomal area F-actin.
(Panel A) C3 control and P5 PKCδ-interfered clones were challenged with CMAC-labelled SEE-pulsed Raji cells for 1 h, fixed, stained with anti-γ-
tubulin AF546 to label MTOC and phalloidin AF488 to label F-actin, and imaged by confocal fluorescence microscopy. Left, total (8 µm thick) or
centrosomal (2 µm thick), maximal or average intensity projections (MIP and AIP, respectively) are shown as indicated. In the right side images,
enlarged centrosomal areas (as defined in centrosomal AIPs, white squares) are shown containing the 2 µm-diameter centrosomal ROIs (white
circles) used to calculate the centrosomal area F-actin MFI. In the right side diagrams, the F-actin MFI values in ROIs (“C” magenta ROI labels
centrosomal area F-actin, whereas “D” red ROI labels total cell F-actin) used to calculate the centrosomal area F-actin MFI ratio are indicated. The
Raji cells and the Jurkat clones are labelled with discontinuous and continuous lines, respectively. (Panel B) C3 control clone was challenged with
CMAC-labelled SEE-pulsed Raji cells for 1 h, fixed, stained with anti-γ-tubulin AF546 to label MTOC, and phalloidin AF488 to label F-actin and
imaged by confocal fluorescence microscopy. Subsequently, centrosomal area F-actin MFI ratio and MTOC polarization index were calculated as
indicated in Material and Methods, linear correlation analyses between these values corresponding to each individual cell was represented and
Pearson’s correlation coefficient was calculated. Non-parametric Spearman’s correlation ρ = −0.633 (p = 0.00017). (Panel C) Centrosomal area
F-actin MFI ratio was calculated for synaptic conjugates made by C3, C9 (control) and P5, P6 (PKCδ-interfered) clones as indicated in panel A. Dot
plot distribution and average centrosomal area F-actin MFI ratio (red horizontal line) are represented. **, p ≤ 0.05. (Panel D) Upper diagrams, C3
control and P5 PKCδ-interfered clones expressing dsRed-Cent2 and pulsed with SirActin and verapamil were challenged with CMAC-labelled SEE-
pulsed Raji cells bound to glass-bottom plates. Subsequently, synapses were imaged by wide-field, time-lapse microscopy and centrosomal area
F-actin MFI (green line) and the distance of the MTOC to the IS (red line) were measured in each frame, as indicated in Materials and Methods,
using a 2 µm-diameter floating ROI, centred at the MTOCC. Vertical black arrow labels the onset of MTOC polarization, whereas magenta arrow
labels the blebbing of the Jurkat clone at late time points. Horizontal double-arrow line labels the time period during which centrosomal area
F-actin decreased. Middle panels, some representative frames of the indicated, merged channels (CMAC, blue; dsRed-Cent2, red; SirActin, green) are
included (see also Suppl. Video 4). White arrow labels the synapse, whereas yellow arrow labels the MTOC. Lower panels, C3 control and P5 PKCδ-
interfered clones expressing dsRed-Cent2 and pulsed with SirActin and verapamil were challenged with CMAC-labelled SEE-pulsed Raji cells in
suspension. Subsequently, synapses were imaged by confocal time-lapse microscopy and centrosomal area F-actin MFI was measured, using
a 2 µm-diameter floating ROI centred at the MTOCC, as indicated in Materials and Methods. Left panels include some representative frames of the
merged channels (CMAC, blue; dsRed-Cent2, red; SirActin, green, see also Suppl. Video 5), whereas the right diagram represents the kinetics of
normalized centrosomal area F-actin MFI (referred to MFI at t = 0). Dark arrows indicate the representative frames shown in the left panels. The
slow decrease in centrosomal area F-actin MFI occurring in P5 clone, which was not evident in the epi-fluorescence experiment shown in the upper
plot, is due to the increased fluorescence bleaching by the confocal illumination conditions. Data are representative of the results obtained in
several experiments (n = 3).
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Therefore Pol. Index values were normalized by cell
size and shape (Figure 1a). For the experiments ana-
lysing F-actin reorganization at MTOC area in fixed
cells, the MTOC area-associated F-actin (centrosomal
area F-actin) was quantified by labelling MTOC with
γ-tubulin or expressing dsRed-Cent2, since both
labelling approaches rendered equivalent results, as
shown in Figure 2 and Suppl. Fig. S3. Briefly, after
manual selection of the z optical section containing
the maximal signal corresponding to the centrosome
(γ-tubulin or dsRed-Cent2 signal), a substack (2 µm
thickness) centred at the MTOCc was selected, and
the F-actin average intensity z-projection (AIP) of
the substack was generated (centrosomal area AIP)
and thresholded (Default), by using ImageJ.
Subsequently, a circular ROI “C” (2 µm diameter)
centred at the MTOCc was selected on the thre-
sholded, centrosomal area AIP, and the F-actin MFI
in this ROI was calculated, and this value corre-
sponded to centrosomal area F-actin MFI (MFI in
ROI “C”, Figure 2a and Suppl. Fig. S3). In parallel,
we calculated the cellular F-actin MFI of the thre-
sholded (Default) average intensity z-projection
(AIP) corresponding to all focal planes (total AIP),
using a ROI including the whole cell (MFI in ROI
“D”, Figure 2a and Suppl. Fig. S3). We then calcu-
lated the centrosomal area F-actin MFI ratio (cen-
trosomal area F-actin MFI/cell F-actin MFI = MFI C/
MFI D) to normalize by cell size and by phalloidin
labelling among different samples. This value repre-
sented the relative density of centrosomal area
F-actin (Figure 2, Suppl. Fig. S3). For paxillin phos-
phorylation image analyses, image quantification of
phospho-T538 MFI signal in fixed synapses was per-
formed by using ROI defined with the “autodetect”
algorithm from NIS-AR, containing the paxillin
fluorescence signal. These phospho-T538 MFI values
were internally normalized by paxillin MFI values in
the same ROI by using ImageJ. For image analyses of
FMNL1 isoform phosphorylation, image quantifica-
tion of Phospho-(Ser) PKC substrate signal was per-
formed by using cell ROIs defined with the
“Autodetect” algorithm from NIS-AR and an appro-
priate threshold. Image analysis data correspond to
at least three different experiments, analysing
a minimum of 30 synapses from 15 different, ran-
domly selected, microscopy fields per experiment.
ANOVA analysis was performed for statistical signif-
icance of the results using Excel and IBM’s SPSS
Statistics software.

Results

PKCδ interference decreases both MTOC and MVB
polarization towards the IS

We have previously shown, by using a well-established
IS model [31,32,35], that PKCδ-interfered Jurkat clones
challenged with antigen on APC secreted a lower
amount of exosomes upon IS formation [14]. We also
defined that the deficient polarization of MVB contain-
ing the exosome precursors towards the IS underlies
the decreased exosome secretion [14]. In the context of
secretory traffic at the IS, it has been published that not
always MTOC polarization is necessary or sufficient for
the transport or certain secretory vesicles to the IS [7],
such as lytic granules, and for the cytotoxic hit delivery
[36–38]. All these previous examples of segregation
between MTOC movement and secretory granules traf-
fic prompted us to simultaneously analyse both MTOC
and MVB movement at the single cell level. We first
analysed by time-lapse microscopy MTOC polariza-
tion, MVB convergence towards the MTOC and
MVB polarization in Jurkat clones co-expressing
dsRed-Cent2 and CFP-CD63, upon challenge with
SEE-pulsed Raji cells, which is a well-established Th
synapse model [31]. As shown in the representative
Suppl. Video 1, MVB convergence towards the
MTOC occurred almost simultaneously with MTOC
migration towards the IS. We then quantitated
MTOC and MVB polarization in fixed synapses
formed by control or PKCδ-interfered Jurkat clones
by fluorescence microscopy, as previously described
[14] (Figure 1a). As seen in Figure 1b, C3 and C9
control clones substantiated significantly higher
MTOC polarization indexes when compared to P5
and P6 PKCδ-interfered clones. We have previously
compared MVB polarization indexes among these
clones obtaining comparable results [14]. Remarkably,
we found a strong linear correlation between MVB and
MTOC polarization indexes (Pol. Index) for each clone
(i.e. Pearson’s linear correlation coefficient 0.962 and
0.949 for C3 and P5 clones, respectively, Suppl. Fig S1),
accordingly with the Suppl. Video 1. Furthermore, in
all the analysed synapses the MTOCC was coincident
or very proximal to the MVBC (i.e. Suppl. Video 1,
Figure 1a), regardless of polarization. Although the
MTOC and MVB did not efficiently polarize in P5
and P6 PKCδ-interfered cells (Figure 1), their MVB
still converged towards the MTOC (Figure 1a, Suppl.
Fig. S1). Thus, PKCδ appears to specifically regulate
MTOC movement to the IS.
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PKCδ regulates F-actin reorganization at the IS and
around the MTOC during MTOC polarization

Our previous results show that PKCδ regulates cortical
F-actin reorganization at the IS, contributing to MVB
polarization and exosome secretion [14], since PKCδ-
interfered clones forming synapses exhibited quantita-
tive alterations (duration and magnitude of F-actin
reorganization), but also qualitative differences
(absence of depletion of F-actin at the cIS) in F-actin
reorganization at the IS when compared with control
clones [14]. All these defects were rescued by ectopic,
mouse PKCδ re-expression in PKCδ-interfered clones,
as well as the defective MTOC/MVB polarization [14].
We aimed to explore the consequences of this defective
cortical F-actin reorganization on MTOC/MVB polar-
ization. To this end, we labelled C3 control and P5
PKCδ-interfered clones with phalloidin and anti-
CD63, to visualize in the same cell F-actin and MVB,
respectively, by confocal microscopy. We then analysed
the 3D distributions of F-actin and MVB and generated
2D projections of both distributions at the IS interface
(Suppl. Video 3 and Figure 1c, medium and lower
panels). Next, to evaluate the relative position of
CD63+ vesicles (MVB) with respect to F-actin architec-
ture at the IS, the MFI of F-actin and CD63 along the
IS interface (ROI labelled with discontinuous white-
line rectangles in Figure 1c) was measured (Figure 1c,
bottom diagrams). In C3 control clone we found an
accumulation of MVB (peaks in the magenta MFI
profile, lower panels) included in the F-actin-depleted
area (represented by a valley in the green MFI profile)
at the cIS (Figure 1c), that includes the secretory
domain [4]. In contrast, in P5 PKCδ-interfered clone,
neither the F-actin-depleted area nor MVB were
observed at the cIS (Figure 1c). Thus, cortical F-actin
reorganization at the IS is regulated by PKCδ, and this
reorganization appears to control MVB polarization
and hence MVB secretion. In addition, when we
expressed dsRed-Cent2 in Jurkat clones to assess
MTOC position in relation to the F-actin depleted
area at the cIS, we found in C3 control clone the
MTOC located at the edge of the cIS (Suppl. Fig. S2,
yellow arrow in upper left panel) that corresponded to
the described secretory domain next to the cSMAC [4],
in accordance with the observed MVB position (Figure
1c). However, in P5 PKCδ-interfered clone, the MTOC
position was distal to the IS (Suppl. Fig. S2, yellow
arrow in right panel). Thus, the spatial organization
of F-actin at the IS is altered in PKCδ-interfered clones,
and this may contribute to the deficient MTOC/MVB

polarization, although at this stage we could not
exclude that other non-cortical F-actin-dependent
events may also contribute to the observed phenotype.

In this context, it has been demonstrated that F-actin
depletion at a 2 µm–diameter centrosomal area appears
to be crucial to allow MTOC polarization towards the IS
in BCR-stimulated B lymphocytes [28]. However, to date
no evidence of centrosomal area F-actin depletion has
been reported during MTOC polarization in
T lymphocytes. We thus analysed centrosomal area
F-actin in T lymphocytes in a control clone forming
synapses. To perform these experiments we measured
thresholded, F-actin MFI within a defined, spherical
ROI (2 µm diameter) centred at the MTOCc, as pre-
viously described [28], and we divided this centrosomal
area F-actin MFI by total cellular F-actin MFI, to normal-
ize by cell area, shape and phalloidin staining variations
among samples (Figure 2a, upper panels). The possible
correlation of the centrosomal area F-actin MFI ratio
with the MTOC polarization index was analysed in C3
control (Figure 2b) and P5 PKCδ-interfered (not shown)
clones. A negative correlation was observed in the C3
control clone (Spearman’s Rho Coefficient = −0.632;
p = 0.00017 and Pearson’s Coefficient = −0.628;
p = 0.00026), but no correlation was observed
(Spearman’s Rho Coefficient = −0.13; p = 0.44 and
Pearson’s Coefficient = −0.2; p = 0.22) in the P5 PKCδ-
interfered clone. Moreover, when we compared control
and PKCδ-interfered clones forming synapses in end
point experiments, we found a statistically significant
higher centrosomal area F-actin MFI ratio in PKCδ-inter-
fered clones (Figure 2a and 2c). Thus, PKCδ-interfered
clones forming synapses exhibited higher levels of cen-
trosomal area F-actin.

The asynchronous character of synapse formation may
also lead to asynchronous MTOC polarization [14,35,39],
that may in turn skew the results from end point, fixed
synapses. To circumvent this caveat, we first analysed by
epifluorescence and subsequent image deconvolution, the
centrosomal area F-actin reorganization upon synapse for-
mation by time-lapse analyses at the single, living-cell level.
To correlate centrosomal area F-actin with MTOC polar-
ization we performed these experiments with clones
expressing dsRed-Cent2 [39], loaded with SirActin and
verapamil [40] and subsequently challenged with SEE-
pulsed Raji cells. As seen in Figure 2d and Suppl. Video 4,
upon the synaptic contact of C3 control clone (white arrow
in Suppl. Video 4), concomitantly with the initial increase
in cortical F-actin MFI at the IS [14] (Suppl. Video 4 and
Figure 2d, white arrow in the middle panel), a progressive
decrease of centrosomal area F-actin MFI (labelled by
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a double arrow line in Figure 2d, upper left panel) was
observed, which represented centrosomal area F-actin dis-
mantling. Neither centrosomal area F-actin dismantling
nor MTOC polarization occurred in control clones not
forming synaptic conjugates (not shown). Remarkably,
the early decrease in centrosomal area F-actin MFI
occurred before the onset of the rapid polarization of
MTOC towards the IS (black vertical arrow in Figure 2d,
upper-left panel). This was consistent with the hypothe-
sized role of centrosomal area F-actin dismantling in
MTOC polarization. At late time points (magenta arrow
in Figure 2d and Suppl. Video 4), plasma membrane bleb-
bing (an early feature of T lymphocyte AICD) occurred in
the C3 control clone forming synapse, as previously shown
[14,15,17]. Centrosomal area F-actin dismantling did not
occur in the P5 PKCδ-interfered clone, since centrosomal
area F-actin MFI was maintained (Figure 2d, upper-right
panel), concomitantly with the absence ofMTOCpolariza-
tion (yellow arrow in Supp. Video 4, lower panels, and
right-middle panel in Figure 2d) and no AICD occurred
(Suppl. Video 4). End point analyses of centrosomal area
F-actin and MTOC polarization in dsRed-Cent2-expres-
sing clones rendered similar results to those obtained by
labelling MTOC with anti-γ-tubulin (compare Suppl. Fig.
S3 with Figure 2a and 2c). In addition, to enhance the
spatial resolutionwe performed shorter time-lapse analyses
but using confocal microscopy. As seen in Suppl. Video 5,
the P5 PKCδ-interfered clone forming synapses exhibited
higher levels of centrosomal area F-actin than the C3 con-
trol clone (Figure 2d, lower right panel). Centrosomal area
F-actin partially overlapped with dsRed-Cent2 in the P5
PKCδ-interfered clone, but not in the C3 control clone
(Figure 2d, lower left panel). The high centrosomal area
F-actin green fluorescence partially overlapped the dsRed-
Cent2 red fluorescence at MTOC, rendering an evident
yellow dot in the P5 clone (Figure 2d, lower left panel).
Thus, centrosomal area F-actin dismantling correlatedwith
MTOC polarization to the IS and, since PKCδ-interfered
clones exhibited sustained levels of centrosomal area
F-actin, PKCδ appeared to negatively regulate this process.

FMNL1 colocalizes with F-actin at the IS but not
around the MTOC

FMNL1 is required for MTOC polarization in
T lymphocytes and this event appears to be indepen-
dent of Arp2/3-mediated, cortical F-actin reorganiza-
tion at the IS [23]. In PKCδ-interfered clones we have
observed that the spatial F-actin organization at the IS
is affected, but also the centrosomal area F-actin reor-
ganization (see above). Thus, it is conceivable that
PKCδ may exert its regulatory role on MTOC polar-
ization via regulation of FMNL1 function acting

separately and/or coordinately in any of these subcel-
lular localizations. FMNL1 is located at the IS and
around the MTOC [23] and PKCδ is located around
the MTOC [14]. As a first approach to understand the
molecular bases of PKCδ effect on the different, sub-
cellular F-actin networks, we studied subcellular loca-
lization of FMNL1 in relation to F-actin cytoskeleton at
both the IS and centrosomal area. As shown in Figure
3a-b, FMNL1 and F-actin partially colocalized at the IS,
similarly in C3 control and P5 PKCδ-interfered clones
(Figure 3b). In addition, no colocalization of FMNL1
and F-actin was observed around the MTOC either in
the C3 or the P5 clone (Figure 3b and Suppl. Fig. S4).

PKCδ induces FMNL1 phosphorylation

Since no differences in the subcellular localization of
FMNL1 with respect to F-actin between control and
PKCδ-interfered clones were observed, and all the clones
exhibited similar levels of FMNL1 and Dia1 (Figure 4,
upper panel and Suppl. Fig. S5), we aimed to search for
potential post-translational modifications in FMNL1 and
Dia1, such as phosphorylation, which may underlie the
observed phenotype. FMNL2 is phosphorylated by PKCα
and, to a lower extent, by PKCδ at S1072 [41], reversing
its autoinhibition by the C-terminal, DAD auto-inhibi-
tory domain and enhancing F-actin assembly, β1-integrin
endocytosis, and invasive motility [41]. In FMNL1β,
S1086 is surrounded by a sequence displaying high
homology to the one surrounding S1072 of FMNL2,
whereas the homology of FMNL1α and FMNL1γ with
the C-terminus of FMNL2 was much lower [42] [41]
(Suppl. Fig. S6). In addition, the three FMNL1 isoforms
share identical sequence from amino acid residue 1–1070,
and diverge in the C-terminal region, which includes the
DAD auto-inhibitory domain (Suppl. Fig. S6). Thus,
PKCδmay regulate F-actin reorganization by controlling
FMNL1β S1086 phosphorylation, as certain PKC iso-
forms regulate FMNL2 activity [41]. We immunopreci-
pitated FMNL1 from C3 control and P5 PKCδ-interfered
clones, untreated or treated with PKC activator PMA or
anti-TCR, and analysed FMNL1 phosphorylation in the
immunoprecipitates by WB with anti-Phospho-(Ser)
PKC substrate antibody [41]; the results were normalised
by FMNL1 levels in the immunoprecipitates. As shown in
Figure 4a, both PMA and anti-TCR stimulation-induced
FMNL1 phosphorylation in the C3 control clone to
a higher extent than in the P5 PKCδ-interfered clone.
Moreover, expression of an interference-resistant, GFP-
PKCδ in the P5 PKCδ-interfered clone restored the phos-
phorylation of FMNL1 to the levels found in the C3
control clone (Figure 4b). In contrast, when we analysed
in parallel Dia1 phosphorylation using the same anti-
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Phospho-(Ser) PKC substrate antibody, we could not
detect any phosphorylation of Dia1 induced by PMA in
the Dia1 immunoprecipitates (Suppl. Fig. S5). Thus, PKC
isoforms activated by PMA (including PKCδ) appear to
regulate FMNL1, but not Dia1, phosphorylation. Since
expression of an interference-resistant GFP-PKCδ
restored FMNL1 phosphorylation (Figure 4b) and
MTOC polarization [14], all these data indicate that
PKCδ regulates phosphorylation of FMNL1 and probably
its function during MTOC polarization.

FMNL1β phosphorylation and MTOC polarization

The previous results suggest that PKCδ-dependent phos-
phorylation of FMNL1 may regulate FMNL1 function on
F-actin reorganization at the IS and hence affect MTOC
polarization. Is has been shown that FMNL1 interference
impedes MTOC polarization [23]. Jurkat cells contain

three FMNL1 isoforms (α, β and γ) [30] and the antibody
we used for IP recognizes all these isoforms. Thus, any of
these isoforms may be phosphorylated and/or involved in
F-actin reorganization and hence MTOC polarization. To
investigate the contribution of FMNL1 isoforms inMTOC
polarization, we transfected the C3 control and P5 PKCδ-
interfered clones with a bi-cistronic YFP expression plas-
mid interfering all FMNL1 isoforms (shFMNL1-HA-YFP)
[30]. We then challenged the clones with SEE-pulsed Raji
cells and analysed MTOC polarization in non-transfected
(NT, YFP−) cells and FMNL1-interfered (YFP+) cells. As
seen in Figure 5a, the transient interference of all FMNL1
isoforms decreased the efficiency of MTOC polarization
with respect to non-transfected C3 control cells forming
synapses. However, it is noteworthy that FMNL1 interfer-
ence did not further decreaseMTOCpolarization in the P5
PKCδ-interfered clone (Figure 5b), which is compatible
with PKCδ and FMNL1 being in the same regulatory
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Figure 4. PKCδ regulates FMNL1 phosphorylation.
(Panel A), C3 control and P5 PKCδ-interfered clones were untreated or stimulated with either PMA or plastic-bound anti-TCR and subsequently
lysed. WB of anti-FMNL1 immunoprecipitates (IPs) (upper panel) and cell lysates (lower panel) were sequentially probed with anti-Phospho-(Ser)
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with anti-FMNL1, β-actin and PKCδ (to check PKCδ interference). In the lower bar graph, the fold induction of FMNL1 phosphorylation, normalized
to FMNL1 levels, was evaluated by WB quantification of several experiments similar to that described in the upper panel. Data are means plus SD of
the results obtained in several (n = 5) experiments. **, p ≤ 0.05. (Panel B), C3 control and P5 PKCδ-interfered clones were transfected with an
interference resistant, GFP-mPKCδ expression plasmid. Subsequently, cells were stimulated as in panel A, and the anti-FMNL1 immunoprecipitates
analysed by WB with anti-Phospho-(Ser) PKC substrate and anti-FMNL1, to normalize Phospho-(Ser) PKC signal for FMNL1 content in the IPs. In
addition, the cell lysates were probed with anti-FMNL1, anti-β-actin and anti-panPKCδ, to check for both PKCδ interference and GFP-mPKCδ
expression. In the lower bar graph, the fold induction of FMNL1 phosphorylation in cells expressing GFP-mPKCδ, normalized to FMNL1 levels, was
evaluated by WB quantification of several experiments similar to that described in the upper panel. Data are means plus SD of the results obtained
in several (n = 5) experiments. NS, not significant; **, p ≤ 0.05.
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pathway. We then transfected the C3 control clone with
either a plasmid interfering all FMNL1 isoforms
(shFMNL1-HA-YFP) or a plasmid interfering all FMNL1
isoforms and expressing interference-resistant FMNL1β
(shFMNL1-HA-YFP-FMNL1β). YFP-FMNL1β expres-
sion rescued the defective MTOC polarization occurring
in FMNL1-interfered cells (Figure 5a) but it was not able to
decrease the high levels of the centrosomal area F-actin to
control levels (Figure 5c). This suggests that, at least in
conditions where all the FMNL1 isoforms, excluding
FMNL1β, are interfered, centrosomal area F-actin decrease
does not appear to be an absolute requirement for MTOC

polarization. In addition, expression of interference-resis-
tant FMNL1α (shFMNL1-HA-YFP-FMNL1α) or
FMNL1γ (shFMNL1-HA-YFP-FMNL1γ) did not rescue
the MTOC polarization to control levels (Suppl. Fig. S7),
supporting a specific role of FMNL1β in MTOC polariza-
tion. Moreover, expression of FMNL1α or FMNL1γ was
unable to rescue the centrosomal area F-actin to control
levels (Suppl. Fig. S8), as it occurred with FMNL1β.

To explore the contribution of cortical actin reorgani-
zation to MTOC polarization in these conditions, F-actin
architecture at the cIS was analysed. Depletion of F-actin
at cIS in FMNL1-interfered cells was lower than in non-
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Figure 5. FMNL1 interference affects both centrosomal area F-actin and MTOC polarization. FMNL1β regulates MTOC polarization.
C3 control and P5 PKCδ-interfered clones were transfected with either control (shControl-HA-YFP), FMNL1 interfering (shFMNL1-HA-YFP), or FMNL1-
interfering, YFP-FMNL1β expressing vector (shFMNL1-HA-YFP-FMNL1β). Subsequently, the transfected clones were challenged with CMAC-labelled
SEE-pulsed Raji cells for 1 h, fixed, stained with anti-γ-tubulin AF546 (red) and phalloidin AF647 (green) to label F-actin, and imaged by confocal
fluorescence microscopy. Yellow channel fluorescence identifies the transfected cells. Panel A, upper diagram, MTOC Pol. Index was calculated as
indicated above, for the indicated number of synaptic conjugates made by C3 control clone, transfected or not (NT YFP− cells). Dot plot distribution
and average Pol. Index (red horizontal line) are represented. In the inset, WB of cell lysates from the different groups of cells used was developed
with anti-FMNL1 (two different expositions) and anti-β-actin to check for both FMNL1 interference and HA-YFP-FMNL1β expression. Lower panels,
representative synapses made by C3 clone, transfected or not (NT YFP−). This group includes all non-transfected cells from both shFMNL1-HA-YFP
and shFMNL1-HA-YFP-FMNL1β-tansfections as internal controls. AIPs of the indicated, merged channels for C3 clone forming synapses are
represented. Raji cells and Jurkat clones are labelled with discontinuous and continuous white lines, respectively. Panel (b), upper diagram,
MTOC Pol. Index was calculated as indicated in Figure 1, panels A and B, for the synaptic conjugates made by C3, (control) and P5 (PKCδ-interfered)
clones, transfected or not (NT YFP−). Dot plot distribution and average Pol. Index (red horizontal line) are represented. Lower panels, representative
synapses made by the different clones, transfected or not (NT YFP−). AIPs of the indicated, merged channels for both C3 and P5 clones forming
synapses are represented. White arrows indicate the synaptic area, whereas yellow arrows indicate the MTOC position. Panel C, upper diagram,
centrosomal area F-actin MFI ratio was calculated as indicated in Figure 2 for the indicated number of synaptic conjugates made by C3 control
clone, transfected or not (NT YFP−). The mean centrosomal area F-actin MFI ratio (red horizontal line) for each condition is represented. Lower
panels, representative synapses made by C3 clone, transfected or not (NT YFP−). AIPs of the indicated, merged channels for C3 clone forming
synapses are represented. The centrosomal area F-actin MFI ratio value is indicated for each condition. The MTOC is labelled with yellow arrow and
the synapses with white arrows. The white circle enclosing the MTOC labels the ROI used to calculate the centrosomal F-actin MFI. NS, not
significant. **, p ≤ 0.05.
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transfected cells (Suppl. Fig. S9), as occurs in PKCδ-
interfered cells [14], and FMNL1β re-expression rescued
the F-actin depletion at the cIS (Suppl. Fig. S9). Thus, in
these cells, FMNL1β acting on cortical F-actin appears to
be sufficient for MTOC polarization, despite of the high
levels of centrosomal area F-actin.

FMNL1β is a strong candidate to be regulated by PKCδ-
mediated phosphorylation (see above). To test this hypoth-
esis, we first analysed unstimulated or PMA-stimulated,
HA-YFP-FMNL1β-transfected C3 control cells by immu-
nofluorescence with the anti-Phospho-(Ser) PKC substrate
antibody. The low transfection efficiency of the FMNL1
constructions (less than 10% of cells expressed the FMNL1
isoforms) made unfeasible the quantitative immunopreci-
pitation of these isoforms. Thus, strictly controlled, single-
cell image analyses of Phospho-(Ser) PKC-substrate fluor-
escence signal were required to address FMNL1 isoforms
phosphorylation. PMA increased the Phospho-(Ser) PKC-
substrateMFI signal in YFP-FMNL1β+ cells with respect to
YFP− cells (Suppl. Fig. S10A), but this increase did not
occur in HA-YFP-FMNL1α, HA-YFP-FMNL1γ or HA-
YFP-FMNL1ΔFH2 mutant (a deletion mutant lacking the
C-terminal region including the S1086)-expressing cells
(Suppl. Fig. S10B). The same analysis was performed for
unstimulated or PMA-stimulated, HA-YFP-FMNL1β-
transfected C3 control and P5 PKCδ-interfered cells and
the anti-Phospho-(Ser) PKC-substrate signal in PMA-sti-
mulated C3 control cells was significantly higher than in
PMA-stimulated P5 PKCδ-interfered cells (Figure 6a).
Moreover, a linear correlation was observed between HA-
YFP-FMNL1β expression and anti-Phospho-(Ser) PKC-
substrate labelling in PMA-stimulated HA-YFP-
FMNL1β-expressing, C3 control cells, and this correlation
was not observed in PMA-stimulated, HA-YFP-FMNL1β-
expressing P5 PKCδ-interfered cells (Suppl. Fig. S10 C). In
addition, colocalization of HA-YFP-FMNL1β and anti-
Phospho-(Ser) PKC substrate signals was observed in
PMA-stimulated HA-YFP-FMNL1β-expressing C3 con-
trol cells (Pearson coefficient >0.90, not shown). All these
results, together with the fact that FMNL1 has no kinase
activity, support a deficient specific phosphorylation of
HA-YFP-FMNL1β in PMA-stimulated, PKCδ-interfered
cells. In addition, the increase in anti-Phospho-(Ser) PKC
substrate signal triggered by IS formation in HA-YFP-
FMNL1β-expressing, C3 control cells was higher than in
YFP−, C3 control cells (Suppl. Fig. S10D). The anti-
Phospho-(Ser) PKC-substrate signal in HA-YFP-
FMNL1β-expressing, P5 PKCδ-interfered cells forming
synapses was lower than in HA-YFP-FMNL1β-expressing,
C3 control cells forming synapses (Figure 6b). To support
that part of the anti-Phospho-(Ser) PKC-substrate signal
indeed corresponded to the phosphorylation of HA-YFP-
FMNL1β, we performed a colocalization analysis and

found that HA-YFP-FMNL1β, but not HA-YFP-
FMNL1α, partially colocalized with the anti-Phospho-
(Ser) PKC substrate signal at the IS (Figure 6c). As an
internal colocalization positive control we determined the
Pearson colocalization coefficient of HA-YFP-FMNL1β
versus anti-FMNL1 (>0.80, not shown). Thus, PKCδ inter-
ference appeared to specifically inhibit FMNL1β
phosphorylation.

PKCδ induces paxillin phosphorylation at the
MTOC

The results from the previous section suggest that PKCδ-
mediated FMNL1β phosphorylation at the IS may underlie
F-actin reorganization at the IS, contributing to MTOC
polarization. Although PKCδ appears to regulate centroso-
mal area F-actin (Figure 2c), FMNL1β does not appear to
participate in this regulation (Figure 5c). A possible down-
stream effector of PKCδ in centrosomal area F-actin reorga-
nization could be the actin regulatory protein paxillin, whose
phosphorylation at threonine 538 (T538) by PKCδ leads to
the depolymerization of the actin cytoskeleton and regulates
integrin-mediated adhesion and migration of B lymphoid
cells [43]. Moreover, the MTOC cannot polarize to the IS in
paxillin-interfered T lymphocytes [25]. In addition, paxillin
phosphorylation is required for the degranulation of CTL
[26]. To analyse the subcellular location of paxillin with
respect to MVB/MTOC polarization we first co-expressed
GFP-actin, CFP-CD63 and Cherry-paxillin in C3 control
and P5 PKCδ-interfered Jurkat clones, challenged them
with SEE-pulsed Raji cells and analysed by time-lapse micro-
scopy the subcellular localization of paxillin relative to the
reorganization of cortical actin and MVB polarization upon
IS formation. We observed that Cherry-paxillin exhibited
a mainly diffuse cytosolic distribution as well as decorated
punctate structures nearby the MVB (Suppl. Video 6). In the
C3 control clone, these structures polarized together with
MVB towards the IS, immediately after an intense and
prolonged actin reorganization at the IS [14] (Suppl.
Video 6). In contrast, in the P5 PKCδ-interfered clone,
after a weak cortical actin reorganization at the IS, Cherry-
paxillin in punctate structures remained non-polarized
together with CFP-CD63+ MVB (Suppl. Video 6). We
next studied whether paxillin could be phosphorylated by
PKCδ. When we challenged C3 control clone with SEE-
pulsed Raji cells, immunofluorescence analysis showed that
paxillin, colocalizing with MTOC (Figure 7a and not shown)
as previously described [44], was phosphorylated in T538
(Figure 7a). To analyse phosphorylation of paxillin, we
carried out image quantitation analysis and found that the
pT538-paxillin MFI signal induced upon IS formation was
significantly higher in the C3 control clone than in the P5
PKCδ-interfered clone (Figure 7b). Since Raji cells express

JOURNAL OF EXTRACELLULAR VESICLES 13



C3 Cont C3+PMA P5 Cont P5+PMA
0

500

1000

1500

2000

2500

3000

 P
ho

sp
ho

 P
KC

 s
ub

st
ra

te
 M

FI
 (A

U
)

YFP-FMNL1β

p-PKC subs

p-
PK

C
 s

ub
s

(F
ol

d 
in

du
ct

io
n)

0
1
2
3
4
5
6

P5 P
MA

P5 C
on

t

C3 P
MA

C3 C
on

t

C3+PMA P5+PMA

** 

** 

** ** 

** ** 
P5+IS

YFP-FMNL1β

p-PKC subs.

0
1
2
3
4
5
6

P5 I
S

P5 C
on

t
C3 I

S

C3 C
on

t

0

200

400

600

800

1000

1200

1400)
UA( I F

M et art sbus 
CKP ohpsohP 

C3 Cont C3 IS P5 Cont P5 IS

C3+IS

p-
PK

C
 s

ub
s

(F
ol

d 
in

du
ct

io
n)

** 

** 
** 

NS 

** NS 

CMAC

CMAC

Pearson Coefficient = 0.38
YFP-FMNL1β p-PKC-Subs

1.7x 1.7x

MIP

IS
Focal
plane

CMAC
YFP-FMNL1β

CMAC
p-PKC-Subs

10 μm

Col. Mask

1.7x

YFP-FMNL1β p-PKC-Subs Col. Mask
Pearson Coefficient = 0.231

10 μm

CMAC
YFP-FMNL1β

CMAC
p-PKC-Subs

C3 P5

2.5x 2.5x 2.5x

C3 P5 C3 P5
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

YFP-FMNL1-α YFP-FMNL1-β

Pe
ar

so
n 

co
ef

fic
ie

nt
(p

-P
K

C
-S

 v
s 

FM
N

L1
α 

or
 β

) NSNS

a b

c

Figure 6. PKCδ induces FMNL1β phosphorylation.
C3 control and P5 PKCδ-interfered clones were transfected with an FMNL1-interfering, HA-YFP-FMNL1β-expressing vector (shFMNL1-HA-YFP-
FMNL1β). Subsequently, the transfected clones were either untreated (Cont), or stimulated with PMA (30 min), or challenged with CMAC-labelled
SEE-pulsed Raji cells for 1 h, fixed, stained with anti-Phospho-(Ser) PKC substrate AF647 (magenta) and imaged by confocal fluorescence
microscopy. Yellow channel fluorescence identifies the HA-YFP-FMNL1β−expressing cells. (Panel A), upper plot, Phospho-(Ser) PKC substrate
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very high levels of paxillin (not shown), WB analysis of
synaptic conjugates would not allow distinguishing Raji-
derived paxillin from Jurkat clones-derived paxillin. Thus,
to quantitate the relative, T538 paxillin phosphorylation by
WB we stimulated control and PKCδ-interfered Jurkat
clones with PMA or plastic-bound anti-TCR. An increase
in pT538-paxillin signal was observed after stimulation of C3
control clone with PMA or anti-TCR (Figure 7c-d), which
was partially associated with a mobility shift of paxillin.
However, the normalized induction of phosphorylation in
T538 paxillin by anti-TCR stimulation in the P5 PKCδ-
interfered clone was significantly lower than in the C3
control clone (Figure 7d). Furthermore, GFP-PKCδ expres-
sion in P5 PKCδ-interfered clone stimulated with anti-TCR
for 1 h raised T538 paxillin phosphorylation to the levels
found in C3 control clone expressing GFP-PKCδ (Suppl.
Fig. S11). Together these data indicate that PKCδ regulates
phosphorylation and hence probably paxillin subcellular
location and function during IS formation.

Discussion

We have identified here for the first time a positive reg-
ulatory role of PKCδ acting on both FMNL1β and pax-
illin-controlled actin regulatory pathways that govern
MTOC/MVB polarization to the IS in Th lymphocytes.
FMNL1β and paxillin, most probably, coordinately con-
trol F-actin reorganization at the IS and around the
MTOC, respectively, and may collaborate in MTOC
polarization and subsequent exosome secretory traffic
[14]. PKCδ is known to regulate polarized secretion in
T lymphocytes [14,37,45], and directional migration
[46,47], but no studies regarding the molecular bases
controlling the PKCδ effect on polarized traffic have
been reported to date. The spatial and temporal control

of F-actin polymerization is fundamental for many cel-
lular processes including cell migration, division, vesicle
trafficking, and response to agonists. In this context,
T and B lymphocytes are the only cells in which agonists,
namely antigens, by binding to their TCR and BCR at the
IS, induce polarized MVB traffic [48] and exosome secre-
tion [13,15,17,49]. This inducible polarized secretory traf-
fic is controlled by actin cytoskeleton reorganization
[5,14]. In this paper we have dissected some mechanisms
by which two distinct networks of F-actin (cortical
F-actin at the IS and centrosomal area F-actin) are reor-
ganized and their contribution to the processes of MTOC
and MVB polarization upon TCR activation at the IS.

The understanding of the diverse molecular
mechanisms controlling the distinct F-actin networks
is an important and general biological issue [50,51].
However, several contradictory results exist regarding
the relative contribution of the different F-actin-reg-
ulatory pathways and the distinct F-actin networks to
cell polarity in general [52,53], and to MTOC polar-
ization and subsequent secretion in T lymphocytes in
particular [5,7,23]. Thus, while some results suggest
(but do not formally demonstrate) that the cortical
actin reorganization at the IS is necessary and suffi-
cient for MTOC/lytic granules and cytokine-contain-
ing granules polarization [5,7,22], several other
evidences show that the two major F-actin-regulatory
pathways (Arp2/3 acting on cortical F-actin network
and FMNL1 on non-cortical F-actin network) can
independently act in the regulation of MTOC polar-
ization [23]. In this context, it has been shown that
MTOC is a F-actin organizing centre [27] and cen-
trosomal F-actin depletion appears to be crucial to
allow MTOC polarization towards the IS in
B lymphocytes stimulated with BCR-ligand-coated
beads [28]. In the same B lymphocyte model, F-actin

MFI in the indicated (white line) cell ROI was calculated as described in Materials and Methods for C3 control and P5 clones expressing HA-YFP-
FMNL1β either non-stimulated (Cont) or PMA-stimulated. The red line indicates the average Phospho-(Ser) PKC substrate MFI for each group. In the
lower panel, left side, representative AIPs of the indicated channels of the transfected clones, stimulated with PMA, are shown. In the right side,
quantification of Phospho-(Ser) PKC substrate MFI in C3 control and P5 clones expressing HA-YFP-FMNL1β, either non-stimulated (Cont) or PMA-
stimulated, represented as fold induction of Phospho-(Ser) PKC substrate MFI (mean±SD), summarizing the results obtained in several (n = 4)
experiments. Panel B, upper diagram, calculation of the Phospho-(Ser) PKC substrate MFI in the specified (continuous white line) cell ROI was
calculated as indicated in Materials and Methods, for C3 control and P5 PKCδ-interfered clones expressing HA-YFP-FMNL1β either non-stimulated
(Cont) or IS-stimulated. The red line indicates the average Phospho-(Ser) PKC substrate MFI for each group. In the lower left panel, representative
AIPs of the indicated channels of the IS-stimulated transfected clones (Raji cells are labelled with a white discontinuous line) are show. In the right
side, quantification of Phospho-(Ser) PKC substrate MFI in C3 control and P5 PKCδ-interfered clones expressing HA-YFP-FMNL1β, either non-
stimulated (Cont) or IS-stimulated, represented as fold induction of Phospho-(Ser) PKC substrate MFI (mean±SD), and summarizing the results
obtained in several (n = 5) experiments. NS, not significant; **, p ≤ 0.05. (Panel C) IS conjugates made by C3 control and P5 PKCδ-interfered clones
expressing HA-YFP-FMNL1β were imaged by confocal microscopy to analyse the colocalization of HA-YFP-FMNL1β and Phospho-(Ser) PKC substrate
signals, as indicated in Materials and Methods. In the upper row, MIPs of the indicated channels are shown. The white rectangles enclose the IS
ROIs that were used for colocalization analyses in the focal planes indicated in the lower row. Colocalization pixels are shown in white colour on the
colocalizations masks, as well as the corresponding Pearson’s coefficients. The lower plot shows the Pearson’s coefficients corresponding to several
analyses similar to the one shown in the upper row, for synapses made by C3 and P5 clones expressing HA-YFP-FMNL1β or HA-YFP-FMNL1α. The
red line indicates the average Pearson’s coefficient for each cell group. NS, not significant.
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depletion around the MTOC, F-actin reorganization
at the IS, and MTOC polarization depend on protea-
some activity [29]. These data do not allow inferring
either the sufficiency or the relative contribution of
each F-actin network (cortical and centrosomal) to
MTOC polarization. In addition, the results of this
B lymphocyte model cannot be directly extrapolated
to T lymphocytes forming cell-to-cell conjugates as
used here.

The above-mentioned results on B lymphocytes,
together with our previous observation regarding the
effect of PKCδ on cortical F-actin on the IS, prompted
us to study the involvement of centrosomal area
F-actin in MTOC polarization in cell-to-cell synapses
made by T lymphocytes and its potential regulation by

PKCδ. We found a statistically significant negative
correlation between MTOC polarization and centroso-
mal area F-actin (Figure 2b, please compare with
Figure 5g from ref. [28]), and significant differences
in centrosomal area F-actin among control and PKCδ-
interfered clones (Figure 2c). The differences observed
between the values of centrosomal area F-actin of con-
trol (0.93, C3; 0.99, C9) vs PKCδ-interfered clones
(1.18, P5; 1.37, P6) (Figure 2c) were similar to those
caused by proteasome inhibition in B lymphocytes
(1.00 in control vs 1.25 in proteasome inhibitor-treated
cells), that inhibited MTOC polarization [29]. Thus, it
is conceivable that the centrosomal area F-actin
changes we observed, alone or in combination with
the alterations in cortical F-actin at the IS, may in
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Figure 7. PKCδ regulates the phosphorylation of paxillin at T538.
(Panel A) C3 control and P5 PKCδ-interfered Jurkat clones were challenged with CMAC-labelled, SEE-pulsed Raji cells for 1 h, fixed, immunolabelled
with anti-γ-tubulin, anti-paxillin and anti-phospho-T538 paxillin and imaged by confocal microscopy. White lines enclose Jurkat cells. In the right
panels, colocalization masks of merged, paxillin and phospho-T538 paxillin channels, are represented in white. The yellow arrows indicate
accumulations of paxillin and phospho-T538 paxillin. CMAC labelling of Raji cells in blue, γ-tubulin (MTOC) in magenta, paxillin in red and
phospho-T538 paxillin in green. (Panel B)C3 control and P5 PKCδ-interfered Jurkat clones were either untreated (Cont) or challenge with SEE-pulsed
Raji cells (synapse) and immunolabelled as in A. Phospho-T538 paxillin signals were internally normalized to paxillin signals as described in
Materials and Methods. (Panel C) C3 control and P5 PKCδ-interfered Jurkat clones untreated (c), or stimulated with either PMA or plastic-bound
anti-TCR, were lysed at the indicated times. Cell lysates were analysed by WB with antibodies against phospho-T538-paxillin, paxillin, PKCδ and
β-actin. (Panel D) Fold induction of paxillin T538 phosphorylation, normalized to paxillin levels, was evaluated by WB quantification of several
experiments similar to that described in panel C. Data are means plus SD (n = 3). NS, not significant; **, p ≤ 0.05.
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part underlie the deficiency in MTOC polarization in
PKCδ-interfered clones (Figure 1b). The diameter
determining the centrosome volume we have used
(2 µm) to measure centrosomal area F-actin includes
the wide range of centrosome radius from prophase to
metaphase (400–2000 nm) [54]. Thus, this volume
centred at the MTOC can include all the potential
oscillations in centrosome radius, which indeed were
noticeable in some of our results when a pericentriolar
marker (DsRed2 Centrin) was utilised (Figure 2d,
lower panels). Although some authors have employed
the same ROI size to measure centrosomal F-actin
changes in polarizing lymphocytes [28], it cannot be
excluded that other organelles reorganizing F-actin or
tubulin cytoskeleton may be included in this area, such
as the Golgi [30] or endosomes/MVB [55,56]. Among
these organelles, we can rule out the contribution of
F-actin at the Golgi to the observed MTOC polariza-
tion, since re-expression of FMNL1γ, which is the only
FMNL1 isoform capable to regulate F-actin reorganiza-
tion at the Golgi [30], was unable to rescue both
centrosomal area F-actin and MTOC polarization to
control levels (Suppl. Figs. S7 and S8). Regarding the
presence of MVB in the centrosomal area, our results
show that MVB are included in the 2 µm MTOC–
centred area (Figure 1, Suppl. Video 1 and Supp. Fig.
S1), and thus we cannot exclude the contribution of
MVB to F-actin reorganization at the centrosomal area
during centrosome reorientation. Since MVB and
MTOC centre of masses are coincident and both orga-
nelles polarize (or not) together to the IS (Suppl. Fig.
S1), the molecular mechanisms controlling these pro-
cesses are, most probably, common for both simulta-
neously polarizing organelles. At this stage, we can only
speculate about the necessity of the two F-actin reor-
ganization processes or the sufficiency of one of these
for MTOC polarization. In this context, FMNL1-inter-
fered cells re-expressing FMNL1β exhibited high cen-
trosomal area F-actin, polarized MTOC, and
a significant F-actin depleted area at the central IS
(Figure 5, Suppl. Fig. S9). This suggests that, when
only the FMNL1β isoform is present, centrosomal
area F-actin disorganization is not necessary, and
F-actin reorganization at the IS is sufficient, for
MTOC polarization. In addition, the fact that neither
FMNL1α nor FMNL1γ alone were capable to rescue
both MTOC polarization (Suppl. Fig. S7) and centro-
somal area F-actin (Suppl. Fig. S8) to control levels
opens the possibility that any combination of
FMNL1β with FMNL1α or FMNL1γ, or the three iso-
forms acting together, may collaborate on centrosomal
area F-actin reorganization.

Regarding the contribution of the FMNL1 isoforms
present in T lymphocytes (α,β and γ) [30] to the observed
phenotype, and their potential role in PKCδ-dependent
phosphorylation, it must be stressed that the anti-FMNL1
antibodies used for WB (C-5) and IP (clone A-4) recog-
nized all these isoforms. In addition, the FMNL1-interfer-
ing vector transiently inhibiting the expression of all
FMNL1 isoforms in Jurkat cells [30] decreased MTOC
polarization to the levels observed in PKCδ-interfered
clones (Figure 5a-b). Thus, at this stage we cannot ascribe
the observed effect of PKCδ on FMNL1 to the phosphor-
ylation of one or several FMNL1 isoforms. Experiments
with FMNL1 suppression, FMNL1 isoform-specific re-
expression vectors [30] were performed to analyse the
phosphorylation of the different FMNL1 isoforms and
their specific role in MTOC polarization, as well as their
subcellular localization. FMNL1β, but not FMNL1α or
FMNL1γ, re-expression in YFP+ FMNL1-interfered cells
restored MTOC polarization to that of control, YFP− cells
(Fig. 5A and Suppl. Fig. S7). In addition, we observed
PMA- or IS formation-induced specific phosphorylation
of FMNL1β, but not of FMNL1α, FMNL1γ or
a C-terminal deletion mutant FMNL1 (FMNL1-ΔFH2)
(Figure 6b, Suppl. Fig. S10). The decrease in Phospho-
(Ser) PKC substrate MFI signal induced by PMA stimula-
tion occurring in HA-YFP-FMNL1α, HA-YFP-FMNL1γ
and HA-YFP-FMNL1ΔFH2 (Suppl. Fig. S10B), but not in
HA-YFP-FMNL1β-expressing cells (Suppl. Fig. S10A),
when compared with non-transfected cells (Suppl. Fig.
S10, compare panel A with panel B) is, most probably,
caused by the interference in endogenous FMNL1β expres-
sion. FMNL1β possesses, but FMNL1α, FMNL1γ and
FMNL1-ΔFH2 lack, a potential PKC phosphorylation site
(S1086 in FMNL1β) in the DAD auto-inhibitory domain
with high homology to that of FMNL2 (S1072) [41,42]
(Suppl. Fig. S6). The three FMNL1 isoforms share identical
sequence from amino acid residue 1–1070, and diverge in
the C-terminal region (Suppl. Fig. S6), which includes the
DAD auto-inhibitory domain. PMA- and IS formation-
induced FMNL1β phosphorylation, as well as IS forma-
tion-induced MTOC polarization, were decreased in P5
PKCδ-interfered clone (Figure 6). Taken together, these
results support that IS-induced, PKCδ-dependent phos-
phorylation in FMNL1β C-terminal region containing
the auto-inhibitory domain (possibly at S1086) activates
FMNL1β and mediates MTOC polarization. Further
experiments re-expressing a mutated FMNL1β non-phos-
phorylatable at S1086 (equivalent to FMNL2-S1072A
described in [41]), are necessary to fully confirm this
hypothesis and to study its role in MTOC polarization.
In addition, it will be interesting to analyse whether a non-
phosphorylatable FMNL1β mutant can rescue the relative
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F-actin-low cIS area as occurs with WT FMNL1β (Suppl.
Fig. S9). FMNL1 or PKCδ interference inhibited MTOC
polarization to similar extent (Figure 5b), suggesting that
PKCδ and FMNL1 participate in the same F-actin regula-
tory pathway controlling MTOC polarization. In addition,
FMNL1 interference in a PKCδ-interfered clone did not
further decrease MTOC polarization (Figure 5b), which is
compatible with PKCδ and FMNL1 participating in the
same F-actin regulatory pathway. Additional experiments
will be necessary to formally address this point.

DAG and its negative regulator DGKα play essential
roles in TCR-induced MVB and late endosomes polar-
ized traffic and lytic granule secretion [15,16,57–59],
but the molecular mechanisms involved remained lar-
gely unknown. We have previously established that
PKCδ is necessary for MTOC/MVB polarization [14].
In addition, we have shown that TCR activation at the
IS induces PKCδ activation, which appears to be
mediated by DAG-induced, PKCδ recruitment to
MVB endomembranes [14]. We show here that upon
IS formation activated PKCδ, directly or indirectly,
induces FMNL1β phosphorylation at its C-terminal,
autoregulatory region, possibly at S1086, although this
has not been demonstrated yet. This may release
FMNL1β from its C-terminal autoinhibitory domain,
rendering FMNL1β capable of reorganizing F-actin at
the IS. In addition, FMNL1 colocalizes with F-actin at
the IS but not with centrosomal area F-actin (Figure 3),
suggesting that FMNL1 mainly governs synaptic
F-actin. Our results showing that PKCδ interference
does not affect FMNL1 location in F-actin reorganiza-
tion areas (Figure 3) capable to regulate MTOC polar-
ization [5,23,27,28,60] is consistent with the idea that
posttranslational modifications of FMNL1 such as
phosphorylation, but not changes in FMNL1 subcellu-
lar location, may underlie PKCδ-mediated control of
FMNL1 function.

Regarding the potential mechanisms involved in
centrosomal area F-actin disassembly and MTOC
polarization, PKCδ and paxillin colocalize in polarized
T lymphocytes at or nearby the MTOC
[14,25,26,44,46,61], the location where we observed
T538-phosphorylated paxillin (Figure 7a). Paxillin and
FMNL1β may thus coordinately regulate F-actin reor-
ganization around the MTOC and at the IS, respec-
tively. This possibility is supported by the fact that
PKCδ interference decreases paxillin phosphorylation
and enhances F-actin around the MTOC that, most
probably, subsequently inhibits MTOC/MVB polariza-
tion (Figure 1 and Suppl. Videos 2, 4 and 5) and
exosome secretion at the IS [14] and AICD (Suppl.
Video 4). PKCδ phosphorylates paxillin at T538
in vitro and in vivo, leading to F-actin

depolymerization during integrin-mediated adhesion
of a B cell line [43]. Furthermore, paxillin is constitu-
tively associated with the MTOC in T lymphocytes
[26,44] and, upon target cell binding, with the periph-
eral SMAC (pSMAC) at the IS in CTLs [25]. Moreover,
interfering with paxillin impedes MTOC polarization
[25]. In CTLs, paxillin phosphorylation regulates the
MTOC polarization to the IS [25]. However, we were
unable to detect any paxillin accumulation at the IS
when we observed the burst of F-actin at the IS (Suppl.
Video 6, Figure 7). Thus, in our Th model, PKCδ-
dependent paxillin phosphorylation may govern
F-actin reorganizations at locations different from the
IS, such as around the MTOC, that may also contribute
to the diminished MTOC polarization observed in
PKCδ-interfered clones. This hypothesis is supported
by the decrease of paxillin phosphorylation in PKCδ-
interfered clones (Figure 7) and its reversal by GFP-
PKCδ (Suppl. Fig. S11), which also causes the recovery
of the spatial and temporal reorganization of F-actin at
the IS and MVB polarization to the IS [14]. This PKCδ-
dependent, paxillin-regulated mechanism for centroso-
mal area F-actin reorganization appears to co-exist in
T lymphocytes with the PKCδ-dependent, FMNL1β-
regulated mechanism for cortical F-actin reorganiza-
tion. More research is necessary (i.e. experiments
involving a phospho-deficient mutant of paxillin at
538 residue) to establish the relative contribution of
this mechanism to the polarization processes.

With respect to the biological significance of these
finely tuned and coordinated actin cytoskeleton regula-
tory mechanisms involved in MTOC polarization, it is
remarkable that centrosomal area F-actin reorganization
is triggered by antigen-receptor stimulation, which is
a common event occurring both in B [28] and
T lymphocytes (this paper) forming IS. In BCR-stimu-
lated B lymphocytes, apart of F-actin reorganization at
the IS [48], centrosomal F-actin-reorganization controls
polarized and local secretion of lysosomes at the synap-
tic cleft that is involved in antigen extraction from APC,
a crucial event involved in antigen processing and the
acquisition of B cell-effector functions [29,48,62]. In
T lymphocytes, a comparable centrosomal area F-actin
reorganization regulates MTOC and MVB polarization
(this paper) that eventually leads to secretory granule
secretion (including exosomes) [14]. Remarkably, T and
B lymphocytes share the ability to form IS with APC,
a crucial event involved in the immune response upon
antigen challenge via TCR or BCR stimulation [48,63],
and this induces exosome secretion [17,64]. The IS is
a highly dynamic and plastic signalling platform
induced by antigen receptors stimulation and triggers
exquisite mechanisms leading to optimal polarized and
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focused secretion at the synaptic cleft, to avoid the
stimulation (or death) of bystander cells [1,9,35,48,65],
or the non-specific extraction of antigens from APC
[29,62]. The existence in T lymphocytes of at least two
PKCδ-controlled, coordinated regulatory mechanisms
acting on two distinct F-actin networks, both control-
ling MTOC polarization and secretion, may establish
subtle regulatory checkpoints to finely control IS-trig-
gered polarized secretion, as previously suggested [23].
Polarized secretion guarantees the antigen specificity of
the final response in many cell lineages of the immune
system, including innate NK cells [66,67], CTL [5,38],
B lymphocytes [29,62], primary CD4 + T cells [68] and
Jurkat cells [38]. The association of the absence of PKCδ
with the generation of B and T lymphoproliferative dis-
orders both in human and mice [69,70], and the parti-
cipation of PKCδ in the homoeostasis of blood
progenitors [71], support the important role of PKCδ
in maintaining cell homoeostasis. Further approaches
are needed to extend our results regarding the contribu-
tion of PKCδ-dependent centrosomal area F-actin to
polarized and focused secretion in directional and inva-
sive cell migration, both of lymphoid and non-lymphoid
cells. These approaches would clarify whether centroso-
mal area F-actin reorganization occurs only during IS
formation or also participates in other biologically rele-
vant cellular polarization processes.
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