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“When one tries continuously, one ends up succeeding. Thus, the more one fails, the greater
the chance that it will work.”

Shadok saying, Jacques Rouxel
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Abstract

B lymphocytes initiate the humoral adaptive immune response upon engagement of their
B cell receptor with a cognate antigen. In lymphoid organs, this event mainly involves anti-
gens that are exposed at the surface of neighboring cells. It thus leads to the formation of
an immune synapse, i.e. a zone of tight contact between the two cells types, which facilitates
their communication by orchestrating distinct events of signaling, vesicle trafficking and cy-
toskeleton rearrangements. Immune synapse formation further allows antigen extraction for
later presentation to helper T cells, an essential step for the generation of high-affinity anti-
bodies and immune memory. Antigen extraction occurs through two main pathways: direct
mechanical pulling on the antigen or polarised secretion of protease-containing lysosomes at
the immune synapse, which helps chopping antigens for internalisation. Both pathways are
intimately linked with the cell cytoskeleton, with mechanical extraction relying on actomyosin
contractility and protease secretion requiring the polarised reorganisation of the microtubule
network. How the distinct cellular and molecular events involved in synapse formation are
coordinated to facilitate B lymphocyte activation has not been studied. My PhD work focuses
on the respective roles of the actin and microtubule networks in the formation of the B cell
immune synapse. More specifically, I addressed the following questions:

(1) How are forces and F-actin organised and regulated at the immune synapse? My work helped
showing that mechanical forces that build up at the immune synapse are patterned, with cen-
tripetal tangential forces appearing at the synapse periphery and local 3D forces emerging at
the synapse center. Tangential forces rely on myosin II contractility and are needed for local
3D forces to be built at the synapse center. Noticeably, I found that 3D forces are associated to
invadosome-like actin protrusions, which are responsible for antigen extraction.

(2) How are the molecular and cellular events that operate at different time scales during synapse
formation coordinated in space and time? To address these questions, I built a custom droplet-
based microfluidic system that allowed me to define the characteristic timescales of the main
signaling and trafficking events associated to synapse formation. By doing so I was able to
divide these events in two distinct phases: an early phase that includes reorganisation of the F-
actin cytoskeleton and of antigen receptor signaling at the cell-droplet interface and a late phase
where additional components such as the centrosome, Golgi and lysosomes reach the synapse,
which is also accompanied by nucleus repositioning towards the back of the cell. Remarkably,
I found that this second phase, which is driven by microtubules, occurs independently of the
actin polymerisation. In contrast, microtubule depolymerisation deeply affects the early phase
of synapse formation, with a loss of F-actin polarity, which is now nucleated all around the cell
cortex. My work further shows that this feedback loop relies on the small GTPase RhoA, which
is activated upon GEF-H1 release from microtubules.

We propose that such coordination of early and late events of synapse formation might
contribute to enhance the robustness of antigen extraction by B lymphocytes. First, the inde-
pendency of the late phase on the early one allows proteolytic antigen extraction (microtubule-
dependent) to occur, even in case the mechanical antigen extraction (actin-dependent) fails.
Second, the feedback regulatory loop exerted by microtubules on restricting actin cytoskeleton
polarity might help the cell mechanically extracting antigens at various cell locations in case
proteolytic extraction is compromised.
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Chapter 1

Introduction

1.1 The immune system

Humans, like most organisms, are constantly in contact with billions of pathogens and
foreign bodies through surrounding objects, food, or even air. While some bacteria and
fungi live peacefully with their host, the most well known being the gut microbiota that
participates in food processing, other foreign bodies can be extremely dangerous for
the organism. Humans have evolved to implement various layers of protection against
infection (Figure 1.1).

The first layer is purely mechanical: the epithelium. Any contact with external ele-
ments is made with the protection of the skin or through densely packed epithelial
cells, the mouth and gut epithelia for example. The commensal flora living on these
surfaces are also crucial to avoid opportunistic pathogens populating these territories.
If this first layer fails, because of a defect in the epithelium for example, and cells are
infected, a second layer shields the organism: cell-intrinsic responses. Indeed, if an
infected cell detects that it has ingested a pathogen, it tries to degrade it with lyso-
somes, and degrades foreign DNA by processes that detect cytoplasmic DNA. This
cellular damage triggers tissue repair responses, as well as a local inflammation to call
the third layer: immune responses.

Only then will the specialised immune cells take action, through two types of re-
sponses: the innate and adaptive immune responses. The innate immune response is
a fast, non-specific response that targets anything presenting patterns associated with
foreign antigens. If this does not clear the infection fully and quickly, adaptive immu-
nity processes intervene. This last type of immune response is slower to mount and
can therefore only be activated in later phases, but it allows stronger and pathogen-

specific responses, and keeps memory of previous infections.
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Physical barriers

FIGURE 1.1: Barriers against pathogens. The body has three layers of protection against
pathogens: physical barriers and intrinsic cell response, the innate immune response if the
pathogen can go through the physical barriers, and the adaptive immune response if the in-
nate immune response failed to clear the infection.
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Interestingly, those two aspects of immunity, innate and adaptive, were envisioned
at the same time by two different scientists, Elie Metchnikoff and Paul Ehrlich, at
the end of the 19th Century. They eventually got the Nobel Prize in Physiology and
Medicine together in 1908, Elie Metchnikoff for discovering that specialised cells could
be recruited to the site of infection and phagocyte microbes, and Paul Ehrlich for offer-
ing the first theory of production of "side chains" that would target specific toxins after
a first encounter. Elie Metchnikoff set the path for innate immunity, and Paul Ehrlich

for adaptive immunity.

Both the innate and adaptive immune systems arise from precursor cells in the bone
marrow called hematopoietic stem cells (Figure 1.2A). Immune cells are all generated
in primary lymphoid organs (bone marrow and thymus), and can then travel to tis-
sues and secondary lymphoid organs (lymph nodes, spleen) through the blood vessel
network and a specific parallel network of lymphatic vessels (Figure 1.2B).

?/ Red blood Cell

Megakaryocyte adenoid

Myeloid C— ~> Granulocyte lymphatic

Progenitor ~ 7 _/(Neutrophil...) thymus vessels
: - lymph
~ Monocyte/ r¥odpes

. Macrophage Peyer's patches in
small intestine spleen
A~ N " appendix
Hsc () . ...... X Dendritic Cell bone marrow

&) Blymphocyte

Lymphoid \\ ‘
Progenitor\_/ @ Tlymphocyte

O Nkcel

FIGURE 1.2: Generation of immune cells. (A) Overview of hematopoiesis, occurring in pri-
mary lymphoid organs. HSC, hematopoietic stem cell. (B) The lymphatic system: in yellow are
primary lymphoid organs, in blue secondary lymphoid organs. Taken from Molecular Biology
of the Cell 5*" edition Alberts et al., 2008
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1.1.1 The innate immune system

When a pathogen manages to break the first physical barriers, the damaged tissue
or infected cells trigger an inflammatory response to start fighting the infection and
launch the processes of tissue repair. Inflammation induces very typical external signs
that were identified in the 15" Century by the Romans: swelling, redness, heat and pain.
These events are all the consequences of a strong vasodilatation within minutes of in-
jury, that results in a rise in blood volume in the inflamed area. The increased amount
of blood gives the reddish colour to the area, and heats the tissue. Blood vessels not
only enlarge but also become more permeable, letting fluid enter the tissue, especially
from capillaries. This accumulation of fluid results in local swelling that can apply
pressure to nerves, generating pain signals. But why the need for increased blood vol-
ume and fluid leakage ?

This mechanism allows the recruitment of leukocytes, that extravasate from the blood
vessel to the tissue more easily due to increased permeability of local blood vessels
in the inflamed area. Leukocytes release pro-inflammatory cytokines to attract more
immune cells, and phagocyte pathogens to clear the infection. Phagocytes such as neu-
trophils will be recruited first, followed by macrophages and dendritic cells to help the

clearing of infection (Figure 1.3).

In homeostasis, tissue-resident macrophages and dendritic cells are responsible for
clearing dead cells or debris, and patrolling in search of potential pathogens. These
two cell types constitutively engulf large amount of extracellular material by phago-
cytosis (internalisation of large particles) or macropinocytosis (engulfment of extracel-
lular fluids). Upon encounter of a danger signal, they become activated and clear the
area while recruiting other phagocytes to fight the pathogen.

In addition, activated dendritic cells down-regulate their macropinocytic activity, mi-
grate to the closest lymph node to present particles acquired from the tissue to T
lymphocytes and trigger the adaptive, antigen-specific immune response (Figure 1.3).
Dendritic cells are the main link between the innate and the adaptive immune system,

that will be described in the next section.

1.1.2 The adaptive immune system

The adaptive immune response is an antigen-specific response, and therefore needs
the encounter between a specific lymphocyte and its cognate antigen to be triggered.
To increase this chance of encounter, naive B and T lymphocytes circulate between sec-
ondary lymphoid organs (lymph nodes, spleen), where antigens are transported by
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FIGURE 1.3: Innate and Adaptive Immunity. Upon breaking of physical barriers and pathogen
entry into the tissue, inflammation signals are sent to trigger the innate immune response.
Phagocytes (neutrophils, then macrophages and dendritic cells) are recruited to clear the in-
fection. Activated dendritic cells migrate to the closest lymph node to trigger the adaptive im-
mune response by presenting antigen to T lymphocytes, while pathogenic particles are brought
to the lymph node for B lymphocyte activation. The activation of CD8" T lymphocytes leads
to their migration to the tissue for target killing, while the activation of CD4"T lymphocytes
supports cellular immunity by secreting cytokines, and allows together with B lymphocyte
activation the production of high affinity antibodies.
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the blood, lymph, or activated dendritic cells.

Lymph nodes contain a wide variety of naive B and T lymphocytes, each carrying
a specific receptor (called B cell receptor BCR, T cell receptor TCR) capable of recognis-
ing a specific epitope of a foreign antigen. Activated dendritic cells partially degrade
the material they internalise, and present the resulting peptides on Major Histocom-
patibility Complex Class II (MHC II) to CD4™ T cells, or on Major Histocompatibility
Complex Class I (MHC I) to CD8" T cells. Upon antigen recognition, activated CD8*
T cells migrate directly to the site of infection and kill the infected cells, while activated
CD4™ T cells become Helper T cells that secrete cytokines at the site of infection to sup-
port recruitment and activation of NK cells, CD8™ T cells and phagocytes at the site of

infection, but also ensure the proper activation of B lymphocytes (Figure 1.3).

B lymphocytes also encounter antigens in the lymph node, but as whole non-processed
particles. B lymphocytes become activated upon encounter with their cognate anti-
gen, which allows them to internalise the antigen, process it and present the resulting
peptides on MHC II to the Helper T cells for confirmation: this process is called B/T
cooperation and is essential for the B lymphocyte to be fully activated. Activated B
lymphocytes are then able to proliferate and produce high affinity antibodies against
the antigen (Figure 1.3), eventually differentiating into plasma cells for secretion of
high affinity antibodies, and memory B cells to mount a faster adaptive immune re-

sponse against this antigen in the future.

This process of immune memory allows humans to be trained and resistant to some

diseases, and is at the basis of vaccination.

1.2 The B lymphocyte

B lymphocytes are widely preserved across all jawed vertebrates, from sharks to hu-
mans (Cooper, 2015), and set the foundation of adaptive immunity and immune mem-
ory. Antibodies were first identified at the end of the 19th century by Paul Ehrlich and
set the path to the study of adaptive immunity. Researchers followed the track lead-
ing to antibody production sites, plasma cells, in the 1960s, and then up to naive B cells
and beyond, with all these cells having something in common: B lymphocytes all carry
a unique immunoglobulin (Ig) surface receptor, recognizing a single antigen epitope
(Lebien and Tedder, 2008). The basic structure of an immunoglobulin composed of two
identical heavy (H) chains with two identical light (L) chains (Figure 1.4). These four

chains assemble to form a symmetrical structure with two identical antigen-binding
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sites, each formed by the combination of a light and a heavy chain. It is the nature of
the heavy chain that determines the type and level of differentiation of a B lympho-
cyte (IgM in immature B cells, IgM and IgD in mature naive B cells, IgG in activated
B cells). All immunoglobulins except IgD are also found in a secreted form, with IgM
complexes being secreted in the early stages of the primary antibody response to bind
antigens and activate complements, and IgG, IgA and IgE in the secondary antibody
response. IgA is found in secretions (saliva, tears, feces) while IgG and IgE are found
in the blood and are responsible for antibody-mediated phagocytosis by phagocytes
(Schroeder and Cavacini, 2010). The association of the membrane immunoglobulin
and a signal transduction region (Iga/Igp) forms the B Cell Receptor (BCR) (Figure
1.4).

B cell Receptor (BCR)

h p(:hon

Immunoglobulin

Antigen binding domain

ITAM motifs

FIGURE 1.4: The B cell receptor is composed of a membrane immunoglobulin and a signal
transduction region (Iga/IgB). The membrane immunoglobulin itself comprises two identical
heavy chains and two identical light chains, that assemble to form a symmetrical structure with
two identical antigen-binding sites.

1.2.1 Generation of B lymphocytes

In the bone marrow, hematopoietic stem cells (HSCs) are initially able to differentiate
into any immune cell type. A subpopulation will start differentiating into common
lymphoid progenitors (CLPs), precursors of B and T lymphocytes. Commitment to the
B cell lineage is then triggered by the transcription factor Pax5, that differentiates the
CLP into a pro-B cell and induces the expression of B220 (also called CD45R), a typical
B cell marker. Further differentiation into pre-B cell induces the expression of the first

form of surface immunoglobulin, the pre-BCR, that contains two p heavy chains like
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the future BCR, but temporary surrogate light chains (Figure 1.5).

Only pre-B cells that are able to assemble heavy chains and surrogate light chains
into a signaling-competent pre-BCR continue their development into immature B cells.
At this stage, the pre-BCR is replaced by a BCR containing a membrane IgM (im-
munoglobulin with a p-class heavy chain) with a « or A light chain (Nagasawa, 2006).

To be able to recognize any unknown antigen, the immune system needs to gen-
erate a huge diversity of BCRs. This is achieved through random mutations in BCR
binding sites, and can result in the presence of BCRs that recognize epitopes naturally
present in the body: self-antigens. Self-reactive B cells are eliminated at the immature
B cell stage, and the remaining cells migrate from the bone marrow to the spleen to un-
dergo a maturation process. After these repeated gene rearrangements and selection
steps, only 10% of the initial pool of B cell progenitors reaches maturity, with ~ 5.10%
mature B cells reaching the spleen every day (Kindt, Goldsby, and Osborne, 2007).
Mature B cells eventually exit the spleen and travel through the blood and lymphatic
network to settle in secondary lymphoid organs follicles (lymph node and spleen), of-
fering a broad immune coverage to the whole body. These mature B cells that have

never encountered their cognate antigen are termed naive B cells (Figure 1.5).

elimination of B cells  elimination of
Bone Marrow with self-reactive
non functional BCR B cells

migration to
the spleen

HSC CLP proBcell preBcell immature B cell

B220 pre-BCR BCR: IgM
. migration
Secondary Lymphoid organs mature B cell
(Lymph nodes, spleen) spleen BCR: IgM

FIGURE 1.5: Generation of B lymphocytes.
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1.2.2 B lymphocyte activation by antigen encounter

The activation of a naive B lymphocyte occurs through the engagement of the B cell
Receptor (BCR) with its cognate antigen. Naive B cells are located in the B cell follicles
of lymph nodes, and encounter antigens either in a soluble form, if the antigen is small
enough to diffuse to the B cell follicle (<70kDa), or tethered at the surface of other im-
mune cells in the case of large particulate antigens (Pape et al., 2007). Indeed, large
antigens are unable to freely diffuse in the lymph node and get stuck at the surface of
subcapsular macrophages, follicular dendritic cells or are brought by migrating den-
dritic cells (Figure 1.6) (Obino and Lennon-Duménil, 2014; Batista and Harwood, 2009;
Carrasco and Batista, 2007; Junt et al., 2007; Suzuki et al., 2009).

In B cell follicles, naive B cells express the chemokine receptor CXCR5 that binds
the chemokine CXCL13, which allows them to constantly migrate and scan their sur-
roundings for antigen (K.M. et al., 2000). Upon recognition of an antigen at the surface
of another cell, the naive B cell stops migrating and forms a structure called the im-
mune synapse with the opposing cell. This structure is similar to immune cell-cell
contacts initially described in T lymphocytes.

The engagement of the BCR by the antigen triggers a very fast signaling pathway and
dramatic cell rearrangements that ultimately lead to the activation of the B lymphocyte.
The first step is the activation of Lyn, a Src kinase, that phosphorylates the immunore-
ceptor tyrosine- based activation motifs (ITAM) on the cytoplasmic tail of the Iga/IgB
heterodimer. This event allows the docking of Syk to the ITAMs and its phosphory-
lation, eventually leading to the phosphorylation of Btk and Vav. This first wave of
signaling results in a burst of calcium released from Endoplasmic Reticulum stores,
and the production of DAG (Diacylglycerol) and IP3 that allow further B cell activa-
tion.

IP3 helps maintaining a sustained calcium release from the Endoplasmic Reticulum,
while DAG induces the translocation of the transcription factors Erk!/2 and NF-«B, via
the activation of PKC, to the nucleus (Figure 1.6).

The activation of DAG and the phosphorylation of Lyn, Syk and Btk also induce drastic
cytoskeletal remodelling and the polarisation of the B cell, both being described more
in-depth in section 1.4. This remodelling has proven essential for proper activation of
B cells, and for further antigen internalisation, processing and presentation to Helper
T cells.
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Efferent lymph
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B cell follicle

|9aﬂ95
A Attt ‘ A
ITAM motifs B lymphocyte
caciosc Syk
e / \
(R:%% n<—DA<3 - PLCYQ —»P3—>ER Colcwm Release

PKC- medlofed Calcium- medla’red
pathways \ pathways

NF-kB activation ERK ochvohon

NF-kB-mediated ERK- medlofed
pathways pathways ’

Changes in gene expression
Cell activation
Functional changes

FIGURE 1.6: B lymphocyte activation by encounter of surface-tethered antigens.
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1.2.3 Antigen internalisation, processing and presentation by B lym-

phocytes

The activation of naive B cells through BCR-induced signaling results in an initial ac-
tivation state of the cell, but the continuation of the adaptive immune response re-
quires the internalisation and processing of antigens by B cells, and their presentation
to Helper T cells on MHC II for B/T cooperation. If the B cell fails to present to a cor-
responding Helper T cell, it undergoes apoptosis and this adaptive immune response
is terminated.

The extraction of the antigen from the surface of the antigen-loaded cell can be achieved
via direct mechanical pulling on the antigen through the BCR, or via the release of
proteases at the immune synapse by B lymphocytes (Batista, Iber, and Neuberger,
2001; Spillane and Tolar, 2016). Antigen-BCR complexes are then internalised through
clathrin-mediated endocytosis and converge together with Cathepsin S, H2-DM and
Lamp1™-MHC II" endolysosomes into multivesicular bodies for antigen processing
(Roberts et al., 2020; Obino and Lennon-Duménil, 2014). Premature binding of endoge-
nous peptides on MHC II is prevented by the presence of a chaperone, the invariant
chain Ii, on its peptide-binding domain. The invariant chain also plays a role in guid-
ing MHC II molecules to endolysosomes, through the interaction of its cytoplasmic tail
with myosin II (Figure 1.7 steps 1-2) (Vascotto et al., 2007). In the antigen processing
compartment, the invariant chain is partially cleaved by Cathepsin S, leaving only its
CLIP portion to protect the peptide-binding domain. Meanwhile, the antigen under-
goes partial proteolysis to obtain small antigenic peptides that are exchanged with the
CLIP peptide with the help of the chaperone H2-DM (Figure 1.7 steps 3-5) (Yuseff et al.,
2013; Obino and Lennon-Duménil, 2014; Adler et al., 2017).

The MHC II - peptide complex is transported to the cell surface to be presented to
Helper T cells primed by dendritic cells (Figure 1.7 step 6). A successful B/ T coopera-
tion ultimately allows the activated B cell to survive and form germinal centers in the
lymph node. In germinal centers, activated B cells undergo somatic hypermutation (re-
peated mutations of their antigen-binding domains) to optimise their antigen-binding
capacities, leading to the production of high-affinity antibodies.
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FIGURE 1.7: Antigen internalisation, processing and presentation by B lymphocytes. 1. Ag-
BCR complexes are internalised. 2. Endosomes containing Ag-BCR complexes and compart-
ments containing MHC-II with the invariant chain Ii are merged in a Myosin II dependent
manner. 3. Antigen is partially degraded to obtain antigenic peptides. 4. Ii is cleaved by
Cathepsin S, leaving only the CLIP fragment on the peptide-binding site of MHC II. 5. The
antigenic peptide is loaded on MHC II, replacing CLIP with the help of the chaperone H2-DM.
6. MHC II + peptide complexes are transported to the cell surface for presentation to CD4* T
cells.
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1.3 The cell cytoskeleton and polarity

1.3.1 The cell cytoskeleton

Cells are plastic units that are able to adapt their shape and properties to specific
functions and environmental cues, as illustrated by dendritic cells that switch from
a macropinocytic phenotype to a fast migrating phenotype to go to the closest lymph
node upon activation. To tune their internal organisation and physical properties, all
cells use the same versatile set of filaments: the cell cytoskeleton.

The cell cytoskeleton is composed of three types of filaments with complementary
roles: (1) actin filaments control cell shape and migratory capabilities, while (2) mi-
crotubules act as a network for intracellular transport and organelle positioning and
(3) intermediate filaments provide mechanical strength and a scaffold to control intra-
cellular organisation (Figure 1.8).

(1) Actin filaments and (2) microtubules are conserved in some form amongst both
eukaryotes and prokaryotes, and in all cell types (Wickstead and Gull, 2011), making
actin one of the most abundant protein on earth. Actin was identified for the first time
in the 1940s in muscle cells by EB. Straub, shortly followed by the discovery of mi-
crotubules in the 1950s with the advent of transmission electron microscopy (Brinkley,
1997). Actin filaments and microtubules are both formed of globular subunits, globu-
lar actin (G-actin) and tubulin respectively, that assemble to form polarized filaments.
However, their properties differ widely: while (2) microtubules are wide (25nm), stiff
(persistence length of several millimeters), hollow tubes, usually nucleating from a
unique microtubules organising center (MTOC), (1) actin filaments are thin (~ 5-9nm),
more flexible (persistence length ~ 10pm) and generate various higher-order struc-
tures all across the cell, from stiff bundles to gels or 2D sheets, but also the cortex
under the plasma membrane that defines cell shape.

(3) Intermediate filaments are sensibly different from the other types of cytoskeletal
filaments, as this term encompasses a broad variety of filaments from lamin in the
nucleus to keratin or vimentin. This term was initially coined in 1968 to describe
intermediate-sized filaments that were neither actin nor microtubules (Ishikawa, Bischoff,
and Holtzer, 1968), and the notion of a family of filaments with shared characteristics
emerged only later. Although intermediate filaments are present in almost all eukary-
otic cells, they are expressed in different forms and amounts, making them hard to
identify and study. Indeed, more than 70 genes coding for different intermediate fil-
aments evolved from the ancestral lamin-like gene and are differentially expressed in
different cell types (Etienne-Manneville, 2018).

Contrary to actin filaments and microtubules, intermediate filaments are composed of
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elongated apolar subunits assembling to form a very deformable filament (persistence
length <1pm) with a diameter of ~ 10nm. Their compliance and the ability of the
network to adapt under stress make intermediate filaments a key asset for cells expe-

riencing mechanical constraints.

FIGURE 1.8: Cytoskeletal networks in COS-7 Cells. Grey: Actin. Red: Microtubules. Blue:
Vimentin (intermediate filaments). Credits Christophe Leterrier, NeuroCyto, INP, Marseille.

1.3.1.1 Cytoskeletal filaments assembly

All types of cytoskeletal filaments are composed of several protofilaments made of the
soluble subunits, that are assembled laterally into helical structures. Unlike in long-
lived polymers like DNA, the subunits are not covalently bound together, making fil-
aments prompt to dynamic assembly and disassembly, while the multiple interactions
of each subunit with subunits from the same protofilament and from neighbouring
protofilaments confer to cytoskeletal filaments a good resistance against breaking (Al-
berts et al., 2008).

Actin filaments are made from small subunits called Globular Actin (G-actin, actin

monomers). Actin monomers assemble in a head-to-tail fashion into filaments formed
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of two protofilaments twisted around each other. This results in polar filaments with
two different extremities: the pointed end (also termed minus end) and the barbed end
(plus end), where new ATP-bound G actin can bind to elongate the filament. As the
filament ages, ATP gets hydrolized into ADP, and the polymer is destabilised (Figure
1.9). This results in continuous polymerisation at the barbed end and depolymerisa-
tion at the pointed end, a phenomenon known as actin filament treadmilling (Pollard

and Cooper, 2009) that generates actin flows often seen in migrating cells.

Microtubules are composed of tubulin subunits, that are heterodimers of a- and -
tubulin molecules. Tubulin subunits interact longitudinally to form protofilaments
with a-f interactions, and laterally with a-a and B-f interactions to combine, on aver-
age, 13 protofilaments into a polarized microtubule (Figure 1.9) (Gall, 1966). The unidi-
rectional assembly of the tubulin heterodimers confers a polarity to the microtubules,
with the minus end presenting only a-tubulin, and the plus end only B-tubulin, and
allowing the binding of GTP-tubulin to for protofilament elongation. Protofilaments
grow from the microtubule extremity, first in a bent conformation, then straighten to
properly interact with their neighbours and elongate the microtubule (McIntosh et al.,
2018). Eventually, the GTP-tubulin incorporated in the microtubule is hydrolyzed into
GDP-tubulin and induces a slight change in conformation (Alushin et al., 2014). When
enough new GTP-tubulin subunits arrive at the plus end, maintaining a GTP cap, the
microtubule is stable and able to grow. However, if all tubulin subunits of the micro-
tubule are in the GDP-bound form, the conformational change in subunits induces
a strain in the filaments that leads to disassembly from the plus end and filament
shrinkage. Alternating phases of growth and shrinkage is a characteristic feature of
microtubules called dynamic instability, and the balance between the two states plays
a crucial role in many cell functions, especially in the establishment of polarity or in

chromosome segregation during cell division.

Intermediate filaments subunits are elongated tetramers formed of two anti-parallel
coiled-coil dimers, making them an apolar subunit. The longitudinal assembly of
tetramers results in the formation of protofilaments that in turn interact laterally and
form bundles of eight protofilaments, reaching the final form of intermediate filaments
(Figure 1.9). Unlike in polarized actin filaments and microtubules, the extremities do
not have any known characteristics and assembly does not occur from ATP/GTP-
dependent addition of subunits. Instead, tetramers at the periphery of the cell are
pre-assembled into unit-length-filaments (ULF, composed of 8 tetramers), particles of
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a few ULFs, and squiggles (short filaments). ULFs and short filaments are transported
towards the center of the cell to assemble and form intermediate filament that will be
integrated in the existing network (Robert, Hookway, and Gelfand, 2016). Remodelling
of intermediate filaments is not fully understood yet, but disassembly upon phospho-
rylation, severing of filaments and end-to-end annealing have been described (Robert,
Hookway, and Gelfand, 2016; Etienne-Manneville, 2018). Drastic intermediate fila-
ments rearrangements have been observed in fibroblasts (Alberts et al., 2008) and in
B lymphocytes, where this remodelling is essential for proper B lymphocyte function
(Tsui et al., 2018).
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1.3.1.2 Shaping the cell cytoskeleton

If cytoskeletal filaments were left to grow freely, the cell would be filled with filaments
and have very little monomer backup and intracellular organisation. Yet, cells show
highly organised pools of cytoskeletal filaments, are able to establish a polarity and
induce bursts of filament polymerisation when needed, as 50% of actin is kept in a
monomeric form in a resting cell (Alberts et al., 2008). This tight control of localisation,
organisation and growth rate of cytoskeletal filaments is operated through hundreds

of accessory proteins that interact with subunits and filaments.

FILAMENT NUCLEATION sites and extent are controlled by specific nucleators of
actin filaments and microtubules. Small nuclei of few subunits are very unstable and
cannot be maintained long enough to grow a filament, making nucleators necessary to
stabilise new emerging filaments. Nucleation strategies are either to concentrate and

sequester subunits locally, or to offer a template for filament assembly by mimicry.

Actin filaments have three families of nucleators: Formins, the Arp2/3 complex and
WH2-containing proteins. Those families generate different types of actin networks

and can collaborate or compete in cellular processes (Figure 1.10).

* The Arp2/3 complex is a nucleator of branched actin. It docks on a pre-existing actin
tilament -the mother filament- and nucleates a new actin filament -the daughter
filament- with an angle of 70°. The Arp2/3 complex uses mimicry to nucleate a
daughter filament through its Arp2 and Arp3 subunits. It benefits from numer-
ous nucleation promoting factors (WASp /SCAR/WAVE-family proteins) that in-
duce a conformational change of Arp2 and Arp3 and recruit the actin monomers
necessary for filament nucleation (Chesarone and Goode, 2009). Arp2/3-mediated
actin nucleation is found not only in dense actin networks and flat structures, like
lamellipodia or macropinosomes, but also in the actin cortex (Figure 1.12).

* Formins are a family of linear actin nucleators that also act as actin filament elon-
gation factors. Unlike Arp2/3 that remains at the pointed end of the filament,
formins are processively displaced and maintained at the barbed end. They pos-
sess a "doughnut-shaped" FH2 domain that acts as an anchor and a template, and
a long diffusing FH1 domain that captures free actin monomers and transfers
them to the FH2 domain at the barbed end (Pollard and Cooper, 2009; Chesarone
and Goode, 2009). Linear actin fibers resulting from formin-mediated actin poly-
merisation can form bundles and are found in stress fibers, filopodia, or cytoki-
nesis rings (Figure 1.12).



1.3. The cell cytoskeleton and polarity 19

Nucleation
Formin Arp2/3
linear actin branched actin
+
Lo
= + — +
Growth regulation
Disassembly
. Profilin
Gelsolin ° © only formin-mediated
i N o ©® e polymerisation
- w ° Thymosin B4
® sequesters G-actin
+ - end +end
/ \ » Capping proteins
Stabilisation/destabilisation Higher order structures

e Tropomyosin- stabilisation s fimbrin: fight bundles

i + 5! a-actinin: contractile bundle
e Cofilin- destabilisation o
®e SE‘E filamin: network

' ERM: tethering to membrane

FIGURE 1.10: Regulation of actin filament assembly.



20 Chapter 1. Introduction

* WH2-containing actin nucleators are a less described nucleator family associated
to linear actin. This family contains Spire (Baum and Kunda, 2005), Cordon-bleu
(COBL) and Leiomodin (Lmod) (Chesarone and Goode, 2009). These proteins all
have several actin monomer binding domains, and would use them to assemble
actin monomers into a nascent complex serving as a nucleation platform. The
different members of this family are implicated in various structures: Spire has
been shown to interact with formins and microtubules and might play a role in
membrane transport and cytoskeletal interactions (Campellone and Welch, 2010)
while Cordon-Bleu expression has been linked to the formation of highly dy-
namic microvilli (Grega-Larson, Crawley, and Tyska, 2016) (Figure 1.12).

The activity of these different actin nucleators can be tuned locally, as the Arp2/3 pro-
moting factors and formins are initially in an inhibited state. Rho-GTPases allow the
cell to differentially promote the activity of actin nucleators. Classically, Racl and
Cdc42 promote Arp?2/3 activity (by releasing the inhibition of its promoting factors),

and RhoA promotes formin activity as well as contractility (Suarez and Kovar, 2016).

Microtubules, in contrast, nucleate in most cell types from a unique MicroTubule
Organising Center (MTOC): the centrosome (Figure 1.11). The centrosome is usually
located at the geometrical center of the cell in non-polarized cells, and is composed
of two centrioles (short tubes of modified tubulin) and an ensemble of proteins called
the peri-centriolar material (PCM). The peri-centriolar material contains hundreds of
v-Tubulin ring Complexes (yTurC) that nucleate microtubules. yTurC is mainly com-
posed of copies of y-tubulin arranged in a ring-shaped structure that acts as a template
for microtubule growth (Moritz et al., 2000). Microtubules grow radially from the cen-

trosome, with the minus end attached to 7 TurC, forming an aster.

FILAMENT GROWTH REGULATION is crucial to obtain different types of cytoskele-
tal structures: long or short filaments, dense or scattered networks. Two main strate-
gies have been described to regulate filament growth: modulation of subunits avail-
ability or modification of the growing end.

In addition to limiting the growth of filaments, the sequestration of subunits also main-
tains a non-polymerized pool that can be made available in case of fast remodelling, as
in the case of local actin polymerisation bursts during endocytosis. Microtubule sub-
units can be sequestered by stathmin (Figure 1.11), that binds two tubulin heterodimers
(Jourdain et al., 1997), and G-actin can be bound by thymosin 84 or by profilin (Figure
1.10). Thymosin B4, like stathmin, completely prevents the addition of the monomer
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to a filament, but profilin still allows the addition of monomers to filaments through
formins and only decreases Arp2/3-mediated actin polymerisation (Suarez et al., 2015;
Chesarone and Goode, 2009; Alberts et al., 2008).

Filament growth can be promoted or stopped by end-binding proteins that alter the
state of the growing end. Formins and Ena/VASp bind to the growing end of actin fila-
ments and act as elongation factors, increasing the growth rate, while capping proteins
stop elongation (Figure 1.10) (Chesarone and Goode, 2009). The growth/shrinking bal-
ance of microtubules can be balanced by numerous plus end binding proteins. Widely
known examples are kinesin 13 that induces shrinking, and XMAP215 that stabilises
microtubules and promotes their growth (Figure 1.11) (Alberts et al., 2008). Regula-
tion of filament growth is crucial to ensure availability of monomers for the differ-
ent pools of filaments, but also to form specific structures. In the case of F-actin net-
works, availability of monomers appears to be a factor regulation actin organisation
through the competition of different networks regulated by formins or Arp2/3. An
important concentration of G-actin has been shown to favor the formation of Arp2/s-
mediated branched actin networks, while low G-actin levels or increased profilin-1
leads to the preferential formation of contractile rings and actin bundles, and a de-
crease in Arp2/3 activity (Burke et al., 2014; Rotty et al., 2015). Ultimately, the avail-
ability of monomers, the profilin/G-actin balance will determine the preferential actin
nucleators, while the proportion of elongation factors and capping proteins will deter-
mine filament length and the final structure of the actin pool: while filopodia require
long actin filaments, a dense mesh of actin as found in a lamellipodium requires nu-

merous short and branched actin filaments (Chhabra and Higgs, 2007).

FILAMENT STABILITY is also regulated by many accessory proteins, as some struc-
tures need to be preserved in the long term (epithelial cells for example) while others
are only transient and are constantly disassembled to allow cell reorganisation (ran-
dom cell migration). Filament disassembly can be induced by severing of filaments,
which exposes minus ends and destabilises filament structure, resulting in a rapid de-
polymerisation. Severing proteins include the Gelsolin-superfamily proteins for actin
(Figure 1.10), and katanin for microtubules (Figure 1.11) (Alberts et al., 2008). More
subtle regulation of filament stability can be operated by proteins binding along fila-
ments to stabilise or destabilise them, such as Microtubule-Associated Proteins (MAPs)
that bind to and stabilise microtubules, or tropomyosin and cofilin (Actin Depoly-
merising Factor ADF) that bind to and respectively stabilise and destabilise actin fila-
ments. Cofilin specifically binds along ADP-actin filaments, and applies a strain that
leads to filament depolymerisation (Alberts et al., 2008).
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No specific severing or stabilising proteins have been identified for intermediate fil-
aments, but regulation of filament stability by phosphorylation or post-translational
modifications has been described for vimentin and keratin (Etienne-Manneville, 2018).

HIGHER-ORDER STRUCTURES of the cytoskeleton, like meshes or spindles, are
formed through the interaction of crosslinkers with cytoskeletal filaments. The growth
of microtubules from a single centrosome offers a primary structure to this network,
but additional structures can be created through bundling of filaments by Microtubule-
Associated Proteins (MAPs), creating ensembles of microtubules of various densities.
Microtubules can also be tethered or captured at specific sites of the plasma mem-
brane by plus end tracking proteins (plus TIPs) (Figure 1.11). Actin filaments have a
wide variety of crosslinkers generating different structures: contractile bundles with
antiparallel filaments, tight parallel bundles, or gel-like networks. Contractile bundles
are typically formed by a-actinin that allows the insertion of myosin II to generate con-
tractility, while tight parallel bundles are formed mostly by fimbrin and are too tight
for myosin II to be inserted. Actin gels can be generated by spectrin or filamin in the
actin cortex, the latter being enriched in lamellipodial structures. Finally, the actin cor-
tex is tethered to the plasma membrane by ERM proteins (ezrin, radixin, moesin) that
are activated through phosphorylation or PIP; binding (Figure 1.10). The regulation
of actin cortex tethering to the membrane is crucial for cell polarity and endo/exocytic
capacities of the cell (Marion et al., 2011; Nomachi et al., 2013; Alberts et al., 2008).
Intermediate filaments also present higher-order structures, associating into bundles
through spontaneous lateral association or crosslinkers. The most widely known crosslinker
of intermediate filaments is plectin, that does not only bundle intermediate filaments

but can also link them to the rest of the cytoskeleton to the plasma membrane.

1.3.1.3 Molecular motors

In addition to accessory proteins that regulate filament growth and network struc-
ture, a specific type of filament-binding proteins brings movement to the cytoskele-
ton: molecular motors. Molecular motors have one or several heads that interact
with polarized filaments (actin filaments or microtubules) and move along the fila-
ment through subsequent steps of ATP-hydrolysis-dependent binding and unbinding
of the head. Various types of molecular motors exist, differing in ability to transport a

cargo, processivity, speed, and minus or plus directionality.

Myosins are the only family of molecular motors binding to actin filaments. Most

myosins travel to the barbed end (except myosin VI that moves toward the pointed
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end), but all have different roles and properties. For example, myosin V has two heads
and participates in vesicle transport, while myosin I has a single head and is poorly
processive, but binds the plasma membrane or actin filaments with its tail and par-
ticipates in intracellular organisation (O’Connell, Tyska, and Mooseker, 2007). The
most widely known myosin is myosin II, that is able to form filaments and bind to
antiparallel actin filaments to generate contractility. Myosin II also acts as an actin net-
work regulator, as it can promote the formation of stress fibers, actin bundles or asters
(Lehtimadki et al., 2021; Koster et al., 2016), or selectively collapse pools of linear actin
by pulling when over-activated, while preserving branched actin networks (Reymann
et al., 2012).

Microtubules are experts in intracellular transport and have many processive molec-
ular motors separated in two distinct families: dyneins and kinesins. Kinesins are tar-
geted to the plus end and have a binding site for other organelles or microtubules.
Dyneins are much faster than kinesins and transport various cargoes and vesicles to
the minus end. Microtubule-dependent molecular motors are notably implicated in
the maintenance of the Golgi apparatus structure (maintained at the centrosome by
dyneins) and the Endoplasmic Reticulum structure (prevented from collapse by ki-
nesins) (Burkhardt, 1998; Wozniak et al., 2009).

Molecular motor activities are regulated by different factors, including phosphory-
lation, but differently depending on the motor. Indeed, while phosphorylation inacti-
vates kinesins, phosphorylation of the Myosin Light Chain (MLC) induces an increase
in myosin II contractility.

1.3.1.4 Interactions between cytoskeletal networks

Although they form separate networks, actin filaments, microtubules and intermedi-
ate filaments collaborate to increase the versatility of the cytoskeleton, and numerous
interactions and co-regulations exist in addition to the external accessory proteins de-
scribed above. The most striking illustration of this cooperation is the fact that no
molecular motor is yet known for intermediate filaments, which rely on microtubules
and actin filaments for transport of both fully formed filaments and small particles for
filament assembly (Hohmann and Dehghani, 2019).

Cytoskeletal filaments interact in many different ways, directly or indirectly, promot-
ing or impeding filament formation, influencing structures, and displacing each other
(Figure 1.12) (Hohmann and Dehghani, 2019; Dogterom and Koenderink, 2019).
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Intuitively, one can picture steric interactions between networks inducing stabilis-
ing, guiding or blocking effects.
Guiding of filament has been described mainly for microtubules. Microtubule growth
can be guided along actin bundles through plus TIP proteins at the plus end of mi-
crotubules. The most widely known proteins regulating this interaction are CLIP170,
that binds microtubules and their plus end, and IQGAP1, that interacts with actin fil-
aments and CLIP170 but also with RhoGTPases like Cdc42 and Racl (Fukata et al.,
2002; Dogterom and Koenderink, 2019). Growing microtubules can also be guided by
vimentin templates (Hohmann and Dehghani, 2019), as described in migrating cells
where vimentin orients microtubules to ensure the directionality and persistence of

migration (Gan et al., 2016).

The spatial organisation of the cytoskeleton is also influenced by interactions be-
tween the different networks, for example by inducing filament disassembly. Indeed,
actin networks such as the actin cortex or lamellipodial actin are very dense and con-
tractile, and can induce an increase in the rate of catastrophes in microtubules (Colin
et al.,, 2018). This limits the ability of microtubules to penetrate some areas, to pre-
vent interaction with certain membrane-bound proteins for example, but also limits
the microtubule-mediated transport of intermediate filaments to these regions. Inter-
estingly dynamic microtubules can in turn negatively regulate actin flows (Hui and
Upadhyaya, 2017).

Conversely, some structures or intermediates can stabilise or anchor cytoskeletal
networks. A loose, unbranched actin network or anchoring to cortical actin through
plus TIP proteins like Ezrin/Radixin/Moesin can increase microtubule stability in-
stead of of inducing catastrophes (Solinet et al., 2013; Dogterom and Koenderink, 2019;
Colin et al., 2018). Focal adhesions are rich in interactions between cytoskeletal net-
works, and locally promote actin stress fiber formation and intermediate filament as-
sembly. Intermediate filaments in turn promote the stability of focal adhesions, while
microtubules interact with focal adhesions to promote their turnover (Dogterom and
Koenderink, 2019).

In addition to stabilising each other, the different cytoskeletal networks can promote
filament nucleation. As described earlier, some plus TIP proteins can interact with
actin, and in particular with the formin mDial. This not only results in a stabilising
actin-microtubule interaction, but also in the promotion of actin filament nucleation at
the plus end of microtubules (Henty-Ridilla et al., 2016). Conversely, actin has recently
been shown to interact strongly with the centrosome, with actin-like proteins identified

at the 7'TurC complex (Liu et al., 2020), and even actin-like filaments inside the lumen
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of microtubules (Paul et al., 2020). Moreover, the centrosome is an actin-nucleating
center surrounded by a pool of branched actin (Farina et al., 2016) that regulates mi-
crotubule growth by physically limiting the chances of growing microtubules to exit
this area (Inoue et al., 2019).

Finally, the morphology of the different cytoskeletal networks can be linked through
their shared regulators. Indeed, various cross-talks exist between cytoskeletal fila-
ments and GTPases (mainly Rap, Rho, Rac, Cdc42). GTPases can be activated or inhib-
ited by specific GEFs (Guanine exchange factors) and GAPs (GTPase activating pro-
teins), respectively. Their main regulatory activity is the control of actin nucleation
and actomyosin contractility (RhoA induces increased formin and myosin II activity,
Racl and Cdc42 induce formin and Arp2/3 activity, Rap results in cofilin-mediated
actin severing) (Figure 1.13). Small Rho-GTPases also impact microtubules through
the regulation of microtubule-binding proteins, molecular motor activity and actin nu-
cleators (Peglion and Goehring, 2019; Wojnacki et al., 2014). Cdc42 is implicated in
the reorientation of the centrosome in numerous systems including the B cell immune
synapse, and RhoA-mediated activation of mDial at the T cell immune synapse has
been shown to promote centrosome polarisation through anchoring and stabilisation
of microtubules at the cortex (Gomez et al., 2007; Andrés-Delgado et al., 2012). Inter-
estingly, microtubules and vimentin are in turn able to regulate Rho-GTPases activity
through the modulation of certain GEFs (Chang et al., 2008; Heck et al., 2012; Jiu et
al., 2017). In particular, GEF-H1 is a RhoA-specific GEF whose activity is inhibited
when bound to microtubules, and decreased by microtubule-associated vimentin (Jiu
et al., 2017). The release and activation of GEF-H1, upon microtubule disassembly for
example, leads to RhoA activation, increased actomyosin contractility and actin fiber
formation. In the presence of PAK4, GEF-H1 can also activate Racl, promoting lamel-
lipodium formation (Siegrist and Doe, 2007; Chang et al., 2008). This regulation of
contractility by microtubules and vimentin could explain the increase in vimentin ex-
pression during epithelial to mesenchymal transition, as a decrease in stress fiber and

adhesion is needed to initiate an efficient migration.
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1.3.2 Cell polarity

A polarised cell is characterised by the non-symmetrical organisation of its organelles
and cytoskeletal networks along an axis, usually defined by the centrosome-nucleus
axis. Polarity is a widely observed feature in healthy cells and allows to organise or-
ganelles and cytoskeletal networks for specific functions, like the apico-basal polarisa-
tion of epithelial cells or the front-back polarisation of migrating cells. Loss of polarity
often corresponds to a loss of function, and is one of the characteristics associated with
the development of cancers (Wodarz and Nathke, 2007).

Polarity takes very different forms and can be induced by a variety of stimuli. It is
most of the time regulated by the widely conserved PAR (Partitioning defective) po-
larity complex. Other polarity complexes exist but are more context-specific, with the
Crumb complex regulating apical polarity in drosophila, or the Scribble complex reg-
ulating basolateral polarity (Peglion and Goehring, 2019). In this part, I will only focus

on the PAR polarity complex and its interaction with small GTPases.

The PAR polarity complex was discovered in the late 1980s while studying C.Elegans
embryos with a defect in asymmetric division (Kemphues et al., 1988). This complex
can be separated into two groups associated to the anterior (Par3, Par6, atypical PKC -
aPKC) or the posterior (Parl, Par2) side. The activity of the PAR pathway is regulated
by the small GTPase Cdc42, and can be opposed by posterior-side proteins or by the
Scribble pathway for example (Peglion and Goehring, 2019). The local activation of
Cdc42 either arises specifically from signaling and activation of Cdc42-targeted GEFs
(Vav, or other Rho-GEF), results from the import of activating proteins like IQGAP1
(Siegrist and Doe, 2007), or occurs in a spontaneous manner as in the case of random
migration, which implies the existence of a positive feedback loop following a small
accumulation of activated Cdc42 (Woods and Lew, 2019).

How is the initial accumulation generated, and how is it maintained ? Several
mechanisms exist to generate polarisation, allowing its establishment and maintenance
in very different contexts.

1. Active, directed transport by actin and microtubules. Polarity proteins and small
GTPases are able to alter the state of molecular motors and control their activity. Po-
larity proteins can use this directly to be targeted to the right sites and enhance or
maintain their patterning. This mechanism has been described for Par3, that selec-
tively uses dynein to be transported to cell junctions during collective fibroblast mi-
gration (Schmoranzer et al., 2009). More generally, small GTPases and polarity pro-
teins (Cdc42/aPKC) modulate the relative activity of dyneins and kinesins in migrat-

ing cells to promote forward transport of material to the leading edge (Leduc and
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Etienne-Manneville, 2017). Independently of cues, the presence of microtubules and
their stability can also generate polarity by local delivery of IQGAP1 (activates and
stabilises Racl/Cdc42) or GEF-H1 (RhoA activation) (Siegrist and Doe, 2007).

2. Bulk flows of actin, often generated by difference in contractility or actin polymeri-
sation, also create gradients of molecules. This phenomenon has been described in the
lamellipodium of migrating cells (Illukkumbura, Bland, and Goehring, 2019).

3. Local retention of polarity proteins. Differences in membrane binding (through ac-
tivation by GEFs for example) or in diffusion coefficient (by formation of complexes
or binding to mRNA) can drive the polarised accumulation of proteins by trapping
proteins locally, and inducing a flow of free proteins to equilibrate the cytosolic con-
centration (Peglion and Goehring, 2019).

The patterning of polarity proteins induces, and is reinforced by, a polarisation of
the cytoskeleton via interactions between polarity proteins and small GTPases (Figure
1.14) (Iden and Collard, 2008). The differential activation of Rho-GTPases at the back
and at the front results in very different cytoskeletal structures, classically starting with
a rearrangement of the actin cytoskeleton network, followed by the polarisation of mi-

crotubules.

At the front, Cdc42 and Rac, that is recruited by Cdc42 via the PAR proteins, are as-
sociated to increased actin polymerisation. Indeed, Cdc42 activates WASP and recruits
mDial and, together with Rac, induces the formation of lamellipodial and filopodial
structures (Etienne-Manneville, 2004).

Microtubules are affected by both this dense actin network and the activity of Cdc42
and its effectors, resulting in one of the hallmarks of polarisation: the formation of
a nucleus-centrosome polarity axis. This polarisation event is widely conserved, but
different pathways have been described depending on cell types. In astrocytes, the
centrosome is displaced in a Par6- and PKC{-dependent manner, while in fibroblasts
the centrosome is immobilised by Cdc42, dynein and dynactin, and the polarity axis is
generated by the rearward transport of the nucleus (Wojnacki et al., 2014).

Many pathways have been described in immune synapses, depending on the cell
type (T cell immune synapse, B cell immune synapse, NK and CD8" T cell cyto-
toxic synapse), and many are certainly coexisting. At the CD8'T lymphocyte immune
synapse, the recruitment of Cdc42 and Rac induces the inhibition of stathmin, increas-
ing the growth and stability of microtubules to allow the recruitment of the centrosome
(Filbert et al., 2012). In B lymphocytes, the polarisation of the centrosome relies on the
accumulation of Par3, the remodeling of actin at the immune synapse by Rap1, Cdc42

and its effectors, as well as microtubule-actin interactions mediated by IQGAP1 (Wang
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et al., 2017; Reversat et al., 2015; Yuseff et al., 2011).

The polarisation of intermediate filaments is thought to be mainly indirect and caused
by the remodeling of the actin and microtubule cytoskeleton. Typically, vimentin is
recruited to the front, as has been described both in the B cell immune synapse (Tsui et
al., 2018) and in migrating cells (Dupin, Sakamoto, and Etienne-Manneville, 2011). In
migrating cells, Cdc42 and aPKC inhibit dynein at the leading edge and allow the for-
ward transport of perinuclear vimentin, where it remains excluded from the lamellipo-
dia by actin-dependent retrograde transport (Leduc and Etienne-Manneville, 2017).
Although the accumulation of vimentin at the leading edge is not necessary for lamel-
lipodia formation, it promotes the persistence of large protrusions for steady migration
(Thievessen et al., 2015).
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1.3.3 Nucleus-cytoskeleton interactions

The establishment of polarity often corresponds to the generation of a centrosome-
nucleus axis, and can imply the displacement of the nucleus towards a pole. Since the
nucleus itself does not have any motors, its shape and positioning is instead controlled
by nucleus-cytoskeleton interactions.

The nuclear membrane defines the border between the nucleus and the cytoplasm and
is therefore a hotspot for their chemical and physical exchanges. Communication takes
place through Nuclear Pore Complexes (NPCs) that allow the exchange of molecules
(messenger RNA -mRNA, Transcription factors, proteins for the nucleus), and through
the LINC complex (Linkers of the Nucleus and the Cytoskeleton) that allows a physical
connection and the transmission of mechanical signals (Figure 1.15) (Jahed et al., 2016).

Nucleus-cytoskeleton interactions are not restricted to interactions between the sur-
face of the nucleus and cytoplasmic filaments, but extend to the nucleoplasm with the
presence of a nuclear cytoskeleton. Although I previously focused on cytoplasmic cy-
toskeletal filaments, actin, myosin and intermediate filaments are also present in the
nucleus. Most importantly, a family of intermediate filaments called lamins are the
main anchors of the LINC complex in the nucleus and form a network lining the in-
ner nuclear membrane. Lamins are the most ancient form of intermediate filaments
and can be separated in A-type Lamins (Lamin A and C) and B-type Lamins (Lamin
B1 and B2) which form distinct networks (Leeuw, Gruenbaum, and Medalia, 2018).
This layer of filaments ensures nuclear integrity, controls the mechanical properties
of the nucleus and allows the tethering of heterochromatin to the nucleus periphery
(Leeuw, Gruenbaum, and Medalia, 2018). The two families of lamins play different
roles and are present in different proportions: Lamin A/C is associated with nuclear
stiffness and adaptation to the mechanical environment, while Lamin Bl maintains
nuclear integrity (Lammerding et al., 2006) and regulates transcription, RNA synthesis
and signaling pathways (Dahl and Kalinowski, 2011; Uhler and Shivashankar, 2017).
Interestingly, a down-regulation of Lamin B1 is necessary for somatic hypermutation
of Germinal Center B cells, and has been correlated with B cell lymphoma aggressive-
ness (Klymenko et al., 2018) and chromatin decondensation (Camps et al., 2014).

The LINC complex extends from lamins under the inner nuclear membrane to cy-
toskeletal filaments in the cytoplasm. It consists of Sun proteins on the inner nuclear
membrane and Nesprins on the outer nuclear membrane, that are bound via the KASH
(Klarsicht, ANC1 and Syne Homology) domain of Nesprins in the nuclear envelope lu-
men. On the inner nuclear membrane, Sun proteins Sunl and Sun2 (SUN: Sad1p/UNC

(uncoordinated)-84) bind lamins, but also nuclear pore complexes or heterochromatin
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(Leeuw, Gruenbaum, and Medalia, 2018). On the outer nuclear membrane, Nesprins
extend in the cytoplasm to bind cytoskeletal filaments. Nesprin 1 and Nesprin 2 can
bind F-actin, kinesin and dynein, while Nesprin 3 binds to plectin, that associates with
intermediate filaments (Figure 1.15) (Kirby and Lammerding, 2018). Finally, Nesprin
4 is a kinesin-1 specific Nesprin found mainly in secretory epithelia, where its expres-
sion induces a separation of centrosome and Golgi apparatus from the nucleus (Figure
1.15) (Roux et al., 2009).

Nesprin 3 N\ Plectin
4 Dynein

A'Cﬁ”/ Kinesin

,Nesprin 1/2

Microtubule

NPC
Sunl/2

Nucleus Nuclear envelope

FIGURE 1.15: Nucleus-cytoskeleton interactions: the LINC complex

The nucleus and the cytoplasmic cytoskeleton are in constant interaction, ensuring
mechanotransduction of external cues to the nucleus, nuclear positioning, controlling

nuclear shape, and indirectly gene expression.

Nucleus positioning. In a non polarised cell, the nucleus is usually located at the
center of the cell, tightly apposed to the centrosome through kinesin pulling (in Dic-
tyostelium discoideum, Tikhonenko et al., 2013), or through a centrosomal actin pool (in
B lymphocytes, Obino et al., 2016). The physical separation of the centrosome and the
nucleus is one of the events allowing the generation of a polarity axis. In that context,
all three cytoskeletal networks have been implicated in nuclear movement in differ-
ent cell types. While microtubules are responsible for nuclear movement in neuronal
cells, actin controls nuclear re-positioning in fibroblasts (Fruleux and Hawkins, 2016)
and at the T lymphocyte immune synapse (Fabrikant et al., 2013). Actin-dependent
translocation of the nucleus can be achieved via Cdc42-triggered actin flows (Gomes,
Jani, and Gundersen, 2005) or via actin-Nesprin2G-Sun2 cables (TAN lines) pulling on
the nuclear envelope (Luxton et al., 2010). Vimentin can also be an actor of nuclear
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movement, as shown in migrating astrocytes where actin-dependent vimentin polari-
sation is necessary to induce the rearward movement of the nucleus (Dupin, Sakamoto,
and Etienne-Manneville, 2011). In some systems, nucleus polarisation involves rota-
tion through dynein or actin flows (Fruleux and Hawkins, 2016; Kumar et al., 2014),
sometimes in a LINC-dependent manner (Houben et al., 2009).

Nuclear Deformation. Deformation of the nucleus by cytoskeletal filaments has been
described in many processes like polarisation, migration, or cell differentiation. Differ-
ent amount of microtubules, actin or vimentin have even been shown to regulate the
volume of the nucleus (Tariq et al., 2017; Keeling et al., 2017). The extent of filament-
induced deformation depends not only on the density and organisation of filaments,
but also on the stiffness of the nucleus set by the Lamin A /C content, the condensation
state of chromatin and by chromatin anchoring to the nuclear lamina (Schreiner et al.,
2015; Lammerding et al., 2006; Tariq et al., 2017). The balance between cytoskeletal fil-
aments and nucleus stiffness is key to regulate nuclear shape and size, and ultimately
gene expression and cell function.

Indeed, a recent study shows that microtubule-dependent deformation of the nucleus

in hematopoietic stem cells regulate their differentiation into myeloid progenitors (Biedzin-

ski et al., 2020). Nuclear deformation is also a regulator of gene expression in differ-
entiated cells, as actin-dependent nuclear elongation has been described at the T cell
immune synapse, and is necessary for the proper activation of the T lymphocyte and
the expression of CD69 (Fabrikant et al., 2013; Gupta et al., 2012). Still, the impact of
nuclear deformation and the pathways implicated remain very rarely elucidated.
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1.4 The B cell immune synapse: a highly organised struc-

ture

Engagement of BCRs with cell surface-tethered antigens results in the formation of a
very organised contact between the B cell and the antigen-bearing cell: the immune
synapse. The immune synapse was initially described in T lymphocytes, but now
serves as a general term for the structure formed between a lymphocyte and an antigen
presenting cell. This structure serves as a platform for antigen affinity discrimination,
receptor-mediated signaling and cell-cell communication through exocytosis and en-
docytosis events, and in the case of the B cell immune synapse, antigen extraction and
internalisation (Monks et al., 1998).

The B cell immune synapse is the starting point of the adaptive immune response,
making the regulation of immune synapse formation and function crucial to ensure
appropriate B cell responses. Surprisingly, this key interaction is very short, with the
B cell fully reorganising its cytoskeletal networks to form the immune synapse in ~
5-10 minutes, and the interaction lasting around 20-30min. Two closely related events
occur during this reorganisation: the formation of a concentric pattern in the plane of
the synapse, and the polarisation of the B cell in the transversal plane.

1.4.1 Plane of the synapse: a concentric organisation

The structure of the B cell immune synapse has initially been described on antigen-
coated glass substrates as a bulls-eye pattern, and while it has become clear that the
organisation is not as stereotyped in the case of a cell-cell immune synapse, the origi-
nal description of the concentric organisation of molecules remains a reference (Fleire,
2006).

On glass, the mature B cell immune synapse presents a concentric organisation of
molecules: antigen-BCR complexes are gathered in an actin-poor central region, the
central SupraMolecular Cluster (¢(SMAC), surrounded by a ring of actin and activated
integrins (LFA-1, VLA-4) forming the peripheral SMAC (pSMAC). While integrin en-
gagement is dispensable for B cell immune synapse formation, the engagement and
recruitment of LFA-1 by ICAM-1 increases cell adhesion, signaling, and therefore low-
ers the threshold for antigen concentration and affinity (Carrasco et al., 2004). Large
membrane proteins and potential negative regulators of BCR signaling (CD45 for ex-
ample) are segregated even further, in the distal SMAC (dSMAC).
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The formation of the B cell immune synapse is tightly linked with the crosstalk be-
tween BCR signaling and actin cytoskeleton remodeling. Indeed, at the resting state,
BCRs are present at the surface of the B cell as single receptors or nanoclusters and
maintained in a limited diffusion state by cortical actin and ERM proteins linking actin
to the plasma membrane, preventing premature BCR clustering and activation (Tre-
anor et al., 2010; Treanor et al., 2011). Defects in actin nucleation have been linked to
abnormal B cell activation in diseases such as the Wiskott-Aldrich syndrom, and ERM
upregulation has been linked to constitutive activation and proliferation in large B cell
lymphoma (Li et al., 2019; Pore and Gupta, 2015). Overall, it appears that the dynamic
regulation of actin, ERM and microtubules plays a crucial role in B cell function (Tre-
anor et al., 2011).

Upon BCR engagement, transient dephosphorylation of ERM proteins and activa-
tion of cofilin by Rap induce local actin depolymerisation and increased BCR mobility
(Freeman et al., 2011; Treanor et al., 2010). BCR nanoclusters merge into microclusters,
recruit signaling molecules and increase signaling (Figure 1.16 steps 1,2) (Li et al., 2019;
Sohn, Tolar, and Pierce, 2008).

The activation of Cdc42, Rac and Btk downstream of BCR signaling induces the
activation of Arp2/3 (Freeman et al., 2011; Liu et al., 2011; Liu et al., 2013a; Le Roux
et al., 2007; Sharma, Orlowski, and Song, 2009), leading to B cell spreading on the sub-
trate with lamellipodial-like structures (Figure 1.6 step 3) (Bolger-Munro et al., 2019).
Interestingly, the formation of these actin protrusions also requires Rap activation,
which might be due to the ability of Rap to recruit Cdc42 and Rac or to the release
of actin monomers during cofilin activation by Rap (Lin et al., 2008; Freeman et al,,
2011; Arthur, Quilliam, and Cooper, 2004; Gérard et al., 2007). The extension of those
protrusions allows the cell to scan a wide area, engage more BCRs and form more
microclusters to sustain BCR signaling (Li et al., 2019). Microclusters are gradually
transported towards the center to merge into clusters of growing size, which further
increases signaling. The transport and merging of microclusters relies on branched
actin, that traps and transports islets of BCRs in retracting protrusions, but also on
dynein-mediated transport of BCR-antigen microclusters along microtubules (Figure
1.16 step 4) (Bolger-Munro et al., 2019; Schnyder et al., 2011; Liu et al., 2010).

Finally, the cell retracts its protrusions through differential regulation of Arp2/3 by
Btk inhibition (Liu et al., 2011; Liu et al., 2013a), and forms a central cluster of BCRs,
the cSMAC. Cell retraction and BCR concentration requires the inhibition of Btk, but
also the activation of the actin-binding protein 1 (abp1) that has been shown to down-
regulate BCR activation (Seeley-Fallen et al., 2014; Li et al., 2019; Rey-Suarez et al.,
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2020). BCR signaling and BCR-antigen complex internalisation being mutually ex-
clusive (Hou et al., 2006), this step also supports the internalisation of BCR-antigen
complexes at the immune synapse (Onabajo et al., 2008). The extraction of antigen has
recently been associated to actin patches found at the center of primary B cell immune
synapse, and associated with clathrin and antigen patches (Figure 1.16 step 5) (Roper
et al., 2019).
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The course of events at the B cell immune synapse is classically summarised in two

drastic phases initially described on glass: spreading and contraction (Fleire, 2006).
Since this first observation, many studies have tried to adapt the experimental system
and approach physiological conditions by using primary B cells instead of cell lines,
and by adapting substrate rigidity and ligand mobility. These studies have all high-
lighted that the structure of the synapse, the level of activation and the ability of B cells
to extract the antigen strongly depends on the conditions of antigen presentation.
Studies using mobile ligands show that these substrates induce less cell spreading, but
fast and strong signaling associated to dense antigen clusters transported towards the
center of the synapse (Ketchum et al., 2014).
The use of soft substrates or surrogate antigen presenting cells brings even more nu-
ances to the classical spreading and contraction model. Indeed, B lymphocytes do not
spread on the surface but rather scan the surface by extending and retracting lamel-
lipodial structures. As a result, the typical bulls-eye pattern, with actomyosin arcs and
an actin-dense periphery, is less defined (Bolger-Munro et al., 2019; Ketchum et al,,
2014; Shaheen et al., 2017; Wan et al., 2013). The pathways involved in the stiffness-
dependence of immune synapse formation and B cell activation are not clearly under-
stood yet but seem to involve microtubules and, to a lesser extent, actin (Wan et al,,
2013).

1.4.1.1 B cell antigen affinity discrimination and antigen extraction

Substrate and antigen-tethering properties impact not only the structure of the synapse,
but also the pathway used by the B cell to extract antigen and its efficiency. Two
mutually exclusive pathways exist for B lymphocytes to extract the antigen from the
opposing surface: the mechanical pathway, that relies on mechanical pulling on the
BCR-antigen link, or the proteolytic pathway, that relies on the release of proteases at
the immune synapse to facilitate antigen extraction (Natkanski et al., 2013; Spillane
and Tolar, 2016; Yuseff et al., 2011). Mechanical extraction has been observed mainly
on soft substrates or for weakly tethered antigens. In the case of stiff substrates and
strong antigen tethering, the mechanical pathway is inefficient, and only then will the
proteolytic pathway go through (Spillane and Tolar, 2016).

Different environments and antigen extraction strategies can also impact the ability
of B cells to test the affinity of its BCR for the antigen, and therefore its capacity to
adapt the response accordingly. Indeed, the affinity of the BCR for the antigen modu-
lates cell spreading, signaling and amount of calcium bursts, up to a certain saturation
level (Batista and Neuberger, 1998; Liu et al., 2010). Different mechanisms have been
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proposed to contribute to antigen affinity discrimination, the first being the activation-
dependent spreading of the B cell, with high affinity antigen leading to more engaged
BCRs, which in turn would induce more cell spreading and create a positive feedback
loop (Fleire, 2006). More recently, results showing that a stronger BCR-antigen link
leads to stronger pulling and activation suggested that mechanical pulling could also
contribute to antigen affinity discrimination (Wan et al., 2015). Indeed, myosin II is
very active during B cell activation, contraction and antigen extraction (Hoogeboom
et al., 2018), and traction force microscopy experiments highlighted signaling- and
antigen-dependent mechanical forces applied by B cells on the antigen-presenting sub-
strate via myosin II and microcluster-microtubule binding (Wang et al., 2018). How-
ever, antigen affinity discrimination by mechanical pulling reportedly depends only
slightly on myosin, and not at all on dynein (Wan et al., 2015), suggesting that the
measured forces could simply correspond to the centripetal transport of BCR micro-
clusters.

How B lymphocytes manage to discriminate antigen affinity efficiently in vivo is still
difficult to understand, as it can be tethered on the surface of different types of cells,
with variable mechanical and antigen-tethering properties. The nature of the antigen
presenting cell would then impact affinity discrimination and antigen extraction by B
cells. For example, soft substrates or weakly tethered antigen lead to fast and easy
antigen extraction, but also to poor antigen affinity discrimination (Spillane and Tolar,
2016). Substrate topology could also play a role, as uneven surfaces generate actin pat-
terns at the synapse, and in turn impact B cell signaling and calcium influx during B
cell activation (Ketchum et al., 2018).

Given the diversity in cell mechanical, membrane and tethering properties and their
impact on B cell activation, the modulation of antigen-presenting cell properties and
lymph node structure during inflammation (Astarita et al., 2015; Bufi et al., 2015) could

be a way to modulate the adaptive immune response in vivo.

Once internalised, the antigen is processed and antigenic peptides are loaded onto
MHC II molecules for presentation to T lymphocytes. These last stages also rely on
signaling-dependent actin remodeling and myosin II (Le Roux et al., 2007), putting the
cytoskeleton at the heart of B cell activation.



42 Chapter 1. Introduction

1.4.2 Transversal plane: polarisation of the B lymphocyte

The engagement of BCRs not only induces the formation of the immune synapse but
also results in a full reorganisation of the B lymphocyte with the polarisation of or-
ganelles, cytokines and cytoskeletal networks.

In the polarised state, F-actin, vimentin and microtubules are strongly enriched on the
immune synapse side (Tsui et al., 2018), and the centrosome is positioned at the center
of the contact area, surrounded by MHC II* lysosomes (Reversat et al., 2015; Yuseff
et al., 2011). This polarised reorganisation relies on the highly conserved PAR polarity
complex proteins, and their related GTPases Cdc42 and Rac, activated downstream of
BCR signaling (Figure 1.6) (Yuseff et al., 2011).

The activation of Cdc42 and the resulting polarisation are essential to allow effi-
cient signaling, antigen extraction and ultimately presentation to Helper T cells (Yuseff
et al.,, 2011; Yuseff and Lennon-Dumenil, 2015). Local activation of Cdc42 triggers
the activation of aPKC-{ and the recruitment of dynein by Par3, both necessary for
the polarisation of the centrosome (Yuseff et al., 2013; Reversat et al., 2015). Inter-
estingly, centrosome polarisation requires the remodelling of different pools of actin.
The activity of cofilin and Rap1 at the B cell immune synapse is necessary for centro-
some polarisation and docking, potentially due to the linking of microtubules to the
peripheral actin ring through Rapl-dependent IQGAP1/CLIP170 that would pull on
microtubule, or through dynein recruitment by IQGAP1 that would amplify dynein-
mediated centrosome positioning (Wang et al., 2017). At the centrosome, degradation
of the centrosomal pool of actin linking the centrosome to the nucleus at steady state is
needed for centrosome polarisation and formation of the centrosome-nucleus polarity
axis (Obino et al., 2016). Upon B cell activation, centrosomal actin is ubiquitinylated
and degraded by the proteasome (Ibafiez-Vega et al., 2019), while a cortactin homolog
(pHS1) is recruited to the immune synapse and contributes to depleting the centroso-
mal actin pool by recruiting actin monomers to induce local filament assembly (Obino
et al., 2016). This suggests a balance between actin-dependent centrosome detachment
from the nucleus and actin remodeling at the immune synapse, both necessary for

proper cell polarisation.

Actin remodeling can also impact centrosome polarisation by directly affecting mi-
crotubules, as many co-regulations have been described in the previous section. Upon
B cell activation, the down-regulation of centrosomal actin results in an increase in to-
tal cell tubulin (Inoue et al., 2019), and microtubule stabilisation (Séez et al., 2019). In T

lymphocytes, microtubule increased growth rate, resulting from the phosphorylation
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of stathmin, as well as microtubule stabilisation are necessary for centrosome polari-
sation (Andrés-Delgado et al., 2012; Filbert et al., 2012). An actomyosin-microtubule
collaborative mechanism has also been proposed in the T cell immune synapse, where
myosin I is polarised at the back of the cell in a PKC-0-dependent manner and pushes
the centrosome towards the cell front, while dynein pulls from the front (Liu et al.,
2013b). However, no such mechanism for centrosome polarisation has yet been shown
in B lymphocytes.

Centrosome polarisation implies the reorientation of the whole microtubule net-
work, and with it the polarisation of the main intracellular transportation media. Mi-
crotubules are responsible for organising and maintaining polarisation by anchoring
and transporting organelles and cytokines (Ueda et al., 2015). Most strikingly, in the
case of proteolytic extraction, lysosomes are transported along microtubules and clus-
ter around the centrosome to fuse with the cell membrane and release proteases at the
immune synapse (Spillane and Tolar, 2016; Yuseff et al., 2011). The secretion of lyso-
somes is then regulated by additional factors, like the relocalisation of Vamp7 from
the Golgi apparatus to lysosomes (Obino et al., 2017) and the recruitment of the ex-
ocyst complex at the immune synapse in a microtubule stabilisation- and GEF-H1-
dependent manner (Sdez et al., 2019). Actin patterning also plays an important role in
the ability of the cell to perform exo- and endo-cytosis at the immune synapse, as actin
clearing (recovery) at the center of the synapse has been shown to be an on (off) sig-
nal for the release of cytotoxic granules at the cytotoxic immune synapse (Ritter et al.,
2017; Ritter et al., 2015).

While the individual roles of actin and microtubule organisation in B cell immune synapse
functionality have been studied, their interplay during this process remains to be investigated.
In Chapter 3, I will investigate the role of these networks and their reciprocal regulation in
immune synapse formation and polarity.
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1.5 Model systems of the immune synapse

1.5.1 Antigen presentation substrates

In the past decade, the observation that the properties of the antigen-presenting sub-
strate can considerably impact synapse structure, activation, and pathways and effi-
ciency of antigen extraction has stressed the need for new substrates recapitulating the
properties of real antigen presenting cells. Researchers have now started exploring
various types of substrates presenting different properties: planar or spherical, soft or

stiff, with immobile or mobile ligand (Figure 1.18).

Planar substrate

3D substrate
stiff A Glass Planar lipid bilayers
Beads Lipid-coated beads
"Rigid" oil droplets
Strongly adherent cell
Cell in suspension

Gel Plasma membrane sheets

Gel beads "Deformable" oil droplets
Soft 4
Immobile ligand Mobile ligand

FIGURE 1.18: Model substrates for antigen presentation. Blue area: explored settings to ap-
proach physiological conditions.

To allow ligand mobility, and observe the striking pattern of antigen accumulation
at the center of the immune synapse, antigens and adhesion molecules can be tethered
to a lipid layer. In 2D, this is achieved by using either a fully synthetic lipid bilayer
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(planar lipid bilayer) bound to glass, or fragments of plasma membrane of adherent
cells (plasma membrane sheets). These two different approaches provide substrates
with comparable ligand mobility, but different stiffnesses. Indeed, the space between
the glass support and plasma membrane sheets is higher than for planar lipid bilayers,

making plasma membrane sheets appear softer to cells seeded on top (Natkanski et al.,
2013).

Non-planar substrates with mobile ligands can be obtained by using lipid-coated
beads (Barral et al., 2008; Roman-Garcia et al., 2018) or oil droplets coated with phos-
pholipids (Montel, Pinon, and Fattaccioli, 2019). Oil droplets present a real interest,
as size, ligand mobility and surface tension can be tuned by changing settings on mi-
crofluidic production systems, phospholipid nature and density, surface and oil com-
position.

Solutions have also been explored to obtain substrates of lower rigidity, while keep-
ing the ligand immobile. Rigidities ranging from hundreds of Pa (using polyacry-
lamide hydrogels) to tens of kPa (using PDMS) have been reached using different sub-
strates and preparations (Teo et al., 2020; Bergert et al., 2016), allowing experimenters
to obtain substrates with stiffnesses comparable to that of a macrophage (Bufi et al.,
2015).

Finally, surrogate antigen presenting cells have been used to try to approach phys-
iological conditions (Bolger-Munro et al., 2019). Still, the type of cell used, whether it
is strongly adherent and spread, weakly adherent or in suspension changes its surface

properties and can therefore impact the formation of the immune synapse.

1.5.2 Imaging the immune synapse

The view experimenters have of the immune synapse not only depends on what sub-
strate is used, but also how it is looked at. Imaging provides many solutions to study
proteins and organelles both in live and at fixed time points, but imaging under the
right angle at the right time can prove challenging when one is looking at a fast event
like immune synapse formation. Many technologies have been developed to study this
type of cell-cell contacts under different angles (Figure 1.19).

The first strategies to image the immune synapse, in the plane of the synapse or
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in the transversal plane to image polarisation, are straightforward. Imaging the for-
mation of the bulls-eye structure on planar substrates can be achieved by letting the
cells settle on the substrate, and imaging the evolution of the structure from the time
of contact. This approach wis compatible with substrates like glass, gels, planar lipid
bilayers, plasma membrane sheets or even adherent surrogate antigen presenting cells
that offer large flat membrane areas.

Simple approaches also exist to study the polarisation of B lymphocytes, by mixing B
lymphocytes with beads or surrogate antigen presenting cells to create doublets, and
seeding them on glass before imaging. However, this approach does not give access
to the initial time of contact and is therefore not appropriate for fine dynamics. In
addition, the formation and the angle of the doublet is not controlled and there can
be many clumps of cells or out-of-plane synapses, difficult to image in a classical mi-

croscopy setting.

Technologies have been developed to allow the use of complex non planar sub-
strates (non adherent surrogate antigen presenting cells, beads, droplets) while con-
trolling the angle of imaging and the time of B lymphocyte-antigen encounter. The
first big step forward to dynamically image immune synapse formation with these
complex substrates was micro-manipulation using optical tweezers or micropipettes.
With these tools, the experimenter can control the position of the B lymphocyte and /or
the presenting object, and therefore control when and where they enter in contact. This
allowed high resolution imaging of the NK cell cytotoxic synapse plane for example
(Oddos et al., 2008), and the study of morphology and dynamics of the T cell im-
mune synapse (Husson et al., 2011). While micro-manipulation is extremely precise,
offers perfect doublet formation with full control of time and angle of contact for the
experimenter, it is very time-consuming. Indeed, objects have to be captured using
the tweezers or the micropipette and displaced until contact by the experimenter, one

synapse at a time.

The recent advent of microfabrication and microfluidics led to new methods for
high-throughput imaging of immune synapses. Indeed, microfluidics allow not only
the production of substrates like droplets, but also the control of positioning of small
objects. To image the plane of the immune synapse between two 3D objects, differ-
ent systems of traps have been developed, all based on the successive trapping in a
pit of the lymphocyte and the antigen presenting cell/droplet/beads (Vu et al., 2017).
Objects are deposited or flown on an array of pits, with the number of objects by pits
following a Poisson distribution. The creation of doublets is not as tightly controlled

as in micro-manipulation, but this is compensated by multiplexing of this experiment
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over an array of pits.

Microfluidic solutions have also been developed to image the polarisation of lympho-
cytes in real time, in a multiplexed manner. Again, several variants of arrays of mi-
crofluidic traps have been proposed, of different complexities. They all rely on the
trapping of a first object, the antigen-presenting substrate for example, followed by
the addition of the lymphocyte (Skelley et al., 2009). Increasing complexities of trap
design and loading strategies can improve trapping and pairing efficiency, or even al-
low long-term culture and recovery of doublets (Dura et al., 2015; Dura et al., 2016).

Immune synapse imaging
Cell polarisation imaging

"Tool-free" Micromanipulation Microfluidics
Seeding cells Optical tweezers, Array of pits
Glass, gel, PLB, PMS, Micropipettes Cells, beads, droplets

adherent surrogate APC Cells, beads, droplets

R |
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- -

+: Easy, many cells, +: Multiplexed,
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-: variable pairing
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Mixing cell-substrate i Array of fraps
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FIGURE 1.19: Systems to image B lymphocyte-antigen encounter
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1.5.3 Measuring forces at the immune synapse

Cell-cell contacts are sites of tension where cells can apply forces to adhere or commu-
nicate. These forces are very important in the case of immune synapses, because they
can be linked with cell activation, antigen affinity discrimination and antigen extrac-
tion in the case of B lymphocytes.

Many tools described above have been adapted to allow the measurement of forces
applied by the B lymphocyte on the substrate, from the cell scale down to the single

molecule scale (Figure 1.20).

At a global scale, normal forces applied by the cell on an antigen-presenting sub-
strate can be measured using micropipette or biomembrane force probes. The cell is
held by a micropipette and put in contact with an antigen-coated bead. The bead is
attached either to a flexible micropipette (Sawicka et al., 2017) (a deformable red blood
cell (Gourier et al., 2008)), and the deflection of the micropipette ( the deformation of
the red blood cell) is a measurement of the normal force applied by the cell on the bead.
These methods give very precise measurements of the global normal forces, and allow
imaging of cell morphology, calcium influx and polarisation, but cannot be linked to

local forces or antigen extraction.

Traction force microscopy using deformable gels or micropillars allows the mea-
surement of tangential forces applied by the cell in the plane of contact (Tan et al,,
2003; Hui et al., 2015; Wang et al., 2018). These methods rely on the deformation of the
substrate by the cell, measured by tracking either fluorescent beads embedded near the
surface of the gel or the tips of micropillars. Traction Force Microscopy gives access to
the spatial patterning of forces, which can be combined with imaging of cellular com-
ponents in the synapse plane and allows studies on the correspondence between local
forces and sub-cellular structures, like sites of internalisation. However, the difficulty
of traction force microscopy lies in the manufacturing of substrates soft enough to be
deformed by the cells, and with a density of markers that allows local force mesure-
ments in the cell, which is a challenge in the case of B lymphocytes.

Finally, some techniques allow to measure forces applied on a single molecule, in
this case an antigen. Single molecule force spectroscopy approaches are based on the
immobilisation of a ligand on a small bead, that is held by optical tweezers, magnetic
tweezers or an AFM (Atomic Force Microscopy) cantilever (Neuman and Nagy, 2008;
Natkanski et al., 2013). The ligand is put in contact with the cell, and the deflection of
the cantilever or the movement of the bead is a measurement of the interaction forces,

and can also give a measurement of the pulling force of the cell.



50 Chapter 1. Introduction

DNA-based tools have also been developed to investigate more precisely antigen ex-
traction by B lymphocytes and the forces associated to this event. DNA force sensors
consist in two strands of DNA or a DNA hairpin with sequences designed to separate
at a given force, and are bound to a solid substrate on one side, and to the antigen on
the other. Sensors are mainly based on FRET or quenching effects, and give a binary
information: open or closed. Some DNA sensors have been designed to act as tension
gauge tethers that break and become fluorescent above a certain force threshold, in the
scale of tens of picoNewtons (Wang and Ha, 2013; Wan et al., 2015), but sensors have
also been designed to distinguish mechanical from proteolytic extraction of antigen by
B lymphocytes (Spillane and Tolar, 2016).
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FIGURE 1.20: Measuring forces at the immune synapse. Tool, readout
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1.6 Objectives and outline of the thesis

Despite the progresses made in the understanding of the link between structure and
function at the B lymphocyte immune synapse, the current picture is often based on
static descriptions of the final state. My PhD work attempts to fill this gap by looking
at the spatiotemporal dynamics of cellular components and force generation down-
stream of BCR engagement, focusing in particular on the respective roles of the actin
and microtubule networks.

This PhD thesis is organised as follows:

In Chapter 1, I introduce B cell biology notions, as well as the existing tools to
investigate the B cell immune synapse and polarity.

¢ In Chapter 2, I investigate the role of actomyosin structures in force generation
and antigen extraction at the immune synapse.

* In Chapter 3, I study the coordination of different molecular and cellular events
during immune synapse formation and cell polarisation, focusing on the roles of

actin and microtubules.
¢ In Chapter 4, I discuss the results obtained in Chapter 2 and Chapter 3.

¢ In Chapter 5, I describe the materials and methods used in both Chapter 2 and
Chapter 3.

The work performed during my PhD thesis led to the publication of two articles based on
Chapter 2(Kumari et al., 2019; Kumari et al., 2020), as well as three publications from scien-
tific collaborations (Inoue et al., 2019; Merino-Cortés et al., 2020; Laplaud et al., 2021). These
articles are attached in the Appendices.
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Chapter 2

Actomyosin-driven force
patterning controls endocytosis

at the immune synapse

2.1 Introduction

The extraction and internalisation of antigen by B lymphocytes is a key step in the ini-
tiation of B cell activation, and therefore of the humoral adaptive immune response.
As described in Chapter 1, the extraction of antigen from the antigen-bearing surface
can be achieved through either proteolytic or mechanical pathways. In the case of
mechanical extraction, two models had been proposed: (1) a global model based on
the observation that B lymphocytes spread then contract on antigen-coated substrates,
which could allow the transport of BCR-Antigen complexes towards the center of the
immune synapse and their extraction and a (2) local model, based on Atomic Force
Microscopy and DNA force sensors measurements showing that B cells could extract
and internalise antigens by direct pulling on it through the BCR (Fleire, 2006; Natkan-
ski et al., 2013). In this study, we aimed at bridging these two scales by investigating
the spatio-temporal distribution of forces exerted by B lymphocytes during antigen ex-
traction at the immune synapse, and their regulation by the actomyosin cytoskeleton.

This chapter is a joined effort between a former PhD student from the lab, Anita
Kumari, and myself. I will first summarize the main results obtained prior to my in-

volvement, and then describe the results I obtained to complete this project.

The spatio-temporal distribution of forces applied by a B lymphocyte at the im-
mune synapse was studied by using antigen-coated polyacrylamide (PAA) gels to per-
form Traction Force Microscopy (Figure 2.1A). In order to approach physiologically-

relevant conditions for antigen presentation, the rigidity of the gel was set to 500Pa, the
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FIGURE 2.1: B lymphocytes generate antigen-specific forces at the immune synapse (A) Car-
toon showing the principle of the experimental setup. Fluorescent beads serve as fiducial mark-
ers to measure the forces applied by the cell. (B) Average strain energy in time for HEL- or
BSA-coated gels (Mean+SEM, 5 independent experiments, 5 mice, HEL N=65, BSA N=35). (C)
Displacement flux reporting the direction of bead displacement over time for HEL- or BSA-
coated gels (Mean+SEM, 5 independent experiments, 5 mice, HEL N=65, BSA N=35). (D)
Schematic representation of the method used to distinguish beads exhibiting coordinated or
non coordinated displacements. (E) Map of mean bead distribution in coordinated and non-
coordinated pool (N=100 cells). Below: radial profile of the density map (obtained by resizing
all cells and interpolating each bead with a Gaussian kernel) (F) Mean displacement field map
(obtained by resizing all cells and averaging for a time point the individuals coordinated and
non-coordinated displacement maps). Figure adapted from Kumari et al., 2019.
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same order of magnitude as macrophages or dendritic cells (Bufi et al., 2015), which
can present antigen to B cells in lymph nodes. Using primary naive B cells of MD4 "/~
mice expressing a Hen Egg Lysozyme (HEL)-specific BCR and PAA gels coated with
HEL, it was established that B cells apply antigen-specific forces on the substrate (Fig-
ure 2.1B), with a major component of centripetal forces as measured by the direction
of movement of the beads with regards to the cell border (Figure 2.1C). Two different
types of bead movement were observed when analysing trajectories: beads that moved
in the same direction as neighbouring beads - designated as coordinated, and consis-
tent with the measurement of tangential forces on the gel, and beads that did not move
in the same direction as neighbouring beads - designated as non-coordinated, and that
do not correspond to classical movements expected in the case of tangential forces
(Figure 2.1D). Mapping of the density and displacement of beads from each popula-
tion highlighted a spatial separation: coordinated movements, and therefore tangential
centripetal forces, are localised at the periphery of the immune synapse, while non-
coordinated movements are concentrated at the center of the immune synapse (Figure
2.1E,F).

The role of actomyosin in this system was first assessed by using conditional knock-
out mice lacking myosin IIA in B lymphocytes (Myosin II Flox/Flox - CD21-Cre+/-),
as well as the myosin II inhibitor para-nitroBlebbistatin (70pM). This revealed that
myosin II activity is essential for the generation of forces and the extraction of anti-
gen from the gel (Figure 2.2A,B). In addition, inhibition of myosin II activity led to the
loss of actin patches observed at the center of the cell (Figure 2.2C), and that resembled
closely the pattern of extracted antigen (Figure 2.2D). This similarity, as well as the
fact that patches of actin and antigen appear simultaneously (Figure 2.2E), suggests
that actin patches could be hotspots for antigen extraction. This raised the question
of the nature of these actin patches, and whether they could be 3D protrusive struc-
tures responsible for the non-coordinated bead movements at the center of the cell, as
suggested by the presence of actin-rich protrusions in the gel in electron microscopy
images (Figure 2.2F).

My work focused on defining the nature of these actin patches, and their dependence on
antigen stimulation and myosin 1I contractility, as requested by the article referees. The pub-
lished version of this work can be found in Appendix A.
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FIGURE 2.2: Myosin II is essential for force generation, actin patch formation and anti-
gen extraction in B cells (A) Plateau of strain energy for Myosin II WT/wT and KO/ko cells
(Median£IQR. WT/wT N=22, KO/ko N=23, 4 mice, 4 independent experiments). Statistical
analysis: Mann-Whitney test. (B) Antigen extraction over time in control and p-nBlebbistatin
treated cells (Mean+=SEM, DMSO N=15, p-nBlebb N=9). (C) Left: single cell showing F-actin
patches at the center of the cell, and no patches in a p-nBlebbistatin treated cell. Right: Maps
of mean actin distribution and mean density of coordinated or non-coordinated displacements
in DMSO or p-nBlebbistatin treated cells (N=12 cells). (D) Image of HEL extracted from the
PAA gel at 29min after cell-antigen contact. Fluorescence of the fluorescently-labelled HEL is
quenched by the gel, and only visible upon detachment. (E) Quantification of the signal of
extracted antigen and actin over a lumx1lpum square. Signals in both channels appear simulta-
neously (Mean+SEM, N=21, 6 cells). (F) Electron microscopy image showing actin (immuno-
labeling with gold beads) enriched in protrusions extending in the PAA gel (coloured in green).
Scale bar 0.2pm. Figure adapted from Kumari et al., 2019.
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2.2 Results

2.21 Actin protrusions generate non-planar forces at the immune
synapse

We investigated the nature of the non-coordinated movement of beads, focusing on
their 3D movement to explore the hypothesis that these could be related to actin pro-
trusions. The quantification of z displacements of beads (defined as the standard de-
viations of their z position over 60s) and the mapping of this value over a normalised
cell revealed that beads located at the center of the cell (2/3 of cell diameter) displayed
significantly higher z displacements than beads located at the periphery of the cell or
outside the cell (Figure 2.3A,B). This result strongly suggests that non-cooordinated dis-
placements are indeed linked with local 3D movement of the cell, namely actin protrusions or

invaginations.
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FIGURE 2.3: B lymphocytes exert forces orthogonal to the substrate at the center of the im-
mune synapse. (A) Spatial distribution of bead displacement in the z direction: the standard
deviation of the z position of each bead over 10 frames is colour-coded and projected on a nor-
malized cell. the inner circle (2/3 of cell diameter) represents the center of the synapse (8422
points, superposition of 14 cells, one representative experiment). (B) Cumulative distribution
of the std(z) colour-coded in panel (A). The z displacement in the central area shows signif-
icantly higher displacements in z (P<0.0001 for all comparison, Kolmogorov—Smirnov test).
Figure adapted from Kumari et al., 2019.
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2.2.2 Actin patches are antigen-dependent dynamic structures that

resemble invadosome-like protrusions

The presence of actin patches at immunological synapses has been described in B cells
and linked with BCR signaling (Roper et al., 2019; Kwak et al., 2018). We investi-
gated the nature of the actin patches observed in our system by confirming their 3D
nature through live imaging of LifeAct-GFP cells presented laterally with small pieces
of gel (with Anita Kumari, Figure 2.4A), and evaluating their association with differ-
ent proteins using immunofluorescence. The association of actin patches with antigen
extraction prompted us to evaluate their colocalisation with clathrin. Clathrin associ-
ated only partially with actin patches (Figure 2.4B), suggesting that actin patches might
be preferential sites for clathrin-mediated endocytosis, but not exclusively dedicated
to this purpose. However, actin patches showed a strong and specific enrichment in
phospho-Cortactin (Figure 2.4C), a hallmark of invadosome-like protrusions described
in other cell types including T cells (Sage et al., 2012; Di Martino et al., 2016). Podosome
hallmarks (vinculin, phospho-Paxillin) were not found to colocalise with actin patches
(Figure 2.4D,E) (Carman, 2009; Linder, 2009).

In the case of T cells, invadosome-like protrusions (ILPs) have been shown to sup-
port antigen recognition, which in turn stabilized and promoted ILPs (Sage et al.,
2012). We investigated the impact of antigen recognition on the actin patches of B
lymphocytes by tracking actin patches on BSA- or HEL-coated PAA gels. We found
that more patches were formed in the presence of antigen (Figure 2.5A,B). Moreover,
these patches were concentrated at the center of the cell, as opposed to the patches
scattered over the surface observed on BSA-coated gels (Figure 2.5C). We further found
that patches had a significantly longer lifetime in the presence of antigen (Figure 2.5D).

Taken together, these results suggest that B lymphocytes form actin patches similar to
invadosome-like protrusions to scan the opposing surface for antigen. In the presence of anti-
gen, these protrusions are stabilised and form a denser array at the center of the cell, where they

are preferential sites for antigen extraction and clathrin-mediated endocytosis.
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FIGURE 2.4: Actin patches are similar to invadosome-like protrusions. (A) 3D reconstruction
of protrusions associated with bead movement (red) on antigen-coated gel pieces presented lat-
erally to B cell (green). (B) Immunofluorescence of actin (cyan) and clathrin (magenta), zoomed
orthogonal projections (Scale bar 5um, zoom 0.5um); showing partial colocalisation (not quan-
tified). (C) Immunofluorescence of actin (cyan) and phospho-Cortactin (magenta), zoomed
orthogonal projections (Scale bar 5pm, zoom 0.5um); showing colocalisation. quantification
on the right as ratio of pCortactin signal in the vicinity of actin hotspots (control: in the vicin-
ity of random spots) over average pCortactin signal in the cell (Median+IQR, N=26 cells, 2
independent experiments, 2 mice, Statistical analysis: Mann-Whitney test). (D) Immunofluo-
rescence of actin (cyan) and vinculin (magenta), zoomed orthogonal projections (Scale bar 5pm,
zoom 0.5pm); showing no colocalisation (E) Immunofluorescence of actin (cyan) and phospho-
Paxillin (magenta), zoomed orthogonal projections (Scale bar 5pm, zoom 0.5pm); showing no
colocalisation. Figure adapted from Kumari et al., 2019.
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FIGURE 2.5: Actin patches are promoted and stabilized in the presence of antigen.
(A) Average distribution of actin patches, mapping the integrated density as number of
patches/cell/5min (obtained by tracking of patches and convolution of the tracks with a Gaus-
sian kernel). The distribution on HEL-coated gels is different from the one on BSA-coated gels,
regarding (B) the number of actin patches (Mann-Withney test, Median+IQR) and (C) their
radial distribution (BSA N=25 cells, HEL N=34 cells, 3 mice). (D) Effective diffusion coefficient
of actin patches (Median+IQR, HEL N=301 trajectories 34 cells, BSA N=84 trajectories 25 cells,
Mann-Whitney test). Figure adapted from Kumari et al., 2019.
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2.2.3 Actin patches stability, force generation and antigen extraction

are modulated by actomyosin contractility

We next investigated the regulatory role of myosin II activity in actin patch formation,
force generation and antigen extraction. Having established that myosin II inhibition
abolishes all these processes (Figure 2.2), we sought to assess the impact of increased
myosin Il activity using MLSA1, an agonist of the lysosomal calcium channel TRPML1,
which locally enhances myosin II flows and activity in dendritic cells (Bretou et al.,
2017). We found that MLSA1-treated B cells display enhanced contractile energy, with
both coordinated and non-coordinated displacements being increased (Figure 2.6A,B).
Surprisingly, this did not correspond to an increase in the number of actin patches,
nor in a change in their distribution (Figure 2.6C,D,E). However, MLSA1 treatment re-
sulted in a strong decrease in the diffusion coefficient of actin patches (Figure 2.6F),
indicating that it had a stabilizing effect. Consistent with this result, MLSA1-treated

cells were able to extract more antigen, and faster, than untreated cells (Figure 2.6G).

Therefore, myosin 11 inhibition abolishes force generation, actin patch formation and anti-
gen extraction, while increased myosin 1I activity enhances all of those events. This suggests
that these three processes might be functionally linked, and requlated by the activity of this
motor protein.
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FIGURE 2.6: Actomyosin contractility regulates forces, actin patches and antigen extrac-
tion. (A) Plateau of strain energy for untreated (DMSO) or MLSA1l-treated cells (Median
+IQR, DMSO N=41, MLSA1 N=30, 3 independent experiments, 3 mice, statistical analy-
sis: Mann-Whitney test). (B) Bead displacement for coordinated and non-coordinated beads,
for untreated (DMSO) and MLSA1-treated cells (Median+IQR, DMSO N=41, MLSA1 N=30,
3 independent experiments, 3 mice, statistical analysis: Mann-Whitney test, total of >4400
beads). (C) Average distribution of actin patches, mapping the integrated density as number of
patches/cell/5min (obtained by tracking of patches and convolution of the tracks with a Gaus-
sian kernel). The distribution in MLSA1-treated cells does not differ strongly from the control
cells regarding (D) the radial distribution or (E) the number of actin patches, although they ex-
hibit a slight increase. (Median+IQR, DMSO N=34, MLSA1 N=38, 3 independent experiments,
3 mice, Mann-Whitney test). (F) Effective diffusion coefficient of actin patches (Median+IQR,
DMSO N=301 trajectories, MLSA1 N=492 trajectories, Mann—Whitney test). (G) Antigen extrac-
tion over time in control and MLSA1-treated cells (Mean+SEM, DMSO N=55, MLSA1 N=53, 3
independent experiments, 3 mice). Figure adapted from Kumari et al., 2019.
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2.3 Conclusion

In this work, we studied the spatio-temporal distribution of forces at the immune
synapse of primary B lymphocytes, and its link with actomyosin activity and sub-
cellular structures. We found that B lymphocytes apply forces at different scales, with
global centripetal forces observed at the periphery of the cell, and local 3D forces mea-
sured at the center of the cell. These local 3D forces were associated with actin-rich
protrusions, similar to invadosome-like protrusions, that are hotspots for antigen ex-
traction and internalisation. Force generation, actin protrusion formation and antigen
internalisation seem to be functionally linked, as all these processes are dependent
on myosin II activity, being abrogated upon myosin II inhibition and increased upon
myosin II activation by release of lysosomal calcium stores. These results led us to
propose a model where peripheral centripetal forces facilitate the accumulation and
building up of the endocytic machinery at the center of the immune synapse, where
actin protrusions form in response to BCR engagement and facilitate the extraction and
internalisation of antigen (Figure 2.7).

This work was published in Nature Communications in 2019 (Kumari, A.*, Pineau, ].*,
Sdez, PJ., Maurin, M., Lankar, D., San Roman, M., Hennig, K., Boura, V.F., Voituriez, R.,
Karlsson, M. C.L, Balland, M., Lennon Dumenil, A-M. & Pierobon, P., Actomyosin-driven
force patterning controls endocytosis at the immune synapse. Nat Commun 10, 2870 (2019).
https://doi.org/10.1038/s41467-019-10751-7, see Kumari et al., 2019) and as a protocol in
JoVE in 2020 (Kumari, A., Pineau, |., Lennon-Duménil, A-M., Balland, M., Pierobon, P.,
Traction Force Microscopy to Study B Lymphocyte Activation. ]. Vis. Exp. (161), e60947,
d0i:10.3791/60947 (2020), see Kumari et al., 2020), attached in Appendix A and B.
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Chapter 3

Dynamics of immune synapse

formation in B lymphocytes

Immune synapse formation is a key step for B cell activation and onset of humoral
immune responses. This calls for a better understanding of this complex cellular pro-
cess. The key role played by the cytoskeleton in the formation and function of the
immune synapse has become increasingly clear, with crucial roles for actin and micro-
tubule filaments and/or associated motors in antigen extraction and in the exocytic
and endocytic events that allow optimal cell-cell communication at the synapse. In
this Chapter, we aim at understanding how the different events involved in synapse

formation are coordinated by the actin and microtubule networks in space and time.
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FIGURE 3.1: Microfluidic system to study dynamics of B lymphocyte polarisation and im-
mune synapse formation (A) Transmission image of a chamber of the microfluidic chip con-
taining the traps. Scale bar=100pm. Inset: Cell-droplet doublet in a microfluidic trap. Bright
field image and fluorescence image (Nucleus: cyan, Antigen: grey). 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 an F(ab'), algG-coated droplet (acting as an antigen).
Outline of the cell is drawn. Scale bar=5pm. (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 (Mean+SEM,
BSA N=21, aIgG N=27, 2 independent experiments) (F) Plateau of Antigen recruitment (aver-
age value 25-30min) on BSA- or aIgG-coated droplets (Median+IQR, BSA N=21, algG N=27, 2
independent experiments, Mann-Whitney test).
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3.1 A microfluidic system for the systematic study of im-

mune synapse formation

We developed, together with the team of Jacques Fattaccioli (Chemistry Department,
ENS), a microfluidic tool that allows visualising the formation of the B cell immune
synapse in a multiplexed manner, using an antigen-coated droplet as a surrogate anti-
gen presenting cell. This tool is a modification of a system described in Dura et al,,
2015, and is based on an array of traps where oil droplets and B cells can be sequen-
tially captured (Figure 3.1A). The system is imaged from the time of cell injection, in
order to follow synapse formation from the instant of contact with the droplet. Oil
droplets provide reproducible 3D substrates for antigen presentation and allow mo-
bility of the ligand to approach physiological conditions. Here, we used soybean
oil droplets coated with biotinylated phospholipids, allowing us to functionalise the
droplets with streptavidin plus biotinylated BCR ligands (Figure 3.1B). They behave
like a stiff substrate (Surface tension 10mN.m*, equivalent to a Laplace pressure of
4kPa for a droplet of radius 5pm, Barek et al., 2015), but with 1-2 orders of magnitude
higher ligand diffusion at the surface (1um?2.s ') (Bourouina et al., 2011; Dustin et al.,
1996; Zhu et al., 2007).

As an experimental model, we used the mouse IgG" B lymphoma cell line I1A1.6
(A20-derived), and functionalised the droplets with biotinylated F(ab’), Goat anti-
Mouse IgG. F(ab’), anti-IgG has been shown to be able to activate B lymphocytes and
induce immune synapse formation and polarisation on both solid (bead, glass) and
fluid (planar bilayers) substrates (Ketchum et al., 2014; Yuseff et al., 2011). By com-
bining a normalised substrate for antigen presentation and parallelised observation of
cell-antigen encounter, under a controlled angle of imaging and time of encounter, this
system allows an unprecedented systematic study of the dynamics of immune synapse

formation.

We imaged in 3D+time the formation of immune synapses by following antigen
accumulation at the cell-droplet contact using fluorescent streptavidin. We were able
to observe and quantify antigen accumulation on the droplet (Figure 3.1C,D). Using
droplets coated with either BSA (negative control) or F(ab’)2 algG, we found that anti-
gen recruitment was specifically triggered by BCR engagement (Figure 3.1E,F).

Based on these results, we are confident that this system can be used to specifically activate
B cells and study how the cell cytoskeleton allows coordination of the various molecular events

associated to immune synapse formation.
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FIGURE 3.2: (Figure on previous page) Timescales of B lymphocyte polarisation (A) Time lapse
images of F-actin in a cell in contact with a droplet (outlined in blue). Scale bar 5pm. En-
richment in time of F-actin near the droplet for BSA- or algG-coated droplets (Mean+SEM).
Maximum enrichment (0-10min), (Median£IQR, BSA N=7, aIgG N=26, 2 independent experi-
ments, Mann-Whitney test). (B) Time lapse images of DAG reporter in a cell in contact with a
droplet (outlined in blue). Scale bar 5um. Enrichment in time of DAG reporter (Mean+SEM).
Maximum enrichment (0-10min), (Median+IQR, BSA N=7, aIgG N=20, 2 independent experi-
ments, Mann-Whitney test). (C) Time lapse images of the centrosome in a cell in contact with
a droplet (outlined in blue). Scale bar 5um. Distance over time between the centrosome and
droplet surface for BSA- or algG-coated droplets (Mean-+SEM). Average plateau distance (25-
30min), (Median+IQR, BSA N=13, algG N=25, 2 independent experiments, Mann-Whitney
test). (D) Time lapse images of the Golgi body in a cell in contact with a droplet (outlined in
blue). Scale bar 5um. 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,
BSA N=12, algG N=19, 2 independent experiments, Mann-Whitney test). (E) Time lapse im-
ages of lysosomes in a cell in contact with a droplet (outlined in blue). Scale bar 5pm. Average
distance over time between lysosomes and droplet surface for BSA- or algG-coated droplets
(Mean+SEM). Minimum distance (3-10min), (Median+IQR, BSA N=19, algG N=32, 2 inde-
pendent experiments, Mann-Whitney test. (F) Time lapse images of the nucleus (Hoechst) in
a cell in contact with a droplet (outlined in blue). Scale bar 5pm. Nucleus-droplet distance in
time (Mean+SEM). Average distance in the final state (25-30 min), (Median+IQR, BSA N=23,
algG N=34, 2 independent experiments, Mann-Whitney test). (G) Characteristic times of po-
larisation events, extracted from the data of (A)-(F) and Figure 3.3.

3.2 Characteristic timescales at the B lymphocyte im-

mune synapse

We first sought to establish the sequence of events leading to the redistribution of the
distinct cellular organelles and components upon formation of the B cell synapse. Key
actors of the immune synapse architecture and function were studied: production
of DAG (DiAcylGlycerol) by PLCy2 to monitor signaling, F-actin organisation,
centrosome and Golgi apparatus polarisation, lysosomes distribution, and nucleus
positioning. We took volumetric images every 30 seconds of both the antigen on the
droplet and these different molecular species/organelles, using droplets function-
alised with either BSA or F(ab’); algG. For each element, a characteristic timescale of

polarisation was extracted.

F-actin and DAG signaling peak in the first instants of immune synapse formation.
We followed the accumulation of F-actin at the immune synapse and quantified the
enrichment of F-tractin-tdTomato at the cell-droplet interface over time. We observed

that actin quickly polymerised in the vicinity of the immune synapse in the presence
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of BCR ligand in the first instants (Figure 3.2A). Formation of the stereotypical actin
pattern, with actin protrusions at the periphery and an actin-cleared area at the center,
was observed. The peak of actin polymerisation occurred ~3 minutes after BCR
engagement, which was concomitant with DAG production, which peaked after
~ 3.25 minutes of cell-droplet interaction (Figure 3.2B,G) (measured using C15-GFP,
the C1 domain of PKC¢ is a DAG-binding domain and acts as a DAG reporter, from
Botelho et al., 2000).

The centrosome polarises towards the immune synapse, followed by the Golgi
apparatus and lysosomes.

We then analysed the trajectories of the centrosome (imaged using low concentrations
of SirTubulin, a microtubule live marker) and the Golgi apparatus (Rab6-mCherry)
(Figure 3.2 C,D). They displayed similar behaviors and polarised in the presence
of BCR ligand around the first 4.5 minutes for the centrosome (reaching <2um),
and 4 minutes for the Golgi apparatus (reaching <4um), in agreement with these
organelles being physically associated (Figure 3.2G) (Stinchcombe and Griffiths,
2014). Lysosomes (visualised with Lysotracker, a marker of acidic compartments)
are known to associate to microtubules for intracellular transport. However, they
displayed a slightly different polarisation dynamic than the centrosome and Golgi
apparatus. Indeed, the distance between lysosomes and the antigen-coated droplet
decreased during the first 3-10 minutes, reaching <3um in approximately 4.5 minutes,
indicating that they reorient towards the immune synapse. However, this distance
then increased, which is likely to be due to lysosome fusion with the cell membrane,
these vesicles being exocytosed at the immune synapse (Figure 3.2E,G) (Yuseff et al.,
2011).

The nucleus undergoes a rotation followed by rearward transport.

Finally, we monitored the movement of the nucleus (Hoechst staining) upon im-
mune synapse formation. We observed that in the late time points, the nucleus was
transported to the rear of the cell (Figure 3.2F), consistent with our previous finding
showing that the nucleus and centrosome separate upon immune synapse formation
(Obino et al., 2016). Interestingly, closer observation revealed a biphasic movement
of the nucleus: it first undergoes a rotation, that starts at the time of contact between
the cell and the droplet, and ends when the stereotypical nucleus invagination
of lymphocytes faces the immune synapse (median time to reach Oy < 45°: 4.75
minutes)(Figure 3.3A,B). This rotation is followed by a global nucleus translocation
towards the cell rear, starting after 15 minutes of synapse formation (time of last local

minima of nucleus-droplet distance) (Figure 3.3C,D). Nuclear deformations were also
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observed during rotation and translocation, resulting in the flattening of the nucleus
invagination over time (Figure 3.3E), in agreement with a recent publication (Ulloa
etal., 2021). Invagination flattening might result from centrosomal actin depletion and

nucleus-centrosome detachment during synapse formation (Obino et al., 2016).

The typical timescales extracted from single kinetic curves are summarised in Figure 3.2G. This
analysis suggests that two main time scales operate during B lymphocyte polarisation. Within
the first 4 minutes, events are mainly related to the formation of the immune synapse and the
contact side: in phase 1, BCR engagement triggers a strong polarised F-actin polymerisation,
which is quickly followed by a peak in DAG signaling. In phase 2, organelles are rearranged
along the cell-droplet axis with the relocalisation of the centrosome, the Golgi apparatus, and
lysosomes towards the immune synapse, to end with the rearward transport of the nucleus.
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FIGURE 3.3: The nucleus undergoes a rotation followed by rearward transport. (A) Schematic
defining the angle measured to asses nucleus orientation (Analysis was done in 3D). The in-
dentation was detected based on local curvature. (B) Average angle 6y in the final state (25-30
min) (Median£=IQR, BSA N=23, aIgG N=34, 2 independent experiments, Mann-Whitney test).
(C) Overlay of nucleus-droplet distance and 6y over time for cells in contact with aIgG-coated
droplets and (D) time for which the cell reaches 6x < 45° (invagination oriented towards the
immune synapse), and time of last local minima of nucleus-droplet distance (time after which
the nucleus is only transported to the rear) (N=34, 2 independent experiments). Line at Y=X.
(E) Ratio between the N.N; distance at the final state (25-30 min) and the initial state (0-5 min),
to estimate cell deformation regarding the invagination (Median+IQR, BSA N=23, aIgG N=34,
2 independent experiments, Mann-Whitney test).
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FIGURE 3.4: F-actin is essential for antigen recruitment and signaling amplification, but not
for the establishment of the polarity axis (A) Time lapse images of untreated (DMSO) or LatA-
treated cells, centrosome (SirTubulin) in red, nucleus (Hoechst) in blue, antigen in grey. Scale
bar 5pm. (B) Plateau of antigen recruitment (average values 25-30 min). Line at Antigen recruit-
ment=1, representing a uniform fluorescence on the droplet (Median=IQR, DMSO N=17, LatA
N=24, 2 independent experiments, Mann-Whitney test). (C) Maximum DAG enrichment (in
0-10 min) (Median+IQR, DMSO N=10, LatA N=9, 2 independent experiments, Mann-Whitney
test). (D) Average centrosome-droplet distance (25-30 min) (Median+IQR, DMSO N=16, LatA
N=28, 2 independent experiments, Mann-Whitney test) (E) Time of centrosome polarisation (t
hreshold distance<2um) (Median+IQR, DMSO N=10, LatA N=9, 2 independent experiments,
Mann-Whitney test). (F) Nucleus-droplet distance over time (Mean+SEM, DMSO N=17, LatA
N=32, 2 independent experiments).
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3.3 Cytoskeletal networks and synapse formation

How do these distinct polarisation events relate to each other? Are they coordinated
or do they occur independently? The apparent temporal separation between the
first phase of synapse formation, related to signaling and actin polymerisation at
the cell-droplet interface, and the second phase, related to the formation of a global
polarisation axis with the reorientation of the centrosome and microtubule-associated
organelles, prompted us to analyse whether the actin and microtubule networks could
play a role in coordinating these two sets of events.

3.3.1 The actin cytoskeleton is necessary for antigen clustering and

signaling at the immune synapse

To assess the role of the actin cytoskeleton in the two phases of immune synapse
formation, we inhibited actin polymerisation using Latrunculin A. Depolymerisation
of F-actin almost completely prevented the recruitment of antigen at the immune
synapse (Figure 3.4A,B), as expected given the central role of F-actin in the formation
of BCR-antigen microclusters (Liu et al., 2011; Bolger-Munro et al., 2019). The slight
clustering observed in Latrunculin A-treated cells could be explained by free diffusion
of F(ab’)2 algG at the droplet surface, which would be captured by BCRs. Importantly,
depolymerisation of F-actin led to a drastic decrease in DAG signaling (Figure 3.4C),
confirming the central role of F-actin in early signaling at the immune synapse.

Myosin II is essential for mechanical extraction of antigen as well as for antigen
processing (Hoogeboom et al., 2018; Kumari et al., 2019; Vascotto et al., 2007). We thus
investigated its impact on the dynamics of immune synapse formation. We chose to
either inhibit myosin II activity using para-nitroBlebbistatin or increase its activity
using MLSA1, an agonist of the lysosomal calcium channel TRPML1 that stimulates
actomyosin contractility in dendritic cells and B cells (Bretou et al., 2017; Kumari et al.,
2019). These treatments had little effect on F-actin enrichment, antigen recruitment or
DAG signaling (Figure 3.5A-E). Myosin II inhibition only resulted in a minor effect
on actin first polymerisation peak at the synapse and on its sustained enrichment
over time, as well as a slight decrease in antigen recruitment (Figure 3.5A,B,E). In
contrast, while DAG accumulation at the immune synapse was slightly increased
during the initial peak in Blebbistatin-treated cells, it remained unchanged once
synapse formation completed (Figure 3.5C,D). These results suggest the existence of

an optimal spatiotemporal regulation of myosin II activity at the immune synapse,
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even though the role played by the motor protein was rather marginal.
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FIGURE 3.5: Myosin II activity does not have a significant impact on immune synapse for-
mation and B cell polarisation. (A) Maximum enrichment of F-actin (in 0-20 min) and (B)
average enrichment in the final state (25-30 min) (Median+IQR, DMSO N=16, p-nBlebb 20pM
N=16, MLSA1 1pM N=15, 3 independent experiments, Kruskal-Wallis test, and if significant
difference, multiple comparisons to DMSO). (C) Maximum (in 0-20 min) and (D) average fi-
nal (25-30 min) DAG reporter enrichment (Median+IQR, DMSO N=10, p-nBlebb 20uM N=13,
MLSA1 1uM N=11, 2 independent experiments, Kruskal-Wallis test). (E) Plateau of antigen
recruitment (average 25-30 min) (Median+IQR, DMSO N=22, p-nBlebb 20uM N=20, MLSA1
1uM N=13, 2 independent experiments, Kruskal-Wallis test). (F) Average nucleus-droplet dis-
tance at the final state (25-30 min)(Median+IQR, DMSO N=21, p-nBlebb N=19, MLSA1 N=13,
2 independent experiments, Kruskal-Wallis test). (G) Average centrosome-droplet distance at
the final state (25-30 min)(Median+IQR, DMSO N=17, p-nBlebb N=18, MLSA1 N=13, 2 inde-
pendent experiments, Kruskal-Wallis test).
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3.3.2 The actin cytoskeleton does not impact later events of synapse

formation

Noticeably, imaging of centrosome and nucleus polarisation in Latrunculin A-treated
cells revealed that actin polymerisation is dispensable for these phase 2 events
of synapse formation (Figure 3.4A,D,F). These results show that actin-dependent
signaling events such as BCR-antigen microcluster formation are not required for
the progress of Phase 2. Of note, we observed that the F-actin cytoskeleton even
slows down the formation of the centrosome-nucleus axis, with the centrosome
reaching the droplet faster, and the nucleus being transported towards the cell rear
earlier and faster in Latrunculin A-treated cells (Figure 3.4EF). This is consistent
with previous work from the lab showing that the centrosome of B lymphocytes is
tethered to the nucleus through a pool of actin nucleated at the centrosome, which
is depleted after a few minutes of BCR signaling to allow centrosome docking at
the immune synapse (Obino et al., 2016; Ibafiez-Vega et al., 2019). Consistently, we
observed that in Latrunculin-A-treated cells, the centrosome is separated from the
nucleus earlier (visible on Figure 3.4A). These results highlight that centrosomal actin
clearing is a time-limiting step for centrosome and nucleus polarisation (Obino et al.,
2016). Of note, Latrunculin A treatment also led to a slight increase in cell volume,
more pronounced nucleus indentation and stronger SiRTubulin staining (as visible
on Figure 3.4A), the latter being due to an increase in total density of microtubules
after the depletion of centrosomal actin (Inoue et al., 2019). As Latrunculin A, neither
p-nBlebbistatin nor MLSA1 altered centrosome polarisation and nucleus retrograde

transport (Figure 3.5FG).

We conclude that although the F-actin cytoskeleton is strictly required for the phase 1 events
of synapse formation, such as antigen clustering and DAG signaling, it is dispensable for the
phase 2 events leading to the establishment of the centrosome-nucleus polarity axis. Only a
rather minor role was observed for myosin II-dependent contractility in both phases of immune

synapse formation.
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FIGURE 3.6: Centrosome and nucleus reorientation are correlated, and actin-independent.
(A) Time lapse images of untreated (DMSO) or LatA-treated cells, centrosome in red, nucleus
in blue, antigen in grey. Scale bar 5um. Right: Angle between the cell-droplet axis and the cell-
nucleus invagination (blue) or cell-centrosome (red) axis in time. (B) Nucleus orientation and
centrosome orientation (defined as in (A)) during the first 15 min, for DMSO-treated cells (N=16
cells, 1 image every 30s, 2 independent experiments. Nonparametric Spearman correlation be-
tween nucleus-centrosome pairs of data, average correlation 0.93, Confidence interval: 0.8562
to 0.9668). (C) Time lapse images of untreated (DMSO) or Noco+LatA-treated cells, centro-
some (Centrin-GFP) in red, nucleus in blue, antigen in grey. Scale bar 5pum. Black arrowheads
indicate the centrosome. Right: Angle between the cell-droplet axis and the cell-nucleus in-
vagination (blue) or cell-centrosome (red) axis in time. Correlation between 6y and 6c: DMSO
rs=0.824, C.I: 0.6568 to 0.9138, 6 cells over 31 time points. Noco+LatA r,=-0.826, C.I: -0.5885

to 0.08705, 6 cells over 31 time points. 2 independent experiments. Nonparametric Spearman
correlation.
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3.3.3 Microtubules are essential for the formation of the centrosome-

nucleus polarity axis

We observed that the centrosome faces the nuclear invagination throughout the entire
process of synapse formation (Figure 3.4A), suggesting that these two organelles move
together, likely involving the microtubule network. Decomposing the centrosome
movement in polar coordinates to separate its rotation (by measuring the angle
between the cell-droplet axis and the cell-centrosome axis) from its displacement
along the cell radius revealed strong similarities between centrosome orientation
(OCentrosome) and nuclear indentation orientation (Onyclens) in time (Figure 3.6A).
This observation suggests that centrosome and nucleus positioning are intimately
linked. Accordingly, we found that during cell polarisation, centrosome and nucleus
reorientation correlated very strongly (Figure 3.6B). Of note, this was unaffected by
the depolymerisation of the F-actin network, again stressing the lack of requirement
for these filaments in the phase 2 events of synapse formation (Figure 3.6A). However,
F-actin and microtubule depolymerisation with Nocodazole deeply compromised
this correlation, as well as nucleus invagination reorientation towards the immune
synapse (Figure 3.6C). As expected from these results, we found that the centrosome
(visualised here using eGFP-Centl) was not able to polarise to the immune synapse in
the absence of microtubules (Figure 3.7H).

These results indicate that the centrosome and the nucleus reorient together to the immune
synapse, in a microtubule-dependent and actin-independent manner.
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FIGURE 3.7: Microtubule disruption leads to intense cell and nucleus deformation, and im-
pairs the establishment and maintenance of a polarised organisation. (A) Time lapse images
of F-actin in DMSO- or Nocodazole-treated cells, droplet outlined in blue. Scale bar 5um. (B)
%Coefficent of Variation of 2D aspect ratio of individual cells over time and (C) Median 2D so-
lidity of individual cells (Median+IQR, DMSO N=8, Noco N=11, 2 independent experiments,
Mann-Whitney test). (D) Average number of F-actin maxima detected per cell over time and
(E) Average distance of maxima to the droplet surface (Median+IQR, DMSO N=8, Noco N=11,
2 independent experiments, Mann-Whitney test). (F) Plateau of antigen recruitment on the
droplet (average values 25-30 min) (Median+IQR, DMSO N=14, Noco N=20, 2 independent
experiments, Mann-Whitney test). (G) DAG enrichment over time (Mean+SEM, DMSO N=13,
Noco N=10, 2 independent experiments). (H) Average centrosome-droplet distance (25-30 min)
(Median+IQR, DMSO N=12, Noco N=20, 2 independent experiments, Mann-Whitney test). (I)
Time lapse images of the nucleus, droplet outlined in blue. Scale bar 5um. (J) Average Nucleus-
droplet distance (25-30 min) and (K) %Coefficient of Variation of 2D aspect ratio of individual
nuclei over time (Median+IQR, DMSO N=14, Noco N=20, 2 independent experiments, Mann-
Whitney test).
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3.3.4 Microtubules restrict actin nucleation to the immune synapse

and prevent polarity loss

So far, our results show that the distinct events leading to synapse formation can be
segregated into two groups. Early (phase 1) events (antigen recruitment, actin poly-
merisation and DAG signaling) rely on F-actin, which is dispensable for late (phase 2)
events (formation of the centrosome-nucleus polarity axis and centrosome/organelle
reorientation towards the immune synapse) that are driven by the microtubule
network. Strikingly, we found that microtubules are not only needed for late phase 2
events of lymphocyte polarisation, but further control early phase 1 events. Indeed,
F-actin patterning was drastically compromised in Nocodazole-treated cells (Figure
3.7A), that exhibited actin-dense and actin-depleted areas located not only at the
immune synapse, but at multiple locations in the cell cortex (Figure 3.7D,E). This was
accompanied by a lack of down-regulation of DAG production in Nocodazole-treated
cells (Figure 3.7G), indicative of a sustained BCR signaling. Antigen clustering
was only slightly reduced (Figure 3.7F). In addition, cells underwent dynamic cell
deformation as well as cell blebbing, quantified respectively by variations in aspect

Area
convexarea

ratio and cell solidity (Solidity = ) (Figure 3.7A-C). Finally, the nucleus was
not able to polarise, and was strongly and dynamically deformed, likely by the actin
cortex, losing its polarisation and characteristic shape (Figure 3.7I-K). Noticeably, we
did not observe any cell or nucleus deformation in the cells treated with Nocodazole
and Latrunculin A (Figure 3.6C), thus confirming the fact that the intense deformation

upon microtubule disruption is a result of abnormal actomyosin regulation.

These results indicate that microtubule network disruption impairs not only late events
(formation of the polarisation axis, nucleus positioning), but also actin patterning and global
cell shape. They further suggest that early and late events of immune synapse formation are
tightly coordinated.
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Constitutive activation of RhoA recapitulates intense actin polymerisation outside
of the immune synapse and cell deformation.
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FIGURE 3.8: Controlled RhoA activation regulates actin patterning and polarisation. (A)
Preliminary experiment, to be repeated: Illustration of control cells and cells overexpressing
RhoA L63 (RhoA CA) and F-tractin-tdTomato, after 40 minutes of immune synapse formation.
Side view for visualisation of polarisation (Scale bar 5um), and 3D reconstruction of F-actin to
visualise the cell-droplet contact (Scale bar 2pm).

Microtubule depolymerisation by Nocodazole leads to the release and activation of
GEF-H1, a microtubule-bound RhoA-specific GEF. This has two consequences: (1) ac-
tivation of the kinase ROCK, leading to myosin II-dependent contractility and (2) ini-
tiation of mDial-dependent nucleation of actin filaments (Chang et al., 2008; Suarez
and Kovar, 2016). To assess whether activation of RhoA is responsible for the phe-
notype observed in Nocodazole-treated cells, we expressed RhoA L63, a constitu-
tively actin form of this small GTPase (RhoA CA) (Nobes and Hall, 1999). RhoA
CA-overexpressing cells displayed characteristics similar to Nocodazole-treated cells:
abnormal F-actin patterning, cell deformation and blebbing, and impaired nucleus po-
larisation (Figure 3.8A).
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FIGURE 3.9: (Figure on previous page) GEF-H1 is responsible for cell shape and actin patterning
defects upon microtubule depletion, independently of myosin II. (A) Western blot quantifica-
tion of the efficiency of GEF-H1 silencing. a-tubulin was used as a loading control. The blot pre-
sented is representative of 2 independent experiments. (B) Time lapse images of F-actin in cells
transfected with siCtrl of siGEF-H1, and treated with DMSQO (control) or Nocodazole. Scale bar
5pum. (C) Solidity in 2D and (D) Aspect ratio of cells after 40min of immune synapse forma-
tion (siCtrl DMSO N=38, siCtrl Noco N=23, siGEF-H1 DMSO N=65, siGEF-H1 Noco N=34, 2
independent experiments, Kruskal-Wallis test with multiple comparisons between DMSO and
Noco). (E) Time lapse images of F-actin, droplet outlined in blue. Scale bar 5um. (F) Median
2D solidity of individual cells over time (Median+IQR, DMSO N=14, Noco+p-nBlebb N=11, 3
independent experiments, Mann-Whitney test). (G) Aspect ratio of cells in time (Mean+SEM,
DMSO N=14, Noco+p-nBlebb N=11, 3 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=14, Noco+p-
nBlebb N=11, 3 independent experiments, Mann-Whitney test)

GEF-H1 is responsible for cell shape and actin patterning defects upon microtubule
depletion, independently of myosin II.

The observation that constitutive activation of RhoA leads to abnormal cell shape and
actin patterning, which is similar to the phenotype of Nocodazole-treated cells, sug-
gests that this phenotype might indeed result from the activation of the RhoA-specific
GEF-H1. To test this hypothesis, we silenced GEF-H1 expression using siRNA (Figure
3.9A). F-actin dynamics and cell shape of these cells were then compared to the ones of
DMSO- or Nocodazole-treated cells. We observed that GEF-H1-silenced cells treated
with Nocodazole did not display actin-dense regions outside the cell-droplet contact
(Figure 3.9B) or blebbs, and maintained a round shape similar to the one of control
cells (Figure 3.9B-D). These results therefore suggest that microtubules maintain actin
polarisation and cell shape during the phase I of synapse formation by limiting the
activation of RhoA-GEF-H1 axis.

Microtubules restrict actin nucleation to the immune synapse

Our results show that when microtubules are depolymerised, GEF-H1 is released,
leading to RhoA activation and preventing the polarisation of the actin cytoskeleton
at the immune synapse as well as proper cell shape maintenance. We thus next sought
to assess the 3D organisation of F-actin, both at the immune synapse and across the
cell cortex. For this, we performed 3D SIM imaging of cells fixed after 15-20min of
contact with algG-coated droplets. We found that the concentric organisation of actin
at the immune synapse was conserved upon microtubule depletion, confirming that it
did not prevent immune synapse formation (Figure 3.10). However, while the cortex

of untreated cells or GEF-H1-silenced Nocodazole-treated cells was relatively uniform
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and displayed microvilli-like structures, the cortex of Nocodazole treated cells was
very heterogeneous, with actin dense regions, and actin depleted regions, as well as

structures similar to small actin bundles in the cortex (Figure 3.10).

These results highlight that microtubules are instrumental to maintain actin polarisation as
well as the shape of the cell.

GEF-H1 controls the localised nucleation of F-actin in a myosin II-independent
manner

GEF-H1-dependent activation of RhoA can regulate actin patterning either through
its impact on myosin II activity, and/or through its promotion of formin-mediated
actin polymerisation. We assessed the contribution of myosin II activation in the
phenotype of Nocodazole-treated cells by combining Nocodazole with the myosin II
inhibitor para-nitroBlebbistatin. We observed that cells treated with Nocodazole+p-
nBlebbistatin still displayed actin-rich areas outside of the immune synapse (Figure
3.9E,I). While this abnormal actin polymerisation did not induce cell blebbing (Figure
3.9E,F), it still resulted in cell deformation over time, characterised here by cell
elongation in the cell-droplet axis (Figure 3.9G,H). Therefore, myosin II contractility
is not responsible for the unpolarised phenotype of the F-actin network observed in

nocodazole-treated cells.
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FIGURE 3.10: Microtubules control the polarised enrichment in F-actin via GEF-H1. Exam-
ples of 3D SIM immunofluorescence imaging of F-actin and antigen on the droplet after 15-20
minutes 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.
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3.4 Conclusion

In this work, we used a custom microfluidic system to study the role of the actin and
microtubule networks in the B lymphocyte immune synapse formation.

We characterised the polarisation dynamics of major actors of the immune synapse,
and determined that this process took place in two phases. During Phase 1 (in the first
4 minutes), F-actin is strongly polymerised at the site of contact, leading to antigen
accumulation and production of DAG as a result of BCR signaling. During Phase 2,
the centrosome is reoriented towards the immune synapse, together with the Golgi
apparatus and lysosomes. Meanwhile, the nucleus reorients until its invagination
faces the immune synapse, and then transported to the rear of the cell.

We found that while F-actin polymerisation is only necessary for Phase 1 events, mi-
crotubules are responsible both for the establishment of the polarity axis during Phase
2, rotating and transporting simultaneously the centrosome and the nucleus, and for
restricting actin nucleation to the immune synapse. We showed that this restriction
is due to the spatial control of GEF-HI1 release and activation, and therefore of RhoA
activity. Indeed, global activation of RhoA induced actin polymerisation outside of the
immune synapse area in a GEF-H1 dependent manner, but independently of myosin
IT activity (Figure 3.11).

These results show that the early and late events of synapse formation are not independent but

rather coupled through the GEF-H1-mediated interaction between the microtubule and actin

cytoskeleton.

This work is on-going and will soon be submitted for publication in a peer-reviewed journal.
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Chapter 4

Discussion

While the existence of immune synapses was first suggested by Norcross, 1984, and
described in CD4™ T cells in Monks et al., 1998 and Dustin et al., 1998, the cell biology
aspect of lymphocyte activation remained largely overlooked in B cells for a long
time. The discovery that B lymphocytes could acquire antigens from the surface of
other immune cells in lymph nodes, and therefore establish immune synapses, gave a
new impulse to this research field (Carrasco and Batista, 2007; Junt et al., 2007; Fleire,
2006). One distinguishing factor of the B lymphocyte immune synapse is that it serves
as a platform for antigen extraction and internalisation. This process is key for the
further activation of B lymphocytes and can occur either through mechanical pulling
on the antigen, or through cell polarisation and protease secretion to facilitate antigen
degradation and uptake.

In this work, we focused on two aspects of antigen extraction: force generation at
the immune synapse for mechanical extraction, and the relationship between the
establishment of polarity and immune synapse formation, with particular attention to
the cell cytoskeleton.

In this last part, I would like to discuss the results presented in Chapter 2 and 3 along
three different axis: (1) the role of actomyosin contractions at the immune synapse, (2)
the importance of actin-microtubule interactions in immune synapse formation, and

(3) the implications for primary B cells and physiological conditions.
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4.1 Role of actomyosin contractions and structures at the

immune synapse

In Chapter 2, we showed that forces are patterned at the immune synapse of B lym-
phocytes, with the build-up of a contractile concentric ring upon BCR engagement,
consistent with findings from other teams (Wang et al., 2018), as well as localised
forces found at the centre of the immune synapse. We propose that force patterning
emerges from the segregation of molecular components at the cell-antigen interface
due to actomyosin-dependent pulsatile contractions. This process differs from the one
previously described in B lymphocytes interacting with antigen-coated lipid bilayers,
in which the transport of molecules requires centripetal actin flows (Fleire, 2006; Liu
et al., 2012; Murugesan et al., 2016), which we did not detect in B cells interacting with
antigen-coated gels. This difference could stem from the fact that (1) on gels, antigens
and cells are anchored to the substrate and allow force transmission, and/or (2) lipid
bilayers and glass are several orders of magnitude stiffer than the PAA gels used in
this study.

We observed protrusive actin patches at the centre of the synapse, similar to
invadosome-like protrusions, where antigen extraction occurs. This is consistent with
in vitro studies showing that when an actomyosin active gel is coupled to the cell
membrane, it can indeed form actin patches as long as a sufficient number of contrac-
tile elements are present (Chaudhuri et al., 2011; Gowrishankar et al., 2012; Laplaud
et al., 2021). It is therefore likely that shear coordinated forces generated by myosin
II-dependent pulsatile contractions at the synapse periphery do not directly contribute
to antigen extraction but rather help the cell to build stable protrusive actin structures
where extraction occurs. Of note, we and the teams of Olivia du Roure and Matthieu
Piel have recently shown that, in dendritic cells, cortex thickness and instabilities are
mostly regulated by myosin II activity, as compared to the contribution of actin nu-
cleators (Laplaud et al., 2021, see Appendix C.3). Indeed, myosin II inhibition led not
only to a decrease in cortex thickness, but also to a 2-fold decrease in cortex thickness
fluctuation amplitude and in actin protrusion frequencies (Laplaud et al., 2021).

We propose that the protrusive actin structures described in B lymphocytes correspond to pro-
trusions emerging from actomyosin contractility in the cortex.

In this context, the increased number of actin patches observed in the presence of
antigen could result from increased actomyosin contractility upon BCR engage-
ment. Conversely, their loss upon myosin II inhibition reflects the strong myosin
II-dependent cortex fluctuations described in dendritic cells. Hence, it appears that

both global contractility and local force generation are involved in antigen extraction,
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reconciling the two existing models. Alternatively, the actomyosin peripheral ring
might also act as a mechanical damper by sealing the synapse area and isolating its
centre from external mechanical noise, for example, owing to lymph node/vessel
contractions or cell movements/proliferation. This could improve antigen affinity
mechanical discrimination by the BCR (Natkanski et al., 2013).

We showed that protrusive actin patches are stabilised in the presence of BCR-specific
antigens. This suggests that B lymphocytes might scan their environment using unsta-
ble actin protrusions which would be stabilised upon antigen binding, similar to the
process described in T cells (Cai et al., 2017). We observed that actin rich protrusions
often associated with sites of antigen extraction, and sometimes with clathrin patches.
This points to actin patches being preferential sites for antigen internalisation, as has
been described for both clathrin-mediated endocytosis and clathrin-independent IL2
receptor endocytosis (Shevchuk et al., 2012; Basquin et al., 2015). Interestingly, similar
actin-rich pod-like structures have recently been described in human Light Zone B
cells plated on activating plasma membrane sheets, where they are sites of antigen
internalisation (Kwak et al., 2018). Although we cannot, at this stage, be certain of the
correspondence between these actin pods and the protrusive structures we describe,
our study provides a possible mechanism for their emergence.

We demonstrated that the release of lysosomal calcium stores enhances myosin
II-driven peripheral forces, but also actin patch formation and antigen extraction. This
further supports the hypothesis that cortical actomyosin contractility could regulate
the formation and stability of protrusive actin structures. We do not exclude that
calcium release might also promote the activity of other myosin motors such as class
I myosins, which are typically required for clathrin-mediated endocytosis (Kaksonen,
Toret, and Drubin, 2006; Pedersen and Drubin, 2019; Cheng, Grassart, and Drubin,
2012). This would help to couple global myosin II contractions at the cell periphery
with local endocytosis at actin patches. Indeed, while the stall force of a single myosin
motor is <2pN (McIntosh and Ostap, 2016), the minimal force required to activate a
BCR is 16pN (measured by DNA tension sensors in Wan et al., 2015), indicating the
need for at least eight myosin motors to activate a single receptor. Moreover, even
higher forces have been reported at sites of antigen extraction, with 56pN rupture
forces being measured by Wan et al., 2015, and biotin-streptavidin bond ruptures
being reported by Natkanski et al., 2013 (requiring 160pN, or 80 myosin II motors).
Temporal coordination of motor activity has been shown to allow a single contractile
element to apply forces of up to InN (Lohner et al., 2019). Ca?" oscillations triggered
upon BCR engagement (Ketchum et al., 2018) might contribute to the synchronisation
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of myosin II motor activity, and the release of lysosomal calcium stores upon MLSA1
treatment would amplify this phenomenon. While lysosome polarisation has been
shown to be not as pronounced during mechanical antigen extraction as during
proteolytic antigen extraction, descriptions from Spillane and Tolar, 2016 still find
around 90% of lysosomes to be in the synapse area rather than in the total cell volume.
This proximity of lysosomes to the immune synapse area could support mechanical
extraction of surface antigen by facilitating local calcium release.

Spatio-temporal force patterning was first highlighted in the context of tissues (Heisen-
berg and Bellaiche, 2013), cell adhesion to a substrate (Heisenberg and Bellaiche, 2013;
Shiu et al., 2018), and cell motility (Trepat et al., 2009). Our study shows that it might
be a more general and basic feature of cell-cell interfaces where the engagement of
surface receptors leads to both juxtacrine signaling and ligand endocytosis. We found
that myosin Il intervenes in this process as a global master organiser of forces and actin
organisation, and thus as an indirect but key actor of endocytosis, which is essential for
adaptive immunity. We anticipate that this study could set the ground for future work

aimed at exploring force patterning in additional cell-to-cell communication models.
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4.2 Control of immune synapse formation by actin and

microtubule interactions

The importance of interactions and co-regulations between cytoskeletal networks in
cell polarity has become increasingly clear in the past few years (Dogterom and Koen-
derink, 2019). In the context of the B lymphocyte immune synapse, we believe that
both actin and microtubule networks could contribute to the robustness of immune
synapse formation, antigen extraction and internalisation. A few years ago, Spillane
and Tolar, 2016 described that B lymphocytes first attempt to extract the antigen
mechanically, and only proceed to lysosome polarisation for proteolytic extraction of
the antigen upon failure of mechanical extraction. In this context, actomyosin was
described to be at the core of the mechanical pathway (Natkanski et al., 2013; Kumari
et al., 2019), while the proteolytic pathway relies heavily on the microtubule network
for lysosome transport towards the immune synapse (Sdez et al., 2019; Yuseff et al,,
2011). However, the importance of microtubules in the mechanical pathway, and of

actomyosin in the proteolytic pathway, is not clear.

We showed that, in our system, F-actin is only necessary for the early events of im-
mune synapse formation (Phase 1: F-actin polymerisation, antigen gathering, BCR sig-
naling amplification), while microtubules control late events (Phase 2: reorganisation
of organelles along a polarity axis) and restrict F-actin polymerisation to the immune
synapse.

We propose that Phase 1 could correspond to an attempt at mechanical extraction of the antigen,
and Phase 2 to the reorganisation of intracellular components for proteolytic extraction (Figure
4.1).

Resting B cell Phase 1: Phase 2:
Mechanical extraction Proteolytic extraction

_— ’,,, ) /”'fusion of lysosomes
% N " release of proteases
/BCR signaling
< —>

- rj ¢ Protease

% BCR | |Actin ~~ Microtubule
- Antigen € Centrosome @ Lysosome

FIGURE 4.1: Phase 1 corresponds to an attempt at mechanical extraction of the antigen, and
Phase 2 to the reorganisation of intracellular components for proteolytic extraction.
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In this context, Phase 2 events such as the reorientation of the microtubule network
would not be necessary for mechanical extraction of the antigen, consistent with
the absence of lysosome polarisation in that pathway (Spillane and Tolar, 2016).
Interestingly, centrosome reorientation starts from the instant of contact with the
antigen, suggesting that this process would occur by default, from the start of BCR
signaling, and could be stopped upon antigen internalisation through the mechanical
pathway, as described by Spillane and Tolar, 2016. This hypothesis is reinforced by
the fact that centrosome polarisation is maintained upon F-actin depolymerisation,
when BCR signaling is very low and only due to residual BCR-antigen interaction at
the cell-droplet contact. These observations point to centrosome polarisation being
triggered by a low threshold of lymphocyte receptor signaling, similar to what was
described in Cytotoxic T cells by Jenkins et al., 2009, where centrosome polarisation
occurs in response to low-avidity interactions, while killing efficiency relied on a
higher threshold set for granule polarisation and secretion. In the case of B lympho-
cytes, centrosome polarisation in the absence of proper F-actin polymerisation could
be a way to keep the mechanical and the proteolytic pathways independent. Indeed,
if the B cell fails to extract antigen mechanically due to defects in actin polymerisation
at the immune synapse, it is still able to reorient the centrosome, and possibly carry
out proteolytic extraction. However, we do not know whether B lymphocytes are
able to polarise lysosomes and secrete proteases in the absence of F-actin, or whether
these steps require stronger receptor signaling as in Cytotoxic T cells (Jenkins et al.,
2009). Moreover, the polarisation state of the microtubule network, and its role in
mechanical extraction remains to be described to fully assess the independency of the
two pathways of antigen extraction.

In Phase 2, the centrosome reorients and transports materials necessary for proteolytic
extraction of the antigen. It has been shown recently that microtubules are acetylated
in the vicinity of the centrosome upon immune synapse formation, resulting in the
localised release and activation of GEF-H1 at the immune synapse (Sédez et al., 2019;
Seetharaman et al., 2021). In our system, disruption of microtubules induced the acti-
vation of RhoA throughout the cell via GEF-H1 release, leading to areas of strong actin
polymerisation outside of the immune synapse.

We propose that the reorientation of the microtubule network and the local activation of mDial
by RhoA-GEF-H1 promotes actin polymerisation at the immune synapse, while leaving mDial
in its autoinhibited state in the rest of the cell (Figure 4.2).

One possible interpretation of this polarisation mechanism is the LEGI (Local Excita-
tion Global Inhibition) model (Parent and Devreotes, 1999). In this model, classically
used in D.discoideum amoeba, symmetry breaking arises from local positive feedback
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FIGURE 4.2: Model for the polarised activation of mDial.

(typically PIP3, promoting F-actin polymerisation) combined with a globally active
diffusible inhibitory signal (typically PTEN, a PIP3 phosphatase, hence polarity)
(Janetopoulos et al., 2004; Devreotes and Janetopoulos, 2003). In our case, local
excitation could emerge from BCR signaling, resulting in Cdc42 activation and mDial
recruitment (Etienne-Manneville, 2004), as well as the local recruitment and activation
of GEF-H1 at the immune synapse and subsequent release of mDial auto-inhibition
(Séez et al., 2019; Suarez and Kovar, 2016). Meanwhile, the global inhibition signal
would correspond to the return of mDial to its basal auto-inhibited state (Li and
Higgs, 2003), and possibly to the deacetylation of microtubules by HDAC6, whose role
in immune synapse organisation has already been highlighted in CD4" and CD8" T
cells (Nunez-Andrade et al., 2016; Serrador et al., 2004).

In addition, GEF-H1 is necessary for the assembly of the exocyst complex at the
immune synapse, and therefore for protease secretion (Sdez et al., 2019). In this context,
we propose that the localised release and activation of GEF-H1 by microtubules at the immune
synapse allows for the concentration of resources, promoting F-actin polymerisation and opti-
mising proteolytic extraction at one site. Polarisation of the centrosome and reorientation
of the microtubule network would thus ensure the formation of a unique immune
synapse during proteolytic extraction, raising the question of whether, in the absence
of microtubules or during mechanical extraction, multiple synapses could form. We
were able to observe multiple fully formed immune synapses on Nocodazole-treated
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cells (Figure 4.3), but whether or not this is specific to the non-localised activation of
RhoA, and whether this could occur in the case of mechanical extraction remain to be
explored.

In the case of mechanical extraction, the formation of multiple synapses, for example
with several subcapsular macrophages having captured antigen from the afferent
lymph flow, could allow B lymphocytes to scan more surfaces for antigen, and

accelerate antigen uptake.

Nocodazole-treated cell

F-actin Antigen

FIGURE 4.3: Nocodazole-treated cells can form multiple immune synapses Example of 3D
SIM immunofluorescence imaging of F-actin and antigen on the droplet in a Nocodazole-
treated cell, after 15-20 minutes of immune synapse formation. Global view: Cell forming
contacts with 2 droplets, Scale bar 5um. Insets: views of the cell-droplet contacts/immune
synapses, Scale bar 2pm.

Ultimately, we propose that this mechanism allows B lymphocytes to optimise the
specific extraction of high-affinity antigens. While mechanical extraction relies on
direct pulling on the BCR-antigen link and is therefore limited to antigens with a
strong interaction with the BCR, secreted proteases would affect any protein in the
vicinity of the release area. If not focused on a dense cluster of high-affinity antigens,
the release of proteases could increase the uptake of low-affinity antigens. In addition,
the release of proteases in 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 efficiency of antigen uptake. Thus, these results further suggest a role
for the contractile actomyosin ring in immune synapse isolation, optimising antigen

affinity discrimination and specific uptake of high-affinity antigens.

In the future, monitoring of immune synapse formation and B lymphocyte polarisa-
tion during both mechanical and proteolytic extraction, for example by using antigens
tethered through DNA force sensors of increasing rupture forces (Spillane and Tolar,
2016; Wan et al., 2015) or tuning droplet surface tension, could help to decipher the
processes necessary for each pathway. Furthermore, combination of this system with
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antigens of different affinities could shed light on the importance of the different
phases of immune synapse formation, and of the different pathways of antigen
extraction in the specific uptake of high-affinity antigens.
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4.3 Implications in primary cells and physiological con-
ditions

While cell lines are very versatile and easy models to study lymphocytes, it is well
known that their properties do not always recapitulate those of primary lymphocytes.
For example, many differences between actin structures at the immune synapse
of CD4™1 T cells of primary murine/human T cells or immortalised Jurkat T cells
have been highlighted recently by Colin-York et al., 2020. In the lab, we noticed
a strong difference in traction forces between primary murine B lymphocytes and
immortalised ITA1.6 cells or A20 B cells, with cell lines applying considerably less
forces on the substrate (measure of bead movement close to noise, data not shown).
These observations, in addition to the fact that IIA1.6 cells are IgGJr while naive B cells
are IgM™, prompted us to explore whether the characterisation of immune synapse
formation made in IIA1.6 cells would match observations in primary murine B cells.
Of note, very few studies looking at B lymphocyte polarisation have been conducted
with primary B cells. This is mostly due to their small size (half that of the cell line),
short lifespan without activation after extraction from the spleen (~1 day), and limited
possibilities of transfection, making both their imaging and the study of molecular
mechanisms difficult. Here, I will present original data obtained during my PhD using
murine primary B lymphocytes.

To study immune synapse formation in primary cells, we adapted our microfluidic
system to the small size of primary B lymphocytes (~6-7um diameter). Indeed, a cell
of this dimension could easily pass through the hole at the back of the traps of the
original design and slip above/below droplets due to the height of the chips (~16pm).
We therefore designed smaller traps, with smaller holes, and manufactured chips of
only ~9um height, which is a technical challenge in microfabrication (Figure 4.4A).
We established that primary B lymphocytes were able to form an immune synapse
with F(ab’)s algM-coated droplets, specifically recruiting antigen and enriching the
synaptic area in both F-actin and myosin II (Figure 4.4B-D). Interestingly, we noticed
that a little over 50% of cells formed small actomyosin-rich punchs at the cell-droplet
interface, extending a protrusion perpendicular to the droplet surface (Figure 4.5A,D).
However, imaging of the centrosome of primary B lymphocytes during immune
synapse formation revealed a behaviour that differed strongly from the one observed
in cell lines, with no stable centrosome polarisation or docking (Figure 4.4E,F).
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FIGURE 4.4: Primary B lymphocytes complete Phase 1, but not Phase 2 of immune synapse
formation. (A) Bright field image of microfluidic traps adapted for primary B lymphocytes,
and the original traps for cell lines. Scale bar 20pm. (B) Preliminary experiment: antigen re-
cruitment in time for BSA- (negative control) or algM-coated droplets (Mean+=SEM, BSA N=12,
algM N=12, 1 experiment). (C) Time lapse images of F-Actin (LifeAct-GFP) in a cell in contact
with a algM-coated droplet. Outline of the droplet. Scale bar 5pm. Right: Actin enrichment
near the droplet in time for BSA- (negative control) or algM-coated droplets (Mean+SEM, BSA
N=3, algM N=18, 2 independent experiments). (D) Time lapse images of Myosin II (Myosin
II-GFP). Right: Myosin II enrichment near the droplet in time for BSA- (negative control) or
algM-coated droplets (Mean+SEM, BSA N=7, algM N=12, 2 independent experiments). (E)
Time lapse images of the centrosome (SirTubulin). Outline of the droplet. Right: Centrosome-
droplet distance for the cell, points corresponding to the timelapse highlighted in red. (F) Av-
erage Centrosome-droplet distance (10-20 min of synapse formation) (Media+IQR, BSA N=11,
«IgM N=15, 1 representative experiment, Mann-Whitney test).
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We first hypothesised that this phenomenon could be due to insufficient B cell
activation by F(ab’)2 algM in this system, leading to an unstable synapse, similar to
the kinapse described in CD8™ T cells (Moreau et al., 2012; Moreau et al., 2015; Mayya
et al., 2018). We therefore explored experimental conditions to increase BCR signaling.
First, we repeated this experiment using naive B cells extracted from MD4+/- mice
(expressing a HEL-specific BCR as in Traction Force Microscopy experiments), paired
with HEL-coated droplets. However, this did not induce stable polarisation of the
centrosome towards HEL-coated droplets compared to BSA-coated droplets (data not
shown). We then proceeded to combine BCR ligand with ICAM-1 on the droplet, as
LFA-1 engagement by ICAM-1 has been described to lower the threshold for B cell
activation and facilitate immune synapse formation (Carrasco et al., 2004). Surpris-
ingly, we still did not observe stable centrosome polarisation, and instead noticed that
cells formed longer punchs at the immune synapse (Figure 4.5B), reminiscent of those
observed in Nocodazole or Nocodazole+p-nBlebbistatin-treated cell lines. Of note, we
also observed actomyosin-dense punchs in Nocodazole-treated primary cells (Figure
4.5C). We established, as part of a collaboration with the team of Yolanda Carrasco,
that LFA-1 engagement by ICAM-1 increases traction forces at the B cell immune
synapse (Merino-Cortés et al., 2020, see Appendix C.2). Together with the phenotype
observed in Nocodazole treated cells, these results suggest a role for actomyosin
contractility in the formation of actomyosin-rich punchs at the immune synapse, and

the absence of centrosome polarisation.

The low traction forces exerted by B lymphoma cell lines as compared to primary B
cells suggest that primary B cells could be more contractile than their immortalised
counterpart. We propose that the high contractility of primary B lymphocytes could
make them more apt at performing mechanical extraction of the antigen, therefore
limiting the need for centrosome polarisation. In the presence of ICAM-1, enhanced
actomyosin contractility would lead to microtubule instability, global release and
activation GEF-H1, and increase in RhoA activity, thus creating a positive feedback
loop of actomyosin contractility (Merino-Cortés et al., 2020; Colin et al., 2018; Chang
et al., 2008).

Previous studies have described polarisation of the centrosome of primary B lym-
phocytes upon antigen encounter on polystyrene beads (Yuseff et al., 2011; Wang
et al., 2017), although it appeared less stable and direct than in B lymphoma cell lines.
However, none have described the formation of actomyosin-rich punchs at the B cell
immune synapse, while this phenomenon has been studied in the case of CD4" T

cells (Husson et al., 2011; Sawicka et al., 2017). The strikingly divergence between
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phenotypes observed on antigen-coated beads or on antigen-coated lipid droplets
stresses the importance of substrate properties for the study of immune synapse
formation. Here, the differences could be explained by two separate phenomena. (1)
Antigen-coated beads allow force transmission to the substrate through anchored
antigens, while the high ligand mobility on oil droplets deprives B lymphocytes of
anchorage. Without force transmission to the substrate, and due to high actomyosin
contractility, primary B lymphocytes could collapse the actin-rich protrusions that
scan the antigen-coated surface into an actomyosin-rich punch, thus preventing cen-
trosome polarisation by hindering microtubule access to the immune synapse(Colin
et al.,, 2018; Reymann et al., 2012). (2) Polystyrene beads appear much stiffer than oil
droplets, with polystyrene having a Young’s modulus of ~3200-3400MPa (Brandrup,
Immergut, and Grulke, 1975), while the surface tension of the soybean oil droplets
used in this study corresponds to a Laplace pressure of 4kPa for a droplet of 5pm
diameter. Oil droplets could appear "soft" enough to the B lymphocytes and allow
mechanical extraction of the antigen to occur.

We believe that the use of primary B lymphocytes for the study of polarisation at the
immune synapse could allow further exploration of the balance between mechanical
and proteolytic extraction and its link with cell polarity, in a dynamic manner. Adap-
tation of this system to primary B lymphocytes also paves the way to its application
to the study of the dynamics of immune synapse formation and polarisation in T
lymphocytes or NK cells.
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FIGURE 4.5: Primary B lymphocytes form actomyosin-rich punchs at the immune synapse,
promoted by actomyosin contractility (A) Example of a myosin II-GFP primary B lympho-
cyte forming a punch at the contact with an aIgM-coated droplet after 20min of contact. Scale
bar 5um. Centrosome (SirTubulin) in grey, myosin II in magenta, aIlgM in yellow. White
full arrowhead points to the centrosome, empty arrowhead points to the punch. (B) Exam-
ple of a Centrin-GFP primary B lymphocyte forming a punch at the contact with an algM-
or algM+ICAM-1-coated droplet after 20min of contact. Scale bar 5um. Centrin in magenta,
aIgM/algM+ICAM-1 in yellow. (C) Example of a Nocodazole-treated myosin II-GFP primary
B lymphocyte forming a punch at the contact with an algM-coated droplet after 20min of con-
tact. Scale bar 5um. Nucleus (Hoechst) in cyan, myosin II in magenta, aIgM in yellow, empty
arrowhead points to the punch. (D) 3D SIM imaging of a primary B cell in contact with an
aIgM-coated droplet. F-actin (Phalloidin) in yellow, a-tubulin (Rat anti-a-tubulin) in magenta,
nucleus (Hoechst) in cyan. Outline of the droplet in white. Scale bar 5pm.



4.4. Concluding remarks and perspectives 103

4.4 Concluding remarks and perspectives

In this work, we studied different aspects of the cytoskeletal regulation of immune
synapse formation, in the case of mechanical extraction and proteolytic extraction.
First, we established that B lymphocytes pattern forces at the immune synapse in
a myosin II-dependent manner, and that actomyosin contractility regulates the
formation and stability of actin protrusive structures at the centre of synapse, and
the extraction and internalisation of antigen at these sites. Next, we conducted a
systematic study of the dynamics of immune synapse formation and established that
this process comprises two phases. The first phase consists in F-actin polymerisation
at the immune synapse, antigen gathering and BCR signaling amplification, and is
followed by a second phase during which a cell polarity axis is formed, with the
docking of the centrosome and the Golgi apparatus at the immune synapse, lysosome
polarisation and nucleus rearward transport. We established that while F-actin is
only necessary for Phase 1 events, microtubules not only support the establishment
of the nucleus-centrosome polarity axis, but also restrict F-actin polymerisation
to the immune synapse. This regulation is achieved through the spatiotemporal
control of GEF-H1 release and activation, and therefore of RhoA activation, inde-
pendently of myosin II activity. Disruption of this regulation, through microtubule
depolymerisation for example, does not impair the structure of the immune synapse,
but affects the state of the whole cortex and could lead to the formation of multiple
synapses, or to decreased efficiency of the immune synapse due to scattering of

resources between several sites.

This work highlights the importance and robustness of the formation of the stereo-
typical actin pattern at the immune synapse. In the case of mechanical extraction,
the contractile ring could promote the formation of actin protrusive structures by
regulating cortex or membrane tension, and mechanically isolate the centre of the
synapse to facilitate antigen affinity discrimination by mechanical pulling. In the case
of proteolytic extraction, our data suggest that microtubule properties and centrosome
reorientation ensure the unicity of the immune synapse by transporting intracellular
components such as vesicles, but also preventing the polymerisation of F-actin outside
of the immune synapse. In this context, microtubule support the formation of a unique
immune synapse, as well as the assembly of the exocyst complex, by the local release
and activation of GEF-H1. The actomyosin ring provides a scaffold to isolate the
synaptic cleft from the environment and concentrate proteases to an antigen-enriched

area.
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Despite having been studied for over 60 years, some aspects of B lymphocyte function,
namely the cellular biology mechanisms regulating their activation and the onset of
the humoral immune response, remain poorly understood. How do B lymphocytes
discriminate antigen affinity in vivo, in a crowded environment, surrounded by
potential ligands, pushed by migrating cells? How do B lymphocytes terminate an
immune synapse and detach? What aspects of cell polarisation are conserved in
the case of mechanical extraction? Which one of the antigen extraction pathways is
more common in vivo, and does it differ depending on the context (inflammation
state, antigen type)? What is the role of nuclear deformation during B lymphocyte
activation, does it have an impact on gene expression, similar to what was described
in T cells (Gupta et al., 2012)?

These results stress the need for new systems to study B cell immune synapse forma-
tion, facilitating the comparison of cellular processes during mechanical or proteolytic
extraction, and complexifying the experimental environment to recapitulate some
aspects of in vivo conditions for antigen encounter by B lymphocytes. In the past 15
years, moving from the study of B cell immune synapses on glass to their study on
fluid substrates, soft substrates or 3D substrates has greatly contributed to understand-
ing the mechanisms of immune synapse formation, antigen affinity discrimination and
extraction. I believe that the use of oil droplets as antigen presenting substrates could
allow the diversification of substrate properties in a controlled manner, modifying
one physico-chemical feature (surface tension, size, coating, diffusion) at a time.
Complexification could also come from modifying the 3D environment, for example,
recapitulating 3D crowding in densely packed lymph nodes, its variation upon clonal
expansion, or the viscosity of the lymphatic fluid that constitutes the environment
in which B lymphocytes live. I am confident that the development of new systems
to study the immune synapse will unravel new functions for some of the previously

described structures.

I end this PhD with more questions than I could possibly answer, and the hope that
my work could provide the B cell biology community with new approaches to answer
many of them. I have the intuition that this field still has many exciting discoveries to
be made, and am impatient to discover the next surprises that the long-known B cells
still have for us.
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Chapter 5

Materials and Methods

5.1 For Chapter 2

5.1.1 Cells and cell culture

CLICK medium: RPMI 1640 — GlutaMax-I + 10% fetal calf serum, 1% penicillin—
streptomycin, 0.1% B mercaptoethanol, and 2% sodium pyruvate). Fetal calf serum
was decomplemented for 40min at 56°C. All cell culture products were purchased
from GIBCO/Life Technologies.

Murine primary B lymphocytes were extracted from the spleen of 8 to 12 weeks-
old male of female mice using the B cell purification kit (Miltenyi 130-090-862). Pri-
mary B lymphocytes were kept in CLICK medium supplemented with 25mM HEPES
(15630080, Gibco) and 1X NEAA (11140050, Gibco) throughout the experiment. The
C57BL/B6]J mouse line as well as transgenic MD4 and LifeAct-GFP mouse lines (de-
scribed elsewhere, (Riedl et al., 2008; Goodnow et al., 1988)) allowed us to obtain all
combinations necessary. Animals were bred and cared for according to the European
and French national regulations for the protection of vertebrate animals used for ex-
perimental and other scientific purposes (Directive 2010/63; French Decree 2013-118).

5.1.2 Reagents

For Polyacrylamide gel preparation and related experiments  40% Acry-
lamide Solution (Biorad 1610140), 2% Bis Solution (Biorad 161-0142), 3-
aminopropyltrimethoxysilane (APTMS) (Sigma-Aldrich 281778), Ammonium
Persulfate (APS) (Sigma-Aldrich A3678), TEMED (Euromedex 50406-B), Sigmacote
(Sigma-Aldrich SL2), Fluosphere: carboxylate-modified, 0.2um, dark red (Molecular
Probes F8807), Sulfo-SANPAH (Thermofisher 22589), Alexa555 microscale protein
labeling kit (Molecular Probes A30007).
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Antibodies and reagents Fluoromount-G (Southern Biotech, 0100-01), Mouse Fc
Block (BD Pharmingen, 553142), Rabbit anti-phospho-Cortactin (pTyr466) (Sigma-
Aldrich, SAB4504373, 1:200), rabbit anti Clathrin (Cell Signalling, 4796, 1:50), Mouse
anti Vinculin (Sigma, V9264, 1:200), Rabbit anti phospho-Paxillin (Cell Signalling, 2541,
1:50), Alexa Fluor 488 Phalloidin (Invitrogen, A12379 1:200), Alexa Fluor 405 Goat anti-
Rabbit IgG (H+L) (Thermofisher, A31556, 1:200), Alexa Fluor 546 Goat anti-Mouse
IgG1 (Thermofisher, A-21123, 1:200), Formaldehyde 16% in aqueous solution (Eu-
romedex, 15710), BSA (Euromedex, 04-100-812-C), PBS (Gibco, 10010002), Triton X-100
(Sigma-Aldrich, T8787), Glycine (Invitrogen, 15527013), Hen Egg Lysozyme (Sigma-
Aldrich L6876).

Drugs MLSA1 (Tocris, 4746, incubated at 10pM for 1h in media before experiment).

5.1.3 Experimental protocols

Preparation of Traction Force Microscopy gels Polyacrylamide (PAA) gels of 500Pa
were prepared less than a week before the experiment. The protocol for this exper-
iment has been described in the video protocol article we published (see Appendix
B). Fluorodish (World Precision instruments FD35) were used as a support for live
imaging experiments, and 18mm coverslips were used as a support for immunoflu-
orescence on gel. The support is activated using UV light for 2min, covered with
approximately 200uL APTMS for 5min to support covalent binding of the gel, then
thoroughly washed with MilliQ water and dried. The coverslip used to flatten the gel
(18mm for Fluorodish gel, 12mm for 18mm coverslip gel) is rendered hydrophobic by
3min immersion in Sigmacote, then washed thoroughly using MilliQ water and dried.
The 500Pa PAA gel is prepared from 167uL of gel premix (75puL 40% acrylamide + 30puL
2% bisacrylamide + 895uL PBS, can be kept for up to a month at 4°C). For traction force
microscopy, 1% beads are added to the solution, that is then vortex and sonicated for
5min and protected from light. Polymerisation of the gel is initiated by addition of 1%
APS and 0.2% TEMED, followed by homogeneisation. Quickly, 9uL of this solution is
deposited at the center of the fluorodish (7puL for 18mm coverslips) and flattened using
the second coverslip, until liquid get out from the side. The fluorodish is then flipped
and tapped on the bench, and the gel is left to polymerize at room temperature in a
humid chamber for 1h. After polymerization, PBS is added onto the gel to facilitate
detachment of the sigmacote-treated coverslip. Gels are then kept in PBS at 4°C until
functionalisation.

The evening before experiment, gels are functionalised with the ligand (HEL or BSA).
Gels are covered with 150pL Sulfo-Sanpah solution (0.5mg/mL in 10mM HEPES
buffer, stored up to a week at 4°C protected from light) at RT, and UV-treated for 2min,



5.1. For Chapter 2 107

followed by washing with PBS, and repetition of the previous steps. Gels are then cov-
ered with 250puL of a 100pg/mL solution of HEL (or BSA), and incubated overnight
in a humid chamber at 4°C. Before the experiment, gels are washed with PBS, then

covered with media (or media+drug), and kept at RT until imaging.

Antigen extraction from PAA gel Gels were prepared without fluorescent beads to
avoid cross talk, and functionalised with HEL freshly conjugated to Alexa 555. HEL-
Alexa555 fluorescence is quenched when attached to the gel, and appear upon detach-
ment from the gel (Kumari et al., 2019). Movies were acquired with low frame rate and
illumination to avoid photo bleaching. Antigen extraction is quantified by measuring
the intensity in the cell area for each frame I(t), and taking into account the initial

intensity : %.

Immunofluorescence on PAA gels B lymphocytes were plated for 30min in an in-
cubator, on 500Pa PAA gels prepared on 18mm coverslips. Samples were fixed for
15min at RT using 4% PFA in PBS, washed 3x with PBS, then permeabilised by 5min
incubation with 0.1% Triton, that was washed 3x with PBS. Samples were blocked by
30min incubation at RT in CLSM Buffer (PBS, 20mM Glycine, 3%BSA), washed 3x with
PBS, then blocked using Fc Block (1/100) for 10min at RT, and washed again 3x with
PBS. Samples were then incubated overnight at 4°C with primary antibodies diluted
in CLSM Buffer. The next day, samples were washed 3x with PBS, then incubated with
secondary antibodies for 1h at RT in PBS. After washing 3x with PBS, the samples were
mounted using Fluoromount-G in a way that allows imaging the cells directly with-
out going through the gel to improve image quality. Imaging was done using a laser
scanning microscope (Leica SP8) equipped with a 60x, NA 1.3 oil immersion objective.
Deconvolution was performed on the images using the Huygens software. The en-
richment of p-Cortactin at actin patches was quantified using a custom made Image]
macro, and defined as the average intensity of p-Cortactin in a disk around an actin
patch (versus around a random point in the cell), divided by the average intensity of

p-Cortactin in the cell.

Traction Force microscopy imaging Live imaging was performed on an inverted
spinning disk confocal microscope (Eclipse Ti Nikon/Roper spinning head) equipped
with a 60x, NA 1.4 oil immersion objective and CoolSNAP HQ2 camera (pixel size
6.4 um) with MetaMorph software (Molecular Device, France). Fluorodishes contain-
ing gels were set up on the microscope, with the focus made on the fluorescent beads
plane. Right before the beginning of the acquisition, 1.10° B lymphocytes were added
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to the plate, and the system was kept at 37°C with 5% COs. Images were taken every

5s, during at least 15min.

Image analysis for Traction Force Microscopy The traction force algorithm was de-
signed on Matlab. It was based on the algorithm used by Butler et al., 2002, taking into
account the modifications by Mandal et al., 2014. The substrate was assumed to be a
linear elastic half space, and force reconstruction was performed using Fourier Trans-
form Traction Cytometry with Tikhonov regularisation (regularisation parameter was
set to 5.10°1%). MTT algorithm was used to measure the position of the beads in the
reference and deformed image (Sergé et al., 2008). Calculation of stress fields from the
displacement is performed in Fourier space, then inverted back to real space, resulting
in a final stress field on a grid with 0.432um spacing (4 pixels).

Quality of the analysis was evaluated by computing the non-equilibrated forces, i.e.
the ratio of the sum of forces vectors (that should be zero, as the cell is not moving)
and the sum of magnitude of the forces. We set the upper limit at 0.15, with lower
values corresponding to better analysis quality. Energy and fluxes were computer
inside the mask of the cell (extracted using an image] macro, and increased by 10%
to avoid loss of information and border effects). Total strain energy was defined as
the sum over the masc of the scalar product force by displacement, and fluxes were
calculated by standard vector analysis, and corresponds to the integral over the cell
area of the divergence of the 2D field (displacement).

Imaging of actin patches on the PAA gels Live imaging was performed on an in-
verted spinning disk confocal microscope (Eclipse Ti Nikon/Roper spinning head)
equipped with a 40x Water immersion objective NA 1.4 and CoolSNAP HQ2 camera
(pixel size 6.4um) with MetaMorph software (Molecular Device, France). B lympho-
cytes extracted from MD4 Lifeact-GFP mice were settled on 500Pa HEL-coated PAA
gels, without fluorescent beads, and kept at 37°C with 5% COs. Cells were imaged for
6min with a frame rate of 1 image every 6s, doing stacks of 10 images with 6z=0.4um.
The data was corrected for bleaching and projected in z before cropping the cells.
Tracking of the patches (excluding the ones on the cortex) was performed using Im-
age] (Trackmate Tinevez et al., 2017). Tracks of length n (n>3) were then analyzed
using Matlab to obtain the diffusion coefficient D, by doing a linear fit without offset
of the first max(10, n) points of the mean square displacement. The duration and the
localization relative to the center of the synapse were also extracted. Density maps

were then computed using a Gaussian kernel.
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Imaging of Z movement of beads in PAA gels Primary B lymphocytes extracted
from the spleen of MD4 mice were settled onto a 500Pa HEL-coated PAA gel contain-
ing fluorescent beads. Cells were allowed to settle for 10min, then imaged using an
inverted spinning disk confocal microscope (Eclipse Ti Nikon/Roper spinning head)
equipped with a 40x Water immersion objective NA 1.4 and CoolSNAP HQ2 camera
(pixel size 6.4 pm) with MetaMorph software (Molecular Device, France). The beads
were imaged every 6s for 60 to 360s, taking stacks of 16 images with §z=0.2um. Beads
were tracked by 3D single particle tracking using Image] (Trackmate Tinevez et al.,
2017), and the trajectories obtained were analysed using Matlab. To be able to exploit
movies of different duration, trajectories were divided in sub-trajectories of 10 frames
and the standard deviation of the z position was computed on the sub-trajectories. A
mask of the cell was manually drawn using the transmission image, and allowed the
determination of the center and radius of the cell to compute a normalized position
of the trajectory in an average immune synapse. The central region of the immune

synapse was considered to be within a radius r = % * CellRadius.

5.2 For Chapter 3

5.2.1 Cells and cell culture

CLICK medium: RPMI 1640 — GlutaMax-I + 10% fetal calf serum, 1% penicillin—
streptomycin, 0.1% B mercaptoethanol, and 2% sodium pyruvate). Fetal calf serum

was decomplemented for 40min at 56°C. All cell culture products were purchased from
GIBCO/ Life Technologies.

The mouse IgG™" B lymphoma cell line IIA1.6 (derived from the A20 cell line [ATCC
f: TIB-208]) was cultured as previously reported (Yuseff et al., 2011) in CLICK
Medium. All experiments were conducted in CLICK + 25mM HEPES (15630080,
Gibco).

5.2.2 Reagents

For droplet preparation fabrication and functionalisation DSPE-PEG(2000) Biotin
in chloroform (Avanti Lipids, Coger 880129C-10mg), Soybean oil (Sigma-Aldrich,
CAS no. 8001-22-7), Pluronic F68 (Sigma-Aldrich, CAS no. 9003-11-6), Sodium Al-
ginate (Sigma-Aldrich, CAS no. 9005-38-3), Tween 20 (Sigma Aldrich, CAS 9005-
64-5), NapgHPO4 - TH2O (Sodium phosphate dibasic heptahydrate, M=268g/mol, CAS
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7782-85-6, Merck), NaH2POy - H2O (Sodium phosphate monobasic monohydrate M =
138g/mol, CAS 10049-21-5, Carlo Erba), Streptavidin Alexa Fluor 488 (Thermofisher,
S11223), Streptavidin Alexa Fluor 546 (Thermofisher S11225), Streptavidin Alexa
Fluor 647 (Thermofisher S32357), biotin-SP-conjugated AffiniPure F(ab’)2 Fragment Gt
anti Ms IgG (Jackson ImmunoResearch 115-066-072), Biotin labeled bovine albumin
(Sigma-Aldrich A8549-10MG).

For microfluidic chips PDMS-RTV 615 (Neyco RTV6115), Polyvinylpyrrolidone K 90
(Sigma 81440, called PVP), Medical tubing, Tygon® ND 100-80 (Saint-Gobain), Stain-
less Steel Plastic Hub Dispensing Needles 23 GA (Kahnetics KDS2312P), Fluorodish

(World Precision instruments FD35).

Dyes and plasmids for live cell imaging Hoechst 33342 (Thermofisher, R37605)
kept in solution, Lysotracker Deep Red (Thermofisher, L12492) 50nM in incubator for
45min then wash, SirTubulin kit (Spirochrome AG, Tebu-bio SC002) 100nM SiRTubu-
lin+10puM verapamil >6h, eGFP-Centrinl 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), C16 - GFP
plasmid obtained from Sergio Grinstein (Botelho et al., 2000). pRK5myc RhoA L63
was a gift from Alan Hall (Addgene plasmid 15900 ; http://n2t.net/addgene:15900
; RRID:Addgene_15900). Expression of Ftractin-tdTomato, Rab6-mCherry, C15-GFP
and RhoA L63 was achieved by electroporating 1.10° B lymphoma cells with 0.25 to
0.5ug of plasmid using the 10pL Neon Transfection system (Thermofisher). Expres-
sion of eGFP-Centrinl was achieved by electroporating 4.10° B lymphoma cells with
4pg of plasmid using the Amaxa Cell Line Nucleofector Kit R (T-016 program, Lonza).
Cells were cultured in CLICK medium for 5 to 16h before imaging.

For transfection with siRNA, IIA1.6 cells were transfected 60-70h before live exper-
iment with 40pmol siRNA per 10° cells using the 10pL Neon Transfection system
(Thermofisher) 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).

Antibodies and reagents for immunofluorescence and Western Blot Formaldehyde
16% in aqueous solution (Euromedex, 15710), BSA (Euromedex, 04-100-812-C), PBS
(Gibco, 10010002), Rabbit anti GEF-H1 (Abcam, ab155785, 1/1000 for WB), Rat
anti a-tubulin (Biorad, MCA77G, 1/1000 for WB), Anti-Rabbit IgG, HRP-linked
Antibody (Cell signaling, 7074, 1/5000 for WB), Anti-Rat IgG, HRP-linked Antibody
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(Cell signaling, 7077, 1/10000 for WB), Alexa Fluor 546 Phalloidin (Thermofisher,
A22283, 1/200), DAPI (BD Bioscience, 564907, 1/1000), Saponin (Sigma, 8047-15-2),
Fluoromount-G (Southern Biotech, 0100-01). for Western blots, B cells were lysed for
10min at 4°C in RIPA Lysis and Extraction Buffer (Thermofisher, 89900) supplemented
with protease inhibitor cocktail (Roche, 11697498001), then treated with benzonase
(Sigma, E1014-5KU). 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 (Biorad, 1610747) and NuPAGETM Sample reducing agent (Invitrogen,
NP0004). Supernatants were loaded onto gels and transferred to PVDF membranes
(Gels, and materials for gel migration and membrane transfer were purchased from
Biorad). Membranes were blocked for 45min at RT with 5% BSA in TBS+0.05%
Tween20, incubated overnight at 4°C with primary antibodies, then incubated 1h
at RT with secondary antibodies. Membranes were revealed using Clarity™ West-
ern ECL Substrate (Biorad, 1705060) and chemiluminescence was detected using a

BioRad ChemiDoc MP imaging system. Western blot were quantified using ImageLab.

Drugs Latrunculin A (Abcam, ab144290, incubated at 2uM for 1h before experi-
ment), para-nitroBlebbistatin (Optopharma, 1621326-32-6, incubated at 20pM for 1h
before experiments), Nocodazole (Sigma, M1404, used 5pM), MLSA1 (Tocris, 4746,
incubated at 1uM for 1h before experiment). For all experiments in microfluidic chips
involving drugs, chips were filled with media+drug (or DMSO) at least 1h before

experiment, and only media + drug was used at each step.

5.2.3 Experimental protocols

Droplet stock formulation DSPE-PEG(2000) Biotin is resuspended in chloroform at
10mg/mL solution. The oil phase is prepared by adding 150uL of DSPE-PEG(2000)
Biotin solution to 30g of soybean oil, and leaving the oil phase at least 4h in a vacuum
chamber to allow chloroform evaporation. The aqueous phase ( 15% Pluronic F68,
stock 30%, + 1% Sodium alginate, stock 4% in H»0) was prepared by pouring 2.5g
of Sodium alginate in a beaker, completing to 5g with deionized water, then adding
5g of Pluronic F68 solution. The solution was gently stirred with a spatula, avoiding
bubbles and removing them using the vacuum. The oil phase was slowly added to
the aqueous phase, starting by 2-3 drops, gentle stirring until oil was uncorporated,
then repeating. The oil phase incorporates more easily over time, and could be added
faster towards the end, when a white emulsion was obtained. The emulsion was then

sheared in a Couette cell (Mason and Bibette, 1996) at 150rpm to obtain smaller and
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more homogeneous droplets. It was recovered as it gets out of the Couette cell, and
had 25% aqueous phase containing 15% Pluronic F68. To wash and remove the smallest
droplets, the droplet emulsion was put in a separating funnel for 24h at 1% Pluronic
F68, 5% oil phase. This operation was repeated at least 2 times. The final emulsion was

stored in glass vials at 12°c.

Droplet functionalisation Droplets were functionalised on the day of experiment.
This process was performed in low binding eppendorfs (Axygen Microtubes Maxy-
Clear Snaplock, 0.60 ml, Axygen MCT-060-L-C), and using PB + Tween20 buffer
(Tween 20 at 0.2%V/v in PB Buffer pH=7, 20mM). A small volume of droplet emulsion
(here for 2uL) was diluted 100 times in PB+Tween20 buffer, and washed 3 times in this
buffer. Washes were performed by centrifugating the solution for 30s at 3000rpm in a
minifuge, waiting 30s and then removing 170uL of the undernatant using a gel tip, and
adding again 170uL of PB+Tween20. At the last wash, a solution of 170uL + 2.5uL of
fluorescent streptavidin solution (Img/mL) was added to the droplet solution, and af-
ter homogeneisation by pipetting, this solution was left on a rotating wheel for 15min,
protected from light. Droplets were then washed 3 times, and at the last wash a solu-
tion of 170uL PB+Tween20 + 5uL of Biotin Goat F(ab’)2 anti-Mouse IgG (Img/mL) (or
other biotinylated protein in the same proportion) was added and left to incubate for
>30 min on a rotating wheel, protected from light. Droplets were finally washed three
times before use, with PB+Tween20. For experiments using drug treatments, droplets

were resuspended in culture media + drug before the experiment.

Microfluidic chip fabrication Microfluidic chips for the IIA1.6 cell line were made
using an original design from the team of Jacques Fattaccioli (ENS Paris, IPGG) (Mes-
djian, 2017). The PDMS was mixed 1:10, poured in the moulds, left in the vacuum
chamber to remove air bubbles and cooked. The PDMS piece with the chamber and
traps embedded was cut, and 0.5mm 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 Imin and bonded to each other for 1h at 60°C. Bonded chips were acti-
vated in the plasma cleaner for 1min to reduce hydrophobicity, and filled gently with a
0.2%w/v PVP K90 solution in MilliQQ water using a syringe, until some solution exited.
Microfluidic chips were then kept at 4°C in the 0.2%w/v PVP K90-filled fluorodish to
prevent drying, for up to a week before the experiment. PVP K90 deposits at the sur-
tace of the PDMS and makes it more hydrophilic on the long term. Microfluidic chips
were put at room temperature on the morning of the experiment, and then kept in an

incubator before imaging. For experiments using drug treatments, microfluidic chips
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were injected with culture media + drug in the morning, and left to incubate to ensure

stable drug concentration during the experiment.

Live imaging of polarisation of IIA1.6 cells in microfluidic chips Live imaging
of polarisation was performed using an inverted spinning disk confocal microscope
(Eclipse Ti Nikon/Roper spinning head) equipped with a Nikon 40x, NA 1.3, Plan
Fluor oil immersion objective, a CMOS BSI photometrics camera (pixel size 6.5pm),
and controlled with the Metamorph software (Molecular Device, France). Stacks of
21 images (6z=0.7um) 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 exper-
iment, droplets were functionalised and cells were resuspended at 1.5.10%cells/mL. in
CLICK+25mM HEPES. Microfluidic chips, cells and media were kept in an incubator
at 37°C with 5% COy until imaging.

Droplets were injected in the microfluidic chip using a Fluigent MFCS™-EZ pressure
controller, until enough traps contain one droplet. The inlet was then changed to
CLICK+25mM HEPES (or CLICK+25mM HEPES+drug) to rinse the PB+Tween20
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, the injection
pressure was lowered to a minimum to limit cell arrival, and perturbation of the cell

by strong flows.

Immunofluorescence with droplets To approach the non-adherent condition of the
cells in the microfluidic chips, IIA1.6 cells were seeded for 15 minutes on glass cov-
erslips (Marienfeld Superior Precision Cover Glasses, 12mm diameter) coated with
100rs/mL BSA, on which they should display limited spreading. Droplets were pre-
pared as for live imaging, then resuspended in 13 times the initial volume of droplets
stock of CLICK+HEPES. A small volume of this droplet solution was deposited onto
parafilm for each coverslip, and the coverslip was then flipped onto the droplets and
left for 5 minutes, so that droplets 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 15 minutes. All manipulations and washed were performed very gently,
using cut pipet tips to limit cell and droplet detachment. Samples were fixed for 12min
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at RT using 4% PFA in PBS, then washed three times with PBS. After 30min of incu-
bation with PBS/BSA /Saponin 1X/0.2%/0.05%, samples were incubated for 1h at RT
with 1/200 Alexa Fluor 546 and 1/1000 DAPI in PBS/BSA /Saponin 1X/0.2%/0.05%,
then washed three times with PBS. Samples were then mounted using Fluoromount-G
and left at RT until dry.

Samples were imaged by 3D SIM, using a Delta Vision OMX v4 microscope, equipped
with an Olympus 100X, NA 1.42, Plan Apo N, oil immersion objective, and EMCCD
cameras. Image reconstruction was performed using the SoftWoRx image software,
under Linux. 3D visualisation for figures were performed using the Imaris Viewer

software.

5.2.4 Image analysis

Image analysis was performed on the Fiji software (Schindelin et al., 2012) using
custom macros, unless stated otherwise. Single kinetic curves analysis were per-
formed using Rstudio (RStudio, 2020). Graphs and statistical analysis were made
using GraphPad PRISM version 9.2.0 for Windows, GraphPad Software, San Diego,
California USA, www.graphpad.com.

For graphs of polarisation in time of BSA vs algG (Figure 3.2), 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.

Image analysis for cell polarisation in microfluidic chips: Cell-droplet doublets
were cropped from original acquisitions, and were cut so that cells arrive at the sec-

ond frame (marked as 0 s in figures).

Analysis of antigen recruitment on the droplet: Bleaching of the fluorescent strep-
tavidin was corrected before analysis using Bleach Correction - Histogram Matching.
Antigen recruitment was measured by computing the ratio between fluorescence in-
tensity 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 3.1D).

Analysis of F-tractin-tdTomato: Fluorescence was corrected using the Bleach
Correction-simple ratio program. Using a custom Fiji macro, 3Dmasks 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
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in 3D, divided by the sum of intensity in the mask of the cell. This measurement
was normalised by its value at the first time point of encounter between the cell and
the droplet, to compensate for potential heterogeneity of the initial state. Extraction
of characteristic values (time of peak, maximum, plateau value relative to maximum)
were extracted 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 C15-GFP DAG reporter: Fluorescence was corrected using the Bleach
Correction-simple ratio program. Using a custom Fiji macro, masks of the droplet and
the cell were generated. Enrichment of the C15-GFP DAG reporter was defined as
the sum of intensity in the mask of the cell, within a Tum layer around the droplet.
This measurement was normalised with its value at the first time point of encounter
between the cell and the droplet, to account for variability of reporter expression be-
tween cells. Extraction of characteristic values (time of peak, maximum, plateau value
relative to maximum) were extracted 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, a mask of the droplet was
generated, and position of the centrosome (stained with SiRtubulin or eGFP-centl)
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 2pm. For the comparison of characeris-
tic times in DMSO vs LatA treatments, only cells with centrosome starting >3um from
the droplet were selected in order to to be able to detect the process of polarisation.
This threshold value was chosen looking at the distribution of plateau values for BSA-
or a-IgG-coated droplets. Tracking of the cell for analysis of centrosome orientation
was performed by first obtaining a mask of the cell, from either SirTubulin or eGFP-
centl background cytosplasmic 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), 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
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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.
The code for this advanced analysis was written by Paolo Pierobon.

Analysis of the Golgi Apparatus was performed on Icy Bioimage analysis software
(De Chaumont et al., 2012). Briefly, a mask of the Golgi apparatus and the droplet
was 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. 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 4pm. This threshold value was chosen looking at the
distribution of plateau values for BSA- or algG-coated droplets.

Analysis of the lysosomes was performed on Icy Bioimage analysis software (De
Chaumont et al., 2012). Briefly, a mask of the lysosomes and the droplet was ob-
tained, and the average distance of all the lysosomes to the surface of the droplets
was computed using a 3D map of distances 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 3um. This threshold value was chosen looking at the dis-

tribution of plateau values for BSA- or algG-coated droplets.

Analysis of the Nucleus and detection of nuclear indentation was performed us-
ing a custom Fiji macro and the Matlab software. B cell nucleus is bean-shaped and
exhibits a marked invagination where the centrosome sits at steady state. To automat-
ically 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 in-
terpolating surface (isosurface function in Matlab). We smoothed the surface to avoid
voxelization and computed the mean curvature at each vertex with standard differ-
ential 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 to the one found in the previous frame. The
orientation of the nucleus with respect to the Cellgepter — Dropletcenter axis is quantified
as the angle Njpgentation — Cellcenter — Dropletcenter- The code for this advanced analysis
was written by Paolo Pierobon.
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An important channel of cell-to-cell communication is direct contact. The immune synapse is
a paradigmatic example of such type of interaction: it forms upon engagement of antigen
receptors in lymphocytes by antigen-presenting cells and allows the local exchange of
molecules and information. Although mechanics has been shown to play an important role in
this process, how forces organize and impact on synapse function is unknown. We find that
mechanical forces are spatio-temporally patterned at the immune synapse: global pulsatile
myosin ll-driven tangential forces are observed at the synapse periphery while localised
forces generated by invadosome-like F-actin protrusions are detected at its centre. Notice-
ably, we observe that these force-producing actin protrusions constitute the main site of
antigen extraction and endocytosis and require myosin Il contractility to form. The interplay
between global and local forces dictated by the organization of the actomyosin cytoskeleton
therefore controls endocytosis at the immune synapse.
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ells are endowed with the ability to internalize substrate-

bound molecules, which they recognize through specific

surface receptors. Although the role of substrate
mechanics has been extensively investigated in the context of
adhesion, its impact on receptor endocytosis remains unclear. A
typical case of coupling between substrate mechanics and juxta-
crine signaling (i.e., by direct contact) occurs at the immunolo-
gical synapse, ie., the tight contact zone that forms between a
lymphocyte and an antigen-presenting cell2. In the case of B
lymphocytes, formation of the immunological synapse results
from the engagement of the B-cell-antigen receptor (BCR) by
antigens exposed at the surface of neighboring cells in vivo. The
immune synapse provides a platform that facilitates signaling and
leads to antigen internalization->, which is needed for B cells to
ultimately produce high-affinity antibodies and generate immune
memory®’. As endocytosis often involves surface-tethered rather
than soluble molecules when occurring in tissues, antigen inter-
nalization at the B-cell synapse provides a valuable model to
study the impact of mechanics in this process.

Different experimental systems have been developed as sur-
rogate antigen-presenting cells to study antigen extraction at the
B-cell synapse ex vivo: planar lipid bilayers®, plasma membrane
sheets®, and polystyrene beads®. On lipid bilayers, the immune
synapse consists of a set of concentric patterns in which mole-
cules and cytoskeletal components are partitioned: a distal
supramolecular antigen cluster (ASMAC) with an actin ring, a
peripheral supramolecular antigen cluster (pPSMAC) enriched for
adhesion molecules and a central supramolecular antigen cluster
(¢SMAC) in which antigens concentrate®. The first antigen
extraction model to be proposed was based on the observation
that B cells spread over antigen-coated substrates and then con-
tract, allowing the transport of BCR-bound antigens towards the
cSMAC!0. A second model arose from Atomic Force Microscopy
experiments monitoring interactions between the BCR and
plasma membrane sheet-bound antigens. These experiments
showed that B cells internalize these antigens by actively pulling
on BCR-antigen complexes®. Both these mechanical models rely
on the actin-based molecular motor non-muscular myosin II. In
the first model, myosin II generates a global actomyosin con-
traction that drives antigen transport towards the cSMAC,
whereas in the second model, myosin II acts locally by pulling on
individual BCR-antigen complexes. Intriguingly, punctuated actin
structures have also been observed in mouse B cells, where they
were found to colocalize with BCR microclusters, and in human B
cells, where they were shown to be involved in BCR signaling and
antigen extraction!!"12. Whether and how these actin structures
are related to myosin II activity is not understood.

Here we investigate the spatio-temporal organization of forces
exerted by B lymphocytes during antigen extraction. We show
that they display a stereotypical patterning profile that includes
two components: (1) peripheral forces resulting from the cen-
tripetal flow of myosin II and (2) central forces exerted by local
invadosome-like actin protrusions, which mediate antigen
extraction. Noticeably, we find that these actin protrusions need
myosin II-dependent peripheral forces to form, reconciling the
models previously proposed for antigen extraction. We conclude
that the interplay between global and local forces, governed by the
dynamics of the actomyosin cytoskeleton, controls endocytosis at
the immune synapse. Myosin II-dependent force patterning
therefore emerges as a key regulator of cell-cell interactions.

Results

B cells exert pulsatile pulling forces on soft susbtrate. We used
time-dependent traction force microscopy (TFM, see Methods)!3-1°
to analyse the spatio-temporal distribution of forces at the B-cell

synapse (Fig. 1a). Primary naive B cells freshly purified from the
spleen of mice expressing a hen egg lysozyme (HEL)-specific BCR
were plated on gels coated with HEL or with bovine serum
albumin (BSA) as a negative control. A rigidity of 500 Pa that
matches the physiological rigidity of the macrophages that pre-
sent the antigen to B cells in vivo was chosen!®, as B cells were
previously shown to behave differently when plated on gels of
different rigidities!”!8. Surprisingly, scanning electron micro-
scopy (SEM) analysis showed no B-cell spreading on antigen-
coated gels, spreading being observed on glass coated with
equivalent amounts of antigen, as previously reported (Fig. 1b, see
also Supplementary Fig. la). Instead, when B cells contacted
antigen-coated gels, they exhibited pulsatile contractions (Sup-
plementary Movie 1). To characterize this cell mechanical beha-
vior, we quantified the stress (Fig. 1c) and the strain energy
exerted on the substrate. We found that the strain energy dis-
played a growth phase lasting ~ 5 minutes followed by a plateau
(Fig. 1d, e). This growth phase was barely observed in the absence
of HEL (Fig. 1d, e, Supplementary Fig. 1b, Supplementary
Movie 2) and the plateau displayed a clear antigen dose-
dependence (Fig. 1f). Analyzing the single cell energy curve, we
found that the plateau phase exhibited peaks in energy, corre-
sponding to global cell contractions (Fig. 1g). Spectral analysis
revealed a typical time-scale of 170+10s (median +IQR)
between each contractile event (Fig. 1h and Supplementary
Fig. 1c). Measurements of the bead displacement field flux
through the cell boundaries revealed that the forces detected were
mostly directed inward (Fig. 1i). We conclude that, on substrates
of physiological rigidity, B cells exert pulsatile forces directed
towards the synapse center in an antigen-dependent manner.

Force patterning at the immune synapse. An important
hypothesis used to build the algorithm for force calculation in
typical TFM experiments is that the displacement of cell-
associated beads is accompanied by the displacement of its
neighbors. However, we consistently observed that certain beads
did not display movements parallel to the ones of their neighbors
(Fig. 2a). These apparently aberrant bead movements did not
result from a modification of gel elasticity as the gel relaxed to its
initial state upon cell detachment (Supplementary Fig. 2a). We
hypothesized that they rather result from locally applied forces,
which may be perpendicular to the synaptic plan. To test this
possibility, we investigated the nature of these local displacements
by splitting the pool of beads into two groups based on r, the
correlation between the directions of displacement vectors with its
neighbors in a range of 1 um (Fig. 2b). For each frame, we clas-
sified the beads in two groups: coordinated (r>0.5) and non-
coordinated (r < 0.5) (see also Supplementary Note 1, Analysis of
the coordinated and non-coordinated bead movements).
Remarkably, these two types of movements were spatially segre-
gated, as observed from average bead density maps and radial
scans (Fig. 2¢): the coordinated pool was located at the periphery
of the synapse (~2-3um from the center), whereas the non-
coordinated one was located at its center. Of note, the number of
beads moving in a coordinated manner increased with time,
reaching a plateau at ~ 3 min (Supplementary Fig. 2¢), suggesting
that force patterning occurs early upon cell-gel contact, most
likely during the rising phase of the strain energy curve. A similar
spatial segregation was observed when analyzing the displacement
field calculated from each group of beads (Fig. 2d). Of note,
because the TFM algorithm cannot be used for localized forces but
only for tangential ones (Supplementary Note 1, Underestimation
of the non-coordinated pool of forces), we could not compute the
stress fleld in this analysis. We conclude that forces transmitted to
the substrate present a specific spatio-temporal pattern at the
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Fig. 1 B cells show antigen-specific pulsatile traction forces on PAA gels. a Cartoon of traction force microscopy showing B-cell plated on antigen-coated
polyacrylamide (PAA) gel containing fiducial markers. b Scanning electron microscopy of fixed B lymphocytes on HEL-coated glass and PAA gels, scale bar
is 2 um. ¢ Time-lapse color maps of stress for HEL and control BSA condition; contractile stress can reach 70 Pa. d Comparison of average strain energy
profile for HEL and BSA conditions, error bars represent mean £ SEM (n= 65 for HEL and n = 35 for BSA, five independent experiments, five mice),
acquisitions were started before the arrivals of the cells to capture the initial time of contact and all cells were aligned at time zero. e Summary statistics of
plateau of strain energy for HEL and BSA, error bar represents median + IQR (n = 65 for HEL and n = 35 for BSA, five independent experiments, five mice),
Mann-Whitney test was performed for statistical analysis. f Concentration-dependent increase in strain energy, error bars representing median = IQR (n =
12,13, 15, 16, 3 independent experiments, three mice), Mann-Whitney test was performed for statistical analysis. g Example of the strain energy curve for a
single cell, plateau exhibit isolated peaks (see single stress maps). h Extraction of the typical pulsation frequency from the contractile energy: from the time
series of a coordinated energy signal (smoothed in red), the signal is de-trended and the power spectrum density derived from it shows a maximum, hence
a typical time scale for the pulsation. i Displacement flux showing the direction of displacement over time in HEL and BSA condition (mean + SEM, n=65
for HEL and n =35 for BSA, five independent experiments, five mice). Source data are provided as a Source Data file

immune synapse with a peripheral, centripetal, tangential pool
opposed to a central, localized, and disorganized one.

Tangential forces rely on myosin II-driven cell contraction. We
next investigated the role of the actomyosin cytoskeleton in force
patterning. Monitoring myosin II-GFP dynamics showed that it
displayed a pulsatile behavior similar to the one observed when
analyzing the coordinated component of the cell contractile
energy (Fig. 3a, b, Supplementary Movie 3). Zooming on a single
energy peak showed that myosin II-GFP recruitment indeed
coincided with maximal contractile stress (Fig. 3c). This was also
visible when averaging the myosin II-GFP and energy signals over
40 different peaks (Fig. 3d). Cross-correlation analysis showed
that myosin II-GFP peaks preceded the energy ones by few sec-
onds, consistent with the motor being first recruited to the
synapse and then triggering global contractions (Fig. 3d). These
results strongly suggest that coordinated peripheral forces
arise from global actomyosin contractions.

To assess the involvement of myosin II in force generation, we
used conditional knockout mice in which MYH9, the gene coding
for the main myosin II isoform expressed in lymphocytes
(Immunological Genome Project, http://www.immgen.org), was
deleted in B cells using the CD2I-cre transgene (Fig. 4a,
Supplementary Fig. 3a). No difference in the number of B cells
in lymph nodes was observed between WT and myosin II KO
mice (Fig. 4b). However, germinal centers were disorganized and
reduced in number in the spleen and lymph nodes of immunized
myosin II KO mice (Fig. 4c-e and Supplementary Fig. 3b). Thus,
myosin II is required for B-cell responses in vivo, which is
consistent with recently published results!®, validating our
experimental model. Remarkably, monitoring of the forces
exerted on HEL-coated gels showed that the contractile strain
energy of most myosin II-deficient B cells was considerably
decreased (Fig. 4f-h, Supplementary Movie 4). Similar results
were obtained when inhibiting myosin II with para-nitro-
blebbistatin (Supplementary Fig. 3c). SEM analysis showed that
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myosin IT KO spleen B cells did not show major morphological
differences as compared with their wild-type counterpart
(Supplementary Fig. 3d). We conclude that tangential forces
exerted at the B-cell synapse are mediated by myosin II-driven
centripetal cell contraction.

Localized forces result from protrusive actin patches. We next
investigated the nature of the non-coordinated force component.
By analyzing the Z displacements of each bead (quantified in the
standard deviation of the position over 60s), we observed that
their movement in Z was indeed higher at the synapse center as
compared with the periphery (Fig. 5a, b). This finding suggested
that non-coordinated forces might result from local 3D move-
ments of the cell. Strikingly, analysis of LifeAct-GFP dynamics at
the cell-gel interface showed the presence of actin patches at the
center of the synapse (Fig. 5¢, d and Supplementary Movie 5),
where most of bead movements in Z were detected (Fig. 5a).
Accordingly, we found that actin patches and non-coordinated
bead displacements were correlated in space and time (Fig. 5e, ).
This result indicates that actin patches might be responsible for
localized non-coordinated bead movements, suggesting that they
correspond to protrusive structures. Consistent with this
hypothesis, when presenting laterally pieces of antigen-coated gels
to LifeAct-GFP B cells, we observed actin-rich protrusions that
penetrated within the gel and were associated to bead movement
(Fig. 6a). This experiment was motivated by the fact that the
presence of the gel strongly limits imaging resolution in Z,

compromising the analysis of these protrusive structures in B cells
plated on 2D antigen-coated gels. However, we could confirm the
existence of actin-rich protrusions in these cells by cryo-electron
microscopy (Fig. 6b and Supplementary Fig. 4). Actin patches
colocalized with phosphorylated Cortactin, a hallmark of
invadosome-like protrusions previously observed in other cell
types including T cells2%-2! (Fig. 6¢) and, partially, with clathrin
(Fig. 6d), suggesting that clathrin-mediated endocytosis might
locally take place. Other podosomes hallmarks (vinculin, phos-
phorylated paxillin, and fascin) were not found to colocalize with
actin (Supplementary Figs. 5a-c). We conclude that non-
coordinated forces localized at the center of the immune
synapse most likely result from the formation of protrusive actin
patches that resemble invadosome-like protrusions.

Antigen extraction occurs in actin protrusive patches. We next
investigated the dynamics of these actin patches in the presence
or absence of antigen. We found that only few actin patches
formed on BSA, which does not engage the BCR (Fig. 7a, b). In
addition, actin patches were more peripheral in absence of BCR
stimulation, compared with their central localization in presence
of HEL (Fig. 7c). Patch tracking further showed that HEL
increased their lifetime (Fig. 7d). Altogether, these data suggest
that the presence of BCR-specific antigens facilitate the stable
formation of actin patches that protrude into the gel and are
localized at the center of the synapse.
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These results prompted us to investigate whether antigen
extraction occurs at these protrusive actin patches. For this, we
recorded B cells plated on gels coated with fluorescently labeled
HEL. Surprisingly, we observed that fluorescence was quenched
when HEL was linked to the gel, being only detected upon HEL
detachment (Supplementary Fig. 6a). This unexpected observa-
tion provided us with a robust system to monitor HEL extraction
together with force generation or formation of actin patches. We
observed a gradual antigen detachment starting as soon as B cells
contact the gel surface and slowing down ~5minutes later
(Fig. 7e, f and Supplementary Movie 6). This crossover time
corresponded to the time at which the plateau was reached in
the energy curve. Strikingly, the appearance of actin patches at the
center of the synapse coincided in space and time with the
appearance of HEL clusters (Fig. 7g, h and Supplementary
Movie 7). However, when coating the gel with both specific
(HEL) and non-specific (Ovalbumin) fluorescent antigens, we
observed that only HEL was extracted (Supplementary Fig. 6b).
This result implies that antigen extraction does not only rely on
the formation of actin patches but further requires specific
antigen binding to the BCR. Altogether, our findings strongly
support a model where actin protrusions that form at the center
of the immune synapse allow the local extraction of BCR-
associated antigens.

Actin patch formation and antigen extraction rely on myosin
IL. So far, our data show that myosin II-mediated pulsatile con-
tractions account for tangential coordinated forces generated at
the synapse periphery, whereas actin protrusions are responsible
for localized 3D forces at the synapse center as well as for antigen
extraction. To assess whether these two spatially segregated

functions of the actomyosin cytoskeleton are or not linked, we
analyzed the impact of myosin II inhibition on actin patch for-
mation. We found that Blebbistatin treatment strongly decreased
the formation of actin patches and reduced the non-coordinated
bead displacements localized at the synapse center (Fig. 5d).
Consistently, myosin II inhibition almost cancelled the extraction
of gel-associated HEL (Fig. 8a). Thus, myosin II is needed for
actin patch formation and antigen extraction at the synapse
center. Of note, antigens were not only detached from the sub-
strate, but also internalized within B cells as shown by inside-out
HEL staining (Fig. 8b). In agreement with these findings, myosin
II was detected by cryoimmuno-electron microscopy at the
cytosolic face of vesicles containing internalized HEL (Fig. 8c). In
contrast, HEL was mainly found at the cell surface in myosin II
KO B cells (Supplementary Fig. 6¢).

Intriguingly, unlike actin-, myosin II-containing patches were
not observed at the synapse center. This points to an indirect role
of myosin II in patch formation rather than a direct one. We
therefore hypothesized that myosin II-mediated contractions
might facilitate the formation of the central actin patches for
antigen extraction. To test this hypothesis, we evaluated the
impact of myosin II-contractility stimulation on actin patch
formation and antigen extraction. For this, we used MLSA1, an
agonist of the lysosomal calcium channel TRPML1, which locally
enhances myosin II flows and activity in dendritic cells?2. We
found that MLSA1-treated B cells showed increased contractile
energy (Fig. 8d), both non-coordinated and coordinated dis-
placement fields being enhanced (Fig. 8e). Noticeably, although
MLSA1 treatment had a minor effect on the number of actin
patches (Fig. 8f) and their distribution (Fig. 8g), it strongly
decreased their diffusion coefficient (Fig. 8h), indicating that
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patches became more stable when myosin II contractility was
enhanced. Consistent with this result, antigen extraction was
significantly faster and more efficient in MLSA1-treated B cells
(Fig. 8i). Thus, although inhibition of myosin II abolishes force
generation, actin patch formation and antigen extraction,
stimulation of its activity enhances these three events, strongly
suggesting that they are most likely functionally linked.

To address the existence of this functional link, we built a
theoretical model (Fig. 8j). The model considers that molecules
associated to the membrane can both diffuse and be advected by
an intermittent flow induced by actomyosin contractions. At the
cellular scale, the diffusion time of these molecules (the time
necessary for molecular patterns such as actin patches to
disappear) is more than 5min, ie, it is longer than the typical
period of the 2-3 min. pulsations detected (see Supplementary
Note 1, myosin II-driven pulsatile contractions can lead to central
patterns). Noticeably, calculations show that this condition is
sufficient to generate a radial gradient of advected molecular
components. This analytical argument therefore supports the idea
that global myosin II pulsatile contractions promote the

centripetal transport/accumulation of molecules that in turn
facilitate the formation of stable protrusive actin patches
where antigen extraction occurs. This spatial organization of
the actomyosin cytoskeleton leads to force patterning at the
immune synapse, with pulsatile tangential (2D) peripheral forces
resulting from global myosin II contraction and 3D disorganized
central forces being produced by local actin protrusions.

Discussion

We here show that forces are patterned at the immune synapse of
B lymphocytes. Consistent with others’ findings?3, we observe the
build up of a contractile concentric ring upon BCR activation, but
in addition to this, we detect localized forces mainly located at the
center of the synapse. We propose that force patterning results
from centripetal pulsatile actomyosin contractions that lead to the
segregation of molecular components at the cell-antigen interface.
This scenario is distinct from the one described at the immune
synapse formed by lymphocytes interacting with antigen-
functionalized lipid bilayers, as molecular segregation is driven
by centripetal actin flow in these cells!®242>, which were not
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Fig. 5 Actin dynamics at the synapse. a Space distribution of bead displacement in the z direction: each point represents the standard deviation of the
z position of a single bead on a 10 frame sequence; all beads have been projected on a size and aspect ratio normalized cell (inner circle at 2/3 of the cell
diameter) represents the central portion of the synapse: the figure show that the displacement in z is higher in the center of the synapse (8422 points,
superposition of 14 cells, one representative experiment). b Cumulative distribution for the z displacement color-coded in figure a, the central fraction of
beads shows significantly higher displacement in z (P <0.0001 for all comparison, Kolmogorov-Smirnov test). ¢ Left, single cell showing actin patches in
the center of the cell which are lost in case of para-Nitroblebbistatin treated cells. Right, mean actin distribution, mean coordinated and mean non-
coordinated force density color map in control and para-Nitroblebbistatin treated B cells (n =12). d Actin distribution over time correlates with non-
coordinated force distribution (images are average projection of 12 cells over all time points). e Time-lapse images showing simultaneous appearance of an
actin patch and non-coordinated bead displacements, arrowhead showing direction and magnitude of displacement; graphs below the images represent the
respective signals integrated over a square of 2 um x 2 um. f Average of the signals quantified in e and average cross-correlation: both signals appear
simultaneously and show a peak simultaneously with no lag (mean £ SEM, n = 89, from nine cells, two independent experiments). Source data are provided
as a Source Data file
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detected in B lymphocytes interacting with antigen-coated gels.
This might result from the fact that (1) on gels, cells are anchored
to the substrate, allowing force transmission, which is not the case
in fluid lipid bilayers, and/or (2) gels are several orders of mag-
nitude softer than glass surfaces.

We observed protrusive actin patches that form at the synapse
center, where antigen extraction occurs, and which resemble
invadosome-like protrusions. This is consistent with in vitro
studies showing that when an actomyosin active gel is coupled to
the cell membrane, it can indeed form actin patches as long as a
sufficient number of contractile elements are present?%-27. It is
therefore likely that shear coordinated forces generated by myosin
II pulsatile contractions at the synapse periphery do not directly
contribute to antigen extraction but rather help the cell building
stable protrusive actin structures where extraction occurs (see
Supplementary Note 1, force required for antigen extraction). It
therefore appears that both global contractility and local force
generation are involved in antigen extraction, reconciling the two
models previously proposed. Interestingly, the growth-plateau
regimes that we observed are reminiscent of the spreading-
contraction phases observed on fluid substrates.

We found that the lifetime of protrusive actin patches increases
in the presence of BCR-specific antigens. This suggests that
similarly to T lymphocytes, B cells might probe their environment
through unstable actin protrusions, which are then stabilized
upon antigen binding to the BCR2?3. Antigen internalization could
occur by endocytosis at the tip of protrusions as described for
both clathrin-mediated endocytosis?® and clathrin-independent

IL2 receptor endocytosis’®. Interestingly, actin-rich pod-like
structures have been recently described as sites of antigen inter-
nalization in human Light Zone B cells plated on activating
plasma membrane sheets!2. Although it is not clear at this stage
whether these actin pods are the protrusive structures we here
describe, our data provide a putative mechanism for their
formation.

Our results show that, in the presence of antigen, actin patches
form at the center of the synapse, in agreement with previous
studies showing that this is indeed a privileged site for antigen
internalization. Actin-rich endocytic structures might pre-
ferentially form at the synapse center owing to a local drop in
membrane tension, as recently described during phagocytosis in
macrophages®!=33. In this context, pulsatile peripheral actomyo-
sin ring could contribute creating a gradient of lipid and therefore
of tension (even without need for a proper diffusion barrier) with
a reduced membrane tension at the center of the synapse.
Alternatively, the actomyosin peripheral ring might act as a
mechanical dumper by sealing the synapse and isolate its center
from external mechanical noise, for example, owing to lymph
node/vessel contractions or cell movements/proliferation. This
could improve antigen affinity mechanical discrimination by the
BCR® (see Supplementary Note 1, affinity discrimination and
energy scales).

We observed that lysosomal calcium release enhances myosin
II-driven peripheral forces as well as actin patch formation and
subsequent antigen extraction. This is particularly appealing as
lysosomes have been shown to be recruited upon centrosome
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Fig. 7 Actin patches correlate with antigen Internalization. a Average distribution of actin patches (obtained by tracking and convoluting the results with a
Gaussian kernel): internal circle (2/3 cell diameter) corresponds to the central portion of the cell (scale bar represents the integrated density as number/
cell/5 min). The distribution in HEL-coated gel is very different compared with the BSA coated gel in b number of beads (Mann-Withney test, Median + IQR)
and ¢ radial distribution (BSA: 25 cells, HEL: 34 cells, three different mice). d Effective diffusion coefficient of actin patches (violin plot with Median + IQR,
n =301 trajectories (34 cells) for HEL and n = 84 trajectories (25 cells) for BSA, Mann-Whitney test). e Time lapse of the extraction of fluorescent HEL
(below: percentage of the maximum, scale bar 3 um). f Strain energy and antigen gathering (Mean £ SEM, n =15, five independent experiments); signals are
normalized to the maximum to highlight similarity in the kinetics. g Example of colocalization of the actin patches (lifeact-GFP) and fluorescent HEL (AF555),
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data are provided as a Source Data file

polarization to the B-cell immune synapse®34, which would
then be locally available for calcium release. We do not exclude
that local release of calcium might also promote the activity of
other myosin motors such as class I myosins, which are typi-
cally required for clathrin-mediated endocytosis>>~37. This
would help coupling global myosin II contractions at the cell
periphery with local endocytosis at actin patches. Indeed,
although the minimal force to activate the BCR is 16 pN (as
measured by DNA tension sensors38), the stall force of a single
myosin motor is <2 pN3°, indicating that the action of at least
eight myosin motors is required to activate the receptor.
Moreover, higher forces have been reported in antigen extrac-
tion: 56 pN rupture forces have been measured®® as well as
biotin-streptavidin bond ruptures® (requiring 160 pN or 80
motors). Single contractile elements made of tens of motors can
achieve large force peak (recent experiments report forces up to
1 nN%9), provided that the activity of several motors is properly

coordinated in order to achieve efficient antigen extraction,
which could be orchestrated by local lysosomal calcium release.
This further implies that lysosomal polarization to the immune
synapse might be needed to stimulate mechanical extraction of
surface-tethered antigens, in addition to their known role in
antigen proteolysis and processing!.

Spatio-temporal force patterning was first highlighted in the
context of tissues*?, cell adhesion to substrate*3-4°, and cell
motility*®. Our study shows that it might be a more general and
basic feature of cell-cell interfaces where the engagement of
surface receptors leads to both juxtacrine signaling and ligand
endocytosis. We found that myosin II intervenes in this process
as a global master organizer of forces and actin organization, and
thus as an indirect but key actor of endocytosis, which is essential
for adaptive immunity. We anticipate that this study should set
the ground for future work aimed at exploring force patterning in
additional cell-to-cell communication models.
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Methods

Mice and cells. Mice with a conditional deletion of myosin II in B cells were
generated by backcrossing mice carrying a floxed myosin II allele (MyosinII flox/
flox)*” with mice expressing the Cre recombinase under the control of the CD21
promoter (CD21-cret/~). Mice expressing the HEL-specific MD4 receptor were
also crossed with mice carrying a floxed myosin II allele. Mice were crossed at an
age of 8-10 weeks, and Cre™ littermates were used as WT controls. The transgenic
MD4, Lifeact-GFP and myosin II-GFP mouse lines have been described

elsewhere*®49. This resulted in all the desired genetic combinations being obtained
in the C57BL/B6 background, and the corresponding breeding controls were sys-
tematically used. The experiments were performed on 8-10-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). Immuni-
zation experiments carried out at the Karolinska Institute were performed
according to local ethical committee guidelines (N11/13). Mature spleen B cells
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Fig. 8 Antigen is internalized through a myosin Il-dependent mechanism. a Antigen gathering over time in control and para-Nitroblebbistatin treated cells
(error bars show mean = SEM, n=15 DMSO, n =9 Blebbistatin). b Scheme of the inside-out experiment and relative quantification: ratio of internalized
(inside) and not internalized (outside) antigen in myosin Il KO and WT B cells (error bars show mean + SEM, n= 29 Myosin Il WT, n =21, Myosin Il KO,
three independent experiments, t test). € Scanning electron microscopy images showing internalized antigens and its proximity to myosin Il (scale bar 0.2
um). d Statistics of plateau of strain energy for MLSAT-treated (MLSAT) and untreated (DMSO) cells (error bar show median £ IQR, n = 41 for DMSO and n
=30 for MLSAT, three independent experiments, three mice, Mann-Whitney test): contractile energy is strongly increased in the treated cells. e Statistics
of the bead displacement in the coordinated and uncoordinated compartment for treated and untreated cells: both coordinated and uncoordinated
movements are significantly increased in treated cells (in red median £ IQR, Mann-Whitney test, n = 41 for DMSO and n =30 for MLSA1, three
independent experiments, three mice, total of > 4400 beads). f Average distribution of actin patches (obtained by tracking and convoluting the results with
a Gaussian kernel): internal circle (2/3 cell diameter) corresponds to the central portion of the cell (scale bar represents the integrated density as number/
cell/5 min). The distribution in MLSAT-treated cells is different compared with the untreated (DMSO) cells neither in number of beads (it increases but not
significantly) nor g in radial profile (Mann-Withney test, Median £ IQR, N =34 DMSO, N =38 MLSA1, three independent experiments, three mice).

h Apparent diffusion coefficient of actin patches: MLSA1-treated cells exhibit less mobile patches (number of tracks: N DMSO=301, N MLSA1=492,
Mann-Whitney test). i Antigen extraction profile for MLSA1-treated and untreated cells: treated cells extract antigen faster than untreated (N =55 DMSO,
N =53 MLSAY1, three independent experiments, three mice). j Model: myosin lI-driven global peripheral contractions (shear coordinated forces) allow the
endocytic machinery to build up in the center, where antigen is extracted through actin protrusions associated to the generation of localized forces. Source

data are provided as a Source Data file

were purified with the MACS kit (130-090-862). B cells were cultured” in Rosewell
Park Memorial Institute (RPMI) 1640—GlutaMax-I supplemented with 10% fetal
calf serum, 1% penicillin-streptomycin, 0.1% b-mercaptoethanol and 2% sodium
pyruvate.

Antibodies and reagents. The following reagents were used: 100 ug/ml HEL
(Sigma), 100 ug/ml BSA (Euromedex), 40% polyacrylamide (PAA, Biorad), 2% bis-
poylacrylamide (Biorad), 3-aminopropyltrimethoxysilane (Sigma), 0.2 um
Alexa647 Fluospheres (Thermo Fisher, F8807), Sigmacote (Sigma), ammonium
persulfate (Sigma), TEMED (ICN Biomedicals), Sulfo-SANPAH (Thermo Fisher),
and the Alexa555 protein labeling kit (A30007, Molecular Probes). The following
primary antibodies were used: rabbit anti-HEL (Abcam,1/100), human anti-GFP
(Institut Curie, 1/200), rabbit Anti-phospho-Cortactin (pTyr466) (SAB4504373,
Sigma-Aldrich, 1:200), rabbit anti Clathrin (Cell Signalling 4796, 1:50), Alexa Fluor
488 Phalloidin (A12379 Invitrogen 1:200), Alexa Fluor 647-conjugated anti-phal-
loidin (Thermo Fisher, 1/200), anti-myosin IIA heavy chain (Covance, 1/500). The
following secondary antibodies were used: Alexa Fluor 488-conjugated goat anti-
rabbit IgG (Life Technologies, 1/200), Alexa Fluor 488-conjugated goat anti-human
IgG (Life Technologies,1/200), Alexa Fluor 405 Goat anti-Rabbit IgG (H + L)
(A31556 Thermofisher 1:200), Alexa Fluor 546 Goat anti-Mouse IgG1 (A21123
Thermofisher 1:200).

Inhibitors and drugs. Blebbistatin: cells were incubated with 70 um para-nitro
blebbistatin (Optopharma) for 40 minutes at 37 °C in RPMI media before the
experiments, unless otherwise stated. MLSAL1: cells were incubated with 10 um
mucolipin synthetic agonist 1 (MLSA1, TOCRIS) for 30 minutes at 37 °C in RPMI
media before the experiments. Dimethyl sulfoxide (DMSO) was used as a control.

Live cell traction force microscopy. Fluorodishes containing gels were placed
under a microscope focused on the plane of beads. In total, 1 x 10° B cells were
added to the plate (time 0), and images were acquired over time. Images were
acquired at 37 °C, under an atmosphere containing 5% CO,, with an inverted
spinning disk confocal microscope (Eclipse Ti Nikon/Roper spinning head)
equipped with a x 60 (1.4 numerical aperture) oil immersion objective and a
CoolSNAP HQ2 camera (pixel size 6.4 um) with MetaMorph software (Molecular
Device, France); time lapse were typically limage/5 s and last minimum 15 mins.

Preparation of PAA gel substrates. PAA gels were produced in 35-mm FD35
fluorodishes (World Precision Instruments, Inc). These dishes were first treated by
UV irradiation for 2 minutes, and then with 3-aminopropyltrimethoxysilane for 5
minutes. The dishes were washed thoroughly in distilled water and dried before
preparation of the PAA gels. Hydrophobic 12mm diameter coverslips were pre-
pared by incubation in Sigmacote for 3 minutes, followed by thorough washing and
drying. A 500 Pa gel was prepared by diluting 40% PAA and 2% bis-acrylamide
solutions to obtain stock solutions of 12% acrylamide/0.1% bis-acrylamide. We
sonicated 167 pl of this solution with 1% of 0.2 um carboxilated fluorescent (660/
680) beads (ThermoFisher Scientific), and then added 1.67 ul of the 10% ammo-
nium persulfate (APS) stock solution and 0.2uL of TEMED and mixed thoroughly,
to initiate polymerization. A volume of 9 ul of the PAA mixture was immediately
pipetted onto the surface of the Fluorodish and a Sigmacote (Sigma-Aldrich)
activated coverslip was carefully placed on top to sqeeze the gel to a thickness

of about 80um. Fluorodishes were immediately inverted, to bring the beads to the
surface of the gel. Polymerization was completed in 45 min at room tempera-
ture and the top coverslip was then slowly peeled off and immediately immersed in
phosphate-buffered saline (PBS). Sulfo-SANPAH (Sigma-Aldrich), a surface

functionalizing reagent with an amine-binding group and a photoactivable azide
group, was used to crosslink molecules to the surface of the gel. Sulpho-SANPAH
(150 pl of 0.5 mg/ml stock) was attached to the gel surface through UV light
activation for 2 minutes followed by 2x PBS washing (procedure repeated 2 times).
Gels were washed thoroughly with PBS 3 times and finally coated with 100 pl
(100 pug/ml) HEL or BSA, by overnight incubation at 4 °C. Gels were washed
thoroughly with PBS 3 times and pre-incubated with medium at room tempera-
ture at least 30 min before experiments.

Characterization of the PAA gels. The Young’s modulus of PAA gel was mea-
sured by bead indentation and calculated using a Hertz model for an elastic sub-
strate with finite thickness®’. Glass beads of 0.25 mm radius were deposed on the
gel and their indentation was measured using confocal stacks. Gel height was
determined by focussing on the bottom and top of the gel. The force inserted in the
Hertz formula was computed theoretically as the weight of the glass bead (density
=2.2kg/m? and radius 0.25 mm) minus the buoyancy in water. PAA gels in our
system remains in the range of 400-650 Pa.

Quantification of amount of antigen on PAA gel and glass. We ensured that the
difference of spreading on gel and on glass was not owing to the amount of
antigen-coated on different substrates (it is harder to coat gels with protein due to
the inherent hydrophobicity of the PAA). We inferred the amount of antigen
required for coating the glass with an equivalent concentration of antigen on gel
(100 pg/ml) by taking images at different concentration on glass and comparing
with the fluorescent intensity obtained on the gel of 100 ug/ml. Respective glasses
and gels were coated with HEL overnight at 4 °C and later stained by using rabbit
anti-HEL primary antibody at 37 °C, eventually staining with anti-rabbit alexa-
488 secondary antibody. Images were acquired using laser scanning microscope
(Leica) with a x40 1.4 NA oil immersion objective with 5% 488 laser. Mean
fluorescence intensity at different point follows a logarithmic curve that suggests
the equivalent concentration on glass is 0.14 pg/ml.

Immunofluorescence. B cells plated for 30 min on PAA gels were fixed by incu-
bation with PFA for 15 min at RT, washed 3x with PBS, permeabilized 5 min with
Triton0.1%, washed 3 x with PBS. The sample was blocked for 30 min with CLSM
buffer (PBS, 20 mm Glycine, 3% BSA), washed, blocked 10 min with Mouse Fc
block (1:100 in CLSM buffer), washed, then incubated overnight at 4 degrees with
primary antibodies (anti-phospho-Cortactin and anti-Clathrin) diluted in CLSM
buffer. Secondary antibodies were incubated 1 h at RT. Samples were mounted so
that cells could be imaged without going through the PAA gel. Samples were
imaged using a laser scanning microscope (Leica) with a x 60, NA 1.3 oil
immersion objective. Images were deconvoluted using Huygens software. Enrich-
ment of p-Cortactin is quantified with custom-made ImageJ] macro. Actin patches
were detected average intensity of p-Cortactin in a disk around this patch was
measured and then divided by the average intensity of p-Cortactin in the cell. This
was compared with the same analysis, but taking random points in the cell instead
of actin patches detection.

Inside-out immunofluorescence. B cells were plated on PAA gels and incubated
for 15 min at 37 °C. The cells were then transferred to 4 °C and Fc receptors were
blocked for 10 min using Fc blocker (BD, 1/200). The cells were washed with PBS
and incubated with rabbit anti-HEL antibody at 4 °C for one hour and then with
Alexa Fluor 488-conjugated anti-rabbit IgG secondary antibody for one hour. The
cells were moved to room temperature, fixed by incubation with 4% PFA for

10 minutes and permeablized by incubation with PBS plus 0.2% BSA and 0.05%
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saponin. The cells were then incubated with rabbit anti-HEL antibodies for 1 hour,
washed with PBS-BSA-SAPONIN, and incubated with the Alexa 546-conjugated
anti-rabbit IgG secondary antibody for one hour at room temperature. The cells
were washed several times in PBS and then used for imaging. Images were acquired
using laser scanning microscope (Leica) with a x40 1.4 NA oil immersion
objective.

SEM imaging. Cells were fixed overnight at 4 °C in 2.5% glutaraldehyde in
phosphate buffer on 0.2 ug/ml HEL coated on glass and 100 pg/ml HEL coated on
PAA gel. They were dehydrated in a graded series of ethanol solutions, then dried
by the CO, critical-point method, with an EM CPD300 (Leica microsystems).
Samples were mounted on an aluminum stub with silver lacquer and sputter-
coated with a 5 nm layer of platinum, with an EM ACE600 (Leica Microsystems).
Images were acquired with a GeminiSEM 500 (Zeiss).

Electron microscopy. Immunoelectron microscopy was performed by the
Tokuyasu method (Slot & Geuze, 2007). Double-immunogold labeling was per-
formed on ultrathin cryosections with protein A-gold conjugates (PAG) (Utrecht
University, The Netherlands). Electron micrographs were acquired on a Tecnai
Spirit electron microscope (FEI, Eindhoven, The Netherlands) equipped with a
Quemesa (SIS) 4k CCD camera (EMSIS GmbH, Miinster, Germany).

Western blotting. B cells were lysed at 4 °C in lysis buffer (10 mm Tris HCL pH
7.4, 150 mm NaCl, 0.5% NP40). Cell lysates were loaded onto mini-PROTEAN
TGX sodium dodecyl sulfate polyacrylamide gel electrophoresis gels, which were
run at 200 volts and 65 mA. The bands on the gel were transferred onto poly-
vinylidene fluoride membranes (Trans-Blot Turbo Transfer). Membranes were
blocked with 5% BSA in 1 x tris-buffered saline (TBS) (Tris-buffered saline)-0.05%
Tween-20 and incubated overnight at 4 °C with primary antibodies and then for
60 min with secondary antibodies. Western blots were developed with Clarity
Western ECL substrate, and chemiluminescence was detected with a ChemiDoc
imager (all from BioRad).

Density map analysis. On movie reconstruction, individual cells were cropped
with ImageJ software. For signal mapping, the images obtained for each individual
cell were aligned in a single column. Cell size normalization was applied to each
time point, based on mean cell size, with background subtraction. We obtained a
mean behavior for each cell, by projecting every time point onto the average. The
mean behavior of the population was then determined, by projecting the mean
signal of every individual cell at a given time point. This procedure was performed
with a custom-designed ImageJ-compatible macro. A similar procedure was used
to map stresses, except that the real stress value was used, without normalization.
For bead density analysis, we smoothed positions with a two-dimensional Gaussian
kernel of radius 3 pixels to obtain a density map, as described by Schauer and
coworkers!. These last two analyses were performed in Matlab. Similar analysis
was carried out for the actin patches density (despite the normalization that was
done per cell and on a time windows of 5 minutes, to pool observations done with
different frame rates).

Myosin and energy peak analysis. Maxima of the coordinated energy were
isolated manually and a sequence of 11 frames around each maximum isolated and
aligned to the maximum. The average Myosin II-GFP fluorescence was integrated
in the area of the cell and aligned blindly following the energy sequence alignment.
The pieces of signals were offset to zero and normalised to the maximum, averaged
and plotted. For the correlation analysis the signals were cross-correlated and the
average cross-correlation plotted.

Actin patch and displacement analysis. Actin patches were isolated manually
and the signal integrated in a square of 2 x 2 um. In time sequence of 11 frames
were considered separately. The signal of the displacement was computed as
average absolute length of the displacement vector of the non-coordinated beads
population in the same square used for the actin signal. Each sequence of actin
signal was offset to zeros and aligned according to the maximum in fluorescence.
The displacement signal was aligned blindly following actin ones. The pieces of
signals were averaged and plotted. For the correlation analysis the signals were
cross-correlated and the average cross-correlation plotted.

Actin and HEL patches analysis. To show the simultaneous appearance of HEL
and actin patches we performed an analysis similar to the one described above (but
at high acquisition rate, 2 fps), in a smaller sequence (11 frames) and in a smaller
window (1pum x 1um) were performed. The only difference is that in this case the
HEL signal was aligned first to the point of appearance and the actin signal was
blindly translated.

Actin patches tracking. B cells from Lifeact-GFP MD4 mice were settled onto a
PAA gel coated with either BSA or HEL. Cells were allowed to settle for 10 min
before imaging with an inverted spinning disk confocal microscope (Eclipe Ti

Nikon/Roper Spinning head) equipped with a x 40 Water immersion objective 1.4
NA and a CoolSNAP HQ2 camera (pixel size 6.4 pm) with Metamorph software
(Molecular Device, France). Time lapse were typically 1 image/6 s, taking 10 images
stack with dz = 0.4 um, and last 6 min. The acquisition were bleach-corrected and
projected in z, before cropping the cells. Patches were tracked, excluding the ones
on the cortex, using Image] (TrackMate). Tracks were further analyzed on Matlab
to extract the diffusion coefficient D (on tracks of length # frames (n>3) it was

obtained as a linear fit without offset of the first max(10, n) points of the mean

square displacement), the duration, and the localization relative to the center of the
synapse. Maps were obtained as done for the beads map (using a gaussian kernel).

Antigen-stripping experiments. Round glass coverslips were coated with anti-
HEL antibody by overnight incubation. The coverslips were washed with PBS and
imaged to obtain the control image. They were then placed on the antigen-coated
PAA gel for 30 s to 1 minute. They were stripped off the surface of the gel and
imaged as soon as possible using laser scanning microscope (Leica) with a 40x 1.4
NA oil immersion objective. Fluorescence on these images indicated the presence
of detached antigen. Absence of fluorescence in stripped gel suggests that
quenching is not due to the presence of many layer of antigen.

Antigen extraction quantifications. Movies of fluorescent antigen were quantified
by measuring the fluorescence intensity in the cell S(t), subtracting the initial point
§(0) and dividing by $(0). So the plotted quantity (S(t)-S(0))/S(0) represents the
relative increment in fluorescence. When compared with the energy, this quantity
signal was further divided by the maximum of the signal to compare the trend in
the curve.

TEM: energy and flux. The traction force algorithm was based on that used by
Butler et al.>> and modified by Mandal et al.!>. Force reconstruction was conducted
with the assumption that the substrate is a linear elastic half space, using Fourier
Transform Traction Cytometry with Tikhonov regularization (regularization
parameter was set to 5 x 10~19). The position of the beads in reference image and
deformed one was measured using MTT algorithm®3. The problem of calculating
the stress field from the displacement is solved in Fourier space then inverted back
to real space. The final stress field is obtained on a grid with 0.432 pm spacing (four
pixels). All calculations and image processing were performed in Matlab.

Given the size of B cells, the density of beads, the magnitude of displacement,
some parameters needed optimization for the analysis. In particular for the
detection algorithm (MTT): search window size (5 pixels), particle radius (2.5
pixels), and maximum distance for nearest neighbor (four pixels). Pixel size of
spinning disk confocal microscope is 108 nm (we occasionally used another setup
with pixel size 160 nm, but the parameters did not need adjustment). Same
parameters were applied for noise detection by measuring force in a non-stressed
area not too far from the cell. A quality check of the TFM algorithm is given by the
non-equilibrated forces, i.e., by the ratio of the sum of forces vectors (which should
be zero) to the sum of magnitude of the forces. Lower ratio signifies higher quality
of the analysis. We checked that all analyzed data this ratio was below 0.15. Further
calculations based on the output of the algorithm were performed to extract the
total strain energy (defined as the sum over the entire cell area of the scalar product
force by displacement). Fluxes were calculated by standard vector analysis (Green’s
theorem): the flux is the integral over the cell area of the divergence of the 2D field
(displacement). An outward flux represents pushing forces and inward flux
represents pulling forces.

Note that even if in theory the forces are supposed to be zero outside the cell, we
decided not to introduce this constraint to avoid border effects. However, when we
compute energy and fluxes, we use the mask of the cell extracted by using an
Image] custom-made macro. The mask was increased by 10% (dilation of the
binary image using Matlab morphological tools) to avoid excessive cropping of the
force/displacement field.

In order to respect physiological rigidity, the Young modulus of the gel is E ~
500 Pa. This which limits the number of particles that can be inserted within the gel
without altering its properties and prevented us to use more resolutive
methods®*>>. However, our setup has the advantage of being relatively simple to
implement on classical confocal microscopy keeping a relatively good resolution.
The imaging conditions in soft gel are also the reason for a poor point spread
function which prevented us to implement 2.5D force measurements as done by
Legant et al.>®. This is also the reason for a statistical treatment of the z
displacement in the 3D tracking experiement (see the quantification of the std(z) in
Fig. 5a).

TFM algorithm for coordinated and non-coordinated forces. We determined
whether a bead belongs to the coordinated or non-coordinated group, by calcu-
lating the mean correlation between the displacement vector associated with the
bead and its nearest neighbors (within 1 um range). Beads with a correlation
coefficient below 0.5 were considered to belong to the non-coordinated pool. Note
that we define a correlation that does not depend on the magnitude of the dis-
placement vectors but only of their relative orientation. This implies that beads
moving a little or not at all have low correlations coefficient and build up the non-
coordinated pool.
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Spectral analysis. To extract a typical time-scale of the collective pulsatile dynamics
(Fig. 3f) the coordinated energy was first de-trended subtracting the background
obtained smoothing the original signal with a low pass filter (Savitsky-Golay filter
with third degree polynomial and a window of 500s, 101 frames). The filter was run a
second time to eliminate high frequency noise (Savitsky-Golay filter with third degree
polynomial and a window of 50, 11 frames). The power spectrum was then com-
puted on the de-trended signal using maximum entropy algorithm (Matlab). The
maximum (if present) was selected in frequencies between 1/50 Hz and 1/500 Hz (to
avoid effects introduced by the smoothing).

Z movement measurement. B cells from MD4 mice were settled onto a PAA gel
coated with HEL. Cells were allowed to settle for 10 min before imaging with an
inverted spinning disk confocal microscope (Eclipe Ti Nickon/Roper Spinning
head) equipped with a x 40 water immersion objective 1.4 NA and a CoolSNAP
HQ2 camera (pixel size 6.4 pm) with Metamorph software (Molecular Device,
France). Stacks of 16 images were taken with dz = 0.2 um, every 6 s for 60-360 s.
We performed 3D single particle tracking (Trackmate, Fiji) and analyzed the
trajectory in Matlab. We analyzed and plotted the standard deviation of the

z position in subtrajectories of 10 frames (to pull together the movies that have
different lengths). Center and radius of the cell were extracted from the

mask and used to compute the “normalised position” of the trajectory in the
average cell. The central region is considered having a radius r = 2/3*(cell
radius).

Fluorescence-activated cell sorting antibodies. Cells were blocked with rat anti-
mouse CD16/CD32 (BioLegend) and stained with: LIVE/DEAD™ Fixable Aqua
Dead Cell (ThermoFischer), PerCpCy5.5 Rat anti-mouse IgD (BioLegend), Pacific
Blue Rat anti-mouse B220 (BioLegend), PE Cy7 Hamster anti-mouse CD95 (BD
Biosciences), PE Rat anti-mouse T- and B-cell activation antigen (BD Biosciences).
Samples were attained on BD LSRFortessa X20 and analyzed using Flow]Jo software.

Mice immunization. HEL (Sigma)-OVA (Sigma) coated beads used in immuni-
zation experiments were prepared as follows: 7.5 pg of biotinylated HEL + 7.5 ug of
biotinylated OVA 647 were incubated overnight at 4 °C with 107 streptavidin-
coated 200 nm beads (Sigma) in 500 pl, washed four times and re-suspended in
PBS-BSA 1% at a concentration of 80 x 10¢ beads/pl. Mice were injected sub-
cutaneously in the left flank with 50 pl beads in Alum (ThermoScientific) in a ratio
1:1 (mice received 4 x 10° beads or 3 ug HEL + 3 ug OVA). Draining (inguinal)
lymph nodes were collected on day 14.

Lymph node immunofluorescence. Eight micrometer-thick lymphnode sections
were blocked for 30 minutes with 5% goat serum (DakoCytomation) in PBS. GL7
antibody was incubated overnight at 4 °C, followed by washing with PBS and
staining of the remaining directly conjugated antibodies for 1h at room tem-
perature. The following antibodies were used: Alexa Fluor 488-conjugated rat
anti-mouse T and B-cell activation antigen (BioLegend) and PE-conjugated rat
anti-mouse B220 (BioLegend), Alexa Fluor 647-conjugated anti-mouse CD169
(BioLegend). Afterwards, the tissue sections were washed with PBS and mounted
with Prolong Diamond mounting medium (Invitrogen). Images were collected
using a confocal microscope (Zeiss LSM880) and analyzed using Image]
software.

Statistics. All graphs and statistical analyses were performed with GraphPad
Prism 5 (GraphPad Software) and MATLAB. In most cases non-parametric test
(Mann-Whitney) test was used to determine statistical significance unless other-
wise stated. Bar graphs show the median + interquartile range (IQR) or mean +
standard error mean (SEM). Graphs representing strain energy and displacement
flux were aligned to start at time zero, dot plots of strain energy show the average of
each cell at the plateau.

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

Data availability

The raw and treated data are available from the corresponding authors upon request. The
source data underlying Figs. 1d-i, 3a-b, 3d, 4b-d, 4g-h, 5a-b, 5e-f, 6¢c, 7b-d, 71, 7i, 8a,
8d-i and Supplementary Figs 1b-c, 2a-b, 3¢ and 6b are provided as a Source Data file.

Code availability
TFM analysis codes (Matlab) and image quantification tools (ImageJ and Matlab) are
available from the corresponding authors upon request.
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Introduction

B cells are the antibody-producing cells of the immune
system. To activate the adaptive immune response, they first
acquire the antigen in a native form (i.e., non-processed)
through a specific receptor called B cell receptor (BCR)1 .
This process occurs in the lymph node B cell zone. Even
if some antigens can reach the B cell through lymphatic
fluids, most antigens, especially with high molecular weight
(>70 kDa, which is the limit size for lymphatic conduits) are
indeed presented in their native form on the surface of an

antigen presenting cell (APC), typically a subcapsular sinus

macrophage or follicular dendritic cell, through lectin or Fc
receptors (non-specific). The contact with this cell leads to the
formation of an immune synapse where the BCR exerts force
on the APC-associated antigens. The binding of an antigen
to the BCR initiates BCR signaling, which may activate force-
generating mechanisms. These forces could be important for
amplifying BCR signaling, but are also essential for B cells to

extract and then internalize the antigen.

Recent studies have shown that the BCR is indeed

2

mechanosensitive“. For example, stiffer substrates elicit
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enhanced BCR signaling3. Moreover, force generated at
the immune synapse pulls on single BCRs to probe its
affinity to antigen and thereby ensure affinity discrimination® .
It is therefore interesting to investigate the mechanical
response of B cells to antigen presentation and to dissect this
response in terms of type of receptors implicated (IgG/IgM)°
adhesion molecules (integrin ligands) or in pharmacologically
and genetically modified cells (i.e., silencing of a protein

downstream of BCR signaling or cytoskeleton dynamics)6 .

A simple method to observe the response of a cell to a
substrate of physiological rigidity and, at the same time, study
forces exerted on the substrate is Traction Force Microscopy
(TFM). TFM consists of observing the displacement field
produced by the cell pulling on an elastic substrate. Originally
the deformation of the gel was observed through wrinkles
of the elastomer itself by phase-contrast microscopy7, but
the insertion of fluorescence microbeads as fiducial markers
allowed for better resolution and has since become the
standard® . This method has been used to investigate the
traction force exerted by adherent cells, tissues, and even
organoids embedded in gels. Several variations of TFM have
been developed9 including, combination with superresolution
microscopy (i.e., STED'? or SRRF!! ), modification of the
refractive index of the gel to allow for TIRF microscopy12,

replacing beads by nano-printed patterns13

, and using
nanopillars instead of flat surface' . For a complete review

of these variations, see Colin-York et al.1®.

The protocol presented here describes a procedure to
measure forces exerted by B cells on an antigen-coated
substrate. These forces are applied on the ligands (antigen)
in order to cluster them and subsequently extract them
from the antigen-presenting substrate. We have adapted the

standard TFM protocol to mimic the rigidity of physiological

antigen-presenting substrates, the size and the relevant
coating for the B cells. This protocol allows for the study of
several cells simultaneously and can be used in conjunction
with fluorescence microscopy techniques and chemical
treatments. However, it does not aim to probe single molecule

16 , molecular

force measurements, for which optical tweezers
tension probes17’ 18 piomembrane force probes19, and
atomic force microscopy20 are more suitable techniques.
Compared to other single cell force measurement methods
(e.g., micropipettes?! or microplates??) TFM allows for the
reconstruction of a complete map of the forces exerted at
the synapse with a resolution of ~300 nm. This is useful to
identify spatio-temporal patterns in the forces exerted on the
surface and, as the gel is compatible with confocal imaging,

to correlate them with the recruitment of specific proteins (for

example, cytoskeleton and signaling proteins).

Although 3D TFM is possible, it is not compatible with the
rigidity and the setup we used. Deformations in 3D are
achievable by other more complex setups such as protrusion
force microscopy (AFM scanning a deformable membrane

23,24 gnd elastic resonator

where the cells are plated)
interference stress microscopy (ERISM, a gel acting as
resonating cavity for light and highlighting deformations of the
substrate with accuracy of a few nanometers)?® . Although
these techniques are very promising, they have not yet
been employed in B cells. Other types of TFM, such as
on nanopillars14, could be used to have more reproducible
substrates. However, this geometry is not adapted to soft cells
as the cell interpenetrates the pillars, which complicates the
analysis. This approach has indeed been used in T cells to

observe the capability of the cell to build structures around

the piIIars26 .
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Despite its simplicity, TFM using polyacrylamide gels allows
for the simultaneous observation of many cells and can be
easily and inexpensively implemented in any lab equipped
with a bench and an epifluorescence microscope (although

we recommend confocal/spinning disk).

To mimic the physiological rigidity of an APC, we used
polyacrylamide gels with a rigidity of ~500 Pa?’ and
functionalized the gel with activating antigens. In this protocol,
we functionalized the surface of the polyacrylamide gel with
hen egg lysozyme (HEL). This allows for the measurement
of forces generated by stimulation of the BCR through
engagement of the antigen binding site. The use of this
antigen and the HEL-specific B cells from MD4 mice ensures
relatively uniform force generation in response to antigen
Iigation28 . However, other molecules (such as anti-IgM for B6
mice) can be grafted onto the gel, but the forces generated in
these cases could be more heterogeneous and less intense.
Because B cells are small cells (diameter ~6 pm), the number
of beads has been optimized to be maximal but still trackable.
For large cells that exert ~kPa forces on their substrates,
one can achieve satisfactory results using relatively sparse
beads or performing simple particle image velocimetry (PIV)
to reconstruct the deformation field. However, for small cells
such as B lymphocytes that exert stress as small as ~50
Pa, the use of single particle tracking is required (particle
tracking velocimetry, PTV) to achieve the desired accuracy
when reconstructing the deformation field. In order to reliably
track beads individually, the magnification of the objective
lens needs to be at least 60x and its numerical aperture
around 1.3. Thus, the gels must be relatively thin (<50 pym),
otherwise the beads are not visible as they are above the

working distance of the objective.

The main protocol consists of three sections: gel preparation,
gel functionalization and imaging; two more sections are
optional and are dedicated to the antigen extraction

quantification and imaging of fluorescent cells.

Protocol

1. Gel preparation

1. Silanization of the gel support

1. Activate the coverslip or glass-bottom Petri dish
(which will be used as gel support) with a UV lamp for
2 min (wait 30 s before exposure to the UV lamp to

avoid exposure to residual ozone).

2. Silanize the coverslip/glass-bottom dish using 200 pL
aminopropyltrimethoxysilane (APTMS) for 5 min. This
will prepare the support for the covalent binding of the

gel.

3. Thoroughly wash the coverslip/glass-bottom dish with

ultra-pure water.

4. Dry the coverslip/glass-bottom dish using vacuum

aspiration.
2. Preparation of the 18mm coverslip used to flatten the gel

1. To prepare the coverslips, first put them into a ceramic
coverslip holder. Then put the coverslip holder into a
small beaker (50 mL) and pour siliconizing reagent
(stored at 4 °C, reusable) over the coverslips, being

sure to completely cover them.

2. Cover the beaker with aluminum foil and incubate
for 3 min at room temperature. While waiting, fill a
large beaker (500 mL) with ultra-pure water. After 3
min of incubation in siliconizing reagent, transfer the

coverslip holder with coverslips to the beaker of water.
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3.

4.

3. Thoroughly rinse the coverslips with ultra-pure water,
dry them well and keep on paper wipes. For best

results, proceed immediately to the next section.
Gel polymerization

1. Forgels of 0.5 kPa, mix 75 pL of 40% acrylamide with
30 pL of 2% bisacrylamide (crosslinker) and 895 pL
of phosphate-buffered saline (PBS). This premix can

be stored for up to one month at 4 °C.

2. To 167 pL of 0.5 kPa gel premix, add 1% (1.67
pL) of beads, vortex and sonicate for 5 min in a
bath sonicator (standard bench ultrasonic cleaner
with power of 50—-100 W and frequency 40 kHz). Keep
the mix protected from light using aluminum foil.
NOTE: The premix does not polymerize until the

initiator (TEMED) is added.

3. To catalyze polymerization, add 1% (1.67 pL) of 10%

w/v ammonium persulfate (APS).

4. To initiate polymerization, add 0.1% (0.2 pL) N,N,N
" N'-Tetramethylethylenediamine (TEMED). Mix with
a pipette. Once APS and TEMED have been added,
the gel rapidly polymerizes so proceed quickly to gel

casting.
Gel casting

1. Pipet 9 yL of gel mix onto each coverslip/glass-bottom

dish (drop in the center, Figure 1A)

2. Place the silanized/hydrophobic coverslip and flatten
the gel (Figure 1B). Using forceps, press the
coverslip to ensure the gel spreads across the entire
area of the coverslip (Figure 1C) until it starts leaking

out.

3. Invert the coverslip/glass-bottom dish into a large
Petri dish and tap it on the bench to force beads going

towards the gel surface (Figure 1D).

4. Cover with aluminum foil and leave for 1 h to
polymerize at room temperature in a humid chamber
(i.e., put a wet tissue above the dish to prevent

evaporation).

5. After 1 h, add PBS to the sample to facilitate coverslip
release. Carefully, remove the coverslip using a
needle (the coating with different silanes should allow
easy peeling off of the coverslip from the gel, Figure

1E).

6. Leave the gel in PBS.
NOTE: Gels can now be stored in PBS at 4 °C for 5-7

days, but it is recommended to use them within 48 h.

2. Gel functionalization

1. Prepare sulfosuccinimidyl 6-(4'-azido-2'-
nitrophenylamino)hexanoate (Sulfo SANPAH) solution at
0.5 mg/mL in 10 mM HEPES buffer. This can be stored at

4 °C covered with aluminum foil for up to one week.
2. Aspirate the PBS from gels.

3. Add 150 pL of Sulfo SANPAH to the gel at room

temperature (Figure 1F).

4. Expose the gel to UV treatment for 2 min to photoactivate
the sites of Sulfo SANPAH and make it stick to the gel

surface.
5. Wash with PBS three times (Figure 1G).
6. Repeat steps 2.2-2.5.

7. Add 250 L of HEL (100 pg/mL) to each gel and incubate
overnight in a humid chamber at 4 °C overnight while

keeping covered with aluminum foil (Figure 1H).
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8.

Remove HEL antigen and wash with PBS three times.

NOTE: HEL acts both as an antigen and as an adhesion
molecule. It can be replaced by other molecules that bind
to the receptor (e.g., an anti-mouse IgM, Bovine Serum
Albumin, Ovalbumin) or mixed with integrin ligands (e.g.,
ICAM1 binding to LFA1). If needed, antigen extraction
can be observed with a fluorescent version of the HEL
(obtained by staining the molecule with a protein labeling
kit, see step 4). Note that a given concentration in bulk
might not yield the same surface concentration on the gel
as on the glass: this needs to be quantified with secondary

staining if direct comparison is required.

3. Cell loading and imaging

1.

2.

3.

Before imaging, remove PBS from the gels and add 500
pL of B cell media (RPMI 1640, 10% decomplemented
fetal calf serum, 1% penicillin-streptomycin, 2% Sodium
Pyruvate, 50uM Mercaptoethanol and 1X Non Essential

Amino Acids) and let them to equilibrate to RT.

Cell preparation

1. Purify primary B cells from spleen according to a
negative selection protocol (see Table of Materials).
Typical final B cell yield is around 1 x 107 cells.

Concentrate this to 3 x 108 cells/mL in B cell medium
(RPMI-1640 supplemented with 10% fetal calf serum,
1% penicillin—streptomycin, 0.1% mercaptoethanol

and 2% sodium pyruvate).
2. Store cells as needed forup to 6 h at 4 °C.

3. Keep the cells at 37 °C for 30 min before image

acquisition.

Imaging

Use a confocal microscope with thermal and
(possibly) CO2 control.

NOTE: Regardless of whether a confocal or spinning-
disk microscope is used, it is important to use an
objective/pinhole that allows a pixel size <200 nm to
comfortably track the beads in the analysis phase
(e.g., 60x, NA 1.3). Epifluorescence microscopy can
also be used, however it provides lower signal to noise

ratio and may make individual bead tracking harder.

Two main layers of beads will appear on the bottom
and the top of the gel. Focus on the gel plane.

NOTE: A nice gel will appear as a starry sky, with
beads approximately uniformly distributed on the

same plane.

Program the acquisition for 30 min with a frame rate of
5 s (this is adaptable to the needs of the experiment,

e.g., acquire other colors, acquire z stack, etc.)

Aspirate the media from the gel, leaving about 200
ML of media on the gel. Position the gel on the
microscope and find the surface layer of beads and a

nice even area on the gel.

Add 80 L of cells (avoid touching the gel to maintain

focus).

Ensure that the focus is still correct and that cells can
be seen descending in the area (under transmitted
light). Launch the acquisition before the cells reach

the gel.

In case of accidental contact with gel, vibrations, or
focus drift, adjust the focus.

NOTE: It is crucial to collect an image of the relaxed
gel and this can be any image taken before the arrival

of the cells on the gel.
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4. Fluorescent HEL extraction experiment

1. Prepare fluorescent HEL by binding a fluorescent dye (of
a color different from the beads one such as Alexa 555),

see the Table of Materials.

2. Instep 2.7, replace conventional HEL with the fluorescent

HEL.

3. Acquire images with low illumination settings or low frame

rate (e.g., 2 frames per minute) to avoid photo-bleaching.

4. To quantify HEL extraction, compute the intensity
integrated over the cell area for each frame /(f) corrected
and normalized by the intensity /(0) of frame 0 according
to the formula:

(1(e) - 1(0))
1(0)

Q) =

NOTE: The antigen conjugated with a fluorophore is not
visible (probably due to quenching of the fluorophore at
the gel surface), but its presence on the gel can be verified
with an anti-HEL and a fluorescent secondary antibody. It
can be verified that the fluorophore is indeed fluorescent
when detached by stripping it from the gel with a coverslip

coated with anti-HEL and revealing it with a secondary

fluorescent antibody (on the coverslip)6 . The signal of the
extracted antigen is very dim and is sometimes masked
by leaking of the beads. If one is interested only in antigen
extraction, it is recommended to prepare the gel without

beads (skip steps 1.3.2 and 1.4.3).
5. Fluorescence imaging

1. Obtain fluorescent B cells by purifying B cell from the
spleens of genetically modified mice as done for the wild

type (e.g., from Lifeact-GFP or Myosin Il GFP mice).

2. For imaging fluorescent cells, use (if possible) a spinning
disk microscope with a water immersion long-distance

40x—100x objective.

3. Keep exposure duration and frame rate low to avoid
bleaching.
NOTE: The point spread function in Z is highly degraded
by the presence of the gel, hence we suggest using a
water immersion objective. Live upright microscopy with
water-dipping objectives suffers from strong spherical
aberrations induced by the presence of the (spherical) cell

(and cell nucleus) in the emission path.

6. Analysis

NOTE: Data analysis is in general performed by first
correcting the whole stack for drift, finding the beads in
each frame, tracking their movements with respect to a
reference frame (taken in absence of cells), interpolating the
displacement field and inverting the problem to obtain the
stress using Fourier transform2? . To this end, we suggest
using a combination of ImageJ Macro and MATLAB programs

downloadable from an online repository30 .

1. Open the movie in Imaged as stack of images
2. Run the macro “Crop_and_save.ijm”

1. Select the regions of interest (ROI) with the
“Rectangle” tool and add them to the ROI list using

the ‘t’ key.

2. When cropping the cell, be sure to include a region of
at least 5-10 pixels of immobile beads. Exclude cells
that are too close to the boundaries or to other cells

from the analysis. When finished click on ‘OK’.

3. The macro proposes a mask of the cell: if this is

satisfactory click on “OK”. If not satisfactory, click on
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“Not ok” and then manually select a closed region with
any selection tool (e.g. “Freehand” or “Oval”) and click

on “Continue”.
3. Open MATLAB and run “TFM_v1.m”.

1. Input the required parameters: in particular check
the image properties (pixel size, time interval of
acquisition) and the gel properties (Young modulus E,

Poisson ratio).

2. The reference image is set to be the first by default.
Set it to another frame if needed or set it to “0” to load

an external file.

3. Locate the outputs of the software in the same
directory as the original file (for a description see the
User_notice.pdf file). This includes a preliminary track
of the beads (“FILENAME.fig”), a plot of the contractile
energy over time (“FILENAME_energy.fig”), a table
of several quantities integrated over the cell (energy,
area, moments, etc) “FILENAME _finaltable.mat”, a
structure containing the displacement and force field,
movies of the bead, displacement field, stress and
energy (that can be opened with any avi reader).
NOTE: In the input parameters, the “Window size”
is the window over which the displacement is
interpolated, hence the final resolution of the stress
and displacement field. This is set to a few (by
default four) pixels. It is not advisable to reduce
this as it would artificially increase the resolution by

interpolating regions where there are no beads.

Representative Results

Given the size of the cells, algorithms that extract the
displacement map of the beads via correlative techniques

(such as particle image velocimetry) are in general not very

precise. However depending on the degree of resolution
required, one can easily obtain qualitative results using a
free Fiji/lmageJ plugin31 »32 While this approach is sufficient
to compare stimulating versus non-stimulating conditions,
for a thorough analysis we recommend using our software
downloadable from an online repository30, that tracks the
beads individually and provides the displacement field map
at a given time point as the interpolation of the individual
bead displacements33. Several quantifications are possible
at this point. For example (by assuming the displacement
is caused only by stress tangential to the gel surface) the
software also provides the stress at each point causing
that specific displacement map. This is a type of “inversion
problem”: the displacement at a certain point depends on
the sum of all the forces applied all over the other points.
The “inversion algorithm” takes into account the physical
parameters of the substrate: its rigidity (Young modulus) and
Poisson ratio. Direct algorithms are typically very accurate
but computationally expensive. Algorithms based on Fourier
transform, like ours, perform essentially a deconvolution in
Fourier space and are more efficient but prone to some
errors (mainly due to the interpolation step). These algorithms
generally require the tuning of a parameter that prevents small
local (and potentially artifactual) displacements to become
too relevant in the computation of the stress field (Tikhonov
regularization parameter® - 29 ; “Regularization” variable in the
dialog window; here we typically set equal to 5 x 10'19).
For more advanced interpretation and analysis, such as
spatio-temporal correlations, local movements, correlations
with fluorescent channels, we recommend collaborating with
experts in the field. For a review on computational methods

see Schwarz et al.? .

As mentioned above, correct bead images look like a “starry

sky”, a uniform and random distribution of bright spots (Figure
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2A). Data and analysis are not reliable when the number of
beads is too low (Figure 2B) or the image is out of focus
(Figure 2C). Once B cells have settled onto the surface of the
gel, the beads underneath the cells start to move due to the
traction force exerted by the cell on the gel. Frames for which

the beads are not trackable should be discarded.

As a check, it is possible to observe by eye the movement
of beads comparing the “reference frame”, typically the one
preceding the first contact of the cell with the substrate.
Approximate results can be obtained from the single particle
tracking (e.g., Trackmate, Fiji 34) as done in Figure 3A.
The analysis provides a segmentation of the beads in the

reference image (“FILENAME.fig”) as a control.

With the software we propose, one can obtain the
displacement (Figure 3B) and stress field (the vector of the
local stress at each pixel and each time point obtained by
inversion from the displacement field, Figure 3C). Scalar

product of the displacement and force fields integrated on the

A B
Drop of gel on Cover with
hydrophilic dish hydrophobic coverslip

PBS
e AL

.-l

Add PBS and lift
coverslip

Sulfo-SANPAH and
UV activation

area of the cell provides total work exerted by the cell on the
substrate (Figure 4A). This computation requires the mask of

the cell introduced in step 6.2 of the protocol.

To compare two biological conditions (as activating HEL
versus non-activating substrate BSA, or wild type versus
knock-out) it is useful to compute the average curve (Figure
4B) or, even more synthetically, an average value over the
last time points (20 min) where the energy reaches a plateau
(Figure 4C). When the spatial information of the forces is
relevant it is possible to compare single time points of each
condition (Figure 4D). Refer to Kumari et al.8 for deeper

analysis.

An example of fluorescence antigen extraction time lapse
is shown in Figure 5A: the progressive appearance of
fluorescence signals at the synapse indicated antigen
detachment from the gel. The average extraction curve with
its confidence interval (standard error of the mean) over 15

cells is shown in Figure 5B.

Press coverslip Flip and tap

G H ‘Y

Wash with PBS 3x Add Antigens

Figure 1: Schematic showing of the preparation of the gel and its functionalization. Steps are described in the

protocol. Please click here to view a larger version of this figure.
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Correct bead image Image with too few beads Image out of focus

Figure 2: Three examples of bead images of different qualities. (A) Example of bead image with the correct signal to
noise ratio and the correct density. (B) Examples of images with a too insufficient number of beads and (C) out of focus

plane. Please click here to view a larger version of this figure.

Beads tracking Displacement field Stress field 107

140

120

Stress field
(smooth)

Beads tracking Displacement
(zoom) field (smooth)

Stress (Pa)

Displacement (nm)

Figure 3: Processing of the images to extract the force field. (A) Example of an image of the beads (outline of the cell

in white, extracted from the transmission image), bead tracking at time t = 5 min (red overlay) and displacement (arrows)
relative to time t = 0 min (scale bar 5 ym). (B) Interpolated displacement field (represented as vector quiver and magnitude
map, arrows are proportional to the displacement [nm]; see the color bar on the right); bottom: a smoother image of the
magnitude (obtained by interpolation with a bicubic function). (C) Stress field from displacement field in panel B (represented
as vector quiver and magnitude map; arrows are proportional to the shear stress [Pa]; see the color bar on the right); bottom:
a smoother image of the magnitude (obtained by interpolation with a bicubic function). Please click here to view a larger

version of this figure.
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Figure 4: Example of information that can be extracted from force and displacement fields. (A) Example of evolution
of energy in time for a single cell: a plateau phase (highlighted in gray) shows up after about 10 min. (B) Comparison of the
average energy curves and (C) of the relative plateau levels for 65 cells plated on HEL (activating) coated gel and 35 cells
on BSA (non-activating) coated gel (median + interquartile ranges are shown, Mann-Whitney test was used for statistical
significance). (D) Time-lapse color maps of stress for HEL and control BSA condition; both magnitude and quiver plots are

shown. These images have been adapted from Kumari et al.b . Please click here to view a larger version of this figure.

Fluorescent
HEL

10 15

Time (Min) Time(min)

Figure 5: Example of experiments with fluorescent antigen. (A) Time lapse of the extraction of fluorescent HEL (below:
percentage of the maximum, scale bar = 3um). (B) Antigen gathering over time (Mean £ SEM, n = 15). These images have

been adapted from Kumari et al.b . Please click here to view a larger version of this figure.
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Discussion

The TFM method described here allows for the systematic
study of the active mechanical capabilities of B cells. In the
context of B cells, this is related to the ability to extract and
internalize the antigen. Compared to other TFM methods, the
protocol presented here is simple and rather reproducible:
the rigidity, measured by indentation of a glass microsphere
and using Hertz model, is between 400 and 600 Pa. Similar
protocols have been successfully used not only for B cells3®
but also for T cells3® . In comparison to nanopillars (also used
forT Iymphocytes37 ) it provides a flat homogeneous surface,
hence the results are easier to interpret as the interaction of

the gel are mainly constrained to be tangential to the surface.

The protocol we described gives access to the spatiotemporal
dynamics of the forces exerted by B cells on antigen-
presenting substrates. On the spatial level this provides
information of the localization of forces, and in combination
with fluorescence microscopy, enables the experimenter to
correlate local forces with the presence of specific molecules
(i.e., components of the cytoskeleton or BCR signaling
cascade). At the temporal level, it is possible to integrate
quantities (such as total energy or total stress) to provide
one value per time point and reduce the noise. This allows
for observation of the evolution of the traction force in time

(growth and plateau) and the presence of pulsatile patterns.

Critical experimental aspects for the analysis are described
as following. (i) Cell density: to perform a correct analysis,
cells should be sufficiently separated. We consider a cell
to be analyzable if it has an empty region of its own
size around it. (ii) Transmission image: it is advisable to
collect at least a transmission image of the cells during
the experiment to be used as a mask in the analysis. (iii)

Number of beads in the image: we suggest analyzing only

images where the number of beads in the synapse is between
30 and 200 (i.e., 1-8 beads/pm?). Lower densities do not
allow for adequate map displacement reconstruction. High
bead densities make single particle tracking unreliable. (iv)
Number of beads should be constant during the experiment;
however, fluctuations can occur due to small variability in the
imaging conditions (especially in beads that are too close to
each other). Focus drift, if occurring, must be corrected and
problematic frames should be discarded. (v) Gel quality: gels
with too many cracks, variability in beads distribution or gels
that are too thick should be discarded. (vi) Depending on the
cell type, after repeated exposures, cells at late time points
(>300 frames) may suffer phototoxic effects. It is advisable to
run the program on a mask devoid of cells as a “baseline” to
be compared with the data. This provides a magnitude of the

noise level solely due to the experimental conditions.

Gels used to measure traction force in classical adhesion
allow for the investigation of processes that occur at the focal
adhesion (actin flows and recruitment of signaling molecules)
—the points where forces are applied38 +39 However, forces
at the synapse are not applied through focal adhesions.
The spatiotemporal pattern of force generation at the B cell
immune synapse has not been quantitatively investigated
using this method until recently. Using TFM, we observed for
the first time, force patterning at the B cell immune synapse,
as presented in our recent studyG, opening encouraging

perspectives in the study of lymphocytes.

Notably, this method employs an image taken before the
arrival of the cells on the gel as a reference image for the
force computation. Usual TFM protocols suggest taking the
reference image at the end of the experiment, after detaching
the cells with trypsin; this allows the experimenter to look for a

region rich in cells. Although this is possible here too, trypsin

Copyright © 2020 JoVE Creative C
License

1s Attribution-NonC

cial-NoDerivs 3.0 Unported

jove.com

July 2020161+ €60947 - Page 11 of 15



jove

is rather inefficient at detaching B cells from antigen-coated
gel, one needs to wait long for detachment and the risk of gel
modification and movements (that make the whole data set

unexploitable) is higher.

The method presented here is flexible and can be applied
to study the effect of other signals at the immune synapse
as it allows for grafting other proteins onto the gel surface
(e.g., integrin ligands and immunoglobulins have been tested)
and even fluorescent antigen (see section 4). Moreover, cells
remain accessible to the experimenter for drug treatment and
local perturbations. Finally, the method is also compatible
with imaging fixed cells. For these observations, it is
recommended to make the gel on a coverslip, stain the cells,
glue the coverslip on a slide and only then add mounting
media and another coverslip. Observation will then be done
with the gel on top to avoid the degradation of the image

through the gel.

Possible pitfalls are the variability in gel in polymerization
and coating. Polymerization problems are mainly due to the
quality of initiator/catalyst. Also, the gel can inflate, especially
if not used right after assembly. This problem does not seem
to dramatically affect the mechanical properties of the gel,
but it can make the bead layer unreachable for the objective,
effectively making the gel useless. We recommend preparing
extra gels for each condition when this problem appears.
There might be also a certain variability in the coating, and it

is crucial to have freshly diluted Sulfo SANPAH.

In conclusion, we have described a simple, cheap and
reproducible method to measure the forces exerted by B cells
at the immunological synapse when activated by BCR ligand.

It can be adapted to study the reaction to other ligands and

other kinds of lymphocytes (memory B cells, T cells, etc.) with

the use of the proper receptor ligand.
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Actin filaments regulate microtubule growth at

the centrosome

Daisuke Inoue™*, Dorian Obino**
Christophe Guerin?, Laurent Blanchoin®3"
Manuel Théry>>™"

Abstract

The centrosome is the main microtubule-organizing centre. It also
organizes a local network of actin filaments. However, the precise
function of the actin network at the centrosome is not well under-
stood. Here, we show that increasing densities of actin filaments
at the centrosome of lymphocytes are correlated with reduced
amounts of microtubules. Furthermore, lymphocyte activation
resulted in disassembly of centrosomal actin and an increase in
microtubule number. To further investigate the direct crosstalk
between actin and microtubules at the centrosome, we performed
in vitro reconstitution assays based on (i) purified centrosomes
and (ii) on the co-micropatterning of microtubule seeds and actin
filaments. These two assays demonstrated that actin filaments
constitute a physical barrier blocking elongation of nascent micro-
tubules. Finally, we showed that cell adhesion and cell spreading
lead to lower densities of centrosomal actin, thus resulting in
higher microtubule growth. We therefore propose a novel mecha-
nism, by which the number of centrosomal microtubules is regu-
lated by cell adhesion and actin-network architecture.

Keywords actin; cell adhesion; centrosome; microtubule
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Introduction

The growth of the microtubule network and its architecture regu-
lates cell polarization, migration and numerous key functions in dif-
ferentiated cells (Mimori-Kiyosue, 2011; de Forges et al, 2012;

, Judith Pineau?
, Ana-Maria Lennon-Duménil>~ @ g&

, Francesca Farina®, Jérémie Gaillard™?,

Etienne-Manneville, 2013; Sanchez & Feldman, 2017). Microtubule
growth first depends on microtubule nucleation, which is regulated
by large complexes serving as microtubule templates and proteins
that stabilize early protofilament arrangements (Wieczorek et al,
2015; Roostalu & Surrey, 2017). Then, microtubule elongation
becomes regulated by microtubule-associated proteins and molecu-
lar motors acting at the growing end of microtubules (Akhmanova &
Steinmetz, 2015). The architecture of the microtubule network—the
spatial distribution and orientation of microtubules—is heavily influ-
enced by its biochemical interactions and physical interplay with
actin filaments (Rodriguez et al, 2003; Coles & Bradke, 2015; Huber
et al, 2015; Colin et al, 2018; Dogterom & Koenderink, 2019).
Although the physical cross-linking of the two networks can occur at
any points along microtubule length (Mohan & John, 2015), the sites
of intensive crosstalk occur at the growing ends of microtubules
(Akhmanova & Steinmetz, 2015; Dogterom & Koenderink, 2019).
The growth of microtubules can also be directed by actin-based
structures (Kaverina et al, 1998; Théry et al, 2006; Lopez et al,
2014). They can force the alignment of microtubules (Elie et al,
2015), resist their progression (Burnette et al, 2007), capture,
bundle or stabilize them (Zhou et al, 2002; Hutchins & Wray, 2014),
submit them to mechanical forces (Gupton et al, 2002; Fakhri et al,
2014; Robison et al, 2016) or define the limits in space into which
they are confined (Katrukha et al, 2017). The actin-microtubule
interplay mostly takes place at the cell periphery, because most
actin filaments are nucleated at and reorganized into actin-based
structures near the plasma membrane (Blanchoin et al, 2014). We
recently have identified a subset of actin filaments that form at the
centrosome at the cell centre (Farina et al, 2016). The centrosome is
the main microtubule nucleating and organizing centre of the cell
and sustains the highest concentration of microtubules in the cell.
Centrosomal actin filaments have been shown to be involved in
several functions including centrosome anchoring to the nucleus
(Obino et al, 2016), centrosome separation in mitosis (Au et al,
2017) and ciliary-vesicle transport in the early stages of ciliogenesis
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(Wu et al, 2018). Whether centrosomal actin filaments affect centro-
somal microtubules is not yet known.

Here, we investigated how the processes of actin and microtubule
growth at the centrosome influence each other. We provide in vivo
and in vitro evidence that centrosomal actin network blocks micro-
tubule growth, most likely as a result of physical hindrance. Our
results further suggest that the regulation by centrosomal actin
filaments restricts microtubule growth in response to cell adhesion.

Results

The centrosomal actin network appears to negatively regulate
the microtubule network in B lymphocytes

B-lymphocyte polarization can be achieved by B-cell receptor (BCR)
activation from binding surface-tethered cognate antigens and
requires the local reduction of centrosomal actin density (Obino
et al, 2016). To evaluate how microtubules were affected in resting
and activated B lymphocytes, we examined, by fluorescent micro-
scopy of fixed cells, microtubule density throughout the cell in
comparison with changes to the density of centrosomal actin fila-
ments (Fig 1A). As expected, B-lymphocyte activation was associ-
ated with a lower density (by 30%) of actin at the centrosome
(Obino et al, 2016). It appeared to be also associated with a higher
density (by 20%) of microtubules at the centrosome and in the
entire cytoplasm (Fig 1B and C). A closer analysis by single cells
showed a clear negative correlation between centrosomal actin
density and microtubule density in resting (r = —0.44) and activated
lymphocytes (r = —0.34) (Fig 1D), suggesting that the interplay
between the two networks is not specific to the activation but an
intrinsic relationship. Noteworthy, the amount of cortical actin did
not vary during the activation (Fig EV1A), and the amount of corti-
cal actin could not be correlated to the amount of microtubules in
single cells (Fig EV1B and C), reinforcing the hypothesis of an early
regulation at the centrosome. The labelling of actin filaments and
microtubules in resting cells revealed the presence at the centro-
some of dense actin puncta, from which microtubules were
excluded, suggesting they act as a physical barrier through which
microtubule cannot grow (Fig 1E).

To test the hypothesis that the density of centrosomal actin is
driving the reduction in microtubule density, B lymphocytes were

Centrosomal actin blocks microtubules  Daisuke Inoue et al

treated with actin filament inhibitors (Fig 2A). Treatment with the
actin polymerization inhibitors (Arp2/3 inhibitor CK666) or latrun-
culin A reduced the centrosomal actin density and increased the
microtubule density at the centrosome (Fig 2B and C) and through-
out the cell (Fig EV2A), thus supporting the hypothesis. Conversely,
treatment with the formin inhibitor, SMIFH2, increased centrosomal
actin density, by an unknown mechanism possibly related to the
actin homeostasis supporting Arp2/3-based nucleation of actin fila-
ment, notably at the centrosome (Farina et al, 2016), when formin
is inhibited (Suarez & Kovar, 2016). This increase in centrosomal
actin led to a marginally decreased microtubule density at the
centrosome and throughout the cell (Figs 2B and C, and EV2A),
thus confirming the negative relationship between the two
networks. Overall, the analysis of individual cells showed a negative
correlation between centrosomal actin filaments and microtubules.
The inhibition of formin and Arp2/3 induced higher and lower actin
densities at the centrosome, respectively, and thus expanded the
range in which the negative correlation could be observed (Fig 2D).

Noteworthy, local perturbations to the actin network could have
affected other actin networks in the same cell by a process of actin-
network homeostasis that operates throughout the cell (Burke et al,
2014; Suarez et al, 2014; Suarez & Kovar, 2016). Therefore, an
increase in actin density at the centrosome could have been offset
by a corresponding decrease in actin density elsewhere in the cell
(e.g. in cytoplasmic and cortical networks). To evaluate this effect,
we measured the impact of CK666 on the growth of microtubules at
the centrosome and along the cortex by quantifying the dynamics of
EB3-mCherry, which labelled microtubule plus ends (Fig 2E, Movie
EV1). We found no major difference in the residency time of EB3
comets, and therefore in the microtubule growth, at the cortex
(Fig 2F), suggesting that the changes in the cortical actin induced by
Arp2/3 inhibition were not responsible for the overall increase in
microtubule number. By contrast, treatment with CK666 signifi-
cantly increased the number of microtubules growing out of the
centrosome (Fig 2F), confirming the involvement of centrosomal
actin in this regulation.

To assess more directly the role of centrosomal actin filaments,
we next examined B lymphocytes which expressed a fusion protein
(centrin1-VCA-GFP; Obino et al, 2016) that promotes actin filament
nucleation at the centrosome specifically (Fig 2G). Hence, the
expression of centrinl-VCA-GFP strongly increased the density of
centrosomal actin filaments and decreased the microtubule density

Figure 1. Cytoskeleton remodelling in B lymphocytes upon antigen stimulation.

A 1IA16 B lymphoma cells were stimulated with BCR-ligand~ (anti-IgM) or BCR-ligand* (anti-lgG) beads for 60 min, fixed and stained for F-actin (top) and a-tubulin

(bottom). Scale bar: 3 um.

B Histograms show the quantifications of the polymerized tubulin and F-actin at the centrosome (dashed outline on the image, values correspond to the fraction of
fluorescence in a 2-micron-wide area around the centrosome relative to the total fluorescence in the cell) and the total amount of polymerized tubulin (bottom right,
values were normalized with respect to the mean of control condition). Measurements were pooled from three independent experiments; anti-IgM (BCR-ligand"):

n = 88; anti-IgG (BCR-ligand™): n = 93. Error bars correspond to standard deviations. P values were calculated with Mann-Whitney test. Scale bar: 2 um.

C Percentage differences of centrosomal F-actin and centrosomal microtubule fluorescence intensities in cells stimulated with BCR-ligand* beads with respect to cells
stimulated with BCR-ligand™ beads. The data set is identical to panel (B). Measurements were pooled from three independent experiments; anti-IlgM (BCR-ligand™):

n = 88; anti-IgG (BCR-ligand®): n = 93. Error bars correspond to standard deviations. P values were calculated with one-sample t-test (i.e. comparison to a theoretical

mean of “0”).

D The graph shows the variations of the total amount of polymerized tubulin per cell with respect to the content of F-actin at the centrosome in an XY representation
of individual measurements. The two lines correspond to linear regressions of the two sets of data relative to cells stimulated with BCR-ligand* (activated cells) or

BCR-ligand ™ (resting cells) beads.

E 1IAL6 B lymphoma cells were fixed and immuno-stained for F-actin (red) and a-tubulin (green). Images show the projection of maximal intensity of three confocal
slices spaced by 0.5 um apart from the centrosome. Scale bars: 2 um (0.5 pm in the zoomed insets).
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at the centrosome and throughout the cell demonstrating the speci-
fic role of actin filaments at the centrosome in the negative regula-
tion of the microtubule network (Figs 2H-J and EV2B).

The centrosomal actin network perturbs the elaboration of the
microtubule network in vitro

A limitation to the interpretation of the B-lymphocyte experiments
was that on top of the influence of subcellular actin networks on
each other, actin and microtubule networks share numerous signal-
ling pathways (Dogterom & Koenderink, 2019). It was therefore not
possible to distinguish purely sterical effects at the centrosome from
the modulation of cross-signalling pathways. To circumvent this
limitation, we used an in vitro model that reconstituted actin and
microtubule networks from actin monomers and tubulin dimers
incubated in the presence of a centrosome labelled with centrinl-
GFP. In this model and as expected (Farina et al, 2016), 25% of the
centrosomes (i.e. centrinl-GFP-positive puncta) were associated
with actin and microtubule networks (Fig 3A). Among those centro-
somes, the actin density per centrosome was negatively correlated
with the number of microtubules per centrosome (Fig 3B). Actin
filament density at the centrosome was then altered by incubating
centrosomes in different concentrations of free actin monomers,
with tubulin dimer concentration kept constant (Fig 3C). Consistent
with the hypothesis, higher actin concentrations were associated
with lower microtubule numbers per centrosome (Fig 3D). More-
over, the highest actin concentration almost completely inhibited
microtubule growth (Fig 3D). These changes were not due to the
interference of dense actin networks with microtubule growth rate,
which did not seem to depend on the density of actin network
(Fig 3E). They were neither due to the removal of microtubule
nucleation complexes from the centrosome since the intensity of

Centrosomal actin blocks microtubules  Daisuke Inoue et al

gamma-tubulin staining appeared independent on the presence of
actin filaments (Fig 3F). These results from in vitro experiments
rather suggest that actin filaments perturb the early stages of micro-
tubule elongation at the centrosome. Therefore, it is plausible that
in B-lymphocyte experiments, the centrosomal actin network had
direct and antagonistic effects on the microtubule network emanat-
ing from the centrosome.

To further explore the dynamics of the interaction between the
centrosomal actin network and the microtubule network,
the in vitro model was manipulated by sequential addition of the
network components. By incubating with tubulin dimers first,
microtubules formed in the absence of actin filaments (Fig 4A and
B). When actin monomers were introduced afterwards (together
with tubulin dimers to maintain the tubulin dimer concentration),
the number of microtubules increased on all centrosomes, irrespec-
tive of whether centrosomes triggered the formation of actin
filaments or not (Fig 4C). An explanation for this unexpected
observation was that the addition of new tubulin dimers increased
the effective concentration of free tubulins. Furthermore, not all
centrosomes were capable of nucleating actin filaments, and there
was no difference in the microtubule numbers per centrosome
between those centrosomes with and those without actin filaments
(Fig 4C). This suggested that in this model, the stability of
preassembled microtubules may not be sensitive to actin filaments
that form at the microtubule ends proximal to the centrosome, and
newly assembled microtubules could form in spaces along pre-
existing microtubules or in spaces created from depolymerized
microtubules.

In a second experiment, tubulin dimers were initially added to
quantify the number of microtubules per centrosome and, in effect,
to select those centrosomes with the capability to nucleate micro-
tubules. The tubulin dimers and microtubules were then removed

Figure 2. The impact of modulating centrosomal actin network on microtubules in B lymphocytes.
A 1IA1.6 B lymphoma cells were treated 45 min with indicated inhibitors (CK666 at 25 pM, SMIFH2 at 25 uM) or DMSO as control prior to being fixed and stained for

a-tubulin (left column) and F-actin (right column). Scale bar: 3 pm.

B Histograms show the quantifications of the amount of polymerized tubulin (right, values were normalized with respect to the mean of control condition) and F-actin
at the centrosome (left, values correspond to the fraction of fluorescence in a 2-micron-wide area around the centrosome relative to the total fluorescence in the
cell). Measurements were pooled from three independent experiments; DMSO: n = 91, CK666: n = 82, SMIFH2: n = 74, latrunculin A: n = 96. Error bars correspond to

standard deviations. P values were calculated with Mann-Whitney test.

C Percentage differences of centrosomal F-actin and microtubule fluorescence intensities in cells treated with cytoskeleton inhibitors in comparison with the respective
densities in cells treated with DMSO. Error bars represent standard deviations. P values were calculated with one-sample t-test (i.e. comparison to a theoretical mean

of “0”).

D The graph shows the same measurements as in panel (B) in an XY representation of individual measurements. The three lines correspond to linear regressions of the

three sets of data relative to cells treated with each actin drug.

E 1IA16 B lymphoma cells were transfected to transiently express centrin1-GFP (red) and EB3-mCherry (green) and video-recorded at the contact site with the glass

coverslip (left) and at the centrosome (right). Scale bar: 3 pm.

F The duration of EB3-positive comets’ presence in the bottom plane was measured in DMSO- and CK666-treated cells (left). Error bars correspond to standard
deviations. The number of EB3-positive comets exiting a 2-um-wide centrosomal area was also compared between the two conditions (right). In both cases, P values

were calculated with Mann—Whitney test.

G IIAL6 B lymphoma cells were transfected to transiently express centrin1-VCA-GFP (bottom) or centrin1-GFP (top) as control prior to be fixed and stained for a-tubulin
(left column) and F-actin (middle column). The GFP signal of centrinl or centrin1-VCA is shown in the right column to illustrate the proper centrosome targeting.

Scale bar: 3 pm.

H Histograms show the quantifications of the amount of polymerized tubulin (right) and F-actin at the centrosome (left). Values correspond to the fraction of
fluorescence in a 2-micron-wide area around the centrosome relative to the total fluorescence in the cell. Measurements were pooled from three independent
experiments; centrinl-GFP: n = 88, centrin1-VCA-GFP: n = 87. Error bars represent standard deviations. P values were calculated with Mann—-Whitney test.

| Percentage differences of F-actin and polymerized tubulin fluorescence intensities at the centrosome were compared in cells transfected either with centrinl-
VCA-GFP or with centrin1-GFP. Error bars represent standard deviations. P values were calculated with one-sample t-test (i.e. comparison to a theoretical mean

of “0”).

] The graph shows the variations of the total amount of polymerized tubulin per cell with respect to the content of F-actin at the centrosome. The two lines
correspond to linear regressions of the two sets of data relative to cells transfected with centrin1-VCA-GFP or centrin1-GFP.
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Figure 3. Assembly of microtubules and F-actin on isolated centrosomes.
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Two sets of representative images showing fluorescent microtubules and F-actin assembled from isolated centrosomes. Centrosomes were isolated from Jurkat cells
expressing centrinl-GFP. Upper and lower lines show F-actin and microtubules radiating from two distinct centrosomes with low (top) and high (bottom) densities of
F-actin. Scale bars: 10 pm.

The graph shows the number of microtubules per centrosome relative to the density of actin filaments. Inset shows F-actin at the centrosome with a FIRE look-up
table and a 20-pum-wide circle in which F-actin fluorescence intensity is measured. Measurements were pooled from five independent experiments; n = 50.
Microtubules (top line) and F-actin (bottom line) assembly from isolated centrosomes in the presence of increasing concentration of monomeric actin (from left to
right). Scale bar: 20 pum.

The graph shows the number of microtubules per centrosome in response to increasing concentrations of monomeric actin. Data were pooled from two independent
experiments; O pM: n = 21; 03 uM: n = 17; 0.5 pM: n = 17; 1.0 pM: n = 17. ****P < 0.001 Mann-Whitney test.

The image shows the density of F-actin (in the presence of 1 uM of actin monomers) at the centrosome colour-coded with the FIRE look-up table and the definition
of central, peripheral and distal regions corresponding to decreasing concentrations of F-actin. Scale bar: 20 um. The graph shows the measurements of microtubule
growth rate in each region. Data were pooled from three independent experiments: central zone: n = 58, peripheral: n = 104, outside: n = 61; n. s. means no
statistical difference between the data set according to Mann-Whitney test.

The graphs show the various intensities of centrosome immuno-staining with antibodies against gamma-tubulin on the same coverslip depending on the presence/
absence of F-actin (left) or on the amount of F-actin (right). Data were pooled from three independent experiments. Left graph: without F-actin n = 69, with F-actin
n = 26, right graph n = 26. n.s. means no statistical difference between the data set according to Mann—-Whitney test.
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Figure 4. Blockage of microtubule growth by F-actin on isolated centrosomes.

A Schematic illustration of the first dynamic assay: sequential addition of tubulin followed by tubulin and actin on isolated centrosomes.

B Representative images showing microtubules (top line) and the merged images of F-actin and microtubules (bottom line) for the two steps of the assay; in the
presence of tubulin only (left column) and in the presence of tubulin and actin (right column). Scale bar: 10 um.

C Quantification of the differences in the number of microtubules per centrosome between the two stages of the experiment described above on centrosomes capable
(first condition), or not (second condition), to grow F-actin. Data were collected from a single experiment; asters without F-actin: n = 29; asters with F-actin: n = 13.
Data were analysed using Mann—-Whitney test.

D Schematic illustration of the second dynamic assay: tubulin is added to measure centrosome nucleation capacity and washed out. Then, actin is added followed by
actin and tubulin.

E Representative images showing microtubules (top line) and the merged images of F-actin and microtubule (bottom line) during the three steps of the assay; in the
presence of tubulin only (left column), in the absence of tubulin and presence of actin (middle column) and in the presence of tubulin and actin (right column). Scale
bar: 10 um. Arrowheads indicate microtubules unable to re-grow after assembly of F-actin.

F  Quantification of the differences in the number of microtubules per centrosome between the first and last steps of the experiment described above (panels D and E)
on centrosomes capable (first condition), or not (second condition), to grow F-actin. Data were pooled from two independent experiments; asters without F-actin:

n = 24; asters with F-actin: n = 13. ****P < 0,001 Student’s t-test.
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Figure 5. Reconstitution of the interplay between F-actin and microtubules on micropatterns.

A Schematic illustration of the micropatterning method used to graft microtubule seeds (green) via neutravidin (yellow) and F-actin-nucleation-promoting complexes
(streptavidin-WA) (orange) on 8-micron-wide discoidal micropatterns. A glass coverslip (deep blue) coated with polyethyleneglycol (PEG) (light blue) was placed in
contact with a transparency photomask and exposed to deep UV light. The exposed coverslip was then immersed with neutravidin to fix biotinylated microtubule
seeds (green) on exposed regions. Streptavidin-WA was immobilized on microtubule seeds via their interaction with biotin. Tubulin dimers and actin monomers were

then added to allow filaments elongation.

B Representative images of microtubules (top) and F-actin (bottom) growth from micropatterns. Scale bars: 20 pm.
Schematic illustration of the assay on micropatterned substrate. Tubulin was first added alone to measure the nucleation capacity of each micropattern, and then
washed out. Later on, actin was added followed by actin and tubulin. Finally, actin was rinsed out and gelsolin was added to fully disassemble F-actin. Representative
images showing microtubules (top line) and the merged images of actin filaments and microtubules (bottom line) during the four steps of the assay; in the presence
of tubulin only, in the absence of tubulin and presence of actin, in the presence of tubulin and actin, and finally in the presence of tubulin and gelsolin but in the

absence of actin (from left to right). Scale bars: 10 um.

D Quantification of the number of microtubules per micropattern in the presence of tubulin only (left), actin and tubulin (middle) and tubulin only after actin filament
disassembly (right). Data were pooled from 2 independent experiments; n = 133, ****p < 0,001 Student’s t-test.

E The graph shows the same measurements as in panel (E) in an XY representation of individual measurements. It illustrates the differences in the number of
microtubules per micropattern between the first to the second step (tubulin only versus actin and tubulin together) with respect to the density of F-actin per

micropattern.

by rinsing the centrosomes in buffer. Actin monomers were then
added, followed by tubulin dimers again (Fig 4D-F). For those
centrosomes devoid of actin filaments, the microtubule number was
not significantly different between the initial and final stages of the
experiment (Fig 4F). By contrast, for centrosomes which nucleated
actin filaments, the microtubule number was significantly reduced
at the final stage compared to the initial stage (Fig 4F). This effect
was not due to actin filaments impact on the centrosome itself since
the number of microtubules was not reduced if actin filaments were
disassembled prior to microtubule regrowth (Fig EV3). These exper-
iments confirmed that microtubule regrowth was impaired in the
presence of pre-existing actin filaments.

Actin filaments block microtubule growth in a biochemical model

In the above in vitro model, only 25% of the isolated centrosomes
had the capability of nucleating microtubules, reflecting the diffi-
culties in centrosome purification. Despite the optimization steps to
improve the quality of the centriole (Gogendeau et al, 2015), the
isolation step results in centrosome with more or less fragmented
peri-centriolar material. As a consequence, the investigation of their
nucleation capacities was informative but intrinsically biased.
Therefore, to directly test steric competition between actin and
microtubules during the first stages of microtubule growth, we
combined two distinct biochemical assays in which short micro-
tubule seeds and actin nucleators were grafted onto the same micro-
fabricated spot on a planar surface in vitro (Reymann et al, 2010;
Portran et al, 2013) (Fig 5A).

In the biochemical model, the addition of free tubulin dimers and
actin monomers led to the growth of both actin filaments and micro-
tubules from each micropattern (Fig 5B). As with the in vitro model
above, the micropatterns were treated according to the following
sequence: addition of tubulin dimers and growth of microtubules;
microtubule count; wash; addition of actin monomers and growth of
actin filaments; addition of tubulin dimers and microtubule regrowth
(Fig 5C). The model showed again that microtubule formation was
perturbed by the presence of actin filaments (Fig 5D). Interestingly,
the addition of gelsolin to promote the disassembly of actin filaments
overcame the perturbation, indicating that the nucleation of actin fil-
aments did not detach microtubule seeds (Fig EV4) but blocked their
elongation (Fig 5C and D). Moreover, the relative density of actin

© 2019 The Authors

was negatively correlated with microtubule numbers (Fig SE).
Therefore, given the absence of signalling pathways or cross-linking
proteins, the actin filaments physically blocked microtubule growth,
and the denser the actin network, the stronger the barrier.

Actin filament density at the centrosome is negatively affected
by the degree of cell spreading

The experiments above supported the model in which actin filaments
perturb the formation of microtubules at the centrosome by forming
a physical barrier. This led us to investigate how actin density at the
centrosome is regulated in living cells. We have previously shown
that with B lymphocyte forming an immune synapse with antigen-
presenting cells, actin nucleation is decreased at the centrosome
(Obino et al, 2016). Because immune synapses are enriched for actin
and adhesion molecules such as integrins (Carrasco et al, 2004;
Bretou et al, 2016), we hypothesized that the actin filament density
at the centrosome is inversely related to the degree of cell adhesion
and spreading because actin nucleating structures compete for avail-
able actin monomers in the cell (Suarez & Kovar, 2016). Hence, mini-
mal cell spreading permits a high amount of actin filaments to form
at the centrosome, thus perturbing microtubule growth, whereas
extensive cell spreading sequesters most of the available actin mono-
mers, reducing the number of actin filaments at the centrosome and
thus favouring microtubule growth (Fig 6A).

For highly adherent RPE1 cells, three states of cell spreading
(low, medium and high) were dictated by the degree of substrate
adhesiveness (by tuning fibronectin concentration in PEG; Fig 6B).
For low-adherent B lymphocytes, three states of cell adhesion and
spreading were dictated by plating on poly-L-lysine, fibronectin and
ICAM-1 (Carrasco et al, 2004) (Fig 6C). For both cell types, the
degree of cell adhesion and/or spreading (i.e. the area occupied by
the cell on the substrate) was negatively correlated with centroso-
mal actin density and positively correlated with the density of
microtubules at the centrosome and throughout the cell (Fig 6D and
E). Although these results do not indicate the exact mechanism by
which cell spreading modulates the amount of microtubules, and
notably do not exclude the possibility that microtubules were stabi-
lized by contact with focal adhesions (Byron et al, 2015; Bouchet
et al, 2016), they support a model in which microtubule growth
from the centrosome is modulated by the adhesion state of the cell
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Figure 6. Modulation of microtubule growth by cell spreading and centrosomal actin filaments.

A Schematic illustration of our model according to which cell spreading sequesters monomeric actin to the cortex and thereby enables the centrosome to grow more
microtubules. Drawings show top (top line) and side views (bottom line) of cells with increased spreading from left to right. Actin filaments are in green; microtubules

are in red.

B RPE1 cells stably expressing centrin1-GFP were plated for 3 h on coverslips coated with different ratios (100:0; 50:50 or 1:99) of fibronectin and PLL-PEG prior to
fixation and staining for F-actin (top line and magnified views around centrosome below. Scale bars: 10 pm and 2 um, respectively) and a-tubulin (bottom line. Scale

bar: 10 pum).

C 11A1.6 B lymphoma cells were plated for 60 min on poly-L-lysine, fibronectin or ICAM-1-coated cover slides prior to be fixed and stained for F-actin (top line) and o-

tubulin (bottom line). Scale bar: 3 pm.

D Quantification of the area occupied by RPE1 cells on the substrate (top left), F-actin content at the centrosome (top right), polymerized tubulin at the centrosome
(bottom left) and in the entire cell (bottom right) for the three conditions of cell adhesion described in (B). Measurements came from three independent experiments
with more than 60 analysed cells in each. Error bars represent standard deviations. F-actin and microtubule contents were compared using Mann—Whitney test, and

variations of the cell area were compared using unpaired t-test.

E Quantification of the area occupied by B lymphoma cells on the substrate (top left), F-actin content at the centrosome (top right), polymerized tubulin at the
centrosome (bottom left) and in the entire cell (bottom right) for the three conditions of cell adhesion described in (D). Measurements came from three independent
experiments with more than 80 analysed cells in each. Error bars represent standard deviations. F-actin and microtubule contents were compared using Mann—

Whitney test, and variations of the cell area were compared using unpaired t-test.

via the degree to which actin filaments are prevented from forming
at the centrosome.

Discussion

Actin is the most abundant protein in the cytoplasm and as such
has long been considered as a major contaminant of centrosome
proteomic studies (Bornens & Moudjou, 1999; Andersen et al,
2003). However, actin filaments have been directly observed at the
poles of mitotic spindles (Stevenson et al, 2001; Chodagam et al,
2005) and at the centrosome of several cell types in interphase
(Farina et al, 2016; Obino et al, 2016; Au et al, 2017). Centrosomal
actin filaments have been shown to anchor the centrosome to the
nucleus (Bornens, 1977; Burakov & Nadezhdina, 2013; Obino et al,
2016), support the transport of vesicles during ciliogenesis (Assis
et al, 2017; Wu et al, 2018), connect basal bodies to the actin cortex
in ciliated cells (Pan et al, 2007; Antoniades et al, 2014; Walentek
et al, 2016; Mahuzier et al, 2018) and power centrosome splitting
in prophase (Uzbekov et al, 2002; Wang et al, 2008; Au et al,
2017).

The results of our study identify a new function for actin fila-
ments at the centrosome. Noteworthy, in the lymphocytes we anal-
ysed, actin filaments formed dense clouds in close proximity to the
centrosome, i.e. within a micrometre from the centre of the micro-
tubule array, but did not seem to colocalize with the centrosome
(Fig 1E), raising some doubts about the actual origin of these fila-
ments. It is still unclear whether actin filaments were nucleated at
the centrosome, which would be consistent with the localization of
Arp2/3 at the centrosome (Farina et al, 2016) or at endosomes,
where WASH also triggers actin filament assembly (Derivery et al,
2009), which were later gathered around the centrosome. Regard-
less of their actual origin, we propose a model in which these
centrosomal, or peri-centrosomal, actin filaments provide a conduit
through which changes to actin networks at the cell periphery
modulate the formation and growth of microtubules emanating from
the centrosome. The centrosomal actin filaments primarily perturb
the formation of microtubules by physically blocking the early
stages of their elongation. Although the actin networks adopted
quite different architectures in cells and in reconstituted experi-
ments in vitro, i.e. tiny clouds and radial array, respectively, in both

© 2019 The Authors

cases the density of the network blocked microtubule elongation.
Although we cannot exclude that other mechanisms, such as shared
signalling pathways or competition for common resources, support
the negative impact of centrosomal actin filaments on microtubules
in cells, we favoured the interpretation based on the role of physical
constraints since they exist in cells and were proven to be capable
to block microtubule growth in our in vitro assays. But these physi-
cal constraints may not be the only mechanism co-regulating the
two networks at the centrosome. Noteworthy, these results add to
pre-existing body of evidences showing that physical constraints
imposed by actin filaments (Huber et al, 2015) can limit micro-
tubule growth (Colin et al, 2018), microtubule’s shape fluctuations
(Brangwynne et al, 2006; Katrukha et al, 2017) and centrosome
displacement (Piel et al, 2000). Interestingly, by contrast with previ-
ous descriptions of physical barriers blocking microtubule growth
locally (Katrukha et al, 2017; Colin et al, 2018) our observations
show that centrosomal actin filaments, by preventing microtubule
growth at the organizing centre, affect the entire microtubule
network throughout the cell.

Our results expand the description of cytoskeleton changes
during B-lymphocyte activation (Obino et al, 2016) and show that
centrosomal actin filament disassembly promotes the growth of
microtubules. Interestingly, the increase in microtubules may contri-
bute to B-cell polarization, a hallmark of their activation (Yuseff
et al, 2011), by promoting centrosome off-centring. Indeed, a high
quantity of microtubules can break network symmetry and force
centrosome off-centring and its displacement to the cell periphery
through the reorientation of pushing forces produced at the centro-
some by microtubule growth (Letort et al, 2016; Burute et al, 2017;
Pitaval et al, 2017). Therefore, centrosomal actin filament disassem-
bly could be involved both in the disengagement of the centrosome
from the nucleus (Obino et al, 2016) and in the stimulation and
reorganization of microtubule-based pushing forces to drive centro-
some motion towards the cell periphery.

The regulation of microtubule growth at the cell centre comple-
ments those mechanisms that regulate microtubule stability at the
cell periphery, where microtubule stability is promoted by cell adhe-
sions and their associated actin networks (Akhmanova & Steinmetz,
2015; Byron et al, 2015; Bouchet et al, 2016). Those mechanisms
ensure a form of regulation that can bias microtubule network orga-
nization locally (Gundersen et al, 2004; Etienne-Manneville, 2013).
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At the cell centre, the actin network can adapt the entire micro-
tubule network to cell shape, cell adhesion and cell spreading
(Fig 6A). An explanation for this is that cell adhesion and cell
spreading trigger the elaboration of actin networks at the cortex,
hence reducing the pool of available actin monomers, and poten-
tially sequestering from the centrosome actin filament nucleation
and branching factors such as Arp2/3 and WASH (Farina et al,
2016; Obino et al, 2016; Suarez & Kovar, 2016). The reduction in
the centrosomal actin network thus allows more microtubules to be
nucleated at the centrosome. The interplay at the centrosome
between actin filaments and microtubules in response to cell spread-
ing may have important implications for the ability of the cell to
sense and adapt to external cues.

Materials and Methods

Cell culture and chemical treatments

Stable Jurkat cell lines expressing centrinl-GFP (Farina et al, 2016)
were cultured in RPMI 1640 (Gibco). Cells were not sorted based on
GFP fluorescence. The mouse B lymphoma cell line IIA1.6 (derived
from the A20 cell line (American Type Culture Collection #: TIB-
208)) was cultured as reported (Obino et al, 2016) in CLICK
medium (RPMI 1640—GlutaMax-I), supplemented with 0.1% -
mercaptoethanol and 2% sodium pyruvate. The RPE1 cell line
stably expressing centrinl-GFP (Farina et al, 2016) was cultured in
DMEM/F-12. All media were supplemented with 10% foetal calf
serum and penicillin/streptomycin. Cells were cultured at 37°C
and 5% CO,. All cell lines were tested monthly for mycoplasma
contamination.

Two million IIA1.6 cells were electroporated with 2 pg of EB3-
mCherry plasmid and 2 pg centrinl-GFP plasmid using the Amaxa
Cell Line Nucleofector Kit R (T-016 programme, Lonza). Cells were
incubated in CLICK medium for 8-12 h before analysis.

Cytoskeleton inhibitors (CK666 at 25 uM, SMIFH2 at 25 pM;
Latrunculin A at 5 pM; all from Tocris Bioscience) were added in
the cell medium for 45 min at 37°C.

For the coating of glass coverslips, fibronectin (Sigma-Aldrich)
was used at 10 pg/ml and PLL-PEG (JenKem Technologies, Texas)
at 10 pg/ml in HEPES 10 mM, poly-L-Lysine (Invitrogen) was used
at 10 pg/ml, and ICAM-1 (R&D System) was used at 10 pg/ml.

Preparation of BCR-ligand-coated beads

Latex NH,-beads 3 pm in diameter (Polyscience) were activated
with 8% glutaraldehyde (Sigma-Aldrich) for 2 h at room tempera-
ture (4 x 10° beads/ml). Beads were washed with PBS and
incubated overnight at 4°C with 100 pg/ml of either F(ab’), goat
anti-mouse IgG (BCR-ligand ™ beads) or F(ab’), goat anti-mouse IgM
(BCR-ligand™ beads; MP Biomedical).

Cell fixation and immuno-staining

Cells were extracted by incubation for 15 sec with cold cytoskeleton
buffer (10 mM MES pH 6.1, 138 mM KCl, 3 mM MgCl,, 2 mM EGTA)
supplemented with 0.5% Triton X-100 and fixed with cytoskeleton
buffer supplemented with 0.5% glutaraldehyde for 10 min at room
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temperature. Glutaraldehyde was reduced with 0.1% sodium boro-
hydride (NaBH,) in 1x PBS for 7 min, and unspecific binding sites
were saturated using a solution of 1x PBS supplemented with 2%
BSA and 0.1% Triton X-100 for 10 min. The following primary anti-
bodies were used: monoclonal rat anti-a-tubulin (AbD Serotec, Clone
YL1/2, 1/1,000) and VHH anti-green fluorescent protein (GFP)-
human Fc (Recombinant Antibodies Platform (TADb-IP), Institut
Curie, Paris, France, 1/200). The following secondary antibodies
were used: AlexaFluor647-conjugated F(ab’), donkey anti-rat and
AlexaFluor488-conjugated donkey anti-human (Life Technologies,
both 1/200). Actin filaments were stained using AlexaFluor546-
conjugated phalloidin (Life Technologies, #A22283, 1/100).

Isolation of centrosomes

Centrosomes were isolated from Jurkat cells by modifying a previ-
ously published protocol (Moudjou & Bornens, 1998; Gogendeau
et al, 2015). In brief, cells were treated with nocodazole (0.2 pM)
and cytochalasin D (1 pg/ml) followed by hypotonic lysis. Centro-
somes were collected by centrifugation onto a 60% sucrose cushion
and further purified by centrifugation through a discontinuous (70,
50 and 40%) sucrose gradient. The composition of the sucrose solu-
tions was based on a TicTac buffer (Farina et al, 2016), in which the
activity of tubulin, actin and actin-binding proteins is maintained:
10 mM HEPES, 16 mM Pipes (pH 6.8), 50 mM KCl, 5 mM MgCl,,
1 mM EGTA. The TicTac buffer was supplemented with 0.1%
Triton X-100 and 0.1% B-mercaptoethanol. After centrifugation on
the sucrose gradient, supernatant was removed until only about
S ml remained in the bottom of the tube. Centrosomes were stored
at —80°C after flash freezing in liquid nitrogen.

Protein expression and purification

Tubulin was purified from fresh bovine brain by three cycles of
temperature-dependent assembly/disassembly in Brinkley Buffer 80
(BRB80 buffer: 80 mM Pipes pH 6.8, 1 mM EGTA and 1 mM MgCl,)
(Shelanski, 1973). Fluorescently labelled tubulins (ATTO-488- and
ATTO-565-labelled tubulin) were prepared by following previously
published method (Hyman et al, 1991).

Actin was purified from rabbit skeletal-muscle acetone powder.
Monomeric Ca-ATP-actin was purified by gel-filtration chromatogra-
phy on Sephacryl S-300 at 4°C in G buffer (2 mM Tris-HCI, pH 8.0,
0.2 mM ATP, 0.1 mM CaCl,, 1 mM NaN3 and 0.5 mM dithiothreitol
(DTT)). Actin was labelled on lysines with Alexa-488 and Alexa-
568. Recombinant human profilin, mouse capping protein, the
Arp2/3 complex and GST-streptavidin-WA were purified in accor-
dance with previous methods (Michelot et al, 2007; Achard et al,
2010).

In vitro assays with isolated centrosomes

Experiments were performed in polydimethylsiloxane (PDMS) sten-
cils in order to add/exchange sequentially experimental solutions
when needed. PDMS (Sylgard 184 kit, Dow Corning) was mixed
with the curing agent (10:1 ratio), degassed, poured into a Petri dish
to a thickness of 5 mm and cured for 2 h at 80°C on a hot plate. The
PDMS layer was cut to square shape with dimension of 10 x 10 mm
and punched using a hole puncher (Ted Pella) with an outer
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diameter of 6 mm. The PDMS chamber was oxidized in an oxygen
plasma cleaner for 40 s at 60W (Femto, Diener Electronic) and
brought it into contact with clean coverslip (24 x 30 mm) via a
double-sided tape with 6-mm hole.

Isolated centrosomes were diluted in TicTac buffer and incubated
for 20 min. To remove excess of centrosomes and coating the
surface of coverslips, TicTac buffer supplemented with 1% BSA was
perfused into the PDMS chamber, which was followed by a second
rinsing step with TicTac buffer supplemented with 0.2% BSA and
0.25% w/v methylcellulose. Microtubules and actin assembly at the
centrosome were induced using a reaction mixture containing tubu-
lin dimers (labelled with ATTO-565, 18 uM final) and actin mono-
mers (labelled with Alexa-488, 0.3-1.0 uM final) in TicTac buffer
supplemented with 1 mM GTP and 2.7 mM ATP, 10 mM DTT,
20 pg/ml catalase, 3 mg/ml glucose, 100 ng/ml glucose oxidase
and 0.25% w/v methylcellulose. In addition, a threefold molar
equivalent of profilin to actin and 60 nM Arp2/3 complex were
added in the reaction mixture.

Sequential microtubule and actin filament assembly experiments
were carried out based on the aforementioned method. In brief, after
assembling microtubules by adding tubulin in the reaction mixture
(18 uM final) for 15 min, microtubules were removed by exchang-
ing the reaction mixture with TicTac buffer supplemented with
0.2% BSA and 0.25% w/v methylcellulose. Subsequently, the reac-
tion mixture of actin (1 uM final) with profilin and Arp2/3 was
applied to assemble the actin aster. After 15-min incubation, the
tubulin reaction mixture with actin, profilin and Arp2/3 complex
was added to assemble both microtubules and actin asters together.

Micropatterning

Micropatterning of microtubules and actin filaments was performed
in accordance with previously published methods with modification
(Reymann et al, 2010; Portran et al, 2013). In brief, cleaned glass
coverslips were oxidized with oxygen plasma (5 min, 60 W, Femto,
Diener Electronic) and incubated with polyethyleneglycol silane
(5 kDa, PLS-2011, Creative PEGWorks, 1 mg/ml in ethanol 96.5
and 0.02% of HCl) solution for overnight incubation. PEGylated
coverslips were placed on a chromium quartz photomask (Toppan
Photomasks, Corbeil, France) using a vacuum holder. The mask-
covered coverslips were then exposed to deep ultraviolet light
(180 nm, UVO Cleaner, Jelight Company, Irvine, CA) for 5 min. The
PDMS open chamber was assembled as described above. Neutra-
vidin (0.2 mg/ml in 1x HKEM [10 mM HEPES pH 7.5, 50 mM KCl,
S mM MgCl,, 1 mM EGTA]) was perfused in PDMS chamber and
incubated for 15 min. The biotinylated microtubule seeds, which
were prepared with 25% of fluorescent-dye-labelled tubulin and
75% biotinylated tubulin in presence of 0.5 mM of GMPCPP as
previously described (Portran et al, 2013), were deposited on
neutravidin-coated surface. Subsequently, 1 pM of streptavidin-WA
in 1x HKEM was added into the PDMS chamber. After each step,
the excess of unbound proteins was washed away using wash
buffer. Microtubules and actin filaments were assembled according
to the above protocol (see In vitro assays), except that 120 nM of
Arp2/3 complex was used instead of 60 nM. To disassemble actin
filaments on the micropatterns, gelsolin (1.6 uM, gift from Robert
Robinson laboratory, IMCB, Singapore) was added into the reaction
mixture at the last step of the experiment.

© 2019 The Authors

The EMBO Journal

Imaging and analysis

Cell imaging was performed on an inverted spinning disc confocal
microscope (Nikon) with a EMCCD QuantEM (Photometrics)
camera. Z-stack images (0.5 pm spacing) of fixed cells were
acquired with a 60x oil immersion objective (NA 1.4). Live cell
images were acquired using x100 oil immersion objective (NA 1.4)
every second at the two planes (centrosome and cortex). Image
processing was performed with Fiji (ImageJ) software. Centrosomal
actin filaments were quantified as previously described (Obino et al,
2016). Briefly, after selecting manually the centrosome plane, we
performed a background subtraction (rolling ball 50 px) on the z-
projection (by calculation of pixel average intensity) of the three
planes above and below the centrosome. The total fluorescence of
centrosomal actin filaments was measured in a 1.6-um-wide disc
centred on the centrosome, and the total fluorescence of microtu-
bules was measured in the entire cell.

The imaging of microtubules, actin filaments and centrosomes in
the in vitro experiments was performed with a total internal reflec-
tion fluorescence (TIRF) microscope (Roper Scientific) equipped
with an iLasPulsed system and an Evolve camera (EMCCD) using
60x Nikon Apo TIRF oil-immersion objective lens (N.A = 1.49). The
microscope stage was maintained at 37°C by means of a tempera-
ture controller to obtain an optimal microtubule growth. Multi-stage
time-lapse movies were acquired using Metamorph software (ver-
sion 7.7.5, Universal Imaging). Actin-nucleation activity was quanti-
fied by measuring the actin filament fluorescence intensity
integrated over a 20 um diameter at the centre of the actin aster and
normalized with respect to initial background intensity. The number
of microtubules was manually counted from fluorescence micro-
scopy images. All the measurements were done using Adobe Photo-
shop CC, and the corresponding graphs were produced using
KaleidaGraph 4.0.

Statistics

For the in vitro experiments (Figs 3-5), statistical differences were
identified using the unpaired t-test with Welch’s correction and
KaleidaGraph software. For the cellular studies (Figs 1, 2 and 6),
statistical differences were computed using GraphPad Prism 7 Soft-
ware. No statistical method was used to determine sample size.
Kolmogorov-Smirnov test was used to assess normality of all data
sets. The following tests were used to determine statistical signifi-
cance: Figs 1B, 2B, F and H, 3D, 4C and 6C (actin and microtubules)
and 6E (actin and microtubules): Mann—-Whitney test; Figs 3E and
F, 4A, 5D and 6C (cell area) and 6E (cell area): unpaired t-test;
Figs 1C and 2C and I: one-sample ¢-test (comparison to a theoretical
mean of zero, where zero represents no difference between condi-
tions); Figs 1D, 2D and H, and 5E: Spearman’s correlation test. Bar
graphs describe the mean + standard deviation.

Expanded View for this article is available online.
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Diacylglycerol kinases (DGKs) limit antigen receptor signaling in immune cells by consuming the second messenger
diacylglycerol (DAG) to generate phosphatidic acid (PA). Here, we showed that DGKE promotes lymphocyte function-
associated antigen 1 (LFA-1)-mediated adhesion and F-actin generation at the immune synapse of B cells with
antigen-presenting cells (APCs), mostly in a PA-dependent manner. Measurement of single-cell mechanical force
generation indicated that DGKC-deficient B cells exerted lower forces at the immune synapse than did wild-type
B cells. Nonmuscle myosin activation and translocation of the microtubule-organizing center (MTOC) to the immune
synapse were also impaired in DGKC-deficient B cells. These functional defects correlated with the decreased ability
of B cells to present antigen and activate T cells in vitro. The in vivo germinal center response of DGKC-deficient
B cells was also reduced compared with that of wild-type B cells, indicating that loss of DGKC in B cells impaired
T cell help. Together, our data suggest that DGKC shapes B cell responses by regulating actin remodeling, force
generation, and antigen uptake-related events at the immune synapse. Hence, an appropriate balance in the

amounts of DAG and PA is required for optimal B cell function.

INTRODUCTION

Diacylglycerol kinases (DGKs) convert the lipid diacylglycerol (DAG)
into phosphatidic acid (PA), shaping the pools of both second
messengers. There are 10 mammalian DGK isoforms, which are
classified into five subgroups based on their distinct regulatory
domains. DGKs are soluble enzymes that translocate to specific
cellular locations to regulate the relative amounts of DAG and PA
(1, 2). Enrichment of DAG or PA at the plasma membrane supports
the localized recruitment of effector proteins. DAG-dependent
effectors include conventional protein kinase C (PKC), PKD, and
Ras guanyl nucleotide-releasing protein (RasGRP), which drive the
activation of nuclear factor kB (NF-xB) and extracellular signal-
regulated kinase 1 and 2 (ERK1/2) signaling cascades and subsequent
gene expression. PA acts as a lipid anchor for distinct effectors
through the binding of its negatively charged region to cationic
regions on those proteins. PA-binding proteins, such as the Rac
activator dedicator of cytokinesis protein 1 (DOCK1), Rho GDP-
dissociation inhibitor (RhoGDI), atypical PKC{, and partitioning
defective protein 3 (Par3), are involved in cytoskeletal remodeling
and cell polarity (1, 2).

In immune cells, DGKs are well known for limiting the intensity
of DAG-regulated signals downstream of antigen receptor stimula-
tion. DGKa and DGK( are the most studied isoforms, both of
which are expressed in B and T cells (1, 3). Recognition by lympho-
cytes of antigen on the surface of antigen-presenting cells (APCs)
triggers the formation of the immune synapse at the interface between
the lymphocyte and the APC. Establishment of the immune synapse

"Department of Immunology and Oncology, Centro Nacional de Biotecnologia
(CNB)-CSIC, Madrid, Spain. *Department of Cell Biology and Immunology, Centro
de Biologia Molecular Severo Ochoa (CBMSO), CSIC-UAM, Madrid, Spain. 3Institut
Curie, PSL Research University, INSERM U932, Paris, France. *Université de Paris,
750086, Paris, France. SLaboratoire d’Hydrodynamique (LadHyx), Ecole polytechnique,
CNRS, Institut Polytechnique de Paris, Paris, France.

*Corresponding author. Email: ycarrasco@cnb.csic.es

Merino-Cortés et al., Sci. Signal. 13, eaaw8214 (2020) 14 April 2020

requires actin cytoskeletal remodeling and protein segregation into
two concentric regions: the central supramolecular activation cluster
(cSMAC), which is characterized by the central accumulation of
antigen-bound antigen receptors together with certain signaling
molecules, and the peripheral ring-shaped domain [peripheral SMAC
(pSMAC)], which is enriched in the integrin lymphocyte function—
associated antigen 1 (LFA-1) [bound to its ligand intercellular
adhesion molecule-1 (ICAM-1)], filamentous actin (F-actin), and
other proteins involved in adhesion and cytoskeletal rearrangements,
including vinculin, talin, and Wiskott-Aldrich syndrome protein
(WASP) (4-7). In T cells, phospholipase C-y (PLC-y) generates a
localized DAG pool at the immune synapse to trigger downstream
signaling (8). Both DGKa and DGK( translocate to the immune
synapse to regulate DAG abundance, thus decreasing the intensity
of T cell receptor (TCR) signaling (9, 10). DGK{-deficient B cells show
enhanced activation of the Ras-ERK1/2 pathway after stimulation of
the B cell receptor (BCR), leading to increased B cell responses (3).
In nonimmune cells, DGKs participate in actin cytoskeletal re-
arrangements, cell polarity, and integrin recycling. DGKo--mediated
PA generation at the plasma membrane recruits PKCC, which phos-
phorylates RhoGDI. This promotes the release and activation of
Racl and, thus, actin polymerization for the generation of invasive
protrusions by epithelial cells (11). Similarly, DGKZ-produced PA
facilitates Racl activation through the p21-activated kinase 1 (PAK1)-
mediated phosphorylation of RhoGDI in neuronal and skeletal muscle
cells (12, 13). PA generation by DGKs stimulates integrin recycling
and tumor invasiveness through a Rab11-dependent pathway (14).
PA also targets phosphatidylinositol-4-phosphate 5-kinase I (PIP5KI),
promoting its lipid kinase activity to produce phosphatidylinositol-
4,5-bisphosphate (PIP,) at the plasma membrane (15, 16); PIP, is a
substrate for PLC-y and phosphatidylinositol 3-kinase (PI3K), and
promotes adhesion and actin dynamics (17). Actomyosin reorganiza-
tion, integrin clustering, and polarized membrane trafficking all occur
at the immune synapse. DGKs are linked to T cell polarization
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events because microtubule-organizing center (MTOC) transloca-
tion and polarized secretion at the immune synapse are impaired in
the absence of DGKo. or DGKC (18, 19). Nonetheless, PA-related
DGK functions at the immune synapse are largely unknown.

Here, we investigated the roles of DGKs in the assembly of the
B cell immune synapse. We used primary mouse B cells deficient
in DGK{ (DGK{ ™) or DGKo (DGKo ") or treated with a DGK
inhibitor. In addition, we used a B cell line overexpressing green
fluorescent protein (GFP)-tagged DGK{ constructs. We found that
DGKC promoted LFA-1-mediated adhesion and F-actin accumula-
tion at the immune synapse mainly through PA generation and that
the DOCK2 and PAKI regulation of Rac activity was also involved.
Furthermore, we used traction force microscopy (TFM) and micro-
pipette force probe (MFP) technique to study single-cell force
generation at the immune synapse (20, 21). We detected decreased
mechanical forces for DGK{ ™™ B cells and inhibitor-treated B cells.
Forces are critical to acquire antigen at the B cell immune synapse
(22). These results, together with the finding of impaired myosin
activation and MTOC translocation to the immune synapse, cor-
related with the diminished ability of DGK{-defective B cells to ex-
tract antigen and present it to T cells in vitro. In immunocompetent
mice, DGKQ_/_ B cells exhibited reduced germinal center (GC)
responses compared with those of wild-type (WT) B cells. Our data
suggest pivotal functions for DGK{ in cytoskeletal remodeling,
mechanical force generation, and antigen uptake at the immune
synapse to determine B cell responses.

RESULTS

DGKC( stimulates LFA-1-mediated adhesion and F-actin
accumulation at the B cell immune synapse

We first analyzed the relative amounts of DGKa and DGK in B cells
by Western blotting. Both isoforms were detected in WT B cells
(fig. S1A), which is consistent with previous findings at the RNA
level (3). Treatment with the DGK inhibitor R59949 (R59) had no
substantial effect on the abundance of either DGK (fig. S1A). We
investigated the ability of DGK{ ™™, DGKo ™', or R59-treated B cells
to trigger immune synapse formation and maturation compared
with that of WT B cells. For inhibitor experiments, the B cells were
pretreated with 10 uM R59 for 30 min at 37°C and washed before
use. We used artificial planar lipid bilayers that contained the glyco-
sylphosphatidylinositol (GPI)-linked adhesion molecule ICAM-1,
various densities of tethered surrogate antigen [su-Ag; anti-x LC
antibody (Ab)], and were coated with the chemokine CXCL13. This
system mimics an APC surface and was used to evaluate immune
synapse formation by confocal microscopy (4). Splenic B cells were
isolated by negative selection (<90% CD19%). WT and DGK{ ™/~
B cells showed similar cell surface amounts of immunoglobulin M
(IgM) and IgD, whereas DGKa ™™ B cells displayed slightly increased
amounts of IgM (fig. S1, B and C). B cells were left in contact with
the lipid bilayer for 10 min at 37°C and then were imaged. The
frequency of B cells that formed an immune synapse was analyzed
on the basis of two criteria: the formation of a central su-Ag cluster
(¢SMAC) and of a cell contact with the substrate (immune synapse
contact area), which were estimated by su-Ag-associated fluorescence
and by interference reflection microscopy (IRM), respectively. At a
density of su-Ag of 20 molecules/um?, we found a small increase in
the percentage of DGK{ ™™ B cells that formed an immune synapse
compared with controls (Fig. 1, A and B). R59-treated B cells showed

Merino-Cortés et al., Sci. Signal. 13, eaaw8214 (2020) 14 April 2020

a similar tendency (Fig. 1, A and B). In immune synapse—forming B cells,
contact areas (estimated by IRM) were statistically significantly re-
duced in DGK{ ™'~ and R59-treated B cells compared with those for
WT B cells (Fig. 1, C and D). In contrast, the area and the total
quantity of su-Ag accumulated at the immune synapse (both estimated
by fluorescence) were comparable between DGK{ ™™, R59-treated,
and WT B cells (Fig. 1, C and D). Similar results were obtained when
lower su-Ag densities were used at the lipid bilayer (fig. S1, D to I).

Because the contact area is the sum of the su-Ag central cluster
area (cSMAC) and the surrounding region of LFA-1 interactions
with ICAM-1 (pSMAC), these data imply that impaired DGK{
function caused pSMAC defects. We analyzed other pPSMAC features,
namely, vinculin and F-actin content, at the lipid bilayers by immuno-
fluorescence. DGK{ ™'~ B cells had less vinculin and F-actin at the
PSMAC than did controls for the su-Ag densities tested, and the
reductions were greater for R59-treated B cells (Fig. 1, E to H). In
contrast, DGKo™'~ B cells showed unimpaired immune synapse forma-
tion (pPSMAC/cSMAG; vinculin/F-actin content) (fig. S2). We then
centered our study on the DGKC isoform. Lack of DGK{ did not affect
the abundance of DGKa protein (fig. S1A). We also determined
that a su-Ag density of 20 molecules/um?* was optimal for immune
synapse formation, so this concentration was used going forward.

We set out to study the effect of an excess of DGK activity on
immune synapse formation. A20 B cells were transiently transfected
with plasmids encoding GFP-tagged DGK{-WT or a kinase-deficient
mutant (DGK{-KD). GFP-expressing and nontransfected (GFP"®)
A20 cells were included as controls (fig. S3A). Using the aforemen-
tioned experimental approach, we found that the percentage of cells
expressing either DGKC construct that formed an immune synapse
was decreased (fig. S3, B and C). Whereas the immune synapse contact
areas were larger in the DGK-overexpressing cells, there were no
differences in su-Ag cluster area or the total quantity of su-Ag (fig. S3,
D and E). By immunofluorescence microscopy, we detected a statis-
tically increased amount of F-actin at the pSMAC of A20 B cells
overexpressing DGK{-WT but not at the pSMAC of cells expressing
DGKC-KD (fig. S3F). For vinculin, we observed increased frequen-
cy of A20 cells overexpressing either DGK{-WT or DGK{-KD with
a well-formed ring as well as increased vinculin abundance (fig. S3G).
These data, thus, suggest a role for DGK{ in mediating LFA-1-
mediated adhesion, vinculin recruitment, and increased F-actin
content at the B cell immune synapse.

DGKC-derived PA shapes LFA-1-mediated adhesion

and the DOCK2-Rac-F-actin pathway at the B cell

immune synapse

We next investigated whether an excess of PA could rescue the defects
in LFA-1-mediated adhesion and F-actin abundance caused by im-
paired DGK( function. To do so, we allowed WT and DGK{ ™/~
B cells, untreated or treated with R59, to form an immune synapse
and then added 0.1 mM PA to the medium. After 30 min of PA
exposure, we imaged the cells and detected larger immune synapse
contact areas in all instances (Fig. 2, A and B). The su-Ag area values
and total quantities of su-Ag at the immune synapse were reduced
after PA treatment (fig. S4, A and B). By immunofluorescence
microscopy, we detected increased F-actin content at the immune
synapse of PA-exposed B cells (Fig. 2, C and D). Increasing the
abundance of PA, thus, resulted in enhanced LFA-1-mediated
adhesion and actin polymerization at the immune synapse and
altered su-Ag central cluster dynamics.
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Fig. 1. DGKC dysfunction alters LFA-1-mediated adhesion and F-actin content at the B cell synapse.
(A to H) B cells were allowed to settle on ICAM-1-coated and CXCL13-coated planar lipid bilayers loaded
with su-Ag (20 molecules/um?) for 10 min before being imaged or fixed for immunofluorescence analysis.
(A) Differential interference contrast (DIC), IRM, and fluorescence su-Ag images at the contact plane of
representative immune synapse-forming WT, DGK{ ™", and R59-treated B cells. (B) Percentages of the indi-
cated cells that exhibited immune synapse formation. (C and D) Contact area (left), su-Ag central cluster
area (cSMAC, middle), and total su-Ag fluorescence (FL) in arbitrary units (AU, right) for (C) DGK{ ™~ B cells
and (D) R59-treated B cells with established immune synapses compared with WT B cells. Each dot in (B)
represents a single image field, whereas each dot in (C) and (D) represents a single cell. (E) DIC and FL im-
ages of F-actin (white) for representative immune synapse-forming WT, DGK{ ™", and R59-treated B cells,
which were fixed at 10 min. (F) Values of total F-actin FL at the immune synapse in each case and in the
presence of distinct su-Ag densities (20 and 5 molecules/um?). (G) DIC and FL images of vinculin (green)
and su-Ag (red) for representative immune synapse-forming WT, DGKQ'/’, and R59-treated B cells, which
were fixed at 10 min. (H) Values of total vinculin FL at the immune synapse in each case and in the presence of dis-
tinct su-Ag densities (20 and 5 molecules/um?). Each dot in (F) and (H) represents a single cell. Data in (B)
and (H) are pooled from two experiments from a total of four experiments. Data are representative of three
(C and D) or four (F) experiments. Scale bars, 2.5 um. *P < 0.05, **P < 0.01, ****P < 0.0001 by two-tailed,
unpaired Student’s t test.
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Previous studies noted the relevance
of PI3K-derived phosphatidylinositol-
3,4,5-trisphosphate (PIP3) in regulating
F-actin ring assembly at the T cell immune
synapse. PIP; recruits DOCK2 to the
periphery of the immune synapse, which
promotes actin polymerization through
the Rac guanosine 5'-triphosphatases
(GTPases) (23). Thus, we addressed the
interplay between PIP; and DGK{-
derived PA in B cell immune synapse
formation. PI3K activity in WT and
DGK{-impaired (knockout and R59-
treated) B cells was assessed by measuring
Akt phosphorylation after BCR stimula-
tion with anti-mouse IgM Ab-coated
plates. We found no statistically signifi-
cant differences in the abundance of Akt
phosphorylated at Ser*’? (Akt-pSer*”?)
between the three cell types (fig. S5A).
We treated WT and DGK{ ™'~ B cells
with 10 uM LY294002 (a PI3K inhibitor)
for 30 min at 37°C and then allowed
them to settle on lipid bilayers for im-
mune synapse formation. Treatment with
this inhibitor caused a reduction in im-
mune synapse area and in su-Ag cluster
size in both cell types (fig. S5, B to D), as
well as reducing total F-actin content
(Fig. 2E). Within class I PI3Ks, the PI3K3
isoform (which contains the p110§ cat-
alytic subunit) was previously identified
as the major contributor for PIP; pro-
duction to regulate F-actin remodeling
at the immune synapse (23). Thus, we
isolated splenic B cells from knock-in
mice expressing a kinase-deficient p1108
catalytic subunit (PI3K3 KD), treated
them with or without R59, and then
evaluated immune synapse formation.
PI3K$ KD B cells displayed reduced
immune synapse contact area and F-actin
content compared with WT control B cells
(fig. S5, E and F, and Fig. 2F). We also
detected increased su-Ag aggregation in
PI3K3 KD B cells (fig. S5, E and G).
Treatment of PI3Kd KD B cells with
R59 further decreased immune synapse
area and F-actin content compared with
that in untreated cells, without modify-
ing su-Ag clustering (fig. S5, E to G, and
Fig. 2F).

We studied DOCK?2 recruitment to
the immune synapse in splenic B cells
isolated from DOCK2-GFP knock-in mice,
which were left untreated or were treated
with R59. We observed a ring-shaped
DOCK2-GFP structure at the immune
synapse, and quantification of total
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Fig. 2. PA generation promotes LFA-1-
mediated adhesion and F-actin polymer-
ization. (A to D) The indicated B cells were in
contact for 10 min with ICAM-1-containing
and CXCL13-containing planar lipid bilayers
loaded with su-Ag (20 moIecuIes/umz) to
establish immune synapses, imaged, and then
exposed to 0.1 mM PA for 30 min and either
imaged or fixed for immunofluorescence. (A)
DIC and IRM images for representative WT
and DGKZ ™~ B cells that were left untreated or
were treated with R59 before (none) and after
PA exposure. (B) Contact areas for B cells from
the experiments shown in (A). (C) DIC and FL
images of F-actin for WT and DGK{ ™~ B cells
that were left untreated or were treated with
R59 before (none) and after PA exposure. (D)
Values of total F-actin FL at the immune synapse
in the indicated cells from the experiments
shown in (C). (E) Left: DIC and FL images of
F-actin for representative WT and DGKC’/ " Becells,
which were left untreated or were treated
with LY294002 and then fixed 10 min after
contact with planar bilayer as described in (A).
Right: Values of total F-actin FL at the immune
synapse in the indicated cells. (F) Left: DIC and
FL images of F-actin for representative WT and
PI3K3 KD B cells, which were left untreated or
were treated with R59. Right: Values of total
F-actin FL at the immune synapse in the indicated
cells. (G) Left: DIC and FL images of DOCK2-GFP
for representative immune synapse-forming
DOCK2-GFP knock-in B cells, which were left un-
treated or were treated with R59, after 10 min in
contact with a su-Ag-loaded (20 molecules/umz)
planar bilayer. Right: Values of total DOCK2-GFP
FL at the immune synapse in the indicated cells.
(H) Top: Untreated and R59-treated (1 hour) WT
and DGK{ ™™ B cells as well as transfected A20
B cells sorted for the nontransfected (GFP"9;
none) or for the expression of GFP-DGK{-WT
(DGKC-WT) were analyzed by Western blotting
with specific antibodies against the indicated
proteins. For primary B cells, lysates from three
mice of each genotype are shown. Bottom:
Quantification of phosphorylated-PAK1 (p-PAK1)
and p-PAK2 band intensities, which were nor-
malized to that of a-tubulin (o-Tub), which was
used as a loading control. Each dot in (B) to (G)
represents a single cell. Data in (B) and (D) pooled
from two experiments from a total of four ex-
periments. Data are representative of three (E
and F) and two (G) experiments. Data in (H)
are means * SD of three mice and of three A20
cell transfection experiments. Scale bars, 2.5 um.
*P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001 by two-tailed, unpaired Student’s t test.
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DOCK2-GFP fluorescence at the immune synapse plane revealeda  PAK1/2 (p-PAK1/2) by Western blotting. We found that DGK{ ™/~
statistically significant reduction in B cells that were treated with R59  and R59-treated B cells had lower amounts of p-PAK1/2 than that
(Fig. 2G). DGK{-dependent PAK1 activation promotes RhoGDI/  of controls, whereas the overexpression of DGK{-WT in A20 B cells
Rac dissociation and, thus, Rac activation (24). We assessed PAK1/2  resulted in increased p-PAK1/2 abundance (Fig. 2H). PA did not
activation by measuring the relative amounts of phosphorylated  increase the amount of p-PAK1/2 in WT B cells (fig. S4C). This suggests
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that DGK{ associates with the PAK/RhoGDI complex and promotes
its activation, as was previously described for fibroblasts (24).
Hence, our data suggest that DGK{ promotes actin polymerization
at the B cell immune synapse by increasing Rac function in a
DOCK2- and PAK1/2-dependent manner.

DGKC stimulates mechanical forces at the B cell

immune synapse

Several studies revealed the relevance of mechanical forces at the
immune synapse for B and T cell effector function (20, 25). The
robust actin polymerization and remodeling at the immune synapse
induces force generation. LFA-1 and antigen receptors act as mechano-
sensitive proteins because their function and signaling properties are
shaped by these mechanical forces. DGK{ ™™ B cells and R59-treated
WT B cells had defects in LFA-1-mediated adhesion and F-actin
abundance at the immune synapse. We asked whether these defects
affected the mechanical forces generated at the synapse of these
B cells compared with those of WT B cells. To do that, we used two
complementary methods: TFM and MFP. We used TFM to measure
the forces exerted by B cells when they were in contact with poly-
acrylamide (PAA) hydrogels loaded with su-Ag alone or in combina-
tion with ICAM-1-Fc. Displacements of the fluorescent microbeads
embedded on the hydrogel, monitored over time, enabled us to
calculate the magnitude of the applied forces (fig. S6A) and the cell
strength on the substrate at each time point. Traction energy values
were statistically significantly greater in the presence of ICAM-1 at
the substrate compared with the values in the presence of su-Ag
alone (Fig. 3, A and B, and movies S1 and S3), pointing to the
importance of LFA-1-mediated adhesion for force generation at
the immune synapse. DGK{ ™™ B cells exhibited reduced traction
forces compared with those of control B cells in the presence of both
su-Ag and ICAM-1 (Fig. 3, A and B, and movies S2 and S4).

To define the three-dimensional components of the forces in-
volved, we delineated B cell mechanical behavior and quantified the
forces generated at the immune synapse over time by MFP (21). In
this technique, a bead coated with stimulatory ligands is aspirated at
the tip of a flexible micropipette used as a sensitive force transducer,
and brought in contact with the cell, which is aspirated at the tip of
another micropipette (fig. S6B). We used silica beads (5-um diameter)
coated with lipid bilayers containing GPI-ICAM-1 and tethered su-Ag.
After contact with the stimulatory bead, WT B cells pushed it away
during the first 40 s (positive values of bead displacement, Xpead
relative to initial bead position) (Fig. 3, C and D, fig. S6C, and movies
S5 and S6) at a pushing speed of 0.025 £ 0.010 um/s (Fig. 3E).
DGK{ ™" B cells showed a reduced pushing phase that correlated
with lower pushing speed values (0.015 £ 0.005 um/s; Fig. 3, Cto E,
and movie S7). After the pushing phase, WT B cells pulled on the
bead (Xpead reached negative values) and formed a cup-like structure
on it (Fig. 3, C and D, fig. S6C, and movie S6), whereas the pulling
ability of the DGKC_/_ B cells was decreased (Fig. 3D). MFP also
enables the measurement of cell rigidity just upon cell contact with
the bead, before the pushing phase begins (Young’s modulus
parameter) (21). We found that values were higher with su-Ag com-
pared with nonantigen (Fig. 3F), indicating increased cell stiffness
after BCR stimulation. Young’s modulus values for DGK{ ™™ B cells
were lower than for WT in presence of su-Ag (Fig. 3F). To measure
cell mechanical changes at the immune synapse, we monitored
B cell elastic properties by quantifying cell stiffness through the K’
parameter. Compared with WT B cells, DGK{ ™™ B cells had lower

Merino-Cortés et al., Sci. Signal. 13, eaaw8214 (2020) 14 April 2020

K’ values (Fig. 3G), indicating an impaired ability to undergo cyto-
skeletal remodeling, which changed their mechanical properties
upon immune synapse formation. Similarly, we detected mechanical
defects in R59-treated B cells (Fig. 3, H to J, and movie S8). There-
fore, data obtained from both TFM and MFP experiments suggest
that DGKC is required for the mechanical properties and force
generation at the B cell immune synapse.

DGKC activity limits immune synapse-triggered B cell activation
A previous study reported that the lack of DGK{ enhances activation
of DAG-dependent pathways upon B cell stimulation with soluble
antigen in vitro, with ERK1/2 activation, CD69 abundance, and cell
proliferation being increased (3). We investigated the effects of
impaired DGKC function for B cell activation with regard to the
immune synapse. We loaded WT, DGK{ ™", and R59-treated B cells
with a Ca**-sensitive fluorescent probe and monitored Ca** influx
during immune synapse formation by real-time fluorescence micros-
copy. Peak and sustained Ca®* influx were enhanced in DGK{™~
and R59-treated B cells compared with those in control cells
(Fig. 4, A and B), which might be due to increased stimulation of
DAG-dependent Ca** channels (26). We evaluated ERK1/2 activa-
tion by measuring the relative amounts of phosphorylated ERK1/2
(p-ERK) at the immune synapse by immunofluorescence (Fig. 4C).
We found that DGK( absence or inhibition resulted in increased
p-ERK abundance (Fig. 4, C and D). DGK{ ™™ B cells had similar
amounts of p-ERK at the immune synapse as did R59-treated WT
B cells. This finding supports the major role of the DGK{ isoform in
limiting DAG-related signaling downstream of the BCR, as was pre-
viously reported (3). The lack of DGKa in B cells did not modify
p-ERK abundance at the immune synapse compared with that of
WT B cells (fig. S6D). The increased amount of p-ERK in R59-treated
DGK{ ™™ B cells compared with that in untreated cells implies the
contribution of another DGK isoform in absence of DGKC.

We incubated B cells in contact with planar lipid bilayers, which
were unloaded or su-Ag loaded, for 20 hours and then analyzed the
cell surface expression of the activation markers CD69, CD25, and
CD86 by flow cytometry. DGK{ ™™ B cells expressed more of those
markers at the cell surface than did WT B cells, although the in-
crease was statistically significant only for CD69, and treatment with
R59 had a similar effect (Fig. 4, E and F). To evaluate cell prolifera-
tion, we modified the experimental approach (fig. S7A) by using
silica beads (5-um diameter) coated with lipid bilayers containing
GPI-ICAM-1, a CXCL13 coating, and tethered su-Ag, because
these beads were suitable for longer coculture periods. We refer
to these beads as pseudo-APCs. We increased the su-Ag density
(1000 molecules/um?) at the pseudo-APC surface to promote greater
B cell proliferation, thus facilitating detection. WT, DGK{™", and
R59-treated B cells were stained with CFSE (carboxyfluorescein
succinimidyl ester) and cocultured with pseudo-APCs at different
ratios (1:1 and 1:5) in the presence of inerleukin-4 (IL-4) for 96 hours.
Compared with WT B cells, DGK{ ™™ B cells showed increased prolifer-
ation, although treatment of these cells with R59 did not lead to further
changes (Fig. 4, G and H; for the gating strategy, see fig. S7A).

DGKC deficiency diminishes the antigen presentation
capacity of B cells in vitro

B cell immunity against T cell-dependent antigens entails antigen
acquisition, degradation, and presentation to T cells in the form of
antigenic peptides by the major histocompatibility complex (MHC)
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Fig. 3. Mechanical force generation at the B cellimmune synapse is mediated by DGKC. (A) B cells were allowed to settle on PAA gels coated with su-Ag alone or with
ICAM-1-Fc and then were monitored for up to 15 min. Time-lapse color maps of stress (in pascal) for representative WT and DGKZ ™~ B cells on PAA gels under the indi-
cated conditions are shown. (B) Left: Average values of synaptic traction forces (in joules) over time for WT and DGK{ ™~ B cells under the indicated conditions. Each solid
line corresponds to the mean of 25 to 30 measured cells; dotted lines represent + SD (confidence interval). Right: Average value of synaptic traction forces per cell over
time. Each dot represents a single cell. Data are pooled from three experiments. (C to J) B cells were monitored by MFP while in contact with silica beads that were coated
with ICAM-1-containing lipid bilayers and either unloaded (none) or loaded with su-Ag (100 molecules/umz). (C) Bright-field microscopy images (processed using a high-
pass filter for better visualization using ImageJ software) for representative WT and DGK{ ™~ B cells that were activated by a su-Ag—loaded bead. In both examples, the
cells are submitted to an oscillatory force of 50-pN average, 25-pN amplitude, and 1-Hz frequency. (D) Time trace of the su-Ag-loaded bead position (Xpead, in microme-
ters) for WT and DGKZ ™'~ B cells. Each line corresponds to the average value of 10 cells. Data are from a single experiment that is representative of three independent
experiments. (E) Values of pushing speed (in micrometers per second) per cell when in contact with the su-Ag-loaded bead. Each dot represents a single cell. Data are
from a single experiment that is representative of three independent experiments. (F to G) Mechanical changes during activation. (F) Values of Young’s modulus (in pas-
cal) per cell when contacting beads under the indicated conditions (none, in the absence of tethered su-Ag). Each dot represents a single cell. Data are pooled from three
experiments. (G) Left: Time evolution of cell stiffness K’ (in nanonewtons per micrometer) averaged over cells. Each line corresponds to the average value of 20 cells. Data
are pooled from two experiments (n = 3). Right: Cell stiffness K’ averaged over 250 s after cell contact with a bead. Each dot represents a single cell. Data are pooled from
three experiments. (H) Bright-field microscopy images processed as described for (C) for representative untreated and R59-treated WT B cells activated by a su-Ag-loaded
bead, as described in (C). (I) Values of Young’s modulus were determined as described in (F) but for untreated and R59-treated (R59) WT B cells. (J) Left: Time evolution of
cell stiffness K’ (in nanonewtons per micrometer) averaged over untreated and R59-treated WT B cells. Each line corresponds to the average value of 30 cells. Data are
pooled from three experiments. Right: Cell stiffness K’ averaged over 250 s after cell contact with a bead. Each dot represents a single cell. Data are pooled from three
experiments. Data in (I) and (J) are pooled from three experiments. Scale bars, 5 um. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by two-tailed, unpaired Student’s t test.
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Fig. 4. DGK( diminishes BCR-dependent
B cell activation in the context of the
immune synapse. (A) Fluo-4FF-labeled
WT, DGKQ‘/ ~,and R59-treated B cells were
monitored for Ca* influx at early times of im-
mune synapse formation on ICAM-1-containing
and CXCL13-containing planar lipid bilayers
loaded with su-Ag (20 molecules/pmz). Fluo-
rescence Fluo-4FF images of representative
B cells over time are shown. (B) Left: Values of
total Fluo-4FF FL (in AU) over time. Data are
means + SD of 30 B cells per condition.
Right: To statistically compare the Fluo-4FF
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FL data, we calculated the area under the
curve (AUC) per B cell and per condition.
Each dot represents a single cell. (C) WT and
DGKC'/‘ B cells, which were left untreated
(none) or were treated with R59, were in
contact with su-Ag-loaded (20 molecules/um?),
ICAM-1-containing, and CXCL13-containing
planar lipid bilayers for 10 min and then were
fixed forimmunofluorescence. DIC and FL
images of phosphorylated ERK1/2 (p-ERK,
green) for representative immune synapse—
forming B cells are shown. (D) Values of
total p-ERK FL at the immune synapse for
the indicated cells. Each dot represents a
single cell. (E and F) B cells were cultured on
ICAM-1-containing and CXCL13-containg
planar lipid bilayers, which were either
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class II complex. In this process, B cells receive T cell help, mainly
through CDA40 stimulation, which triggers B cell survival, prolifera-
tion, and class switching. We investigated the role of DGK{ in the
molecular events related to antigen acquisition, processing, and
presentation. MTOC polarization to the immune synapse supports
the membrane trafficking needed for these events (27). We incubated
WT, DGK{ ™', and R59-treated B cells with pseudo-APCs, unloaded
or loaded with su-Ag, at a ratio of 1:1 for 30 min at 37°C, and then
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fixed the cells and analyzed MTOC location by y-tubulin staining.
The distance of the MTOC from the immune synapse for each B cell
was measured and normalized to the cell diameter. We found that
su-Ag promoted MTOC relocalization in most WT B cells (70%),
whereas this was reduced in DGK{-defective cells (20% in DGK{ ™'~
B cells; 30% in R59-treated B cells) (Fig. 5, A and B). The nonmuscle
motor protein myosin II is involved in antigen extraction at the
B cell immune synapse (22). Therefore, we used Western blotting to
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> CFSE tracer —> su-Ag/OVA -

analyze phosphorylation of the regulatory subunit myosin light chain We evaluated B cell-mediated antigen extraction and presenta-
(MLC) after BCR triggering with Ab-coated plates and found that tion to T cells in vitro. We prepared planar lipid bilayers containing
DGK{ ™~ and R59-treated B cells had impaired MLC activation ~GPI-ICAM-1 and CXCL13 that were left unloaded or were loaded
compared with that of control cells (Fig. 5C). with a mixture of su-Ag and Alexa Fluor 488-conjugated ovalbumin
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(OVA) protein (see Materials and Methods). To quantify BCR-
mediated antigen extraction, we measured the fluorescence intensity
of the Alexa Fluor 647-conjugated streptavidin (strep) used to teth-
er su-Ag and OVA to the lipid bilayer (see Materials and Methods).
We also assessed OVA acquisition by monitoring Alexa Fluor 488
fluorescence intensity. We incubated WT B cells in the absence or
presence of su-Ag and OVA at different densities (ranging from 20
to 2500 molecules/um?) for 2 hours at 37°C, followed by collecting
the cells, treating them with trypsin, and analyzing them by flow
cytometry. We detected strep/ OV A extraction at densities of 500
and 2500 molecules/um” (~30 and 70% strep™ B cells, respectively),
which was dependent on BCR stimulation by tethered su-Ag (fig. S7B).
We then evaluated the antigen extraction ability of DGK{ ™'~ and
R59-treated B cells using the highest density to improve the detec-
tion of streptavidin. Strep” B cell frequencies were similar, but the
mean fluorescence intensity values were lower, for DGK{ ™~ and R59-
treated B cells compared with those of WT B cells (Fig. 5, D and E),
which is suggestive of reduced antigen acquisition, although the
difference was not statistically significant. The addition of PA did
not modify the ability of WT B cells to extract antigen (fig. S7C).

To assess T cell antigen presentation, we incubated WT, DGK{ ™",
and R59-treated B cells in contact with unloaded or su-Ag/OVA-
loaded planar lipid bilayers for 2 hours at 37°C. The B cells were
then collected and cocultured with CFSE-labeled OTII CD4" T cells
at a 1:1 ratio (fig. S7D). The TCR of OTII CD4" T cells recognizes
OV A-derived peptides (residues 323 to 339) in the context of MHC
class IT (I-A®) on the B cell surface, triggering T cell activation. After
72 hours, we evaluated the cell surface expression of CD25 as a
marker of T cell activation, T cell proliferation (for the gating strategy,
see fig. S7D), and the amount of IL-2 secreted into the cell culture
medium. Using this system, we detected increased CD4" CD25"
T cell frequencies (up to 25%) in presence of su-Ag/OVA compared
with the control condition for WT B cells (Fig. 5, F and G), whereas
the frequencies were statistically significantly reduced for DGK{ ™/~
and R59-treated B cells (Fig. 5, F and G). T cell proliferation and
IL-2 production were reduced in the context of DGK{™'~ and
R59-treated B cells (Fig. 5, F, H, and I). These results suggest
that DGK{ stimulates antigen presentation by mediating antigen
acquisition- and antigen processing-related molecular events at the
immune synapse.

The absence of DGKC in B cells impairs the GC response in vivo
We investigated whether the antigen presentation defects found
in B cells with altered DGK{ function limited GC responses to
T-dependent antigens in vivo. We isolated WT or DGK{ ™™ B cells
(CD45.2%) and adoptively transferred them to CD45.1" immuno-
competent recipient mice. One day later, the mice were immunized
with 4-hydroxy-3-iodo-5-nitrophenylacetyl (NIP)-OVA embedded in
alum, and the splenic GC response was evaluated by flow cytometry
at day 7 after immunization (for the gating strategy used, see Fig. 6A
for CD45.2" B cell analysis). The frequency of NP-specific GC
(GL7"Fas"NP") B cells was statistically significantly less in mice that
received DGK{ ™™ B cells compared with that in mice that received
WT B cells (Fig. 6, B and C). We then determined the frequency of
plasma cells (PCs; CD138") and IgG1" B cells within the CD45.2"
B cell population. The transferred DGK{™™ B cells showed re-
duced frequencies of both populations in comparison to transferred
control B cells (Fig. 6, D and E). Transferred DGKQ_/ ~ B cells exhib-
ited preferential generation of IgM* PCs as opposed to IgG1" PCs
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when compared with transferred WT B cells (Fig. 6, F and G). The
memory-like CD138 IgG1" B cell subset was reduced for DGK{ ™'~
B cells compared with that for WT B cells, although this was not
statistically significant (Fig. 6, H and I). As expected, the recipient
CD45.1" B cell response was comparable between animals that received
CD45.2" WT B cells or CD45.2" DGK{™™ B cells (fig. $8). These
results suggest that DGK{ ™'~ B cells have a competitive disadvantage
for T cell help, which results in diminished GC responses.

DISCUSSION

This study reports a pivotal role for DGK{ in the regulation of actin
polymerization and LFA-1-mediated adhesion at the B cell immune
synapse and, consequently, in the generation of mechanical forces
at the immune synapse. Impaired MTOC translocation to the immune
synapse also suggests that DGK{ mediates cell polarity-related
events in this context. Traction forces and cell polarization are
necessary for the acquisition and processing of antigen at the B cell
immune synapse (22, 28, 29). The ability of B cells to present anti-
genic peptides determines the chances of receiving costimulatory T cell
help and the subsequent fate of the B cell response. Data from in vitro
and in vivo assays support a role for DGK{ in shaping the ability of
B cells to extract antigen from the APC surface and, thus, to receive
T cell help and facilitate an appropriate GC response.

Immune synapse formation induces robust actin polymerization
and the assembly of a peripheral F-actin ring, which provides a
framework for signaling events, membrane trafficking, and adhesion
support. In T cells, PI3K-mediated PIP; production at the periphery
of the immune synapse plays a major role in the maintenance of the
F-actin ring (23). PIP; recruits DOCK2, promoting Rac activation,
and thus, actin polymerization. Our data support a similar role for
PIP; in regulating F-actin ring formation at the B cell immune synapse.
DGK{ ™™ B cells and DGK-inhibited WT or PI3K8 KD B cells
showed reduced amounts of F-actin at the immune synapse, where-
as treatment with PA or overexpression of DGKC increased the size
and content of the F-actin ring. DGK{ and its product, PA, are thus
involved in the regulation of F-actin ring formation at the B cell
immune synapse. Previous reports of nonimmune cells showed the
importance of DGK{ in connecting lipid signaling with actin re-
organization through its kinase and scaffold activities. DGK{ asso-
ciates with the PAK1-RhoGDI-Racl complex and promotes Rac
activation, a process that requires both its scaffold and kinase func-
tions (24). DGK{ also stimulates RhoA activation through a scaf-
folding mechanism, forming a complex with PKCa and RhoGDI
(30). We propose that DGK( affects Rac function and actin polymer-
ization at the immune synapse by mediating DOCK2 recruitment
and PAK1/2 activation. Our data from experiments with the DGK{
KD construct, the addition of exogenous PA addition, and the
reduction in DOCK2-GFP abundance in R59-treated B cells provide
evidence of a major contribution of DGK{-kinase activity. In addi-
tion, the lack of increase in p-PAK1/2 abundance upon PA exposure
suggests the involvement of DGK{ scaffold properties. PAK1/2 are
also targets of active Rac and coordinate actin cytoskeleton remodeling
(31, 32); however, whether they are involved in immune synapse
assembly downstream of Rac requires further study. In neutrophil
migration, DOCK2 dynamics at the plasma membrane is sequentially
regulated by PIP; and PA. Upon stimulation, PIP; rapidly recruits
DOCK?2 to the plasma membrane, whereas the PA that is generated
stabilizes DOCK?2 at the membrane promoting its local accumulation
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Fig. 6. DGK; ™~ B cells exhibit a decreased GC response in vivo. (A) Experimental design for comparing the in vivo responses of DGK{ ™~ and WT CD45.2" B cells in
immunocompetent CD45.1" mice. Right: Gating strategies to analyze CD45.2* B cells (CD45.2* CD19* or CD45.2* B220") isolated from the spleen. (B) Representative
strategy to measure by flow cytometry the percentages of total GC (GL7* Fas*) and NP-specific GC (GL7* Fas* IgD"*? NP*) CD45.2* B220" B cells generated 7 days after
immunization with the T cell-dependent antigen Nip-OVA with Alum. Representative density plots for WT and DGK{ ™~ B cells are shown. The percentages of the gated
cells are indicated. (C) Percentages of total GC B cells (left) and of NP-specific GC B cells (right) in the CD45.2* B220* WT or DGK{ ™'~ B cell populations in the spleen. Each
dot represents a single mouse. (D) Representative density plots of PC