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Abstract Immune synapse formation is a key step for lymphocyte activation. In B lymphocytes,
the immune synapse controls the production of high-affinity antibodies, thereby defining the effi-
ciency of humoral immune responses. While the key roles played by both the actin and microtubule
cytoskeletons in the formation and function of the immune synapse have become increasingly clear,
how the different events involved in synapse formation are coordinated in space and time by actin—
microtubule interactions is not understood. Using a microfluidic pairing device, we studied with
unprecedented resolution the dynamics of the various events leading to immune synapse forma-
tion and maintenance in murine B cells. Our results identify two groups of events, local and global,
dominated by actin and microtubules dynamics, respectively. They further highlight an unexpected
role for microtubules and the GEF-H1-RhoA axis in restricting F-actin polymerization at the lympho-
cyte—antigen contact site, thereby allowing the formation and maintenance of a unique competent
immune synapse.

Editor's evaluation

This study provides new insights into the fundamental process of immune cell synapse formation in
the context of B-lymphocyte antigen receptors and cognate antigen-presenting cells or surfaces.
The authors use elegantly designed microfluidic systems, allowing control of the nature and number
of the antigenic surfaces presented, and at the same time an unprecedented view of the process

of immune synapse maturation in situ. These experiments provide an understanding of the specific
roles of the reorganization of the actin as well as the microtubule cytoskeleton in the selection and
restriction of a unique immune synapse, an important process in high-affinity antibody generation.

Introduction

Cell polarization refers to the acquisition of a cell state characterized by the asymmetric distribution
of cellular individual components, including molecules and organelles. It is critical for a multitude
of cellular functions in distinct cell types and further controls cell-cell interactions. This particularly
applies to lymphocytes, which rely on cell polarity to form a stereotyped structure called the immune
synapse to communicate with antigen-presenting cells (Monks et al., 1998; Dustin et al., 1996;
Fleire et al., 2006; Carrasco and Batista, 2007; Junt et al., 2007). Immune synapses are not only

Pineau et al. eLife 2022;11:€78330. DOI: https://doi.org/10.7554/eLife.78330

1 of 30


https://en.wikipedia.org/wiki/Open_access
https://creativecommons.org/
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://doi.org/10.7554/eLife.78330
mailto:Ana-Maria.Lennon@curie.fr
mailto:paolo.pierobon@curie.fr
https://doi.org/10.1101/2022.01.03.473915
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

eLife

Cell Biology | Immunology and Inflammation

instrumental for lymphocyte activation but also serve their effector functions, for example, by facil-
itating the killing of infected or malignant cells by cytotoxic cells (Potter et al., 2001; Batista and
Dustin, 2013). Understanding how immune synapses form has thus become a major challenge for
cell biologists and immunologists for the last decade, yet many mechanistic questions remain unan-
swered. In particular, how immune synapses are maintained in time to serve sustained lymphocyte
function and allow robust immune activation is poorly understood.

Immune synapse formation is accompanied by the reorganization of lymphocyte antigenic recep-
tors and associated signaling molecules into a concentric structure that forms at the contact zone with
antigen-presenting cells (Monks et al., 1998; Fleire et al., 2006). The synapse allows the exchange
of information (molecules and vesicles) between the two cells through tightly regulated exocytic and
endocytic events (Griffiths et al., 2010). Signaling and trafficking at the immune synapse require deep
rearrangements of both the lymphocyte actin and microtubule cytoskeletons (Douanne and Griffiths,
2021). On one side, the actin cytoskeleton controls the organization of antigen receptor-containing
microclusters for coordination between trafficking and signaling and further helps generating the
mechanical forces that depend on the myosin Il motor (Treanor et al., 2010; Treanor et al., 2011,
Kumari et al., 2019, Bolger-Munro et al., 2019). On the other side, the microtubule cytoskeleton
controls the recruitment of organelles at the immune synapse. This relies on centrosome reorientation,
leading to lymphocyte symmetry breaking and acquisition of a polarized cell state (Yuseff et al., 2011,
Torralba et al., 2019). Although it is now clear that these events of actin and microtubule reorganiza-
tion are instrumental for synapse formation, how they depend on each other and are coordinated to
ensure proper and durable synapse function remains elusive.

There is growing evidence in the literature suggesting that the actin and microtubule cytoskeletons
do not act independently of each other but indeed functionally and/or physically interact (Dogterom
and Koenderink, 2019, Hohmann and Dehghani, 2019). This is well-illustrated, for example, by
the study of oocyte polarization in Caenorhabditis elegans where polarization of intracellular organ-
elles occurs in response to actomyosin contraction at one cell pole, which is in turn downregulated
upon centrosome recruitment (Gubieda et al., 2020). A crosstalk between actin and microtubules
in lymphocytes was also recently highlighted by our work, showing that clearance of branched actin
at the centrosome is needed for its detachment from the nucleus and polarization to the synapse
(Obino et al., 2016). However, whether the microtubule network in turn impacts on actin dynamics
and immune synapse formation, function, and maintenance has not been studied, in part because
the tools to quantitatively monitor in time both local actin reorganization and microtubule reorien-
tation were not available so far. In this work, we developed a microfluidic chamber to quantitatively
analyze both the local and global events associated to immune synapse formation in time and space
and establish their dependency on actin and microtubule cytoskeletons. Our results revealed that
the microtubule network controls the polarized polymerization of F-actin at the interface between
lymphocytes and antigen-presenting cells, thereby allowing sustained formation of a unique and func-
tional immune synapse.

Results

A microfluidic system for the systematic study of immune synapse
formation

We aimed at understanding how local and global events of synapse formation were coordinated in
space and time. As a model, we used B lymphocytes, which form immune synapses upon engagement
of their surface B cell receptor (BCR) by cognate antigens presented at the surface of neighboring cells.
In vivo, this cell-cell interaction takes place in lymphoid organs and is required for antigen extraction
and activation of signaling pathways that later on promote B lymphocyte differentiation into cells
able to produce high-affinity antibodies (Carrasco and Batista, 2007, Pape et al., 2007). Antigen
extraction involves two modes: (1) an early mechanical mode that relies on actin-mediated forces at
the synapse and (2) a late proteolytic mode that requires centrosome polarization to the synapse and
subsequent lysosomes transport on microtubules and secretion of hydrolases into the extracellular
milieu (Yuseff et al., 2011; Natkanski et al., 2013; Spillane and Tolar, 2016). It has been shown that
mechanical antigen extraction occurs on deformable substrates while proteolytic extraction is used
to extract antigen from stiff materials (Spillane and Tolar, 2016). The first pathway, when activated,
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Figure 1. Microfluidic system to study dynamics of B lymphocyte polarization and immune synapse formation. (A) Transmission image of a chamber of
the microfluidic chip containing the traps. Scale bar 100pm. Inset: cell-droplet doublet in a microfluidic trap. Bright-field image and fluorescence image
(nucleus: cyan; antigen: gray). Scale bar 5um. (B) Schematic representation of the surface of an oil droplet used for antigen presentation. (C) Time-lapse
images of antigen recruitment on a F(ab'),algG-coated droplet (acting as an antigen). Scale bar 5um. (D) Schematic representation of the quantification
of antigen recruitment at the immune synapse. (E) Quantification over time of recruitment on BSA-coated (negative control) or algG-coated droplets at
the immune synapse (median + IQR) and (F) plateau of antigen recruitment (average value 25-30min) on BSA- or algG-coated droplets (mean = SEM,
BSAN = 14;7, algG N = 4;15;4;4, pooled from >2 independent experiments, Mann-Whitney test).

The online version of this article includes the following source data and figure supplement(s) for figure 1:

Figure supplement 1. Microfluidic traps and antigen-coated droplets allow the study of the B cell immune synapse in cell lines and primary B cells.

Source data 1. Data tables related to graphs in Figure 1.

Figure supplement 1—source data 1. Data tables related to graphs in Figure 1—figure supplement 1.

inhibits the second one (Spillane and Tolar, 2016), suggesting a functional interaction between these
actin- and microtubule-dependent events. However, the experimental systems used so far did not
allow to reach a sufficient temporal resolution to quantitatively monitor the evolution of both cytoskel-
eton networks in 3D from the first instant of immune synapse formation. To circumvent this problem,
we built a microfluidics device based on an array of traps where antigen-coated oil droplets and B
cells can be sequentially captured (Figure 1A, Video 1). Antigen-coated lipid droplets are a good 3D
substrate to mimic antigen-loaded cells as they allow antigen mobility at their surface (Figure 1B).
Moreover, they are effectively stiff (see ‘Materials and methods’) and might thus also allow lysosome
recruitment at the synapse and proteolytic antigen extraction. Chambers were imaged in 3D from the
time of cell injection to capture the entire process of synapse formation. Droplets were functionalized
either with a non-activating molecule (BSA, negative control) or an activating BCR ligand (F(ab’), anti-
mouse IgG, referred to as ‘antigen’ from now on). Both ligands were grafted to the lipid droplet with
fluorescent streptavidin to follow their accumulation dynamics at the droplet surface (Figure 1B-D,
Video 2). Such an accumulation was exclusively observed upon engagement of the BCR with its
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Video 1. Bright-field movie of cell injection in the
microfluidic chip.
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Antigen on droplet
Outline of Nucleus
Scale bar 5 pm

Video 2. Recruitment of antigen on the droplet by a
I1A1.6 cell; outline of the nucleus drawn to follow cell
arrival.
https://elifesciences.org/articles/78330/figures#video2

ligand, BSA-coated droplets remaining homoge-
neously fluorescent (Figure 1E and F). Staining
of the exocyst component EXOC7 implicated
in lysosomal proteases secretion at the synapse
(Yuseff et al., 2011; Saez et al., 2019) showed an
enrichment of this protein 45min upon activation
(Figure 1—figure supplement 1A), suggesting

synapse functionality in terms of antigen extraction. Of note, we confirmed that both antigen and

actin were enriched at the immune synapse of primary murine IgM* B cells in the first minutes after
BCR engagement (Figure 1—figure supplement 1B-E), showing that these observations are not
restricted to our model B cell line. Altogether, these results indicate that our microfluidics system can

be used to study the dynamics of immune synapse formation as well as the mechanisms involved in

its maintenance.

Defining characteristic timescales of immune synapse formation
Our microfluidic system was used at first to visualize and extract the typical timescales of the key

DAG reporter
Outline of antigen-coated droplet
Scale bar 5 pm

Video 3. Examples of polarization dynamics at the B
cell immune synapse of a [IA1.6 cell, for diacylglycerol
(DAG) signaling, F-actin, the centrosome, the Golgi
apparatus, lysosomes and the nucleus; droplet outline
drawn on each movie.
https://elifesciences.org/articles/78330/figures#video3

events associated to synapse establishment: BCR
signaling (production of diacylglycerol [DAG]
monitored by a GFP-C18 reporter; Botelho
et al., 2000), F-actin reorganization (labeled
with F-tractin-tdTomato), centrosome (labeled
with SiRTubulin), and Golgi apparatus (labeled
with Rabé-mCherry) polarization, lysosomes
(labeled with LysoTracker), and nucleus (labeled
with Hoechst) repositioning. Characteristic times-
cales were extracted from volumetric images
taken every 30s (Video 3). We found that the
peak of DAG production occurred ~3.25 min
upon contact between the lymphocyte and
the antigen-coated droplet (Figure 2A and G,
Figure 2—figure supplement 1). This time is
comparable to the one found in Gawden-Bone
et al., 2018 for cytotoxic T cells. This event was
concomitant with actin polymerization, which
peaked at the synapse at ~3 min (Figure 2B and
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Figure 2. Timescales of B lymphocyte polarization. All images in this figure are from 3D SDCM time-lapse imaging
of IA1.6 cells in contact with an antigen-coated droplet (outlined in blue). Analyses were done in 3D. (A) Time-
lapse images of a Il1A1.6 cell expressing a diacylglycerol (DAG) reporter (C18-GFP), in contact with an antigen-
coated droplet. Enrichment in time of DAG reporter, defined as the intensity within 1um of the droplet, normalized
by this value at ty (mean = SEM). Maximum enrichment (0-10min) (median + IQR, pooled from >2 independent
experiments, BSA: N = 4;3, algG: N = 2;2;7,9, Mann-Whitney test). (B) Time-lapse images of a [1A1.6 cell
expressing F-tractin-tdTomato, in contact with an antigen-coated droplet. Enrichment in time of F-actin defined as
the intensity within 2um of the droplet divided by the intensity in the whole cell, and normalized by this value at t,
for BSA- or algG-coated droplets (mean + SEM). Maximum enrichment (0-10min) (median + IQR, pooled from >2
independent experiments, BSA: N = 2,5, algG: N = 4;2;3;6;10, Mann-Whitney test). (C) Time-lapse images of a
I1A1.6 cell stained with SiRTubulin to visualize the centrosome, in contact with an antigen-coated droplet. Distance
over time between the centrosome and droplet surface for BSA- or algG-coated droplets (mean + SEM). Average
plateau distance (25-30min) (median * IQR, pooled from >2 independent experiments, BSA: N = 85, algG: N

= 2;3;12,8, Mann-Whitney test). (D) Time-lapse images of a [IA1.6 cell expressing Rabé-mCherry to visualize the
Golgi apparatus, in contact with an antigen-coated droplet. Distance over time between the Golgi body and
droplet surface for BSA- or algG-coated droplets (mean + SEM). Average plateau distance (25-30min) (median =
IQR, pooled from >2 independent experiments, BSA: N = 9;3, algG: N = 4;1,8;6, Mann-Whitney test). (E) Time-
lapse images of a IlA1.6 cell stained with LysoTracker to visualize lysosomes, in contact with an antigen-coated
droplet. Average distance over time between lysosomes and droplet surface for BSA- or algG-coated droplets
(mean £ SEM). Minimum distance (3-10min) (median = IQR, pooled from >2 independent experiments, BSA: N
=13;6, algG: N = 3;5;10;5;9, Mann-Whitney test). (F) Time-lapse images of a [IA1.6 cell stained with Hoechst to
visualize the nucleus, in contact with an antigen-coated droplet. Nucleus—droplet distance in time (mean + SEM).
Average distance in the final state (25-30min) (median + IQR, pooled from >2 independent experiments, BSA: N =
14,9, algG: N = 5;10;2,7,5;1;4, Mann-Whitney test). (G) Characteristic times of polarization events, extracted from

Figure 2 continued on next page
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Figure 2 continued

the data of (A-F) and Figure 3. Npas = 2;2,7;9, Nacin = 4:2;3;6;10, Ncentosome = 2:2;8;5, Nooig = 2i4:3, Niyso = 2;3;3;4:6,
Niucangie = 3;7:1:3;4;1;3, Nivuc ranspore = 5;10;2;7;5;1;4. Scale bar 5 um.

The online version of this article includes the following source data and figure supplement(s) for figure 2:
Figure supplement 1. Single-cell kinetics of markers of B lymphocyte polarization.

Source data 1. Data tables related to graphs in Figure 2.

G, Figure 2—figure supplement 1). Formation of the stereotypical actin pattern, with actin protru-
sions at the periphery and an actin-cleared area at the center, was then observed. Centrosome and
Golgi tracking over time showed that they displayed similar behaviors, reaching the immune synapse
area after 5min for the centrosome (distance <2pm) and 6.5min for the Golgi apparatus (distance
<4pm) (Figure 2C, D and G, Figure 2—figure supplement 1). This was only observed in cells where
the BCR was specifically engaged and is in good agreement with these two organelles being phys-
ically associated (Chabin-Brion et al., 2001). Lysosomes, which are also known to associate with
microtubules for intracellular transport, displayed a slightly different behavior: their distance to the
immune synapse decreased down to ~3pm in ~é6min, indicating their polarization, but then increased
(Figure 2E and G, Figure 2—figure supplement 1), maybe due to the secretion of lysosomal vesicles,
which would lead to signal fainting at the immune synapse and a consequential apparent redistri-
bution all over the cell. Finally, we observed that the nucleus was transported to the rear of the cell
at later timepoints (Figure 2F). Closer observation revealed that this organelle displayed a biphasic
movement: a rotation reoriented the nucleus until its stereotypical lymphocyte nuclear invagination
faces the immune synapse (0 < 45° after ~8min); once the nucleus had reoriented, it started moving
toward the cell rear ~15min after contact with the droplet, slowly reaching the opposite cell pole
over time (Figure 2G, Figure 3A-D). In summary, quantification from single kinetics of the various
events leading to immune synapse formation in B lymphocytes suggests the existence of two groups

Figure 3. The nucleus undergoes a rotation followed by rearward transport. Analyses were performed on movies
obtained from 3D SDCM time-lapse imaging of IIA1.6 cells stained with Hoechst, in contact with a F(ab'),algG- or
BSA-coated droplet. (A) Schematic defining the angle measured to assess nucleus orientation (analysis was done
in 3D). The indentation was detected based on local curvature. (B) Average angle Oy in the final state (25-30 min)
(pooled from >2 independent experiments, median + IQR, BSA N = 14,9, algG N = 5;10;2;7;5;1;4, Mann-Whitney
test). (C) Overlay of nucleus—droplet distance and 6y over time for cells in contact with algG-coated droplets and
(D) time for which the cell reaches Oy < 45° (invagination oriented toward the immune synapse), and time of last
local minima of nucleus—droplet distance (time after which the nucleus is only transported to the rear) (same data
as in B). LineatY = X

The online version of this article includes the following source data for figure 3:

Source data 1. Data tables related to graphs in Figure 3.
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Figure 4. F-actin is essential for antigen recruitment and signaling amplification, but not for the establishment of
the polarity axis. Experiments for this figure were performed using IIA1.6 cells, stained with SiRTubulin and Hoechst
to visualize the centrosome and the nucleus, in contact with a F(ab'),algG-coated droplet, imaged with SDCM 3D
and quantified in 3D. Cells were pretreated for 1 hr either with DMSO or with latrunculin A 2puM, kept in solution
during the experiment. (A) Plateau of antigen recruitment (average values 25-30min). Line at antigen recruitment
=1 (uniform fluorescence on the droplet). Median + IQR, DMSO N = 7;10, LatA N = 6,18, two independent
experiments, Mann-Whitney test (quantification: see Figure 1D). (B) Maximum diacylglycerol (DAG) enrichment
(in 0=10min). Median + IQR, DMSO N = 1;5;4, LatA N = 2;5;2, three independent experiments, Mann-Whitney
test (quantification: see Figure 2A). (C) Time-lapse images of untreated (DMSO) or LatA-treated cells, centrosome
in red, nucleus in blue, and antigen in gray. Scale bar 5um. Right: angle between the cell-droplet axis and the
cell-nucleus invagination (blue) or cell-centrosome (red) axis in time (quantification: see Figure 3A). (D) Nucleus-
droplet distance over time. Mean + SEM, DMSO N = 7;10, LatA N = 15;17, two independent experiments.

(E) Average centrosome—droplet distance (25-30min). Median + IQR, DMSO N = 6;10, LatA N = 11,17, two
independent experiments, Mann-Whitney test. (F) Time of centrosome polarization (threshold distance <2pm).
Median + IQR, DMSO N = 4;6, LatA N = 4,5, two independent experiments, Mann-Whitney test. (G) Nucleus
orientation and centrosome orientation (quantification: see Figure 3A) during the first 15min, for DMSO-treated
cells. N = 6;10 cells, one image every 30s, two independent experiments. Nonparametric Spearman correlation
between nucleus—centrosome pairs of data, average correlation 0.93, confidence interval: 0.86-0.97.

The online version of this article includes the following source data and figure supplement(s) for figure 4:
Figure supplement 1. Myosin Il merely regulates antigen recruitment and diacylglycerol (DAG) signaling.
Source data 1. Data tables related to graphs in Figure 4.

Figure supplement 1—source data 1. Data tables related to graphs in Figure 4—figure supplement 1.

of processes: (1) ‘early processes’ localized at the immune synapse, such as the strong polymerization
of F-actin, antigen clustering, and signaling downstream of BCR engagement, which take place in the
first 3min; and (2) global rearrangements resulting in the reorientation of the centrosome, Golgi appa-
ratus, and nuclear invagination to the immune synapse, the recruitment of lysosomes, and later on, the
rearward transport of the nucleus. These local and global events associated to synapse formation will
be referred to as early and late events from now on.

The actin cytoskeleton is needed for early but not late events of
synapse formation

Having identified the temporal sequence of trafficking events associated to immune synapse forma-
tion, we next investigated their interdependency and coordination by the actin and microtubule cyto-
skeletons. We found that inhibition of actin polymerization with latrunculin A drastically impaired
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[DMSO vs Latrunculin A [PMSO vs Nocodazole

Antigen on droplet (Yellow) INucleus
INucleus (Cyan)
[Centrosome (Magenta)

[Outline of antigen-coated droplet
[Scale bar 5 ym

Scale bar 5 um ‘

Video 5. Nucleus (Hoechst staining) in 11A1.6 cells
treated with DMSO or nocodazole; droplet outline.
https://elifesciences.org/articles/78330/figures#video5
Video 4. Centrosome (SiRTubulin staining) and nucleus
(Hoechst staining) in 1A1.6 cells treated with DMSO or
latrunculin A. the clustering of antigen at the droplet surface
https://elifesciences.org/articles/78330/figuresttvidecd  (Figure 4A), as well as the production of DAG
downstream of BCR signaling (Figure 4B).
However, neither inhibition nor activation of
myosin |l contractility (using the inhibitor para-
nitroBlebbistatin or the TRPML1 Calcium channel agonist MLSA1; Bretou et al., 2017, Kumari et al.,
2019) strongly affected antigen clustering (Figure 4—figure supplement 1A) or DAG production
(Figure 4—figure supplement 1B and C) at initial or late timepoint. Taken together, these results
stress the importance of F-actin organization — but not actomyosin contractility — in early local events
of immune synapse formation, namely, antigen clustering and BCR signaling. Interestingly, imaging
centrosome and nucleus repositioning to the synapse revealed that in the absence of F-actin these
global polarization processes were preserved and did even take place faster (Figure 4C-F, Video 4).
This acceleration in centrosome polarization might result from loss of F-actin-dependent tethering
of this organelle to the nucleus in latrunculin A-treated cells. Indeed, we previously showed that this
pool of F-actin must be cleared for the centrosome to move toward the immune synapse (Obino
et al., 2016). We observed that the centrosome faces the nuclear invagination throughout immune
synapse formation, and that they reorient together to ultimately face the immune synapse inde-
pendently of F-actin (Figure 4C). This was confirmed by the strong correlation between centrosome
and nucleus orientation with respect to the cell-droplet axis (Figure 4G). These findings suggest that
the centrosome and the nucleus reorient together, which is not affected by F-actin depolymerization.
We conclude that the actin cytoskeleton is essential for the local, early events (antigen clustering and
DAG production downstream of BCR signaling) of synapse formation, but not for the global, late ones
(centrosome and nucleus polarization).

The microtubule cytoskeleton controls both local and global events of
synapse formation

Having established how F-actin impacts immune synapse formation, we next addressed its depen-
dency on the microtubule cytoskeleton. For this, we treated cells with nocodazole to depolym-
erize microtubules. As expected, microtubule
depolymerization prevented centrosome polar-
ization (Figure 5A). Nucleus polarization was ZEZEEZEX

also impaired (Figure 5B). These findings are [ uuuuuuypom
consistent with these two organelles reposi- |
tioning together, as described above, and further

[PMSO vs Nocodazole

F-actin
[Outline of antigen-coated droplet

[Scale bar 5 ym ‘

Video 6. F-actin in [IA1.6 cells treated with DMSO or Video 7. F-actin in [IA1.6 cells expressing an empty
nocodazole; droplet outline. vector (pRK5) or RhoA CA; droplet outline.

https://elifesciences.org/articles/78330/figurestvideob https://elifesciences.org/articles/78330/figurestvideo?
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Figure 5. Microtubule disruption leads to intense cell and nucleus deformation, and impairs the establishment
and maintenance of a polarized organization. Experiments for this figure were performed using I1A1.6 cells in
contact with a F(ab'),algG-coated droplet, and 3D SDCM time-lapse imaging. Cells were pretreated for 1hr either
with DMSO or with nocodazole 5pM, kept in solution during the experiment. (A) Average centrosome-droplet
distance (25-30min) (median £ IQR, DMSO N = 5,7, Noco N = 9;11, two independent experiments, Mann-Whitney
test). Measured in 3D using eGFP-Centrin1-expressing cells. (B) Average nucleus—droplet distance (25-30min),
measured in 3D, and (C) % coefficient of variation of 2D aspect ratio of individual nuclei over time, measured

on maximum z-projections of 3D movies (median = IQR, DMSO N = 6;8, Noco N = 12,8, two independent
experiments, Mann-Whitney test). Staining: Hoechst. (D) Time-lapse images of F-tractin-tdTomato-expressing
cells treated with DMSO or nocodazole, droplet outlined in blue. Scale bar 5um. (E) % coefficient of variation of
2D aspect ratio of individual cells over time and (F) median 2D solidity of individual cells (median + IQR, DMSO

N = 3;5, Noco N = 4,7, two independent experiments, Mann-Whitney test). Measured using a mask of F-tractin-
tdTomato on maximum z-projections of 3D movies. (G) Average number of F-actin maxima detected per cell over
time and (H) average distance of maxima to the droplet surface (median = IQR, DMSO N = 3;5, Noco N = 4,7, two
independent experiments, Mann-Whitney test). Measured on maximum z-projections of 3D movies. (I) Example
images of untreated (DMSO) or treated (Noco 5uM + LatA 2uM) cells, bright-field and fluorescence (eGFP-Cent1,
Hoechst, antigen). Scale bar 5um. (J) Plateau of antigen recruitment on the droplet (average values 25-30 min)
(median = IQR, DMSO N = 6;8, Noco N = 12;8, two independent experiments, Mann-Whitney test) (quantification:
see Figure 1D). (K) Diacylglycerol (DAG) enrichment over time (mean + SEM, DMSO N = 6;7, Noco N = 4,6, two
independent experiments). Measured using cells expressing the DAG reporter (C18-GFP) (quantification: see
Figure 2A). (L) Left: examples of 3D SIM immunofluorescence imaging of F-actin (phalloidin staining) and antigen
on the droplet after 15-20 min of immune synapse formation. White arrowheads: sites of actin enrichment outside
of the immune synapse. Side view: scale bar 5um. Front view: scale bar 2um. MIP visualization. Right: profiles of
F-actin at the immune synapse, from symmetric radial scans of the immune synapse, normalized to the maxima
(mean + SEM, one representative experiment, DMSO N = 12, Noco N = 8).

The online version of this article includes the following source data for figure 5:

Source data 1. Data tables related to graphs in Figure 5.
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Figure 6. GEF-H1 is responsible for cell shape and actin patterning defects upon microtubule depletion. Experiments for this figure were performed
using l1A1.6 cells transfected either with siCtrl or siGEF-H1 siRNAs 60 hr before experiment, with F-tractin-tdTomato the day before experiment, then
put in contact with a F(ab"),0lgG-coated droplet. Cells were pretreated for 1 hr with DMSO, suberoylanilide hydroxamic acid (SAHA) 10uM or with
nocodazole 5pM, kept in solution during the experiment. (A) Quantification of the ratio of acetylated a-tubulin/a-tubulin in the whole cell, for I1A1.6
cells in contact with a droplet for different times, by immunofluorescence. Imaging by confocal microscopy (median + IQR, 0-5min N = 14;20, 15-20min
N = 18;14, two independent experiments, Mann-Whitney test). (B) Left: immunofluorescence images of I1A1.6 cells treated with DMSO or nocodazole,
and in contact with a droplet for 0-5min or 15-20min. F-actin stained with phalloidin (red), GEF-H1 (green), and antigen on droplet (blue). Scale

Figure 6 continued on next page

Pineau et al. eLife 2022;11:€78330. DOI: https://doi.org/10.7554/eLife.78330 10 of 30


https://doi.org/10.7554/eLife.78330

ELlfe Cell Biology | Immunology and Inflammation

Figure 6 continued

bar 6um. Right: quantification of the enrichment in GEF-H1 within 1 pm of the droplet divided by the total intensity in the cell in one plane, imaged

by laser scanning confocal microscopy (LSCM), for I1A1.6 cells in contact with a droplet for different times, by immunofluorescence (median + IQR,
DMSO 0-5min N = 20;18, DMSO 15-20min N = 20;20, Noco 15-20min N = 19,20, two independent experiments, Kruskal-Wallis test with multiple
comparisons, Dunn’s post test). (C) From immunofluorescence imaged with LSCM, quantification of the enrichment in GEF-H1 within 1 um of the droplet
divided by the total intensity in the cell, in one plane, and (D) quantification of F-actin (stained with phalloidin) on six planes (§z = 0.34 um) around the
immune synapse, ratio of intensity in the half of the cell near the synapse (front), and the half away from the synapse (back), for I1A1.6 cells treated with
DMSO or SAHA in contact with a droplet for 15-20 min (median + IQR, DMSO N = 23;16, SAHA N = 21,19, two independent experiments, Mann—
Whitney test). (E) Western blot of GEF-H1 to evaluate the efficiency of GEF-H1 silencing. a-tubulin was used as a loading control. The blot presented
is representative of two independent experiments. (F) Time-lapse images of F-actin in cells transfected with siCtrl or siGEF-H1 and treated with DMSO
(control) or nocodazole, using SDCM 3D time-lapse imaging. Scale bar 5pm. (G) Solidity in 2D and (H) aspect ratio of cells after 40 min of immune
synapse formation (siCtrl DMSO N = 30;8, siCtrl Noco N = 19;4, siGEF-H1 DMSO N = 19,46, siGEF-H1 Noco N = 7;27, two independent experiments,
Kruskal-Wallis test with multiple comparisons between DMSO and Noco, Dunn'’s post test), analyzed on maximum z-projections of SDCM 3D images.
(I) Left: examples of 3D SIM immunofluorescence imaging of F-actin and antigen on the droplet after 15-20min of immune synapse formation. Side
view: scale bar 5um. Front view: scale bar 2pm. MIP visualization. Right: profiles of F-actin at the immune synapse, from symmetric radial scans of the
immune synapse, normalized to the maxima (mean = SEM, pooled from two experiments, siCtrl DMSO N = 11,7, siCtrl Noco N = 5,6, siGEF-H1 Noco N
=2:7).

The online version of this article includes the following source data and figure supplement(s) for figure 6:

Source data 1. Raw file of the full unedited Western blot images of Figure 6E, and a figure with annotated images of the full Western blot.

Source data 2. Data tables related to graphs in Figure 6.

Figure supplement 1. Microtubules control cell shape and F-actin polarized polymerization via the GEF-H1/RhoA pathway.

Figure supplement 1—source data 1. Data tables related to graphs in Figure 6—figure supplement 1.

Figure supplement 2. Additional examples of 3D SIM immunofluorescence imaging of F-actin (phalloidin staining) and antigen on the droplet after
15-20 min of immune synapse formation.

suggest that their movement is driven by microtubules. Remarkably, we observed that microtubule
depolymerization induced major events of nucleus and cell deformation (Figure 5C-E, Videos 5 and
6) as well as blebbing (Figure 5F). These deformation events were associated to aberrant F-actin
distribution: multiple F-actin polymerization spots were visible all around the cell, even far from the
immune synapse (Figure 5D, G and H). Accordingly, depolymerizing F-actin in nocodazole-treated
cells with latrunculin A restored their round shape (Figure 5I). Microtubule depolymerization had a
mild impact on antigen clustering and DAG signaling (clustering was slightly reduced while DAG was
slightly more sustained) (Figure 5J and K). In addition, morphological analysis of the synapse showed
that the stereotypical concentric actin patterning at the immune synapse was preserved (Figure 5L).
Altogether, these results show that microtubules are instrumental for the global late events of synapse
formation (centrosome and nucleus repositioning), but also suggest that microtubules maintain the
polarization axis of the cell by limiting the polymerization of the actin cytoskeleton to the immune
synapse, consistent with a role for these filaments
[RhoA WT - DMSO RhoA WT - Nocodazole in synapse maintenance.

F-actin F-actin
Outline of droplet Outline of droplet

Scale bar 5um Scale bar 5um

[RhoA DN - DMSO N - Nocodazole

F-actin ~actin

[Outline of droplet Outline of droplet IDMSO vs Noco+p-nBlebb

[Scale bar 5pm Scale bar 5pm

F-actin
Outline of antigen-coated droplet

[Scale bar 5 pm ‘

Video 8. F-actin in [IA1.6 cells expressing RhoA WT or
RhoA DN, treated with DMSO or nocodazole; droplet Video 9. F-actin in I1A1.6 cells treated with DMSQO or
outline. nocodazole + para-nitroBlebbistatin; droplet outline.
https://elifesciences.org/articles/78330/figures#video8 https://elifesciences.org/articles/78330/figures#video?
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Figure 7. Microtubules control actin polarized polymerization via RhoA in a myosin ll-independent manner. Experiments for this figure were performed
using F-tractin-tdTomato-expressing I1A1.6 cells in contact with a F(ab"),0lgG-coated droplet and SDCM 3D time-lapse imaging. Cells were pretreated
for 1 hr either with DMSO or with nocodazole 5 uM + para-nitroBlebbistatin 20 uM, kept in solution during the experiment. (A) Time-lapse images of F-
actin-tdTomato-expressing cells, co-transfected with either a control empty vector (pRK5) or expressing RhoA CA (constitutively active). Scale bar 5pum.
(B) % coefficient of variation of 2D aspect ratio of individual cells over time, (C) Median 2D solidity of individual cells and (D) average distance of actin
maxima to the droplet surface (median + IQR, Control N = 10;9, RhoA CA N = 9;12, two independent experiments, Mann-Whitney test), analyzed on
maximum z-projections. (E) Time-lapse images of F-tractin-tdTomato-expressing cells treated with DMSO or nocodazole + p-nBlebb, droplet outlined
in blue. Scale bar 5um. (F) Median 2D solidity of maximum z-projections of individual cells over time (median = IQR, DMSO N = 5;5;4, Noco + p-nBlebb
N = 4;3;4, three independent experiments, Mann-Whitney test). (G) Aspect ratio of z-projections of cells in time (mean + SEM, DMSO N = 5;5;4, Noco +
p-nBlebb N = 4;3;4, three independent experiments). (H) Percentage of cells with aspect ratio >1.2 or <1.2 after 40min of synapse formation. (I) Average
distance of F-actin maxima to the droplet over 30min of synapse formation (median + IQR, DMSO N = 5;5;4, Noco + p-nBlebb N = 4;3;4, three
independent experiments, Mann-Whitney test) (quantification: as in Figure 5H).

The online version of this article includes the following source data and figure supplement(s) for figure 7:
Source data 1. Data tables related to graphs in Figure 7.
Figure supplement 1. Cell deformation upon microtubule depletion is RhoA-dependent.

Figure supplement 1—source data 1. Data tables related to graphs in Figure 7—figure supplement 1.
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Microtubules restrict actin polymerization to the immune synapse via
GEF-H1 and RhoA

How do microtubules restrict actin polymerization to allow its accumulation at the immune synapse
and prevent aberrant non-polarized actin distribution? A good candidate to be involved in this process
is the guanine exchange factor H1 (GEF-H1), an activator of the RhoA small GTPase that is released
from microtubules upon depolymerization (Chang et al., 2008). GEF-H1 was recently shown to be
also released upon microtubule acetylation, allowing its recruitment to the B cell immune synapse
(Saez et al., 2019, Seetharaman et al., 2021). We tested that microtubules are acetylated upon BCR
activation (Figure 6A). Accordingly, we observed that GEF-H1 accumulated at the immune synapse
upon BCR engagement (Figure 6B). Noticeably, treatment of B cells with nocodazole or with the
histone deacetylase inhibitor suberoylanilide hydroxamic acid (SAHA) (Zhang et al., 2003) led to a
marked decrease in the synaptic fraction of GEF-H1 (Figure 6B and C). Actin was also found to be less
polarized in SAHA-treated cells (see back/front ratio, Figure 6D). These results suggest that by glob-
ally enhancing GEF-H1 release both microtubule depolymerization and acetylation lead to a decrease
in the relative enrichment — or polarization — of this protein at the synapse. As a consequence of this,
actin polymerization now takes place all around the cell cortex, consistent with a need for microtubules
to restrict the activity of GEF-H1 to the B cell immune synapse. To test this hypothesis, we silenced
GEF-H1 expression using siRNA (Figure 6E). We found that GEF-H1 silencing normalizes most of the
effects of microtubules depletion: it reduced cell deformation and blebbing (Figure 6F-H). Rescue
experiments confirmed that the silencing was specific of this GEF (Figure 6—figure supplement 1A
and B). Silencing GEF-H1 also slightly altered antigen recruitment, but this effect was compensated
by microtubules disruption (Figure 6—figure supplement 1C). In microtubules-depleted cells, actin
polarity was strongly perturbed while synaptic actin patterns were mildly altered. GEF-H1 silencing in
nocodazole-treated cells restored both polarization (see illustrations in Figure 6—figure supplement
1D and axial profiles in Figure 6—figure supplement 1E) and synaptic actin patterns (Figure 6,
Figure 6—figure supplement 2) as observed in untreated cells. These results indicate that the aber-
rant non-polarized actin polymerization observed upon treatment of B lymphocytes with nocodazole
most likely results from GEF-H1 release from microtubules. To further probe the role of GEF-H1,
we perturbed its downstream Rho GTPase, RhoA. We found that B cells expressing a constitutively
active form of RhoA (RhoA L63, referred to as RhoA CA) displayed a phenotype similar to the one of
nocodazole-treated cells: aberrant non-polarized actin polymerization, dynamic cell deformation, and
blebbing (Figure 7A-D, Video 7). Conversely, overexpression of a dominant negative form of RhoA
(RhoA DN) prevented cell deformation and blebbing upon nocodazole treatment, similar to the effect
of GEF-H1 silencing (Figure 7—figure supplement 1A-C, Video 8). These data are consistent with
GEF-H1 restricting RhoA activity and actin nucleation at the B cell immune synapse.

The activation of RhoA by GEF-H1 leads to both nucleation of linear actin filaments by diaphanous
formins (mDia) and activation of myosin Il by the ROCK kinase for contraction of these filaments
(Watanabe et al., 1997; Amano et al., 1997). We, therefore, asked whether modulation of actin
nucleation or myosin Il activity had any impact on the phenotype of nocodazole-treated cells. Notice-
ably, we found that while myosin Il inhibition (using para-nitroBlebbistatin) prevented cell blebbing
upon microtubule depolymerization (Figure 7E and F), it did not restore cell shape, with cells elon-
gating over time (Figure 7E, G and H), nor polarized actin polymerization (Figure 7E and I, Video 9).

[Double Synapse
[DMSO vs Noco+p-nBlebb

Migration of IlA1.6 cells

F-actin (red)

Antigen (gray)
Scale bar 5 um ‘ DMSO ‘

10pum

Video 10. F-actin in [IA1.6 cells treated with DMSO or

nocodazole + para-nitroBlebbistatin, contacting two
droplets. Example of a cell bringing droplets together
(DMSO) and taking droplets apart (nocodazole + para-
nitroBlebbistatin).
https://elifesciences.org/articles/78330/figures#video10

Video 11. Bright-field movies of migrating I1A1.6 cells
treated with DMSQO (Control) or nocodazole, on a BSA-
coated dish, in contact with an antigen-coated droplet.
Scale bar 10 pm.
https://elifesciences.org/articles/78330/figures#video1
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Figure 8. Microtubule depletion favors the formation of multiple polarity axis. Experiments for this figure were performed using F-tractin-tdTomato-
expressing-11A1.6 cells in contact with a F(ab"),0lgG-coated droplet and SDCM 3D time-lapse imaging. Cells were pretreated for 1 hr with DMSO,
with suberoylanilide hydroxamic acid (SAHA) 10uM or with nocodazole 5uM + para-nitroBlebbistatin 20 uM, which was kept in the media throughout
experiments. (A) Schematic of the concept of the multiple synapse experiment. Considering only cells in contact with exactly two droplets, counting
number of contact areas (number of synapses) after 45min. (B) Number of immune synapses per cell treated with DMSO or Noco + p-nBlebb (DMSO
N = 74;70, Noco + p-nBlebb N = 54,67, two independent experiments, Mann-Whitney test p=0.0038), from SDCM 3D imaging of cells and droplets.
(C) Examples of time-lapse images of F-actin and antigen on the droplet. Situation of a cell (untreated) bringing droplets closer into one immune
synapse, and of a cell (treated with nocodazole and para-nitroBlebbistatin) taking droplets apart. Scale bar 5um. 3D time-lapse SDCM imaging in the

Figure 8 continued on next page
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Figure 8 continued

microfluidic chip. (D) Left: examples of images (from SDCM 3D time-lapse) of F-actin and antigen on the droplet. Situation of a cell (untreated) with one
synapse more enriched in F-actin and of a cell (treated with nocodazole + para-nitroBlebbistatin) with equivalent synapses. Scale bar 5pm. Right: To
assess the asymmetry in F-actin enrichment between multiple synapses and the presence of a dominant, more enriched synapse, we compute here the
difference of enrichment in F-actin between immune synapses, per cell (DMSO N = 44,42, Noco + p-nBlebb N = 26,50, two independent experiments,
Mann-Whitney test) (quantification of F-actin enrichment: see Figure 2B). Quantification from SDCM 3D images in the microfluidic chip. (E) Number of
immune synapses per cell transfected 60hr before with siCtrl or siGEF-H1, and treated with DMSO or Noco + p-nBlebb (siCtrl DMSO N = 25;29, siCtrl
Noco + p-nBlebb N = 28;34, siGEFH1 DMSO N = 24;29 siGEF-H1 Noco + p-nBlebb N = 29,26, two independent experiments, Kruskal-Wallis test with
Dunn’s post test for multiple comparisons), from SDCM 3D imaging of cells and droplets. (F) Number of immune synapses per cell treated with DMSO
or suberoylanilide hydroxamic acid (SAHA) 10uM (DMSO N = 32;27, SAHA N = 57,28, two independent experiments, Mann-Whitney test), from SDCM
3D imaging of cells and droplets. (G) Example trajectories of migrating IIA1.6 B lymphocytes in contact with an antigen-coated droplet, representative
of two experiments, 14 trajectories per condition, 7 trajectories per experiment. Plot over 2hr. Analysis of migration from videomicroscope bright-field
time-lapse imaging. (H) Confinement ratio and (I) directional change rate of trajectories (2hr, image every 4min) of migrating [IA1.6 cells in contact with
a droplet (DMSO N = 33;36, Noco N = 48;73, two independent experiments, Mann-Whitney test).

The online version of this article includes the following source data for figure 8:

Source data 1. Data tables related to graphs in Figure 8.

These results suggest that actin nucleation, rather than myosin Il activation, downstream of GEF-H1
and RhoA activation is responsible for the non-polarized polymerization of actin upon microtubule
depolymerization. Accordingly, simultaneous depolymerization of actin and microtubules prevented
cell deformation, restoring both cell and nucleus shape (Figure 5I).

Restriction of actin nucleation by microtubules promotes the formation
of a unique immune synapse

Our results suggest that by titrating GEF-H1 microtubules tune the level of RhoA activation to restrict
actin polymerization to the immune synapse, thus stabilizing a single actin polarity axis. We hypoth-
esized that such regulatory mechanism might help B cells maintaining a unique immune synapse,
rather than forming multiple synapses all over their cell body. To test this hypothesis, we put cells in
contact with several droplets within a few minutes and observed how they would interact (Figure 8A).
For this experiment, we chose to use cells treated with both nocodazole and para-nitroBlebbistatin
to prevent excessive blebbing and facilitate the analysis. We observed two types of cell behaviors:
they either brought the droplets together into a single immune synapse or formed multiple, sepa-
rated immune synapses (Figure 8A). Noticeably, microtubule-depleted cells formed more multiple
separated synapses than control cells (Figure 8B). Accordingly, while control cells were able to merge
contacted droplets into a unique immune synapse, this was not observed in cells whose microtu-
bule were depolymerized (Figure 8C, Video 10). These results are consistent with microtubule being
required for the formation and maintenance of a unique immune synapse, wherein F-actin polymer-
ization concentrates, rather than multiple dispersed ones.

To test this hypothesis, we computed the difference between the synapses in terms of F-actin
enrichment on the subpopulation of cells that formed two spatially separated immune synapses
with two droplets (to facilitate imaging and quantification, this experiment was performed in the
microfluidic chip). We found that, while control cells tend to have a stronger F-actin enrichment at
one synapse, indicating that they are able to establish and maintain a dominant polarity axis, this
was less often observed in nocodazole-treated cells (Figure 8D). Remarkably, GEF-H1 silencing in
nocodazole-treated cells led to the re-establishment of a single polarity axis (Figure 8E). The role of
GEF-H1 in controlling the uniqueness of the polarity axis was further reinforced by the observation
of multiple synapses in SAHA-treated cells (Figure 8F), in which GEF-H1 polarized accumulation was
compromised. The capacity of establishing and maintaining a single polarity axis is essential for cells
to migrate in a directional manner (Maiuri et al., 2015), which might be required for activated B
lymphocytes to reach the border of the T cell zone in lymph nodes for T-B cooperation. We there-
fore hypothesized that by compromising the polarity axis of B cells microtubule depletion might also
impair their migratory capacity. To test this hypothesis, we plated B lymphocytes on BSA-coated
surfaces after incubation with antigen-coated droplets. We found that B cells whose microtubules had
been depolymerized with nocodazole exhibited more confined trajectories as compared to untreated
cells (Figure 8G and H, Video 11). Consistently, nocodazole-treated cells exhibit larger orientation
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change at each step (mean directional change rate or angular velocity) (Figure 8l), indicating that their
migration is less directional than the one of control B lymphocytes. Altogether, our results strongly
suggest that, by restricting RhoA-dependent actin polymerization via GEF-H1, microtubules allow
the maintenance of a single polarity axis and stabilize in space and time a unique immune synapse
in B lymphocytes. We propose that this process helps B cells properly extracting, processing, and
presenting antigens to T lymphocytes.

Discussion

In this work, we used a custom microfluidic system to study the coordination by actin and microtubule
cytoskeletons of the various events associated to immune synapse formation in B lymphocytes. We
observed that this process is characterized by two classes of events: a first phase (in the first 3.5min),
where F-actin is strongly polymerized at the site of contact, leading to antigen accumulation and
production of DAG as a result of BCR signaling, and a second phase during which the centrosome is
reoriented toward the immune synapse together with the Golgi apparatus and lysosomes while the
nucleus undergoes a rotation followed by backward transport. The timescales we found for late polar-
ization events are shorter than the ones measured for B cells in other systems (e.g., centrosome polar-
ized in 30min [Yuseff et al., 2011], nucleus fully polarized in 30min [Ulloa et al., 2022], lysosomes
maximally clustered in 40 min [Spillane and Tolar, 2018]) and much closer to results found in T cells
(Gawden-Bone et al., 2018; Yi et al., 2013; Hooikaas et al., 2020), possibly due to the properties
of the substrate that we used for antigen presentation. We found that F-actin polymerization is only
needed for the first phase, in contrast to microtubules that not only control centrosome and organelle
repositioning, but further maintain a unique polarity axis by restricting actin nucleation to the immune
synapse. We propose that this mechanism reinforces a single synapse and guarantees B cell persistent
migration to the T cell zone for cooperation with T lymphocytes.

How do microtubules restrict F-actin polymerization to the immune synapse? We identified GEF-H1
as a key player in this process, which limits RhoA activity and downstream actin nucleation to the
synapse. Indeed, we observed that global activation of the GEF-H1-RhoA axis induced actin polymer-
ization outside of the synapse, independently of myosin Il activity. Interestingly, it was recently shown
that microtubules were acetylated in the vicinity of the centrosome upon immune synapse formation,
resulting in the local release and activation of GEF-H1 (Sdez et al., 2019; Seetharaman et al., 2021).
Our results suggest that GEF-H1 might activate RhoA to trigger downstream formin-dependent actin
nucleation at the immune synapse exclusively. In this model, RhoA would remain inactive in the rest
of the cell, most likely due to GEF-H1 trapping on microtubules deacetylated by HDACé (Hubbert
et al., 2002; Seetharaman et al., 2021). Indeed, inhibition of microtubule deacetylation decreases
the polarization of GEF-H1 to the synapse, leading to uncontrolled actin polymerization all over the
cell cortex. We suggest that this ‘local activation’ of GEF-H1 and ‘global inhibition’ by trapping on
deacetylated microtubules is reminiscent of the Local Excitation Global Inhibition model described in
amoebas, where symmetry breaking arises from and is stabilized by a local positive feedback (PIP3
that promotes F-actin polymerization) combined to a globally active diffusible inhibitory signal (PTEN,
a PIP3 phosphatase) (Parent and Devreotes, 1999; Janetopoulos et al., 2004; Devreotes and Jane-
topoulos, 2003). Of note, this model suggests that histone deacetylase inhibitors (some of them
already used as drugs against autoinflammatory diseases; Licciardi and Karagiannis, 2012, Bodas
et al., 2018; Nijhuis et al., 2019) could, by impairing polarization of B cells toward the synapse,
prevent hyper activity of immune cells in pathological conditions, such as lymphoma or autoimmune
diseases.

The Local Excitation Global Inhibition model predicts the establishment of a single stable polarity
axis. Accordingly, our experiments show that unperturbed B lymphocytes favor the formation of a
unique synapse over multiple ones, even when particulate antigens are presented from several loca-
tions. We propose that this mechanism, at least in enzymatic extraction, could help improving antigen
extraction. Indeed, GEF-H1 has been shown to be necessary for the assembly of the exocyst complex
at the immune synapse, and therefore for protease secretion (Sdez et al., 2019). In this context, the
localized release and activation of GEF-H1 by microtubules at the immune synapse might allow for the
concentration of resources, promoting F-actin polymerization and optimizing proteolytic extraction at
one unique site. Polarization of the centrosome and reorientation of the microtubule network would
thus reduce the dispersion of resources in secondary synapses. Indeed, the release of proteases in
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several locations or in an open environment (as opposed to the tight synaptic cleft) could result in a
lower local concentration of proteases, and therefore lower the efficiency of antigen uptake. A unique
polarity axis could also help T/B cooperation as antigen-loaded B cells must migrate to the T cell zone
for antigen presentation to T lymphocytes, and, as here shown, their capacity to migrate direction-
ally depends on the robustness of cell polarity (see also Carrasco and Batista, 2007; Maiuri et al.,
2015). In addition, it has been shown that B cells can undergo asymmetric cell division upon synapse
formation and antigen extraction, which prevents antigen dilution upon cell division, an event that
also requires a stable polarity axis (Thaunat et al., 2012, Sawa, 2012). Future experiments aimed
at studying how these downstream events of synapse formation are regulated when B cells nucleate
actin all over their cell cortex and form multiple contacts should help address these questions.

In conclusion, we showed that microtubules can act as a master regulator of actin polymerization,
maintaining the formation of a single immune synapse in B lymphocytes. This control relies on the
GEF-H1-RhoA axis, which may be at the core of a 'Local Excitation Global Inhibition’ model. Our work
points at the interaction between actin and microtubules as a way to control the axis of cell polarity
that might be common to a larger class of cells.

Materials and methods

resource Designation Source or reference Identifiers Additional information
Cell line (Mus Cellosaurus A20.11A
musculus) lIA1.6 Yuseff et al., 2011 (CVCL_0J27) IgG* B lymphoma cell line
Genetic reagent (M.
musculus) LifeAct-GFP mice/C57BL/B6  Riedl et al., 2008 MGI:4831036
Schindelin et al.,
Software, algorithm  Fiji 2012 https://imagej.net/Fiji
de Chaumont et al.,
Software, algorithm Icy bioimage analysis 2012 https://icy.bioimageanalysis.org/
Software, algorithm MATLAB MathWorks
Software, algorithm GraphPad PRISM GraphPad Software Version 9.2.0
Software, algorithm RStudio RStudio
Software, algorithm Metamorph Molecular Devices
Software, algorithm  SoftWoRx Image Precision
software, algorithm  Imaris Viewer Imaris
Sequence-based ON-TARGETplus Control
reagent n=Non-Targeting Pool Dharmacon D-001810-10-05
Sequence-based SMARTPool ON-TARGETplus
reagent Mouse Arhgef2 siRNA Dharmacon L-040120-00-0005
Commercial assay
or kit B cell isolation kit Miltenyi 130-090-862
Commercial assay
or kit LS columns Miltenyi 130-042-401
Commercial assay ~ 10uL Neon Transfection
or kit system Thermo Fisher MPK1096 1300V, 20 ms, two pulses
Commercial assay
or kit Amaxa Nucleofector kit R Lonza VCA-1001 T-016 program

Chemical
compound, drug

DSPE-PEG(2000)

Avanti Lipids, Coger ~ 880129-10mg Resuspended in chloroform

Chemical
compound, drug

Soybean oil

Sigma-Aldrich CAS# 8001-22-7

Continued on next page
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resource Designation Source or reference Identifiers Additional information

Chemical

compound, drug Pluronic F68 Sigma-Aldrich CAS# 9003-11-6

Chemical

compound, drug Sodium alginate Sigma-Aldrich CAS# 9005-38-3

Chemical

compound, drug Tween 20 Sigma-Aldrich CAS# 9005-64-5

Chemical

compound, drug Na,HPO,- 7H,0 Merck CAS# 7782-85-6

Chemical

compound, drug NaH,PO,: H,O Carlo Erba CAS# 10049-21-5

Chemical

compound, drug Streptavidin Alexa Fluor 405 Thermo Fisher 532351

Chemical

compound, drug Streptavidin Alexa Fluor 488  Thermo Fisher S11223

Chemical

compound, drug Streptavidin Alexa Fluor 546  Thermo Fisher $11225

Chemical

compound, drug Streptavidin Alexa Fluor 647  Thermo Fisher $32357

Chemical Biotin labeled bovine

compound, drug albumin Sigma-Aldrich A8549-10MG

Chemical

compound, drug PDMS-RTV 615 Neyco RTV615 1:9 ratio

Chemical

compound, drug PVP K90 Sigma-Aldrich 81440 0.2 %% in MilliQ water

Chemical

compound, drug Latrunculin A Abcam ab144290 2uM, Thr

Chemical

compound, drug para-nitroBlebbistatin Optopharma 1621326-32-6 20uM, Thr

Chemical

compound, drug Nocodazole Sigma M1404 5uM, Thr

Chemical

compound, drug MLSA1 Tocris 4746 TuM, Thr

Chemical

compound, drug SAHA Tocris 4652 10uM, Thr

Chemical

compound, drug Hoechst 33342 Thermo Fisher R37605

Chemical

compound, drug LysoTracker Deep Red Thermo Fisher 112492 Cell labeling 50nM, 45min

Chemical Spirochrome AG,

compound, drug SiRTubulin kit Tebu-bio SC002 100nM SiRTubulin + 10pM verapamil
Tubing for injection in microfluidic chips (see
‘Live imaging of I1A1.6 cell polarization in

Other Tygon Medical Tubing Saint-Gobain (VWR) ~ ND 100-80 microfluidic chips’)
Needle for injection in microfluidic chips (see

Stainless steel dispensing ‘Live imaging of I1A1.6 cell polarization in
Other needles 23GA Kahnetics KDS2312P microfluidic chips’)
Anti-B220 AF647 (rat
Antibody monoclonal) BioLegend 103229 On live cells (1:100), incubation 15min at 4°C

Continued on next page
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Biotin-SP-conjugated F(ab),
goat polyclonal anti-mouse  Jackson

Antibody IgG ImmunoResearch 115-066-072 Droplet functionalization (5.7 pL)
Biotin-SP-conjugated F(ab)),
goat polyclonal anti-mouse ~ Jackson

Antibody IgM ImmunoResearch 115-066-020 Droplet functionalization (5.7 pL)
Anti-EXOCY7 (rabbit

Antibody polyclonal) abcam ab95981 IF (1:200)
Anti-GEF-H1 (rabbit

Antibody polyclonal) abcam ab155785 WB (1:1000), IF (1:100)
Anti-a-tubulin (rat

Antibody monoclonal) Bio-Rad MCA77G WAB (1:1000), IF (1:1000)
Anti-acetyl-a-tubulin (Lys40)

Antibody (rabbit monoclonal) Cell Signaling 5335 IF (1:250)

Recombinant DNA

reagent eGFP-Centrin1 Obino et al., 2016

Recombinant DNA

reagent C16-GFP Botelho et al., 2000

Recombinant DNA

reagent GEF-H1 Origene RG204546

Recombinant DNA Addgene,

reagent

pRK5myc RhoA L63

Nobes and Hall, 1999 15900

Recombinant DNA
reagent

RhoA WT EGFP

Subauste et al., 2000

Recombinant DNA
reagent

RhoA T19N EGFP

Subauste et al., 2000

Cells and cell culture

The mouse IgG* B lymphoma cell line 11A1.6 (derived from the A20 cell line [ATCC# TIB-208], listed in
Cellosaurus as A20.IIA CVCL_0J27) was cultured as previously reported (Yuseff et al., 2011) in CLICK
Medium (RPMI 1640 — GlutaMax-I + 10% fetal calf serum, 1% penicillin-streptomycin, 0.1% B-mercap-
toethanol, and 2% sodium pyruvate). Fetal calf serum was decomplemented for 40min at 56°C. All
cell culture products were purchased from Gibco/Life Technologies. All experiments were conducted
in CLICK + 25mM HEPES (15630080, Gibco). The cell line was confirmed to be free of mycoplasma
contamination. The transgenic LifeAct-GFP mouse line has been described elsewhere (Riedl et al.,
2008) and was kept in the C57BL/B6 background. The experiments were performed on 8-12-week-old
male or female mice. Animal care conformed strictly to European and French national regulations for
the protection of vertebrate animals used for experimental and other scientific purposes (Directive
2010/63; French Decree 2013-118). Mature splenic B lymphocytes were purified using the MACS B
cell isolation kit (Miltenyi, 130-090-862, with LS columns Miltenyi, 130-042-401). Primary B cells were
kept in CLICK Medium + 25 mM HEPES + 1x non-essential amino acids (NEAA, Gibco, 11140050).

Antibodies and reagents

For droplet preparation fabrication and functionalization

DSPE-PEG(2000) biotin in chloroform (Avanti Lipids, Coger 880129C-10mg), soybean oil (Sigma-
Aldrich, CAS# 8001-22-7), Pluronic F68 (Sigma-Aldrich, CAS# 9003-11-6), sodium alginate (Sigma-
Aldrich, CAS# 9005-38-3), Tween 20 (Sigma-Aldrich, CAS# 9005-64-5), Na,HPO, 7H,O (sodium
phosphate dibasic heptahydrate, M=268 g/mol, Merck, CAS# 7782-85-6), NaH,PO, H,O (sodium
phosphate monobasic monohydrate M =138 g/mol, Carlo Erba, CAS# 10049-21-5), streptavidin Alexa
Fluor 488 (Thermo Fisher, $11223), streptavidin Alexa Fluor 546 (Thermo Fisher S11225), strepta-
vidin Alexa Fluor 647 (Thermo Fisher S32357), streptavidin Alexa Fluor 405 (Thermo Fisher $S32351),
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biotin-SP-conjugated AffiniPure F(ab'), Fragment Gt anti-Ms IgG (Jackson ImmunoResearch 115-066-
072), biotin labeled bovine albumin (Sigma-Aldrich A8549-10MG), and biotin-SP-conjugated Affini-
Pure F(ab), Fragment Gt anti-Ms IgM (Jackson ImmunoResearch 115-066-020).

For microfluidic chips

PDMS-RTV 615 (Neyco RTV6115), polyvinylpyrrolidone K90 (Sigma 81440, called PVP), Medical tubing,
Tygon ND 100-80 (Saint-Gobain), stainless steel plastic hub dispensing needles 23 GA (Kahnetics
KDS2312P), and FluoroDish (World Precision Instruments FD35).

Dyes and plasmids for live-cell imaging

Hoechst 33342 (Thermo Fisher, R37605) kept in solution, LysoTracker Deep Red (Thermo Fisher,
L12492) 50nM in incubator for 45 min, then wash, SiRTubulin kit (Spirochrome AG, Tebu-bio SC002)
100nM SiRTubulin + 10uM verapamil >6hr, rat anti-B220/CD45R AF 647 (BioLegend, 103229)
1:100, 15 min at +4°C, then washed and resuspended in media, eGFP-Centrin1 plasmid used
in Obino et al., 2016, F-tractin tdTomato obtained from the team of Patricia Bassereau (Institut
Curie, Paris), Rab6-mCherry plasmid obtained from Stéphanie Miserey (Institut Curie, Paris), and
C186-GFP plasmid was obtained from Sergio Grinstein (Botelho et al., 2000). GEF-H1 (ARHGEF2)
(NM_004723) Human Tagged ORF Clone in pCMV6-AC-GFP vector was bought from Origene
(RG204546). pRK5myc RhoA L63 (RhoA CA — constitutively active) was a gift from Alan Hall (Addgene
plasmid 15900; http://n2t.net/addgene:15900; RRID:Addgene_15900) (Nobes and Hall, 1999),
and an empty pRK5myc vector was used as a negative control. RhoA WT EGFP and RhoA T19N
EGFP (RhoA DN - dominant-negative) were a gift from Matthieu Coppey's lab (Subauste et al.,
2000). Expression of Ftractin-tdTomato, Rab6-mCherry, C18-GFP, pRK5myc, and RhoA L63 was
achieved by electroporating 1x10¢ B lymphoma cells with 0.25-0.5 ug of plasmid using the 10pL
Neon Transfection system (Thermo Fisher). Expression of RhoA WT and RhoA T19N was achieved
by electroporating 1x10° B lymphoma cells with 3 ug of plasmid using the 10 uL Neon Transfection
system (Thermo Fisher). Expression of pRK5 or GEF-H1 for experiments of rescue of silencing was
achieved by electroporating 1x10° B lymphoma cells with 1.5pg of plasmid using the 10puL Neon
Transfection system (Thermo Fisher), the night before the experiment. Expression of eGFP-Centrin1
was achieved by electroporating 4x10° B lymphoma cells with 4 ug of plasmid using the Amaxa Cell
Line Nucleofector Kit R (T-016 program, Lonza). Cells were cultured in CLICK Medium for 5-16 hr
before imaging.

For siRNA silencing, 11A1.6 cells were transfected 60-70hr before live experiment with 40 pmol
siRNA per 10° cells using the 10uL Neon Transfection system (Thermo Fisher) and ON-TARGETplus
Control n=Non-Targeting Pool (Dharmacon, D-001810-10-05) or SMARTPool ON-TARGETplus Mouse
Arhgef2 siRNA (Dharmacon, L-040120-00-0005).

For immunofluorescence and Western blot

Formaldehyde 16% in aqueous solution (Euromedex, 15710), BSA (Euromedex, 04-100-812-C), PBS
(Gibco, 10010002), rabbit anti-EXOC7 (abcam, ab95981, 1/200 for IF), rabbit anti-GEF-H1 (abcam,
ab155785, 1/1000 for WB, 1/100 for IF), rat anti-a-tubulin (Bio-Rad, MCA77G, 1/1000 for WB and
IF), rabbit anti-acetyl-a-tubulin (Lys40) (D20G3) (Cell Signaling, 5335, 1/250 for IF), anti-rabbit I1gG,
HRP-linked antibody (Cell Signaling, #7074, 1/5000 for WB), anti-rat IgG, HRP-linked antibody (Cell
Signaling, #7077, 1/10000 for WB), Alexa Fluor Plus 405 phalloidin (Invitrogen, A30104, 1/200), Alexa
Fluor 546 phalloidin (Thermo Fisher, A22283, 1/200), DAPI (BD Bioscience, 564907, 1/1000), goat
anti-rabbit IgG Secondary Antibody Alexa Fluor Plus 594 (Invitrogen, A32740, 1/200), goat anti-rat
IgG Secondary Antibody Alexa Fluor 488 (Invitrogen, A-11006, 1/200), saponin (Sigma, 8047-15-2),
purified rat anti-mouse CD16/CD32 (Mouse BD Fc Block) (BD Pharmingen 553142), Triton X-100
(Sigma, CAS# 9036-19-5), Fluoromount-G (Southern Biotech, 0100-01), RIPA Lysis and Extraction
Buffer (Thermo Fisher, 89900), protease inhibitor cocktail (Roche, 11697498001), benzonase (Sigma,
E1014-5KU), Laemmli sample buffer (Bio-Rad, 1610747), NuPAGETM Sample reducing agent (Invit-
rogen, NP0004), gels, and materials for gel migration and membrane transfer were purchased from
Bio-Rad, Clarity Western ECL Substrate (Bio-Rad, 1705060).
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Drugs and inhibitors

Latrunculin A (abcam, ab144290, incubation 2uM for 1hr), para-nitroBlebbistatin (Optopharma,
1621326-32-6, incubation 20uM for 1hr), nocodazole (Sigma, M1404, incubation 5uM for 1hr),
MLSAT1 (Tocris, 4746, incubation 1 uM for 1hr), and SAHA (Tocris, 4652, incubation 10 uM for 1 hr). For
all experiments in microfluidic chips involving drugs, chips were filled with media + drug (or DMSO) at
least 1 hr before experiment, and only media + drug was used at each step.

Experimental protocols
Droplet stock formulation
Oil phase
150 pL of DSPE-PEG(2000) Biotin solution (10mg/mL in chloroform) in 30g of soybean oil, left >4 hr in
a vacuum chamber to allow chloroform evaporation. Aqueous phase: 10g of 1% sodium alginate, 15%
Pluronic F68 solution in deionized water, gently mixed with a spatula to avoid bubbles. The oil phase
was slowly added to the aqueous phase, starting by 2-3 drops, gentle stirring until oil was incorpo-
rated, then repeating. Over time, the oil phase incorporates more easily and could be added faster,
until a white emulsion was obtained. The emulsion was then sheared in a Couette cell (Mason and
Bibette, 1996) at 150rpm to obtain droplets of smaller and more homogeneous diameter. The new
emulsion was recovered as it got out of the Couette cell and was now composed of 25%¥ aqueous
phase containing 15%; Pluronic F68. To wash and remove the smallest droplets, the droplet emulsion
was put in a separating funnel for 24 hr at 1% Pluronic F68, 5% oil phase. This operation was repeated
at least two times. The final emulsion was stored in glass vials at 12°C, and droplets had a median
diameter of 9.4pm.

This type of droplets was previously characterized using the pendant drop technique (Ben M’Barek
et al., 2015, Molino et al., 2016) and appears like a relatively stiff substrate (surface tension 12
mN-m” measured by the pendant drop technique (Powell et al., 2017), equivalent to a Laplace pres-
sure of 4.8kPa for a droplet of radius 5um). The antigen concentration is estimated to be of the order
of 50 mol/pm? (see Pinon et al., 2018 for method) and the diffusion constant ~0.7 pm?*s™, measured
by FRAP, comparable to lipid bilayers (Bourouina et al., 2011; Dustin et al., 1996; Zhu et al., 2007,
Sterling et al., 2015).

Droplet functionalization

Droplets were functionalized on the day of experiment. All steps were performed in low binding
eppendorfs (Axygen Microtubes MaxyClear Snaplock, 0.60mL, Axygen MCT-060-L-C), and using PB
+ Tween 20 buffer (Tween 20 at 0.2% in PB Buffer pH = 7, 20mM). A small volume of droplet emul-
sion (here 2 L) was diluted 100 times in PB + Tween 20 buffer, and washed three times in this buffer.
Washes were performed by centrifugating the solution for 30s at 3000 rpm in a minifuge, waiting 30s
and then removing 170 pL of the undernatant using a gel tip, then adding 170 uL of PB + Tween 20. At
the last wash, a solution of 170 L + 2.5 pL of fluorescent streptavidin solution (1 mg/mL) was added to
the droplet solution, then left on a rotating wheel for 15min, protected from light. Droplets were then
washed three times, and at the last wash a solution of 170uL PB + Tween 20 + 5.7 L of biotin goat
F(ab), anti-mouse IgG (1 mg/mL) (or other biotinylated protein in the same proportion) was added and
left to incubate for >30min on a rotating wheel, protected from light. Droplets were finally washed
three times before use, with PB + Tween 20. For experiments using drug treatments, droplets were
resuspended in culture media + drug before the experiment.

Microfluidic chip fabrication

Microfluidic chips were made using an original design from the team of Jacques Fattaccioli (ENS Paris,
IPGG) (Mesdjian et al., 2021). RTV PDMS was mixed at a ratio 1:9, poured in epoxy cast replicates
of the microfluidic chips, and cooked until fully polymerized. Microfluidic chips were then cut, and 0.5
mm-diameter holes were made at the entry/exit sites. The PDMS chip and a FluoroDish were then
activated in a plasma cleaner (PDC-32G Harrick) for 1 min and bonded to each other for 1hr at 60°C.
Bonded chips were activated in the plasma cleaner for 1 min to be activated and filled using a syringe
with a 0.2%% PVP K90 solution in MilliQ water to form an hydrophilic coating. Microfluidic chips were
then kept at 4°C in the 0.2%% PVP K90-filled FluoroDish to prevent drying for up to a week before the
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experiment. On the day of the experiment, microfluidic chips were moved gradually to room tempera-
ture (RT), then into an incubator, before imaging. For experiments using drug treatments, microfluidic
chips were injected with culture media + drug in the morning and left to incubate to ensure stable
drug concentration during the experiment.

Live imaging of 11A1.6 cell polarization in microfluidic chips

Live imaging of polarization was performed using an inverted spinning disk confocal microscope
(Eclipse Ti Nikon/Roper spinning head) equipped with a Nikon x40, NA 1.3, Plan Fluor oil immersion
objective, a CMOS BSI Photometrics camera (pixel size 6.5pm), and controlled with the Metamorph
software (Molecular Devices, France). Stacks of 21 images (8z = 0.7 um) were taken every 30s during
40min, with a binning of 2. Auto Focus was implemented in Metamorph using the bright-field image,
then applied to fluorescent channels with a z-offset at each time point. On the day of the experiment,
droplets were functionalized and cells were resuspended at 1.5x10¢cells/mL in CLICK + 25mM HEPES.
Microfluidic chips, cells, and media were kept in an incubator at 37°C with 5% CO, until imaging.
Droplets (diluted 1/6 from functionalized solution) were injected in the microfluidic chip using a Flui-
gent MFCS-EZ pressure controller, Tygon tubing, and metal injectors from the dispensing needles
23GA. When enough traps contained a droplet, the inlet was changed to CLICK + 25mM HEPES (or
CLICK + 25mM HEPES + drug) to rinse PB + Tween 20 buffer and remove any antigen in solution or
droplet that could remain. After a few minutes, the inlet was changed to the cell suspension, keeping
a minimum pressure to avoid cells encountering droplets before acquisition was launched. Stage
positions were selected and the acquisition was launched. After one time point (to have an image of
droplets without cells and ensure to have the first time of contact), the inlet pressure was increased
to inject cells and create doublets. After 2-5min (when enough doublets had formed), the injection
pressure was lowered to a minimum to limit cell arrival and perturbation of cells by strong flows. For
primary B cells, cells were used at 3x10%cells/mL in their media and were imaged using a Nikon x60,
NA 1.4, Plan Fluor oil immersion objective. Stacks of 21 images (6z = 0.7 ym) were taken every 45s,
with a binning of 1.

Multiple synapse experiments and imaging

For multiple synapse experiments of Figure 8A, B, E and F, 2.5x10° cells in 25 uL media were mixed
with 4L of concentrated droplets (droplet solution washed with media from which the undernatant
has been removed as much as possible) and left to interact 2min at 37°C, before adding 400 L media
to limit new encounters between cells and droplets. This suspension was then added on a FluoroDish
coated with 100 mg/mL BSA and left at 37°C. After 45min, cell-droplet pairs were imaged all over
the dish using an inverted spinning disk confocal microscope (Eclipse Ti Nikon/Roper spinning head)
equipped with a Nikon x60, NA 1.4, Plan Fluor oil immersion objective, a CMOS BSI Photometrics
camera (pixel size 6.5um), and controlled with the Metamorph software (Molecular Devices). Stacks of
21 images (6z = 0.7 ym) were taken, with a binning of 2. Most cells interacted with only two droplets,
so only those were considered. For each cell, the number of immune synapses (1 if droplets are close
to each other and antigen patches are in the same area, 2 if droplets are apart or antigen patches indi-
cate that the cell interact with the droplets in different places) was determined manually. For multiple
synapse experiments following F-actin enrichment and droplet movement in time in Figure 8C and
D, the experiment was performed in the microfluidic chip to facilitate analysis and started as a typical
IIA1.6 polarization experiment. After injection of cells and formation of a few cell-droplet doublets,
the inlet was changed back to droplets in order to follow in time the interaction of a cell with two
droplets and to image actin enrichment at both synapses easily, acquiring images every 1min, for
20 min.

Migration experiment

A homemade PDMS chamber (to limit flows and volumes needed) was bonded to a FluoroDish before
coating the glass bottom with 100mg/mL BSA. The chamber was then filled with media (or media
+ drug), without HEPES. Cells were pre-reated with drugs, and for each sample 2.5x10° cells were
put in 25pL media and mixed with 3pL of concentrated droplets and left to interact 2min at 37°C,
before adding 400 pL media to limit new encounters between cells and droplets. This suspension was
then added to the PDMS chamber, which was covered with media + drug to prevent drying during
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time-lapse imaging. After 30-45min of cell-droplet encounter, cells were imaged every 4 min for 14 hr
using an epifluorescence Nikon TiE video-microscope equipped with a cooled CCD camera (HQ2,
Photometrics, pixel size 6.45um) and controlled with the Metamorph software (Molecular Devices),
using a x20 (NA = 0.75) dry objective and a binning of 2. During this time-lapse, cells were kept at
37°C with 5% CO, and imaged in bright field, as well as in 562/40 (red) to visualize the droplet.

Immunofluorescence with droplets
To approach the non-adherent condition of the cells in the microfluidic chips, 11A1.6 cells were seeded
for 15 min on glass coverslips (Marienfeld Superior Precision Cover Glasses, 12mm diameter) coated
with 100 pg/mL BSA, on which they display limited spreading. Droplets were prepared as for live
imaging, then diluted 13 times in CLICK + HEPES. A small volume of this droplet solution was depos-
ited on parafilm, and the coverslip was then flipped onto the droplets and left for 5min, so that drop-
lets would float up to encounter the cells. Coverslips were then put in pre-heated CLICK + HEPES
media in a 12-well plate, with the cells facing up, for 0-40 min depending on the time point studied.
All manipulations and washes were performed very gently using cut pipet tips to limit cell and droplet
detachment. Samples were fixed for 12min at RT using 4% PFA in PBS, then washed three times with
PBS. For imaging of actin in siCtrl, siGEF-H1, DMSO vs. nocodazole, or for imaging of GEF-H1 or
EXOC7, samples were incubated 30min with PBS/BSA/saponin 1x/0.2%/0.05%, then 1hr at RT with
primary antibodies in PBS/BSA/saponin 1x/0.2%/0.05%, followed by three washes with PBS and 1hr
at RT with secondary antibodies in PBS/BSA/saponin 1x/0.2%/0.05%. After three washes with PBS,
samples were mounted using Fluoromount-G and left at RT until dry. For acetylated tubulin imaging,
samples were permeabilized 5min with Triton 0.1 %, washed with PBS, then blocked with PBS + 0.2%
BSA + 1/200 Fc Block for 10 min. Samples were incubated with primary antibodies diluted in PBS +
0.2% BSA for 1hr, washed three times with PBS, then incubated with secondary antibodies diluted in
PBS + 0.2% BSA 1 hr before being washed and mounted using Fluoromount-G.

3D SIM imaging was performed using a Delta Vision OMX v4 microscope, equipped with an
Olympus x100, NA 1.42, Plan Apo N, oil immersion objective, and EMCCD cameras. Image recon-
struction was performed using the SoftWoRx image software under Linux. 3D visualization for figures
was performed using the Imaris Viewer software.

Laser scanning confocal imaging was performed using a Leica SP8 laser scanning microscope
equipped with a x40 NA 1.3 oil immersion objective.

Western blot

B cells were lysed for 10min at 4°C in RIPA Lysis and Extraction Buffer supplemented with protease
inhibitor cocktail, then treated with benzonase. Lysates were spinned for 15min at 4°C at maximum
speed to remove debris, followed by heating of supernatants for 5min at 95°C with Laemmli sample
buffer and NuPAGE sample reducing agent. Supernatants were loaded onto gels and transferred to
PVDF membranes. Membranes were blocked for 45min at RT with 5% BSA in TBS + 0.05% Tween
20, incubated overnight at 4°C with primary antibodies, then incubated 1hr at RT with secondary
antibodies. Membranes were revealed using Clarity Western ECL Substrate, and chemiluminescence
was detected using a Bio-Rad ChemiDoc MP imaging system. Western blots were quantified using
Imagelab.

Image and statistical analysis

Image analysis was performed on the Fiji software (Schindelin et al., 2012) using custom macros,
unless stated otherwise. All codes are available upon request. Single kinetic curves analysis were
performed using RStudio (RStudio, 2020). Graphs and statistical analysis were made using GraphPad
PRISM version 9.2.0 for Windows (GraphPad Software, San Diego, CA, https://www.graphpad.com).
All replicates are biological replicates, and the number of replicates is indicated in each figure legend.
For graphs of polarization in time of BSA vs. algG (Figure 2), a moving-average filter of length 3 was
applied on the mean and SEM before plotting. The non-smoothed mean curve is superimposed to the
graphs. For image analysis of live imaging, cell-droplet doublets were cropped from original acquisi-
tions and were cut so that cells arrive at the second frame (marked as Os in figures).
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Analysis of antigen recruitment on the droplet

Bleaching of fluorescent streptavidin was corrected before analysis using Bleach Correction-Histogram
Matching. Antigen recruitment was measured by computing the ratio between fluorescence intensity
at the synapse and fluorescence intensity at the opposite side on three planes passing through the
droplet and the cell, normalized by this value at the time of cell arrival (Figure 1D).

Analysis of F-tractin-tdTomato

Fluorescence was corrected using the Bleach Correction-simple ratio program. Using a custom Fiji
macro, 3D masks of the droplet and the cell were generated. Enrichment of F-actin at the immune
synapse was defined as the sum of intensity in the mask of the cell within a 2pm layer around the
droplet in 3D, divided by the sum of intensity in the mask of the cell. This measurement was normal-
ized by its value at the first time point of encounter between the cell and the droplet to compen-
sate for potential heterogeneity of the initial state. Extraction of characteristic values (time of peak,
maximum) was done with R on single kinetic curves smoothed using 3R Tukey smoothing (repeated
smoothing until convergence) (Tukey, 1977). Time and value of maximum were computed in the first
10min of cell-droplet contact. Shape characteristics of the cell (aspect ratio, solidity) were measured
on maximum z-projections of cell masks.

Analysis of C16-GFP DAG reporter

Fluorescence was corrected using the Bleach Correction-simple ratio program. Using a custom Fiji
macro, 3D masks of the droplet were generated. Enrichment of C18-GFP (C1 domain of PKCS,
acting as a DAG reporter; Botelho et al., 2000) was defined as the sum of intensity within a 1um
layer around the droplet. This measurement was normalized with its value at the first time point of
encounter between the cell and the droplet to account for variability of reporter expression between
cells. Extraction of characteristic values (time of peak, maximum, plateau value relative to maximum)
was done with R on single kinetic curves smoothed using 3R Tukey smoothing (repeated smoothing
until convergence) (Tukey, 1977). Time and value of maximum were computed in the first 10min of
cell-droplet contact.

Analysis of the centrosome

The 3D movie was first interpolated to obtain isotropic voxels for the advanced analysis. Using a
custom Fiji macro, 3D mask of the droplet was generated and position of the centrosome (stained
with SiRTubulin) was detected to measure the distance of the centrosome from the droplet surface.
Characteristic times were extracted on single kinetic curves smoothed using 3R Tukey smoothing
(repeated smoothing until convergence) (Tukey, 1977) using R and defined as the first time for which
the distance is below 2um (only for trajectories starting at >3 pm in order to be able to truly detect
the polarization process). This threshold value was chosen looking at the distribution of plateau values
for BSA- or algG-coated droplets. Tracking of the cell for analysis of centrosome orientation was
performed by first obtaining a mask of the cell from SiRTubulin background cytoplasmic signal. This
channel is used to create a mask of the cell on Fiji and find its center of mass. Briefly, the 3D stack
is interpolated (to obtain an isotropic voxel) and a background subtraction (based on a Gaussian
filtered [radius = 4] image of the field without cell, time = 0) is applied. A Gaussian filter is applied
on the resulting image (radius = 2) to remove local noise and the cell is finally segmented using an
automatic threshold (Huang). Advanced analysis of centrosome trajectories was performed by using
the 3D cell contour generated on Fiji, and then computing the distance of the centrosome from the
center of the cell, and the angle formed with the cell-droplet axis on MATLAB, to merge this data with
advanced nucleus analysis data. For experiments using nocodazole, the centrosome was visualized by
expressing eGFP-cent1 and tracked in the same way.

Analysis of the Golgi apparatus

This was performed on Icy Bioimage analysis software (de Chaumont et al., 2012). 3D masks of the
Golgi apparatus and the droplet were obtained, and the average distance of the Golgi apparatus
to the surface of the droplets was computed using a 3D distance map from the droplet. Character-
istic times were extracted on single kinetic curves smoothed using 3R Tukey smoothing (repeated
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smoothing until convergence) (Tukey, 1977) using R and defined as the first time for which the
distance is below 4 pm (only for trajectories starting at >5pm in order to be able to truly detect the
polarization process). This threshold value was chosen looking at the distribution of plateau values for
BSA- or algG-coated droplets.

Analysis of the lysosomes

This was performed using Icy Bioimage analysis software (de Chaumont et al., 2012). 3D masks of
the lysosomes and the droplet were obtained, and the average distance of all the lysosomes to the
surface of the droplet was computed using a 3D distance map from the droplet. Characteristic times
were extracted on single kinetic curves smoothed using 3R Tukey smoothing (repeated smoothing
until convergence) (Tukey, 1977) using R and defined as the first time for which the distance is below
3pm (only for trajectories starting at >4 uym in order to be able to truly detect the polarization process).
This threshold value was chosen looking at the distribution of plateau values for BSA- or algG-coated
droplets.

Analysis of the nucleus and detection of nuclear indentation

This was performed using custom Fiji macros and MATLAB software (available upon request). B cell
nucleus is bean-shaped and exhibits a marked invagination. To automatically detect the invagination
at each time point, we interpolated the confocal images of the nucleus to obtain an isotropic voxel,
segmented the nucleus, and found the interpolating surface (isosurface function in MATLAB). We
smoothed the surface to reduce voxelization and computed the mean curvature at each vertex with
standard differential geometry methods. We defined the invagination as the point with the minimal
mean curvature obtained on this surface. Ad hoc correction based on nearest-neighbor tracking
is applied when several local minima are found (in nuclear that exhibit several lobes), the selected
minimum is the nearest one to the point found in the previous frame. The orientation of the nucleus
with respect to the Cellc.ye—Dropleteen axis is quantified as the angle Niygentation—Cellcente=Dropleteenter-

Analysis of actin profiles in OMX images

This was performed using custom Fiji macro. Mask based on droplet fluorescence is built and fitted
to a 3D ellipsoid and the voxels made isotropic (bilinear interpolation). The ellipsoid box is centered
and 3D rotated so that the axis of the ellipsoid is oriented along the reference frame (the largest
corresponding to the x-axis and the shortest to the z-axis). The same roto-translations are applied to
the actin channels to orient it on the x-y plane. Line scans are symmetric radial scan obtained from an
average projection of 25 planes (i.e. 1pm) centered on the ellipsoid center. Graph are plotted after
normalization to the maxima.

Analysis of immunofluorescence of GEF-H1 and EXOC7

This was performed using custom Fiji macros. One plane in the center of the synapse was used for
GEF-H1, and six planes (6z = 0.34 um) centered around the immune synapse were used for EXOC7.
Masks of the droplet and the cell were obtained. Enrichment at the immune synapse was measured
as the ratio between the integrated fluorescence intensity of the staining (GEF-H1 or EXOC7) within
1um of the droplet, in the cell mask, and the total integrated fluorescence intensity.

Analysis of immunofluorescence of F-actin polarized distribution

This was performed using custom Fiji macros. F-actin intensity was measured over six planes around
the immune synapse (6z = 0.34 um), doing a linescan spanning the width of the cell, going from the
immune synapse to the cell rear. Profiles were then normalized for cell length.

Analysis of immunofluorescence of acetylated tubulin

This was performed using custom Fiji macros. 3D masks were obtained using the phalloidin staining,
and the integrated fluorescence intensity in the mask was computed for a-tubulin and acetylated
o-tubulin.
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Analysis of cell migration experiments

This was performed using manual tracking in TrackMate (Tinevez et al., 2017), tracking only cells in
contact with one droplet, and stopping the track before cell division when this occurred. Trajectories
were then analyzed on R using the trajr package (McLean et al., 2018). To compute the confinement
ratio and the mean directional change rate, only trajectories of migrating cells (distance between
initial and final position >20 um) were considered, starting the trajectory at the beginning of migration
(distance between two consecutive images >6pm, the radius of the cell), and for the 30 following
frames, corresponding to a 2hr movie.

Data availability

All data generated or analyzed during this study are included in the source data files and supporting
files. Custom image analysis scripts are available online at https://github.com/Pierobonlab/Paper-
Pineau2022, (Pineau, 2022, copy archived at swh:1:rev:85d6b03e630656509de21146c6b1992
58de70659). The following source codes from the GitHub repository were used to analyze the images:

Antigen_recruitment Fiji macros to quantify antigen recruitment. Masks can be generated from
the fluorescent or the transmission channel (less resolved).

ActinLive_Analysis Fiji macros to obtain masks of the cell and the droplet, count the number of
actin maxima and their distance to the immune synapse, cell shape characteristics and measure
the actin enrichment within 2 um of the immune synapse. Cell shape analysis code was also used
to quantify nuclear shape.

Cell_Nuc_Mtoc Fiji macros to segment droplet, nucleus, cells, and MTOC, and find the distances
of the organelles from the droplet, and the orientation of the centrosome.

Synapse_Linescan Fiji macros to analyze actin profile at the synapse from 3D images (possibly
OMX 3D SIM).

DAGReporter_Analysis Fiji macros to obtain masks of the cell and the droplet and measure the
enrichment of DAG reporter within 1 pm of the immune synapse.

Lyso_Drop Icy Bioimage analysis protocol to measure the lysosome-droplet distance.
Golgi_Drop Icy Bioimage analysis protocol to measure the Golgi apparatus—droplet distance.
GEFH1_Analysis Fiji macros to quantify enrichment of GEF-H1 at the immune synapse on one
plane, within 1 pm of the droplet, on immunofluorescence images.

EXOC7_Analysis Fiji macros to quantify enrichment of EXOC7 at the immune synapse on six
planes, within 1pm of the droplet, on immunofluorescence images.

Acety|Tub_Analysis Fiji macros to generate a mask of the cell and the droplet from IF of micro-
tubules and compute the ratio between acetylated and total a-tubulin.
ActinPolarityLinescan_Analysis Fiji macros to generate a mask of the cell and the droplet on
immunofluorescence images, and do a linescan of F-actin intensity along the cell polarity axis
on six planes.

Nuclear_Shape Fiji macro to prepare the image to be analyzed with the MATLAB codes (see
Readme.txt) to obtain the orientation of the nucleus based on the position of its indentation.

Acknowledgements

The authors thank H Moreau and A Yatim for their help in setting up the migration experiment, M
Bolger-Munro for critical reading, H Moreau, J Delon, M Théry, J Husson, and C Hivroz for fruitful
discussions, and acknowledge the Nikon Imaging Center and CNRS-Institut Curie, the PICT-IBiSA,
Institut Curie, Paris, member of the France-Biolmaging national research infrastructure, and the Cell
and Tissue Imaging Platform-PICT-IBiSA (member of France-Bioimaging ANR-10-INBS-04) of the
Genetics and Developmental Biology Department (UMR3215/U934) of Institut Curie (supported by
the European Research Council [ERC EPIGENETIX N°250367]) for support in image acquisition, as
well as the Recombinant Antibody Platform (TAb-IP) of Institut Curie. This work benefited from the
technical contribution of the Institut Pierre-Gilles de Gennes joint service unit CNRS UAR 3750. The
authors would like to thank the engineers of this unit for their advice during the development of the
microfluidic setup. PP and AMLD were supported by CNRS and INSERM, respectively. JP was funded
by the Ecole Doctorale FIRE-Programme Bettencourt, Université de Paris and by funding from the
Agence Nationale de la Recherche (ANR-21-CE30-0062-01 IMPerlS) and LP was funded by the IPV

Pineau et al. eLife 2022;11:€78330. DOI: https://doi.org/10.7554/eLife.78330 26 of 30


https://doi.org/10.7554/eLife.78330
https://github.com/PierobonLab/Paper-Pineau2022
https://github.com/PierobonLab/Paper-Pineau2022
https://archive.softwareheritage.org/swh:1:dir:7261a82ec46b122523d4c3d28a426cb61aaef253;origin=https://github.com/PierobonLab/Paper-Pineau2022;visit=swh:1:snp:5c931c39970ce1ef17268fa5d8d19a2e994f71fb;anchor=swh:1:rev:85d6b03e630656509de21146c6b199258de70659
https://archive.softwareheritage.org/swh:1:dir:7261a82ec46b122523d4c3d28a426cb61aaef253;origin=https://github.com/PierobonLab/Paper-Pineau2022;visit=swh:1:snp:5c931c39970ce1ef17268fa5d8d19a2e994f71fb;anchor=swh:1:rev:85d6b03e630656509de21146c6b199258de70659

e Llfe Research article

Cell Biology | Immunology and Inflammation

scholarship program (Sorbonne Université). PP, AMLD, and JP acknowledge funding from the Agence
Nationale de la Recherche (ANR-10-IDEX-0001-02 PSL*) and JF acknowledges funding from the
Agence Nationale de la Recherche (ANR Jeune Chercheur PHAGODROP, ANR-15-CE18-0014-01).

Additional information

Funding

Funder Grant reference number Author

Agence Nationale de la ANR-15- CE18-0014-01 Jacques Fattaccioli
Recherche

Agence Nationale de la ANR-21-CE30-0062-01 Judith Pineau
Recherche IMPerlS

Agence Nationale de la ANR-10-IDEX-0001-02 PSL* Judith Pineau
Recherche

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Judith Pineau, Conceptualization, Resources, Data curation, Software, Formal analysis, Funding acqui-
sition, Investigation, Visualization, Methodology, Writing — original draft, Writing - review and editing;
Léa Pinon, Resources, Methodology; Olivier Mesdjian, Resources, Validation, Methodology; Jacques
Fattaccioli, Funding acquisition, Validation, Methodology; Ana-Maria Lennon Duménil, Conceptu-
alization, Supervision, Funding acquisition, Writing — original draft, Project administration, Writing
- review and editing; Paolo Pierobon, Conceptualization, Data curation, Software, Formal analysis,
Supervision, Validation, Investigation, Writing — original draft, Project administration, Writing — review
and editing

Author ORCIDs
Judith Pineau  http://orcid.org/0000-0003-0665-1210
Paolo Pierobon  http://orcid.org/0000-0002-3014-0181

Decision letter and Author response
Decision letter https://doi.org/10.7554/¢elife.78330.sa
Author response https://doi.org/10.7554/¢elife.78330.sa2

Additional files

Supplementary files
e MDAR checklist

Data availability

All data generated or analyzed during this study are included in the manuscript source data files and
supporting files. Custom image analysis scripts are available online at https://github.com/PierobonlLab/
Paper-Pineau2022, (copy archived at swh:1:rev:85d6b03e630656509de21146c6b199258de70659).

References

Amano M, Chihara K, Kimura K, Fukata Y, Nakamura N, Matsuura Y, Kaibuchi K. 1997. Formation of actin stress
fibers and focal adhesions enhanced by Rho-kinase. Science 275:1308-1311. DOI: https://doi.org/10.1126/
science.275.5304.1308, PMID: 9036856

Batista FD, Dustin ML. 2013. Cell: cell interactions in the immune system. Immunological Reviews 251:7-12.
DOI: https://doi.org/10.1111/imr.12025, PMID: 23278736

Ben M’Barek K, Molino D, Quignard S, Plamont M-A, Chen Y, Chavrier P, Fattaccioli J. 2015. Phagocytosis of
immunoglobulin-coated emulsion droplets. Biomaterials 51:270-277. DOI: https://doi.org/10.1016/].
biomaterials.2015.02.030, PMID: 25771017

Pineau et al. eLife 2022;11:€78330. DOI: https://doi.org/10.7554/eLife.78330 27 of 30


https://doi.org/10.7554/eLife.78330
http://orcid.org/0000-0003-0665-1210
http://orcid.org/0000-0002-3014-0181
https://doi.org/10.7554/eLife.78330.sa1
https://doi.org/10.7554/eLife.78330.sa2
https://github.com/PierobonLab/Paper-Pineau2022
https://github.com/PierobonLab/Paper-Pineau2022
https://archive.softwareheritage.org/swh:1:dir:7261a82ec46b122523d4c3d28a426cb61aaef253;origin=https://github.com/PierobonLab/Paper-Pineau2022;visit=swh:1:snp:5c931c39970ce1ef17268fa5d8d19a2e994f71fb;anchor=swh:1:rev:85d6b03e630656509de21146c6b199258de70659
https://doi.org/10.1126/science.275.5304.1308
https://doi.org/10.1126/science.275.5304.1308
http://www.ncbi.nlm.nih.gov/pubmed/9036856
https://doi.org/10.1111/imr.12025
http://www.ncbi.nlm.nih.gov/pubmed/23278736
https://doi.org/10.1016/j.biomaterials.2015.02.030
https://doi.org/10.1016/j.biomaterials.2015.02.030
http://www.ncbi.nlm.nih.gov/pubmed/25771017

e Llfe Research article

Cell Biology | Immunology and Inflammation

Bodas M, Mazur S, Min T, Vij N. 2018. Inhibition of histone-deacetylase activity rescues inflammatory cystic
fibrosis lung disease by modulating innate and adaptive immune responses. Respiratory Research 19:1-12.
DOI: https://doi.org/10.1186/s12931-017-0705-8, PMID: 29301535

Bolger-Munro M, Choi K, Scurll JM, Abraham L, Chappell RS, Sheen D, Dang-Lawson M, Wu X, Priatel JJ,
Coombs D, Hammer JA, Gold MR. 2019. Arp2/3 complex-driven spatial patterning of the BCR enhances
immune synapse formation, BCR signaling and B cell activation. eLife 8:e44574. DOI: https://doi.org/10.7554/
elife.44574, PMID: 31157616

Botelho RJ, Teruel M, Dierckman R, Anderson R, Wells A, York JD, Meyer T, Grinstein S. 2000. Localized biphasic
changes in phosphatidylinositol-4,5-bisphosphate at sites of phagocytosis. The Journal of Cell Biology
151:1353-1368. DOI: https://doi.org/10.1083/jcb.151.7.1353, PMID: 11134066

Bourouina N, Husson J, Waharte F, Pansu RB, Henry N. 2011. Formation of specific receptor-ligand bonds
between liquid interfaces. Soft Matter 7:9130. DOI: https://doi.org/10.1039/c1sm05659j

Bretou M, Séez PJ, Sanséau D, Maurin M, Lankar D, Chabaud M, Spampanato C, Malbec O, Barbier L,

Muallem S, Maiuri P, Ballabio A, Helft J, Piel M, Vargas P, Lennon-Duménil AM. 2017. Lysosome signaling
controls the migration of dendritic cells. Science Immunology 2:16. DOI: https://doi.org/10.1126/sciimmunol.
aak9573, PMID: 29079589

Carrasco YR, Batista FD. 2007. B cells acquire particulate antigen in a macrophage-rich area at the boundary
between the follicle and the subcapsular sinus of the lymph node. Immunity 27:160-171. DOI: https://doi.org/
10.1016/j.immuni.2007.06.007, PMID: 17658276

Chabin-Brion K, Marceiller J, Perez F, Settegrana C, Drechou A, Durand G, Pols C. 2001. The Golgi complex is a
microtubule-organizing organelle. Molecular Biology of the Cell 12:2047-2060. DOI: https://doi.org/10.1091/
mbc.12.7.2047, PMID: 11452002

Chang YC, Nalbant P, Birkenfeld J, Chang ZF, Bokoch GM. 2008. Gef-H1 couples nocodazole-induced
microtubule disassembly to cell contractility via RhoA. Molecular Biology of the Cell 19:2147-2153. DOI:
https://doi.org/10.1091/mbc.E07-12-1269, PMID: 18287519

de Chaumont F, Dallongeville S, Chenouard N, Hervé N, Pop S, Provoost T, Meas-Yedid V, Pankajakshan P,
Lecomte T, Le Montagner Y, Lagache T, Dufour A, Olivo-Marin J-C. 2012. Icy: an open bioimage informatics
platform for extended reproducible research. Nature Methods 9:690-696. DOI: https://doi.org/10.1038/nmeth.
2075, PMID: 22743774

Devreotes P, Janetopoulos C. 2003. Eukaryotic chemotaxis: distinctions between directional sensing and
polarization. The Journal of Biological Chemistry 278:20445-20448. DOI: https://doi.org/10.1074/jbc.
R300010200, PMID: 12672811

Dogterom M, Koenderink GH. 2019. Actin-microtubule crosstalk in cell biology. Nature Reviews. Molecular Cell
Biology 20:38-54. DOI: https://doi.org/10.1038/s41580-018-0067-1, PMID: 30323238

Douanne T, Griffiths GM. 2021. Cytoskeletal control of the secretory immune synapse. Current Opinion in Cell
Biology 71:87-94. DOI: https://doi.org/10.1016/j.ceb.2021.02.008, PMID: 33711784

Dustin ML, Ferguson LM, Chan PY, Springer TA, Golan DE. 1996. Visualization of CD2 interaction with LFA-3 and
determination of the two-dimensional dissociation constant for adhesion receptors in a contact area. The
Journal of Cell Biology 132:465-474. DOI: https://doi.org/10.1083/jcb.132.3.465, PMID: 8636222

Fleire SJ, Goldman JP, Carrasco YR, Weber M, Bray D, Batista FD. 2006. B cell ligand discrimination through a
spreading and contraction response. Science 312:738-741. DOI: https://doi.org/10.1126/science. 1123940,
PMID: 16675699

Gawden-Bone CM, Frazer GL, Richard AC, Ma CY, Strege K, Griffiths GM. 2018. PIP5 kinases regulate
membrane phosphoinositide and actin composition for targeted granule secretion by cytotoxic lymphocytes.
Immunity 49:427-437.. DOI: https://doi.org/10.1016/j.immuni.2018.08.017, PMID: 30217409

Griffiths GM, Tsun A, Stinchcombe JC. 2010. The immunological synapse: a focal point for endocytosis and
exocytosis. The Journal of Cell Biology 189:399-406. DOI: https://doi.org/10.1083/jcb.201002027, PMID:
20439993

Gubieda AG, Packer JR, Squires |, Martin J, Rodriguez J. 2020. Going with the flow: insights from Caenorhabditis
elegans zygote polarization. Philosophical Transactions of the Royal Society of London. Series B, Biological
Sciences 375:1809. DOI: https://doi.org/10.1098/rstb.2019.0555, PMID: 32829680

Hohmann T, Dehghani F. 2019. The cytoskeleton-A complex interacting meshwork. Cells 8:E362. DOI: https://
doi.org/10.3390/cells8040362, PMID: 31003495

Hooikaas PJ, Damstra HG, Gros OJ, van Riel WE, Martin M, Smits YT, van Loosdregt J, Kapitein LC, Berger F,
Akhmanova A. 2020. Kinesin-4 KIF21B limits microtubule growth to allow rapid centrosome polarization in T
cells. eLife 9:€62876. DOI: https://doi.org/10.7554/elife.62876, PMID: 33346730

Hubbert C, Guardiola A, Shao R, Kawaguchi Y, Ito A, Nixon A, Yoshida M, Wang XF, Yao TP. 2002. Hdacé is a
microtubule-associated deacetylase. Nature 417:455-458. DOI: https://doi.org/10.1038/417455a, PMID:
12024216

Janetopoulos C, Ma L, Devreotes PN, Iglesias PA. 2004. Chemoattractant-Induced phosphatidylinositol
3,4,5-trisphosphate accumulation is spatially amplified and adapts, independent of the actin cytoskeleton.
PNAS 101:8951-8956. DOI: https://doi.org/10.1073/pnas.0402152101, PMID: 15184679

Junt T, Moseman EA, lannacone M, Massberg S, Lang PA, Boes M, Fink K, Henrickson SE, Shayakhmetov DM,
Di Paolo NC, van Rooijen N, Mempel TR, Whelan SP, von Andrian UH. 2007. Subcapsular sinus macrophages in
lymph nodes clear lymph-borne viruses and present them to antiviral B cells. Nature 450:110-114. DOI: https://
doi.org/10.1038/nature06287, PMID: 17934446

Pineau et al. eLife 2022;11:€78330. DOI: https://doi.org/10.7554/eLife.78330 28 of 30


https://doi.org/10.7554/eLife.78330
https://doi.org/10.1186/s12931-017-0705-8
http://www.ncbi.nlm.nih.gov/pubmed/29301535
https://doi.org/10.7554/eLife.44574
https://doi.org/10.7554/eLife.44574
http://www.ncbi.nlm.nih.gov/pubmed/31157616
https://doi.org/10.1083/jcb.151.7.1353
http://www.ncbi.nlm.nih.gov/pubmed/11134066
https://doi.org/10.1039/c1sm05659j
https://doi.org/10.1126/sciimmunol.aak9573
https://doi.org/10.1126/sciimmunol.aak9573
http://www.ncbi.nlm.nih.gov/pubmed/29079589
https://doi.org/10.1016/j.immuni.2007.06.007
https://doi.org/10.1016/j.immuni.2007.06.007
http://www.ncbi.nlm.nih.gov/pubmed/17658276
https://doi.org/10.1091/mbc.12.7.2047
https://doi.org/10.1091/mbc.12.7.2047
http://www.ncbi.nlm.nih.gov/pubmed/11452002
https://doi.org/10.1091/mbc.E07-12-1269
http://www.ncbi.nlm.nih.gov/pubmed/18287519
https://doi.org/10.1038/nmeth.2075
https://doi.org/10.1038/nmeth.2075
http://www.ncbi.nlm.nih.gov/pubmed/22743774
https://doi.org/10.1074/jbc.R300010200
https://doi.org/10.1074/jbc.R300010200
http://www.ncbi.nlm.nih.gov/pubmed/12672811
https://doi.org/10.1038/s41580-018-0067-1
http://www.ncbi.nlm.nih.gov/pubmed/30323238
https://doi.org/10.1016/j.ceb.2021.02.008
http://www.ncbi.nlm.nih.gov/pubmed/33711784
https://doi.org/10.1083/jcb.132.3.465
http://www.ncbi.nlm.nih.gov/pubmed/8636222
https://doi.org/10.1126/science.1123940
http://www.ncbi.nlm.nih.gov/pubmed/16675699
https://doi.org/10.1016/j.immuni.2018.08.017
http://www.ncbi.nlm.nih.gov/pubmed/30217409
https://doi.org/10.1083/jcb.201002027
http://www.ncbi.nlm.nih.gov/pubmed/20439993
https://doi.org/10.1098/rstb.2019.0555
http://www.ncbi.nlm.nih.gov/pubmed/32829680
https://doi.org/10.3390/cells8040362
https://doi.org/10.3390/cells8040362
http://www.ncbi.nlm.nih.gov/pubmed/31003495
https://doi.org/10.7554/eLife.62876
http://www.ncbi.nlm.nih.gov/pubmed/33346730
https://doi.org/10.1038/417455a
http://www.ncbi.nlm.nih.gov/pubmed/12024216
https://doi.org/10.1073/pnas.0402152101
http://www.ncbi.nlm.nih.gov/pubmed/15184679
https://doi.org/10.1038/nature06287
https://doi.org/10.1038/nature06287
http://www.ncbi.nlm.nih.gov/pubmed/17934446

e Llfe Research article

Cell Biology | Immunology and Inflammation

Kumari A, Pineau J, Sdez PJ, Maurin M, Lankar D, San Roman M, Hennig K, Boura VF, Voituriez R, Karlsson MCl,
Balland M, Lennon Dumenil A-M, Pierobon P. 2019. Actomyosin-driven force patterning controls endocytosis at
the immune synapse. Nature Communications 10:2870. DOI: https://doi.org/10.1038/s41467-019-10751-7,
PMID: 31253773

Licciardi PV, Karagiannis TC. 2012. Regulation of immune responses by histone deacetylase inhibitors. ISRN
Hematology 2012:1-10. DOI: https://doi.org/10.5402/2012/690901, PMID: 22461998

Maiuri P, Rupprecht J-F, Wieser S, Ruprecht V, Bénichou O, Carpi N, Coppey M, De Beco S, Gov N,

Heisenberg C-P, Lage Crespo C, Lautenschlaeger F, Le Berre M, Lennon-Dumenil A-M, Raab M, Thiam H-R,
Piel M, Sixt M, Voituriez R. 2015. Actin flows mediate a universal coupling between cell speed and cell
persistence. Cell 161:374-386. DOI: https://doi.org/10.1016/j.cell.2015.01.056, PMID: 25799384

Mason TG, Bibette J. 1996. Emulsification in viscoelastic media. Physical Review Letters 77:3481-3484. DOI:
https://doi.org/10.1103/PhysRevLett.77.3481, PMID: 10062231

McLean DJ, Skowron Volponi MA, Tregenza T. 2018. Trajr: an R package for characterisation of animal
trajectories. Ethology: Formerly Zeitschrift Fur Tierpsychologie 124:440-448. DOI: https://doi.org/10.1111/eth.
12739

Mesdjian O, Ruyssen N, Jullien MC, Allena R, Fattaccioli J. 2021. Enhancing the capture efficiency and
homogeneity of single-layer flow-through trapping microfluidic devices using oblique hydrodynamic streams.
Microfluidics and Nanofluidics 25:1-10. DOI: https://doi.org/10.1007/s10404-021-02492-1

Molino D, Quignard S, Gruget C, Pincet F, Chen Y, Piel M, Fattaccioli J. 2016. On-Chip quantitative measurement
of mechanical stresses during cell migration with emulsion droplets. Scientific Reports 6:29113. DOI: https://
doi.org/10.1038/srep29113, PMID: 27373558

Monks CRF, Freiberg BA, Kupfer H, Sciaky N, Kupfer A. 1998. Three-Dimensional segregation of supramolecular
activation clusters in T cells. Nature 395:82-86. DOI: https://doi.org/10.1038/25764, PMID: 9738502

Natkanski E, Lee W-Y, Mistry B, Casal A, Molloy JE, Tolar P. 2013. B cells use mechanical energy to
discriminate antigen affinities. Science 340:1587-1590. DOI: https://doi.org/10.1126/science.1237572,
PMID: 23686338

Nijhuis L, Peeters JGC, Vastert SJ, van Loosdregt J. 2019. Restoring T cell tolerance, exploring the potential of
histone deacetylase inhibitors for the treatment of juvenile idiopathic arthritis. Frontiers in Inmunology
10:1-14. DOI: https://doi.org/10.3389/fimmu.2019.00151, PMID: 30792714

Nobes CD, Hall A. 1999. Rho GTPases control polarity, protrusion, and adhesion during cell movement. The
Journal of Cell Biology 144:1235-1244. DOI: https://doi.org/10.1083/jcb.144.6.1235, PMID: 10087266

Obino D, Farina F, Malbec O, Saez PJ, Maurin M, Gaillard J, Dingli F, Loew D, Gautreau A, Yuseff MI, Blanchoin L,
Théry M, Lennon-Duménil AM. 2016. Actin nucleation at the centrosome controls lymphocyte polarity. Nature
Communications 7:10969. DOI: https://doi.org/10.1038/ncomms10969, PMID: 26987298

Pape KA, Catron DM, Itano AA, Jenkins MK. 2007. The humoral immune response is initiated in lymph nodes by
B cells that acquire soluble antigen directly in the follicles. Immunity 26:491-502. DOI: https://doi.org/10.1016/
j-immuni.2007.02.011, PMID: 17379546

Parent CA, Devreotes PN. 1999. A cell ' S sense of direction. Science 284:765-770. DOI: https://doi.org/10.
1126/science.284.5415.765, PMID: 10221901

Pineau J. 2022. Paper-pineau2022. swh:1:rev:85d6b03e630656509de21146c6b199258de70659. Software
Heritage. https://archive.softwareheritage.org/swh:1:dir:7261a82ec46b122523d4c3d28a426cb61aaef253;
origin=https://github.com/PierobonlLab/Paper-Pineau2022;visit=swh:1:snp:5c931c39970ce1ef17268fa5d8d1
9a2e994f7 1fb;anchor=swh:1:rev:85d6b03e630656509de21146c6b199258de70659

Pinon L, Montel L, Mesdjian O, Bernard M, Michel A, Ménager C, Fattaccioli J. 2018. Kinetically enhanced
fabrication of homogeneous biomimetic and functional emulsion droplets. Langmuir 34:15319-15326. DOI:
https://doi.org/10.1021/acs.langmuir.802721, PMID: 30507132

Potter TA, Grebe K, Freiberg B, Kupfer A. 2001. Formation of supramolecular activation clusters on fresh ex vivo
CD8+ T cells after engagement of the T cell antigen receptor and CD8 by antigen-presenting cells. PNAS
98:12624-12629. DOI: https://doi.org/10.1073/pnas.221458898, PMID: 11606747

Powell KC, Damitz R, Chauhan A. 2017. Relating emulsion stability to interfacial properties for pharmaceutical
emulsions stabilized by Pluronic F68 surfactant. International Journal of Pharmaceutics 521:8-18. DOI: https://
doi.org/10.1016/j.ijpharm.2017.01.058, PMID: 28192158

Riedl J, Crevenna AH, Kessenbrock K, Yu JH, Neukirchen D, Bista M, Bradke F, Jenne D, Holak TA, Werb Z,

Sixt M, Wedlich-Soldner R. 2008. Lifeact: a versatile marker to visualize F-actin. Nature Methods 5:605-607.
DOI: https://doi.org/10.1038/nmeth.1220, PMID: 18536722

RStudio T. 2020. RStudio: integrated development environment for R. RStudio.

Saez JJ, Diaz J, Ibafez J, Bozo JP, Cabrera Reyes F, Alamo M, Gobert F-X, Obino D, Bono MR,

Lennon-Duménil A-M, Yeaman C, Yuseff M-I. 2019. The exocyst controls lysosome secretion and antigen
extraction at the immune synapse of B cells. Journal of Cell Biology 218:2247-2264. DOI: https://doi.org/10.
1083/jcb.201811131

Sawa H. 2012. Control of cell polarity and asymmetric division in C. elegans. Current Topics in Developmental
Biology 101:55-76. DOI: https://doi.org/10.1016/B978-0-12-394592-1.00003-X, PMID: 23140625

Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch T, Preibisch S, Rueden C, Saalfeld S,
Schmid B, Tinevez JY, White DJ, Hartenstein V, Eliceiri K, Tomancak P, Cardona A. 2012. Fiji: an open-source
platform for biological-image analysis. Nature Methods 9:676-682. DOI: https://doi.org/10.1038/nmeth.2019,
PMID: 22743772

Pineau et al. eLife 2022;11:€78330. DOI: https://doi.org/10.7554/eLife.78330 29 of 30


https://doi.org/10.7554/eLife.78330
https://doi.org/10.1038/s41467-019-10751-7
http://www.ncbi.nlm.nih.gov/pubmed/31253773
https://doi.org/10.5402/2012/690901
http://www.ncbi.nlm.nih.gov/pubmed/22461998
https://doi.org/10.1016/j.cell.2015.01.056
http://www.ncbi.nlm.nih.gov/pubmed/25799384
https://doi.org/10.1103/PhysRevLett.77.3481
http://www.ncbi.nlm.nih.gov/pubmed/10062231
https://doi.org/10.1111/eth.12739
https://doi.org/10.1111/eth.12739
https://doi.org/10.1007/s10404-021-02492-1
https://doi.org/10.1038/srep29113
https://doi.org/10.1038/srep29113
http://www.ncbi.nlm.nih.gov/pubmed/27373558
https://doi.org/10.1038/25764
http://www.ncbi.nlm.nih.gov/pubmed/9738502
https://doi.org/10.1126/science.1237572
http://www.ncbi.nlm.nih.gov/pubmed/23686338
https://doi.org/10.3389/fimmu.2019.00151
http://www.ncbi.nlm.nih.gov/pubmed/30792714
https://doi.org/10.1083/jcb.144.6.1235
http://www.ncbi.nlm.nih.gov/pubmed/10087266
https://doi.org/10.1038/ncomms10969
http://www.ncbi.nlm.nih.gov/pubmed/26987298
https://doi.org/10.1016/j.immuni.2007.02.011
https://doi.org/10.1016/j.immuni.2007.02.011
http://www.ncbi.nlm.nih.gov/pubmed/17379546
https://doi.org/10.1126/science.284.5415.765
https://doi.org/10.1126/science.284.5415.765
http://www.ncbi.nlm.nih.gov/pubmed/10221901
https://archive.softwareheritage.org/swh:1:dir:7261a82ec46b122523d4c3d28a426cb61aaef253;origin=https://github.com/PierobonLab/Paper-Pineau2022;visit=swh:1:snp:5c931c39970ce1ef17268fa5d8d19a2e994f71fb;anchor=swh:1:rev:85d6b03e630656509de21146c6b199258de70659
https://archive.softwareheritage.org/swh:1:dir:7261a82ec46b122523d4c3d28a426cb61aaef253;origin=https://github.com/PierobonLab/Paper-Pineau2022;visit=swh:1:snp:5c931c39970ce1ef17268fa5d8d19a2e994f71fb;anchor=swh:1:rev:85d6b03e630656509de21146c6b199258de70659
https://archive.softwareheritage.org/swh:1:dir:7261a82ec46b122523d4c3d28a426cb61aaef253;origin=https://github.com/PierobonLab/Paper-Pineau2022;visit=swh:1:snp:5c931c39970ce1ef17268fa5d8d19a2e994f71fb;anchor=swh:1:rev:85d6b03e630656509de21146c6b199258de70659
https://doi.org/10.1021/acs.langmuir.8b02721
http://www.ncbi.nlm.nih.gov/pubmed/30507132
https://doi.org/10.1073/pnas.221458898
http://www.ncbi.nlm.nih.gov/pubmed/11606747
https://doi.org/10.1016/j.ijpharm.2017.01.058
https://doi.org/10.1016/j.ijpharm.2017.01.058
http://www.ncbi.nlm.nih.gov/pubmed/28192158
https://doi.org/10.1038/nmeth.1220
http://www.ncbi.nlm.nih.gov/pubmed/18536722
https://doi.org/10.1083/jcb.201811131
https://doi.org/10.1083/jcb.201811131
https://doi.org/10.1016/B978-0-12-394592-1.00003-X
http://www.ncbi.nlm.nih.gov/pubmed/23140625
https://doi.org/10.1038/nmeth.2019
http://www.ncbi.nlm.nih.gov/pubmed/22743772

e Llfe Research article

Cell Biology | Immunology and Inflammation

Seetharaman S, Vianay B, Roca V, Farrugia AJ, De Pascalis C, Boéda B, Dingli F, Loew D, Vassilopoulos S,
Bershadsky A, Théry M, Etienne-Manneville S. 2021. Microtubules tune mechanosensitive cell responses.
Nature Materials 21:366-377. DOI: https://doi.org/10.1038/s41563-021-01108-x, PMID: 34663953

Spillane KM, Tolar P. 2016. B cell antigen extraction is regulated by physical properties of antigen-presenting
cells. The Journal of Cell Biology 216:217-230. DOI: https://doi.org/10.1083/jcb.201607064, PMID: 27923880

Spillane KM, Tolar P. 2018. Mechanics of antigen extraction in the B cell synapse. Molecular Immunology
101:319-328. DOI: https://doi.org/10.1016/j.molimm.2018.07.018, PMID: 30036798

Sterling SM, Dawes R, Allgeyer ES, Ashworth SL, Neivandt DJ. 2015. Comparison of [ corrected ] actin- and
glass-supported phospholipid bilayer diffusion coefficients. Biophysical Journal 108:1946-1953. DOI: https://
doi.org/10.1016/j.bpj.2015.02.033, PMID: 25902434

Subauste MC, Von Herrath M, Benard V, Chamberlain CE, Chuang TH, Chu K, Bokoch GM, Hahn KM. 2000. Rho
family proteins modulate rapid apoptosis induced by cytotoxic T lymphocytes and Fas. The Journal of
Biological Chemistry 275:9725-9733. DOI: https://doi.org/10.1074/jbc.275.13.9725, PMID: 10734125

Thaunat O, Granja AG, Barral P, Filoy A, Montaner B, Collinson L, Martinez-Martin N, Harwood NE,

Bruckbauer A, Batista FD. 2012. Asymmetric segregation of polarized antigen on B cell division shapes
presentation capacity. Science 335:475-479. DOI: https://doi.org/10.1126/science. 1214100, PMID: 22282815

Tinevez JY, Perry N, Schindelin J, Hoopes GM, Reynolds GD, Laplantine E, Bednarek SY, Shorte SL, Eliceiri KW.
2017. TrackMate: an open and extensible platform for single-particle tracking. Methods 115:80-90. DOI:
https://doi.org/10.1016/j.ymeth.2016.09.016, PMID: 27713081

Torralba D, Martin-Céfreces NB, Sanchez-Madrid F. 2019. Mechanisms of polarized cell-cell communication of T
lymphocytes. Immunology Letters 209:11-20. DOI: https://doi.org/10.1016/}.imlet.2019.03.009, PMID:
30954509

Treanor B, Depoil D, Gonzalez-Granja A, Barral P, Weber M, Dushek O, Bruckbauer A, Batista FD. 2010. The
membrane skeleton controls diffusion dynamics and signaling through the B cell receptor. Immunity 32:187-
199. DOI: https://doi.org/10.1016/j.immuni.2009.12.005, PMID: 20171124

Treanor B, Depoil D, Bruckbauer A, Batista FD. 2011. Dynamic cortical actin remodeling by ERM proteins
controls BCR microcluster organization and integrity. The Journal of Experimental Medicine 208:1055-1068.
DOI: https://doi.org/10.1084/jem.20101125, PMID: 21482698

Tukey JW. 1977. Exploratory Data Analysis. Addison-Wesley.

Ulloa R, Corrales O, Cabrera-Reyes F, Jara-Wilde J, Saez JJ, Rivas C, Lagos J, Hartel S, Quiroga C, Yuseff M,
Diaz-Mufoz J. 2022. B cells adapt their nuclear morphology to organize the immune synapse and facilitate
antigen extraction. Frontiers in Immunology 12:801164. DOI: https://doi.org/10.3389/fimmu.2021.801164,
PMID: 35222354

Watanabe N, Madaule P, Reid T, Ishizaki T, Watanabe G, Kakizuka A, Saito Y, Nakao K, Jockusch BM, Narumiya S.
1997. P140mDia, a mammalian homolog of Drosophila diaphanous, is a target protein for Rho small GTPase
and is a ligand for profilin. The EMBO Journal 16:3044-3056. DOI: https://doi.org/10.1093/emboj/16.11.3044,
PMID: 9214622

Yi J, Wu X, Chung AH, Chen JK, Kapoor TM, Hammer JA. 2013. Centrosome repositioning in T cells is biphasic
and driven by microtubule end-on capture-shrinkage. The Journal of Cell Biology 202:779-792. DOI: https://
doi.org/10.1083/jcb.201301004, PMID: 23979719

Yuseff MI, Reversat A, Lankar D, Diaz J, Fanget |, Pierobon P, Randrian V, Larochette N, Vascotto F, Desdouets C,
Jauffred B, Bellaiche Y, Gasman S, Darchen F, Desnos C, Lennon-Duménil AM. 2011. Polarized secretion of
lysosomes at the B cell synapse couples antigen extraction to processing and presentation. Immunity 35:361-
374. DOI: https://doi.org/10.1016/j.immuni.2011.07.008, PMID: 21820334

Zhang Y, Li N, Caron C, Matthias G, Hess D, Khochbin S, Matthias P. 2003. HDAC-6 interacts with and
deacetylates tubulin and microtubules in vivo. The EMBO Journal 22:1168-1179. DOI: https://doi.org/10.1093/
emboj/cdg115, PMID: 12606581

Zhu DM, Dustin ML, Cairo CW, Golan DE. 2007. Analysis of two-dimensional dissociation constant of laterally
mobile cell adhesion molecules. Biophysical Journal 92:1022-1034. DOI: https://doi.org/10.1529/biophysj.106.
089649, PMID: 17085486

Pineau et al. eLife 2022;11:€78330. DOI: https://doi.org/10.7554/eLife.78330 30 of 30


https://doi.org/10.7554/eLife.78330
https://doi.org/10.1038/s41563-021-01108-x
http://www.ncbi.nlm.nih.gov/pubmed/34663953
https://doi.org/10.1083/jcb.201607064
http://www.ncbi.nlm.nih.gov/pubmed/27923880
https://doi.org/10.1016/j.molimm.2018.07.018
http://www.ncbi.nlm.nih.gov/pubmed/30036798
https://doi.org/10.1016/j.bpj.2015.02.033
https://doi.org/10.1016/j.bpj.2015.02.033
http://www.ncbi.nlm.nih.gov/pubmed/25902434
https://doi.org/10.1074/jbc.275.13.9725
http://www.ncbi.nlm.nih.gov/pubmed/10734125
https://doi.org/10.1126/science.1214100
http://www.ncbi.nlm.nih.gov/pubmed/22282815
https://doi.org/10.1016/j.ymeth.2016.09.016
http://www.ncbi.nlm.nih.gov/pubmed/27713081
https://doi.org/10.1016/j.imlet.2019.03.009
http://www.ncbi.nlm.nih.gov/pubmed/30954509
https://doi.org/10.1016/j.immuni.2009.12.005
http://www.ncbi.nlm.nih.gov/pubmed/20171124
https://doi.org/10.1084/jem.20101125
http://www.ncbi.nlm.nih.gov/pubmed/21482698
https://doi.org/10.3389/fimmu.2021.801164
http://www.ncbi.nlm.nih.gov/pubmed/35222354
https://doi.org/10.1093/emboj/16.11.3044
http://www.ncbi.nlm.nih.gov/pubmed/9214622
https://doi.org/10.1083/jcb.201301004
https://doi.org/10.1083/jcb.201301004
http://www.ncbi.nlm.nih.gov/pubmed/23979719
https://doi.org/10.1016/j.immuni.2011.07.008
http://www.ncbi.nlm.nih.gov/pubmed/21820334
https://doi.org/10.1093/emboj/cdg115
https://doi.org/10.1093/emboj/cdg115
http://www.ncbi.nlm.nih.gov/pubmed/12606581
https://doi.org/10.1529/biophysj.106.089649
https://doi.org/10.1529/biophysj.106.089649
http://www.ncbi.nlm.nih.gov/pubmed/17085486

	Microtubules restrict F-­actin polymerization to the immune synapse via GEF-­H1 to maintain polarity in lymphocytes
	Editor's evaluation
	Introduction
	Results
	A microfluidic system for the systematic study of immune synapse formation
	Defining characteristic timescales of immune synapse formation
	The actin cytoskeleton is needed for early but not late events of synapse formation
	The microtubule cytoskeleton controls both local and global events of synapse formation
	Microtubules restrict actin polymerization to the immune synapse via GEF-H1 and RhoA
	Restriction of actin nucleation by microtubules promotes the formation of a unique immune synapse

	Discussion
	Materials and methods
	Cells and cell culture
	Antibodies and reagents
	For droplet preparation fabrication and functionalization
	For microfluidic chips
	Dyes and plasmids for live-cell imaging
	For immunofluorescence and Western blot
	Drugs and inhibitors

	Experimental protocols
	Droplet stock formulation
	Oil phase

	Droplet functionalization
	Microfluidic chip fabrication
	Live imaging of IIA1.6 cell polarization in microfluidic chips
	Multiple synapse experiments and imaging
	Migration experiment
	Immunofluorescence with droplets
	Western blot

	Image and statistical analysis
	Analysis of antigen recruitment on the droplet
	Analysis of F-tractin-tdTomato
	Analysis of C1δ-GFP DAG reporter
	Analysis of the centrosome
	Analysis of the Golgi apparatus
	Analysis of the lysosomes
	Analysis of the nucleus and detection of nuclear indentation
	Analysis of actin profiles in OMX images
	Analysis of immunofluorescence of GEF-H1 and EXOC7
	Analysis of immunofluorescence of F-actin polarized distribution
	Analysis of immunofluorescence of acetylated tubulin
	Analysis of cell migration experiments

	Data availability

	Acknowledgements
	Additional information
	﻿Funding
	Author contributions
	Author ORCIDs
	Decision letter and Author response

	Additional files
	Supplementary files

	References


