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Abstract

The immunological synapse generation and function is the result
of a T-cell polarization process that depends on the orchestrated
action of the actin and microtubule cytoskeleton and of intracellu-
lar vesicle traffic. However, how these events are coordinated is ill
defined. Since Rab and Rho families of GTPases control intracellu-
lar vesicle traffic and cytoskeleton reorganization, respectively, we
investigated their possible interplay. We show here that a signifi-
cant fraction of Racl is associated with Rabll-positive recycling
endosomes. Moreover, the Rab11 effector FIP3 controls Racl intra-
cellular localization and Racl targeting to the immunological
synapse. FIP3 regulates, in a Racl-dependent manner, key morpho-
logical events, like T-cell spreading and synapse symmetry. Finally,
Rab11-/FIP3-mediated regulation is necessary for T-cell activation
leading to cytokine production. Therefore, Racl endosomal traffic
is key to regulate T-cell activation.
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Rab11-FIP3; Racl; recycling endosomes
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Introduction

T cells recognize antigens as molecular fragments associated with
major histocompatibility complex molecules expressed on the
surface of antigen-presenting cells (APC). This triggers a massive

T-cell polarization process toward the APC, leading to the genera-
tion of an organized cell-cell junction named the immunological
synapse (Agiiera-Gonzalez et al, 2015). T-cell receptor (TCR) signal
transduction induces the reorganization of both the actin and micro-
tubule cytoskeleton. Thus, actin actively polymerizes at the periph-
ery of the synapse in a finely regulated manner (Bunnell et al, 2001;
Roumier et al, 2001; reviewed in Burkhardt et al, 2008). Moreover,
T-cell microtubules reorient and radially organize, bringing the
centrosome close to the synapse, through a mechanism depending
on the cortical actin-associated protein ezrin and the polarity regula-
tor Dlgl (Lasserre et al, 2010). Actin and microtubule rearrange-
ments are necessary for signaling complex dynamics at the
immunological synapse and for T-cell activation (Valitutti et al,
1995; Campi et al, 2005; Nguyen et al, 2008; Lasserre et al, 2010;
Hashimoto-Tane et al, 2011). TCR signaling controls actin
cytoskeleton dynamics via a network of regulatory proteins, includ-
ing the Rho-family GTPases Racl and Cdc42, activated by their
guanine exchange factor Vavl (Hornstein et al, 2004; Burkhardt
et al, 2008).

Polarized vesicle traffic also contributes to the generation and
function of the immunological synapse. The Golgi apparatus reori-
ents to the synapse and delivers helper cytokines to the APC (Kupfer
et al, 1991). Moreover, several types of endosomal vesicles deliver
the TCR, the tyrosine kinase Lck and the signaling adapter LAT to
the immunological synapse in a differentially regulated manner.
Indeed, Lck, TCRE, and LAT are associated with endosomal vesicu-
lar compartments whose traffic is controlled by different regulators,
including Rab GTPases, intraflagellar transport proteins, and
SNARESs. Perturbation of these regulatory proteins impairs immuno-
logical synapse formation and function (Das et al, 2004; Anton et al,
2008; Patino-Lopez et al, 2008; Finetti et al, 2009, 2015; Martin-
Cofreces et al, 2012; Larghi et al, 2013; Soares et al, 2013a).
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Initial TCR signaling triggers both cytoskeleton reorganization
and polarized endosomal vesicle traffic that cooperate to build
immunological synapses able to regulate sustained TCR activation
(Soares et al, 2013b). However, how TCR signaling, cytoskeleton
rearrangements, and endosomal traffic are coordinated is poorly
known. Here, we show that Rabll recycling endosomes play a
pivotal role in this orchestration. Rab11 regulates, through the inter-
action with its effector Rab11-FIP3 (Horgan & McCaffrey, 2009), the
subcellular localization of the GTPase Racl in resting T cells, and its
targeting to the immunological synapse. Racl localization, in turn,
is crucial to control T-cell spreading, immunological synapse
symmetry, and ultimately T-cell activation leading to cytokine
production.

Results

Rab11-FIP3 controls Racl subcellular localization in recycling
endosomes and Racl clustering at the immunological synapse

As a first approach to investigate the relationship between polarized
endosomal traffic and actin cytoskeleton reorganization at the
immunological synapse, we investigated the subcellular localization
of Rabll and Racl, two GTPases that are master regulators of
endosomal recycling (Welz et al, 2014) and cortical actin dynamics
(Steffen et al, 2014), respectively. Interestingly, we observed a
significant amount of Racl colocalized with Rab11 in the pericentro-
somal compartment, while the rest of Racl was at the cell cortex
and dispersed in the cytosol (Fig 1A, top, and B).

To investigate whether Rab11 regulates Racl endosomal localiza-
tion, we analyzed the involvement of Rabll-family interacting
proteins (FIPs). These are five effectors, key for Rab11 regulation of
endosomal traffic (Horgan & McCaffrey, 2009). Among them, FIP3
interactions with traffic and cytoskeleton regulators, including
dynein (Horgan et al, 2010) and Arf6 (Fielding et al, 2005),
prompted us to study this effector. Consistently with previous obser-
vations (Horgan et al, 2007), FIP3 silencing by two different siRNA
strongly perturbed the structural integrity of the Rabl1-endosomal-
recycling compartment. Importantly, FIP3 silencing altered Racl
pericentrosomal localization, fragmenting it into smaller vesicles
located all over the cytoplasm and strongly reducing Rabl1-Racl
colocalization (Fig 1A, bottom, and B). FIP3 silencing did not

Figure 1. Racl is associated with Rab11-positive recycling endosomes.
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change the total levels of Racl (Fig 2A and B), ruling out that Racl
disappearance from the pericentrosomal compartment was followed
by Racl degradation.

Conversely, overexpression of FIP3 wild type (WT) strongly
concentrated Racl in the endosomal compartment, where both
molecules strongly colocalized (Fig 1E, middle, and F). In contrast,
the overexpression of a FIP3-I*’°E mutant, displaying a single amino
acid substitution in the FIP3 Rabll-binding domain (Fig 1D) that
impairs its interaction with Rab11 (Horgan et al, 2010), delocalized
Racl from the endosomal compartment to the cytosol and the cell
cortex (Fig 1E, bottom). Consistently, Racl significantly colocalized
in endosomes with Rab11WT and with the Rabll active mutant
(GTP-bound, Q’°L). In contrast, the dominant negative mutant
(GDP-bound, $*°N) altered endosomal Racl localization and poorly
colocalized with it (Fig 1G and H).

These data indicate that FIP3 may regulate Racl subcellular
localization. This prompted us to investigate whether FIP3 and Racl
interact. To this end, we overexpressed GFP, GFP-FIP3WT, or the
GFP-FIP3I”*°E mutant in HEK293T cells and carried out anti-GFP
immunoprecipitation and Racl Western blot analyses of the dif-
ferent cell lysates. Racl was weakly but reproducibly found to be
associated with GFP-FIP3 and to a lesser extent with GFP-FIP317*°E
mutant, but failed to associate with GFP alone (Fig 2C).

Subsequently, we investigated the effect of FIP3 on Racl targeting
to the immunological synapse. In control cells, Racl clustered across
the immunological synapse, which significantly diminished in cells
overexpressing FIP3WT or FIP3I”*°E (Fig 3A and C). In contrast,
neither the overexpression of Rabl11WT, Rab11Q”°L, or Rab11S*°N
(Fig 3B and C), nor FIP3 silencing with siRNA (Fig 3D and E),
significantly diminished the amount of Rac1 targeted to the synapse.
TCR-CD3 clustering, as assessed by anti-CD3¢ (Fig 3D), or anti-
phospho-TCRC (not shown), was also readily observed at the synapse
of FIP3-silenced cells, partially overlapping with the Racl cluster.

Altogether, these data indicate that Racl subcellular localization,
intracellular traffic, and targeting to the immunological synapse
occur via the Rabll-endosomal-recycling compartment and are
regulated by Rab11-FIP3.

Rab11-FIP3 regulates immunological synapse symmetry and size

During immunological synapse formation, T cells spread, forming
a symmetric lamellipodium-like structure, which relies on

A-C Jurkat T cells were transfected with control, FIP3.1, or FIP3.2 siRNA oligonucleotides. (A) Intracellular distribution of endogenous Rab11 and Racl was assessed by
immunofluorescence. (B) Pearson’s correlation coefficients between Rabl1 and Racl staining are shown, each dot represents one single cell. (C) FIP3 expression
was analyzed by Western blot. Quantification of bands was performed with Image| and normalized to a non-specific band of 35 kDa used as a loading control.

D Schematic representation of FIP3 structural features: proline-rich region, EF-hand domain, coiled-coil domain (CC), Arf-binding domain (ABD), and Rab-binding

domain (RBD).

E,F Jurkat cells were transfected with expression vectors encoding GFP, GFP-FIP3-WT, or GFP-FIP3-1"%E. (E) Endogenous Racl was detected by immunofluorescence.
(F) Pearson’s correlation coefficients between FIP3WT and Racl stainings are shown, each dot represents one single cell.

G, H Jurkat cells were transfected with expression vectors encoding GFP, Rab11WT-GFP, or Rab11Q”°L-GFP (constitutively active) or Rab11S*’N-GFP (dominant negative)
mutants. (G) Endogenous Racl was detected by immunofluorescence. (H) Pearson’s correlation coefficients between Rab1l and Racl staining are shown, each dot

represents one single cell.

Data information: (A, E, G) Three-dimensional (3D) confocal images were post-treated by deconvolution. A 0.4-um-thick medial stack is shown. The pericentrosomal
vesicular compartment is zoomed at the bottom right-hand corner. Scale bars, 5 um. (B, F, H) Population analysis of the co-localization volume between Rab11 and
Racl within the pericentriolar vesicular compartment. Horizontal bars represent the mean + SEM, Mann-Whitney U-test was used. Images are representative of three

experiments.
Source data are available online for this figure.
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Figure 2. Racl interaction with FIP3 and effect of FIP3 silencing on Racl

expression.

A, B Effect of FIP3 silencing on Racl expression. Jurkat cells were transfected
with control, FIP3.1, or FIP3.2 siRNA. Three days later, cells were lysed and
the expression of FIP3, Racl, and B-tubulin were analyzed by Western
blot. The intensity of bands corresponding to FIP3 and to Racl was
quantified by Image) and normalized to the B-tubulin band used as a
loading control. The mean + SD of the percentage of band intensity in
silenced cells with respect to controls of three independent experiments
is shown.

C Racl interaction with FIP3. HEK293T cells were transfected with GFP,
GFP-FIP3 WT, or GFP-FIP3I”*3E expression vectors. Twenty-four hours
later, cells were lysed and immunoprecipitated with anti-GFP Ab.
Immunoprecipitates were analyzed by electrophoresis and Western blot
using anti-GFP Ab (top panel) or anti-Racl Ab (bottom panel). Total cell
lysates were analyzed (100,000 cells). The position of Racl (20 kDa) and
Ig light chain (25 kDa) polypeptides is depicted on the right side.
Arrowheads at the bottom point the bands corresponding to Rac.
Quantification of bands was performed with Image] as the percentage of
intensity with respect to the total lysate bands on the left, shown below.
A representative experiment out of three carried out is shown.

Source data are available online for this figure.

TCR-induced Racl- and WASP-dependent actin dynamics (Bunnell
et al, 2001; Sims et al, 2007; Le Floc’h et al, 2013 and references
therein). We hypothesized that Rabl1 endosomes could condition
Racl subcellular localization and, as a consequence, actin dynamics
driving T-cell spreading and immunological synapse formation.
Indeed, while control cells formed symmetric immunological
synapses with superantigen (sAg)-pulsed APCs, FIP3-silenced T cells
formed strongly asymmetric synapses (Fig 4A). To assess this
phenomenon, we measured the angle formed by an axis binding the
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synapse edges and another one connecting the mass centers of the
T cell and the APC nuclei (Materials and Methods and Fig 4B).
While control synapses formed angles very close to 90°, FIP3-
silenced cells displayed significantly narrower angles (Fig 4C).

We next analyzed the capacity of T cells to spread in response to
TCR-CD3 stimulation, analyzing the contact sites formed by T cells
on anti-CD3-coated coverslips (Lasserre et al, 2010). The absence of
APC surface constraints in these “pseudosynapses” allows more accu-
rate measurements of cell spreading. Interestingly, FIP3-silenced T
cells spread faster and to a larger extent than control cells (Fig 4D-F).

These data show that Rab11-FIP3-regulated endosomal recycling
regulates T-cell spreading and immunological synapse symmetry,
suggesting that Racl endosomal traffic could mediate these effects.

Rab11-FIP3 regulates T-cell spreading independently of
TCR engagement

Endosomal traffic of TCR, Lck, and LAT regulates immunological
synapse formation and function (Das et al, 2004; Finetti et al, 2009;
Larghi et al, 2013; Soares et al, 2013a). Moreover, T-cell spreading
and actin dynamics are regulated by TCR signaling in an Lck- and
LAT-dependent manner (Bunnell et al, 2001). To discriminate
whether changes in T-cell spreading and synapse symmetry induced
by FIP3 silencing were the consequence of TCR proximal signaling
modifications, or the direct influence of Racl-mediated regulation of
these phenomena, we analyzed T cells dropped on poly-lysine-coated
coverslips. Control T cells adhered to the poly-lysine surface, but only
moderately spread, or formed F-actin-rich lamellipodia (Fig 5A top, B
and C). This is consistent with a non-specific adhesion phenomenon
independent of TCR or integrin signaling. Strikingly, FIP3-silenced
cells spread more efficiently on poly-lysine, displaying larger
membrane extensions in both Jurkat (Fig 5A-C) and primary T cells
(Fig 5D and E), in which enhanced F-actin could be observed (Fig SA
bottom). Worth noting, cell spreading on poly-lysine was inversely
proportional to the amount of FIP3 present in the cells, as assessed by
transfecting different doses of FIP3 siRNA (Appendix Fig S1).

T-cell spreading depends on cortical cytoskeleton dynamics that in
turn condition cell rigidity. To assess the influence of Rab11-FIP3
silencing in T-cell rigidity, we analyzed the resistance of primary T
cells to be distorted by centrifugation (Faure et al, 2004) (see Materi-
als and Methods). Consistent with the spreading data, FIP3-silenced
cells were significantly more deformable than control cells (Fig 5F),
suggesting that cellular rigidity was diminished in FIP3-silenced cells.
These findings are in line with those by Faure et al, showing that
cellular rigidity was reduced by Racl activity (Faure et al, 2004).

These results suggest that Rab11-FIP3 regulates T-cell spreading
and cortical rigidity by controlling Racl localization, and actin
remodeling independently of TCR signaling.

Rab11-FIP3 regulates T-cell spreading and immunological
synapse symmetry via a Racl-dependent mechanism

To further investigate whether FIP3-dependent modulation of T-cell
spreading was the result of Racl localization, we co-transfected
control or siFIP3 oligonucleotides, together with expression vectors
encoding RaclWT, constitutively active Rac1G'?V, or dominant
negative Rac1T*’N mutants. The capacity of cells to spread on poly-
lysine-coated coverslips was then assessed as in Fig 5. RaclWT

© 2016 The Authors
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Figure 3. Rab11-FIP3 controls Racl clustering at the immunological synapse.

A-E Jurkat T cells were transfected with expression vectors encoding: (A, C) GFP, GFP-FIP3WT, or GFP-FIP3I”%%E; (B, C) Rab11WT-GFP, Rab11Q”°L-GFP (constitutively
active), or Rab11S**N-GFP (dominant negative); or transfected with (D, E) control or FIP3.1 siRNA. Cells were allowed to form immunological synapses with SEE-
pulsed Raji cells for 30 min. Intracellular distribution of endogenous Racl and surface distribution of CD3 were detected by immunofluorescence. 3D confocal
images were post-treated by deconvolution. A 0.4-um-thick medial stack is shown. (C, E) Population analyses of the amount of Racl at the immunological synapse
relative to the total cellular Racl. Each dot corresponds to one cell. Horizontal bars represent the mean £+ SEM. Mann-Whitney U-test. ***P < 0.001,

****p < 0.0001. Images are representative of three experiments. Scale bars, 5 um.
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optical section at the level of the contact surface is shown. Scale bar, 10 pm.
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Mann-Whitney U-test. ****P < 0.0001. Images are representative of three experiments.
G FIP3 expression was analyzed by Western blot. Quantification of bands was performed with ImageJ and normalized to a non-specific band of 35 kDa used as a

loading control.

Source data are available online for this figure.
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Population analyses of the spreading area of cells at the level of the contact surface. Each dot corresponds to one cell. Horizontal bars represent the mean + SEM.
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Figure 5. Rab11-FIP3 regulates T-cell spreading and cortical rigidity independently of TCR engagement.

A-C Jurkat T cells transfected with siRNA control, FIP3.1, or FIP3.2 were allowed to spread on poly-lysine-coated coverslips for the indicated times. Intracellular actin
was detected with FITC-coupled phalloidin. (A) A single optical section at the level of the contact surface is shown. Scale bar, 5 um. (B) Population analyses of the
spreading area of cells at the level of the contact surface. Each dot represents one cell. Horizontal bars represent the mean + SEM. Mann-Whitney U-test.

***%p < 0.0001. (C) Time course representation of (B), showing mean + SEM. Images are representative of three experiments.

Primary human CD4 T cells were transfected with control or FIP3.1 siRNA. (D, E) Cells were allowed to spread on poly-lysine-coated coverslips for 5 min.

Intracellular Lck was detected by immunofluorescence. (D) A single optical section at the level of the contact surface is shown. Scale bar, 10 um. (E) Population
analyses of the spreading area of cells at the level of the contact surface. (F) Cells were stained with CMFDA dye, suspended in a paraformaldehyde solution, and
submitted to centrifugation at 3,724 x g onto poly-lysine-coated coverslips. Confocal optical sections separated by 0.2 um were acquired. X-Z images were built
with Image]. The maximal sections in “x” (width) and “z” (thickness) were determined for each cell (upper panel). Plots represent the deformability index (x/z). Each
dot corresponds to one cell. Horizontal bars represent the mean 4 SEM. Mann—-Whitney U-test. ****P < 0,0001. Images are representative of three experiments.

G FIP3 expression was analyzed by Western blot. Quantification of bands was performed with Image] and normalized to a non-specific band of 35 kDa used as a

loading control.

Source data are available online for this figure.

overexpression increased the spreading ability of control cells to a
lesser extent than FIP3 silencing and did not increase FIP silencing
effect (Fig 6A, E and H). Overexpression of the constitutively active
Rac1G'*V mutant efficiently increased spreading of control as well
as of FIP3-silenced cells (Fig 6B, F and H). Conversely, the domi-
nant negative Rac1T'’N mutant significantly inhibited the spreading
ability of FIP3-silenced cells, also reducing the moderate spreading
capacity of control cells (Fig 6C, G and H).

To further proof the Racl dependence of FIP3 silencing effects on
T-cell spreading and immunological synapse symmetry, we used a
specific Racl inhibitor (NSC23766), which competes the ability of
Racl to interact with its guanine exchange factors (GEFs), thus
preventing Racl activation, without affecting Rho or Cdc42 (Gao
et al, 2004). Indeed, this inhibitor reverted both FIP3 silencing
effects on cell spreading and synapse symmetry (Fig 7A and B).

Altogether, these data indicate that Rab11-FIP3-regulated endo-
somal recycling controls Racl subcellular localization and its ability
to control actin cytoskeleton dynamics, with consequences on T-cell
spreading and immunological synapse symmetry. Therefore, lamel-
lipodia formation at the immunological synapse appears to be tuned
by Racl localization via recycling endosomes.

FIP3 silencing enhances T-cell activation leading to IL-2
production

Racl exerts various actions downstream of the TCR and CD28. It
activates actin dynamics and also leads to downstream activation
effects leading to transcription factor activation and cytokine gene
expression (Macian et al, 2001). Therefore, we investigated whether
FIP3 silencing affected IL-2 production upon TCR/CD28 engage-
ment. Consistently with our findings on T-cell spreading suggesting
Racl activation, we observed an enhanced production of IL-2 by
FIP3-silenced activated cells (Fig 8A). However, earlier activation
events, like Erk1l/2 activation, did not appear enhanced but mildly

inhibited (Fig 8B), suggesting that FIP3 silencing may have a
distinct effect on early and late T-cell activation events, perhaps by
increasing the duration of some activation pathways that in turn
would lead to enhanced cytokine production.

Altogether, the work we describe here shows that Racl is associ-
ated with recycling endosomes whose localization and traffic are
regulated by Rab11-FIP3. In turn, Racl traffic conditions its subcel-
lular localization and local activity, which regulates T-cell spreading
and immunological synapse symmetry, as well as T-cell activation
leading to cytokine production.

Discussion

Rab11 regulation of vesicle traffic is key for a variety of cellular
processes, from nutrient homeostasis to cell division, but its role in
immunological synapse formation and T-cell cytoskeleton remodel-
ing has not been explored. Rab11 regulation of endosomal traffic
occurs through its association with effector proteins, including the
five Rabll-family interacting proteins (Rab11-FIPs) (Horgan &
McCaffrey, 2009). Among them, FIP3 displays a Rabll-binding
domain common to all five FIPs and several domains that mediate
its interaction with molecular motors, like dynein and kinesin, with
the Arf6 GTPase, and with vesicular traffic regulators like the ESCRT
or the exocyst complex. FIP3 mediates Rabl1-controlled traffic of
peripheral early endosomes to the pericentrosomal endosomal-
recycling compartment (Horgan & McCaffrey, 2009).

Consistent with Racl trafficking via Rab11 recycling endosomes,
FIP3 overexpression leads to Racl accumulation in the pericentroso-
mal Rab11 compartment. Conversely, FIP3 silencing or overexpres-
sion of the FIP3-I*°E mutant had the opposite effect, delocalizing
Racl from centrosomal endosomes to the cytoplasm and the plasma
membrane. FIP3 silencing effect on Racl subcellular localization
was similar to that observed on Rabll (Fig 1A) and in previous

Figure 6. Rab11-FIP3 regulates T-cell spreading via a Racl-dependent mechanism.

A-H Jurkat T cells were transfected with control or FIP3.1 siRNA, then transfected again with empty vector or with expression vectors encoding Myc-tagged-Rac1WT,
Myc-tagged-Rac1G*V (constitutively active mutant), or Myc-tagged-Rac1T’N (dominant negative mutant). Cells were allowed to spread on poly-lysine-coated
coverslips for the indicated time and the spreading area of cells measured. (A-C) Time course plots representing the mean £ SEM of the data shown as in (H).
(D-G) Staining for nucleus (blue = DAPI), F-actin (green = phalloidin), and Rac1-Myc (red = anti-Myc) is shown. A single optical section at the level of the contact
surface is shown. Scale bar, 10 um. (H) Population analyses of the spreading area of cells at the level of the contact surface. Dot plots corresponding to
measurements at 15 min of spreading. Each dot represents one cell. Horizontal bars represent the mean &+ SEM. Mann-Whitney U-test. **P < 0.01,

***kp < 0.0001, n.s.: P> 0.05 non-significant. Data are representative of three experiments.

The EMBO journal

© 2016 The Authors



Jéréme Bouchet et al  Racl endosomal traffic

regulates immune synapse

A 600 7 o
500 -
400 )
FIP3 siRNA + Rac1 WT
300 - FIP3 siRNA
Ctrl siRNA + Rac1 WT
200 )
Ctrl siRNA
100
0 T T T 1 EE
—_ 0 5 10 15 20 (min)
L 600 1
B &£
=, .
;500 1 é FIP3 siRNA + Rac1 G12V
< |
< 400 Ctrl siRNA + Rac1 G12V
D300 A FIP3 siRNA
£
© .
@ 290 Ctrl SiRNA F
0]
o 4
(%_100
O T T T 1
0 5 10 15 20 (min)
Cc 600
500 -
400
) G
300 A g ______________ D FIP3 siRNA
2004 7 Ctrl siRNA
oy FIP3 SIANA + Ract T17N
100 1 =W Ctrl siRNA + Rac1 T17N
O T T T 1
0 5 10 15 20 (min)

* Kk

Control siRNA

Rac1 G12V (CA)

Rac1 T17N (DN)

Rac1 WT

*k Kk

*%

H 1500 1
Nn.s. = a
Nn.s.
a.g .
=1000 1
gg ala
S °
. 48
o ce e
— °
§ 500 %L A
[0 oo 4 YOO S
5_ g 0.‘,‘ °°o AA:AAA RS
" d:g:'nn % ©050° Laa fA v
- © A aay a AAA v v v
L1 I 12 2% et %
0 - - . ’ ¢ w t4A4
SiRNA: Ctrl FIP3.1 Ctrl FIP3.1 Ctrl FIP3.1 Ctrl FIP3.1
neg WT G12V T17N
Rac1

(n=26) (n=27) (n=26) (n=32) (n=43) (n=49)

Figure 6.

© 2016 The Authors

(n=49) (n=42)

The EMBO Journal

FIP3 siRNA

The EMBO Journal

9



10

The EMBO Journal

*kk*k

*%

*kkk

600

400 -

Spreading area (um?)

0
NSC23766 - + - +

siRNA:  control FIP3.1
(n=100) (n=113) (n=89) (n=125)

Racl endosomal traffic regulates immune synapse

Jéréme Bouchet et al

B *
1 00 T n.s *kkk
90 1 = ] [m) o
2 ¥ . &2
804 "am" = o "ot
- - %':' [=]
o~ 704 . oao oo
~— [m}
2 60 b 8
(o)} ) Ogo
[
@®© 504 l:'|:||:'|:|':I
() [m}
S 40
S 4
s,
o 30 - 5
204
104
0 L] L] L] L]
NSC23766 - + - +
siRNA:  control FIP3.1
(n=24) (n=26) (n=26) (n=26)

Figure 7. Racl inhibitor reverts FIP3-silencing-induced effects on T-cell spreading and synapse symmetry.

A Jurkat T cells transfected with control or FIP3.1 siRNA were treated for 1 h with the Racl inhibitor NSC23766 at 100 M and allowed to spread on poly-lysine-coated
coverslips for 15 min. F-actin was detected with FITC-phalloidin, and the spreading area of cells at the contact surface was measured.
B Transfected cells were allowed to form immunological synapses with SEE-pulsed Raji cells for 30 min, and intracellular distribution of Lck was detected by

immunofluorescence. Synapse angle was measured as in Fig 4.

Data information: Each dot corresponds to one cell. Horizontal bars represent the mean + SEM. Mann—-Whitney U-test. *P < 0.05, **P < 0.01, ****P < 0.0001, n.s.:

P > 0.05 non-significant.

work (Horgan et al, 2007), further supporting Racl association with
Rab11 recycling endosomes.

Interestingly, by immunoprecipitation approaches, we revealed
the interaction between Racl and FIP3. This interaction was signifi-
cantly impaired in the FIP3-I*®E mutant that does not bind Rab11
(Fig 2C). This is consistent with a tripartite interaction between
Racl, FIP3, and Rabl1 that would stabilize Racl interaction with
FIP3. Racl recovery in GFP-FIP3 immunoprecipitates was neverthe-
less weak, suggesting a low-affinity interaction between these two
proteins that may be perturbed by detergent solubilization and dilu-
tion. Moreover, these observations, together with those showing
that FIP3 silencing strongly diminished Rabl1-Racl co-localization,
suggest that Racl and Rab11 may be associated with different endo-
somal vesicles, linked together via their interaction with FIP3. In
this way, Rab11 could regulate Racl traffic and subcellular localiza-
tion (see model in Appendix Fig S3).

FIP3 interacts with microtubule-based molecular motors, like
dynein and kinesin (Horgan & McCaffrey, 2009; Horgan et al,
2010). These interactions may condition Rabl1l vesicle traffic and

The EMBO Journal

subcellular localization. The observation that FIP3 silencing
disperses Rab11l and Racl vesicles all over the cytoplasm would
be consistent with an impairment of the interaction of these vesi-
cles with dynein, which, in the presence of FIP3, would drive
vesicle movement toward the centrosome. In addition, dynein
is involved in microtubule network organization and cell polar-
ization in T lymphocytes forming immunological synapses
(Martin-Cofreces et al, 2008) and other cells types, like migrating
astrocytes (Manneville et al, 2010). In our experimental setup,
FIP3 silencing did not significantly affect either microtubule
network organization, which remained radially organized, or
centrosome polarization toward the immunological synapse
(Appendix Fig S2). These findings make unlikely that FIP3 silenc-
ing affects these dynein functions. Of note, under the same
experimental conditions, we observed that the depletion of some
polarity regulators, like Dlgl, induced both microtubule network
disorganization and impaired centrosome polarization to the
immunological synapse (Lasserre et al, 2010 and Agiiera-
Gonzalez, unpublished data).

© 2016 The Authors
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Figure 8. FIP3 silencing enhances IL-2 production.

A Jurkat T cells transfected with control or FIP3.1 siRNA were activated on
anti-CD3-coated plastic plates in the presence of soluble anti-CD28 for 16
h. Concentration of IL-2 released in the supernatant was measured by
ELISA. Histograms represent the mean + SD of three experiments. Mann—
Whitney U-test. ***P < 0.001.

B T cells were activated with soluble anti-CD3, and Erk1/2 phosphorylation
was analyzed by Western blot. Graph represents the percentage of each
band intensity with respect to that of cells transfected with control siRNA
and left non-stimulated (t = 0). The intensity of each band from Western
blot was normalized with respect to the intensity of B-actin for each time
point. Representative experiment out of three performed.

Source data are available online for this figure.

Therefore, it appears likely that Racl endosomal traffic contri-
butes to balance its concentration and activity in subcellular areas
where actin dynamics need to be regulated, like the immunological
synapse or lamellipodia. If Racl traffic equilibrium is perturbed,
actin polymerization may loose its tight control, resulting in the
effects described here. Microtubule polarization would direct peri-
centrosomal recycling endosomes toward the immunological
synapse (Das et al, 2004), transporting Racl to the synapse, and
keeping actin dynamics appropriately regulated in that area.

© 2016 The Authors
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Contrary to FIP3WT and FIP317*°E overexpression that prevented
Racl clustering at the immunological synapse, FIP3 silencing
appeared to have no effect. Nevertheless, Racl delivery to FIP3-
silenced synapses is likely abnormal, since synapse symmetry was
altered. Dustin et al proposed that T cells alternate from a polarized
asymmetric shape characteristic of migrating cells to a symmetric
shape when cells stop and form immunological synapses. Symmetry
breaking and relocation is controlled by the equilibrium of signaling
molecules downstream of the TCR (Sims et al, 2007). T cells may
signal at both migratory and stable stages, called kinapses and
synapses, respectively (Dustin, 2008). The asymmetric synapses
that we observe in FIP3-silenced cells may represent kinapse stages.
It is tempting to speculate that controlled endosomal traffic of Racl
contributes in a yet-unknown way to establish dynamic symmetry
changes that help T cells to switch from an asymmetric to a polar-
ized symmetric phenotype.

GTPases are regulated by the balance between guanine nucleo-
tide exchange factors (GEFs), guanine nucleotide-activating
proteins (GAPs), and guanine dissociation inhibitors (GDIs) that
drive GDP/GTP exchange. GTP-bound active Racl regulates effec-
tors that control actin dynamics, like WAVE2. Among the Racl
GEFs, Vav proteins are key T-cell signaling molecules phosphory-
lated and activated in response to TCR engagement (Hornstein
et al, 2004). Other GEFs, like DOCK2, Tiam1 and Trio, also activate
Racl and may act downstream of the TCR, chemokine receptors,
and integrins (Sanui et al, 2003; Gronholm et al, 2011; van Rijssel
& van Buul, 2012). The fact that the Rac inhibitor NSC23766
reverted the effect of FIP3 silencing on T-cell spreading and
immunological synapse symmetry would be consistent with an
involvement of Tiaml and/or Trio (Gronholm et al, 2011), since
NSC23766 competes the interaction of these GEFs with Racl, but
not that of Vav (Gao et al, 2004). It is at present unknown whether
the subcellular localization of some of these GEFs will be controlled
concomitantly with that of Racl to drive local actin dynamics.
Alternatively, GEF ubiquitous distribution combined with Racl-
redirected localization could drive local actin dynamics. It is worth
noting that F-actin distribution in T cells spread on anti-CD3-
versus poly-lysine-coated coverslips appeared different, being more
peripheral and better defined in anti-CD3-activated cells (Figs 4D
and SA). This might be due to the manner Racl encounters its
GEFs, either activated by the TCR or distributed in other cellular
localizations. In this line, it has been reported that Rab5 overex-
pression induces Racl activation and membrane ruffling in HeLa
cells, and concomitant recruitment of Racl and its GEF Tiaml to
hypertrophied Rab5-induced early endosomes. It was proposed
that Racl-Tiam1 encountering in early endosomes facilitated local
Racl activation, actin dynamics, and focal membrane ruffling
(Palamidessi et al, 2008). These data together with ours suggest
that endosomal traffic of Racl might facilitate local encountering of
Racl with its activators and facilitate Racl targeting to precise
subcellular areas undergoing actin dynamics. Conversely, Rabl1
recycling endosomes may keep Racl away from the plasma
membrane in the pericentrosomal recycling endosomal compart-
ment, buffering Rac1 cortical activation.

We observed that FIP3 silencing enhances IL-2 production, while
moderately inhibiting Erk1/2 activation. This effect may be due to a
distinct action of RAB11-FIP3 endosomal traffic in early and late

T-cell activation events. Lck is associated with the Rabll
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compartment (Soares et al, 2013a; Bouchet, unpublished data), and
FIP3 silencing may have an effect on Lck close effectors differential
than that of Racl. Additionally, Racl delocalization and activation
of late T-cell signaling events may favor more sustained T-cell acti-
vation, resulting in enhanced IL-2 production.

Altogether, the data presented here unveil the fine orchestration
between intracellular traffic and actin cytoskeleton regulators
through the interplay at recycling endosomes of two of their key
regulators, the Rab11 and Racl GTPases.

Materials and Methods
Plasmids, siRNA, and antibodies

pEGFP-C1/FIP3 and FIP3-I°®E mutant expression vectors were
previously described (Horgan et al, 2012). pEGFPN1/Rab11 WT and
Q"L and $*°N mutants were provided by Dr. A. Echard (Institut
Pasteur, Paris). pEF-BOS/Racl-cMyc WT and G'*V and TYN
mutants were previously described (Komuro et al, 1996).

FIP3 was depleted with siRNA duplexes based on human FIP3
sequence described elsewhere: siFIP3.1 (5-AAGGGATCACAGCCA
TCAGAA-3') (Jing et al, 2010) and siFIP3.2 (5-AAGGCAGTGA
GGCGGAGCTGTT-3') (Wilson et al, 2005). Most experiments were
performed with siFIP3.1 or lower concentrations of siFIP3.2. The
latter is more efficient but also more toxic for the cells.

The following antibodies were used at the concentrations
depicted in parenthesis: For Western blots: rabbit anti-FIP3, from
Antibodies-online.com (2.4 pg/ml), mouse monoclonal anti-Racl
(clone 102) from Becton Dickinson (0.1 pg/ml), mouse monoclonal
anti-p-tubulin (clone TUB2.1) and anti-B-actin (clone AC-74) from
Sigma (1/10,000 dilution), rabbit anti-phospho-Erk (1/2,000 dilu-
tion) from Cell Signaling Technology. Secondary antibodies: goat
anti-mouse or anti-rabbit Alexa Fluor 680 and goat anti-mouse
Alexa Fluor 780 from Molecular Probes (20 ng/ml).

For immunofluorescence: mouse monoclonal IgG2a anti-Rab11
(clone 47) and IgG2b anti-Racl (clone 102) from Becton Dickinson
(25 and 1 pg/ml, respectively). Mouse monoclonal IgG2b anti-Lck
(clone 3AS5) from Santa Cruz Biotechnology (2 pg/ml). Mouse
monoclonal IgGl anti-CD3e (clone UCHT1) from BioLegend Inc
(10 pg/ml). Rabbit anti-centrin-3 (1/400 dilution) was a gift from
M. Bornens (Institut Curie, France). Mouse IgG2b anti-B-tubulin
(clone KMX1) from Millipore (10 pg/ml). FITC-coupled phalloidin
from Molecular Probes (1/100 dilution). Secondary antibodies:
highly cross-adsorbed Cy3-coupled goat anti-mouse IgG2a and anti-
mouse IgG2b from Jackson ImmunoResearch Laboratories (1/100
dilution). FITC-coupled goat anti-mouse IgG1 from SouthernBiotech
(0.7 pg/ml). Alexa Fluor 488-coupled goat anti-fluorescein from
Molecular Probes (1 pg/ml).

Activation assays: mouse IgGl anti-CD3g, clone UCHT1 from
BioLegend (500 ng/ml), mouse IgG1 anti-CD28, clone 28.2, from
Beckman Coulter (1 pg/ml).

Cell culture and transfection
Human CD4" T cells were isolated from peripheral blood of

healthy donors using the CD4 T Cell Isolation Kit II (Miltenyi
Biotec) and cultured in RPMI 1640 medium containing 10% FCS,
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1 mM sodium pyruvate, and non-essential amino acids. CD4" T
cells were transfected with 1 nmol of siRNA using a Nucleofector
system and the Human T Cell Nucleofector kit (Lonza). Cells were
harvested and processed for analysis 72 h after transfection. The
human CD4 T-cell line Jurkat clone J77cl20 and the antigen-
presenting cells Raji were previously described (Das et al, 2004).
Jurkat were cultured in RPMI 1640 10% FCS. For siRNA, 2 trans-
fections of 107 Jurkat cells were performed at 24-h interval using
2 nmol of either control or FIP3 siRNA with a Neon Transfection
system (Life Technologies) (1,400 V, 10 ms, three pulses). Cells
were harvested and processed for analysis 72 h after the first trans-
fection. For plasmid transfection, 10 pug of DNA was electroporated
in 107 Jurkat cells, using the Neon Transfection system, with the
same protocol. Cells were harvested and processed for analysis
24 h after DNA transfection.

HEK293T cells were transfected by the calcium phosphate DNA
precipitation technique as described (Bouchet et al, 2011).

Confocal imaging

For immunological synapse formation, antigen-presenting cells
(Raji) were pulsed with 10 pg/ml Staphylococcus enterotoxin E
superantigen (SEE), then incubated 30 min at 37°C with transfected
Jurkat cells in RPMI 1640 medium. Conjugated or isolated cells were
plated onto coverslips coated with poly-L-lysine MW: 150-300 kDa,
Sigma (0.002% w/v) in water and, after 2 min, fixed in PBS supple-
mented with 4% paraformaldehyde for 20 min at room temperature.
For microtubule detection, T cells activated on anti-CD3-coated
coverslips were fixed at RT for 12 min in 4% PFA, rinsed on PBS,
and permeabilized for 20 min with 100% methanol at —20°C. After
a PBS wash, non-specific binding was prevented by 15-min incuba-
tion in PBS with 1% (w/v) bovine serum albumin (PBS-BSA).
Coverslips were then incubated for 1 h at room temperature, in
PBS-BSA 0.1% (v/v) Triton X-100 and the indicated primary anti-
body. Coverslips were then rinsed 3 times in PBS-BSA and incu-
bated for 1 h with the corresponding fluorescent-coupled secondary
antibody. After three washes in PBS, coverslips were mounted on
microscope slides, using 10 pl of ProLong Gold Antifade mounting
medium with DAPI (Life Technologies). Confocal microscopy analy-
ses were carried on in a LSM 700 confocal microscope (Zeiss)
equipped with a Plan-Apochromat 63 objective. Images acquisition
was done with ZEN (Zeiss). Z-stack optical sections were acquired
at 0.2-um-depth increments. Green laser excitation and red laser
excitation were intercalated to minimize cross talk between the
acquired fluorescence channels.

Co-immunoprecipitation and immunoblot analysis

For immunoprecipitation, 9 million HEK293T cells were lysed in the
following lysis buffer: 1% Triton X-100, 50 mM Tris, 140 mM NaCl,
1 mM EGTA, and protease inhibitors (1 mM AEBSF, 10 pg/ml
aprotinin, 10 pg/ml leupeptin). Immunoprecipitations of FIP3-GFP
constructs were carried out on the cell lysate as described (Bouchet
et al, 2011), with the use of 30 pl protein-G-agarose beads and 3 pg
anti-GFP (7.1/13.1, Roche). Immunoprecipitated proteins were
analyzed by Western blot using rabbit monoclonal anti-GFP (clone
EPR14104-89, Abcam) or anti-Racl (clone 102, Becton Dickinson)
antibodies.

© 2016 The Authors
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Treatment of confocal images

Deconvolution of complete image stacks was performed with
Huygens Pro (version 14.10, Scientific Volume Imaging). Colocaliza-
tion analysis was performed using Fiji software (Schindelin et al,
2012) with the Colocalization Threshold plugin on the cropped peri-
centrosomal compartment (Rab11 or FIP3). Threshold was performed
using the Costes method autothreshold determination (Costes et al,
2004). Pearson’s coefficient was calculated for the analysis. Images to
quantify Lck or Racl accumulation at the immunological synapse
were acquired at 1-pum increments in the z-axis to avoid fluorescence
overlap. Fluorescence intensity at the synapse was calculated in
percentage of the total fluorescence of the cell.

Synapse symmetry

Synapse symmetry was estimated using Lck staining on a mid
section by applying the cosine formula on the coordinates of
synapse extremities and the coordinates of T cell and APC mass
centers (Fig 4B). This allowed to determine the minimal angle
formed between the synapse and the two cells.

Analysis of cell spreading

Cells were settled on coverslips coated with poly-L-lysine MW 150—
300 kDa (0.002% w/v) in water (Sigma) and incubated at room
temperature for the indicated time and fixed in PBS supplemented
with 4% paraformaldehyde for 20 min at room temperature. Cover-
slips were then treated as described above.

Spreading of cells on anti-CD3-coated coverslips (UCHT-1) was
performed at 37°C and cells treated in the above-described condi-
tions. Coverslips were precoated with poly-L-lysine, coated with
200 pl of 500 ng/ml mouse IgG1 anti-CD3¢ (UCHT1) for 2 h at 37°C,
then washed 3x in RPMI. For the measurement of spreading, images
were acquired with a 0.5-pm increment in the z-axis. Two contigu-
ous sections starting from the coverslip surface were stacked, surface
measure was performed on the phalloidin, or Lck staining using the
Fiji Analyse Particle feature, on particles larger than 20 pm?.

Cortical rigidity analysis

Human primary CD4" T cells (3 x 10° in 100 pl RPMI per condi-
tion) were transfected with either control or FIP3 siRNA. Seventy-
two hours after transfection, cells were stained for 10 min with
100 nM 5-chloromethylfluorescein diacetate (CMFDA, CellTrack-
er'™™ Green, Invitrogen), washed twice in RPMI and settled on
poly-L-lysine-coated coverslips molecular weight 150-300 kDa
(Sigma) (0.002% (w/v) in water), and placed in the wells
of a 24-well tissue culture plate. Hundred milliliters of 4%
paraformaldehyde was added to the wells, and plates were directly
submitted to centrifugation at 3,724 x g for 10 min. Coverslips
were then washed with PBS and mounted on slides with 10 ul of
ProLong Gold Antifade mounting medium. Samples were visual-
ized with a LSM 700 confocal microscope (Carl Zeiss) with a 63x
oil-immersion objective, and z sections separated by 0.2 pm were
acquired. ImageJ was used to build x-z images and to determine
the maximal sections in “x” (width) and “z” (thickness) axes for
each cell (Fig 5F).
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Inhibition of Racl by NSC23766 inhibitor

Jurkat cells transfected with siRNA control, or siRNA FIP3, were
incubated for 1 h at 37°C with or without the Rac inhibitor
NSC23766 (Euromedex), diluted in water. Inhibitor was used at 0,
25, 50, and 100 uM. Cells were then assayed for their ability to
spread on poly-lysine-coated coverslips for 15 min at 37°C. Cells
were fixed and stained with FITC-phalloidin or with anti-Lck, as
above. Alternatively, T cells were incubated with SEE superantigen-
pulsed Raji cells 30 min at 37°C, set on poly-lysine coverslips, fixed,
permeabilized, and stained for Lck, as described above. Immunolog-
ical synapse confocal microscopy acquisitions and image analyses
were carried out as above.

IL-2 production analysis

Ninety-six-well plates were coated or not (control) with 200 pl of
500 ng/ml mouse IgGl anti-CD3e (UCHT1) for 2 h at 37°C, then
washed 3x in RPMI. Jurkat cells, clone J77cl20 (2.5 x 10° cells in
200 pl) were seeded in wells, in quadruplicate, in the presence or
not (control wells) of 1 pg/ml soluble anti-CD28 (clone 28.2). After
16 h of incubation at 37°C, ELISA test was performed on the culture
supernatants, following the supplier’s instructions (ELISA Human
IL-2 DuoSet kit, R&D Systems).

Statistics

Statistical analyses were carried out by the nonparametrical Mann—
Whitney U-test using Prism software (GraphPad v.6). P-values are
represented as follows: ****P < (0.0001; ***P < 0.001; **P < 0.01;
*P < 0.05; n.s., P > 0.05, non-significant.

Expanded View for this article is available online.
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