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ABBREVIATIONS

Ab: Antibody

Ag: Antigen

Ag-Beads: Antigen coated beads
Ag-coverslips: Antigen coated coverslips
APC: Antigen presenting cell

BCR: B cell receptor

BCR-Ligand-: Negative B cell receptor ligand
BCR-Ligand+: Positive B cell receptor ligand
BM: Bone marrow

cSMAC: Central supramolecular activation
complex

dSMAC: Distal supramolecular activation
complex

GEF: Guanine exchanger factor

GC: Germinal center

IL- : Interleukin — (character)

IgX : Immunoglobulin (character)

IS: Immune synapse

ITAMs: Immunoreceptor tyrosine activation
motifs

MHC-II: Major histocompatibility complex Il

MZ: Marginal Zone

pSMAC: Peripheral supramolecular activation
complex

SC: Subcapsular sinus

SIATAT1: Small interference RNA against
ATAT1

siCTL: Small interference RNA control

SLO: Secondary lymphoid organs

SMAC: Supramolecular activation complex
TIRFM: Total internal reflection fluorescence
microscopy

TLO: Tertiary lymphoid organs

Th: T helper lymphocyte

TLR: Toll-like receptor

Tregs: T regulator lymphocyte



RESUMEN

El estudio de la mecanosensibilidad celular representa una rama de la biologia que recientemente ha
ganado mucho interés, reflejado en el premio Nobel de fisiologia y medicina de 2021 otorgado a
Ardem Patapoutian por el descubrimiento y caracterizacion del mecano-receptor PIEZOL. Sin
embargo, poco se ha estudiado sobre como las sefiales mecénicas provenientes del entorno
extracelular pueden dictar el funcionamiento del sistema inmune, y en particular, de los linfocitos B:
las Unicas células capaces de producir anticuerpos. En este trabajo se estudié cémo las propiedades
fisicas de la superficie presentadora de antigenos influyen en la capacidad de las células B para extraer

antigenos inmovilizados y cdmo estos procesos estan conectados.

Se encontrd que, al interactuar con sustratos mas rigidos, las células B experimentan respuestas de
estiramiento celular aumentadas y mayor acetilacion de tubulina, especificamente en el centro de la
sinapsis inmunoldgica. En sustratos rigidos, los lisosomas se ubican en el centro de la sinapsis, lo que
reduce su movilidad en comparacion con sustratos mas blandos. Los lisosomas ademas muestran una
preferencia por asociarse con tubulina acetilada en contextos de mayor rigidez. Mecanisticamente,
esto implica la translocacion de ATATL, una enzima acetilasa de microtibulos, del ndcleo al

citoplasma de las células B, actuando como sefial mecéanica durante la estimulacion del BCR.

El silenciamiento de ATAT1 en células B disminuye su capacidad para estabilizar los lisosomas en
la interfaz sindptica, lo que resulta en una extraccion y presentacion reducidas de antigenos
inmovilizados a las células T. Estos hallazgos sugieren una via que conecta la extraccion de antigenos
con sefiales mecanicas provenientes de células presentadoras de antigenos. En resumen, esta
investigacion aporta nuevos conocimientos y ofrece una base para comprender mejor las respuestas

inmunoldgicas, con posibles implicaciones en terapias y trastornos inmunologicos.



ABSTRACT

This thesis aims to explain the intricate interplay between B cells, mechanosensing, and antigen
extraction within the context of immune synapse formation. The capacity of B cells to extract
immobilized antigens is influenced by the physical properties of the surface in which antigens are
found. Despite its significance, the underlying mechanisms that connect B cell mechanosensing to

antigen processing remain insufficiently understood.

The results demonstrate that B cells engaging with antigens on stiffer substrates exhibit a significant
increase in spreading responses and upregulation in tubulin acetylation specifically at the immune
synapse's center. B cells activated over stiffer substrates prompt a concentration of lysosomes,
resulting in reduced lysosome mobility compared to interactions on softer substrates. Notably,
lysosomes exhibit a preference for association with acetylated tubulin tracks under stiffer conditions.
Mechanistically, this process involves the translocation of ATAT1, a microtubule acetylase, from the
nucleus to the cytoplasm of B cells. As a novel finding, this translocation acts as a mechanoresponsive
event during BCR stimulation. In support of these observations, B cells in which ATATL is silenced
display an impaired ability to stabilize lysosomes at the synaptic interface, resulting in diminished

extraction and presentation of immobilized antigens to T cells.

Collectively, these findings underscore the existence of a pathway that links antigen-extraction
mechanisms to mechanical cues originating from antigen-presenting cells, a regulation governed by
BCR-mediated mechanosensing. In conclusion, this thesis not only presents new knowledge about
the intricate mechanisms underlying these processes but also paves the way for deeper insights into
immunological responses, with potential implications for therapeutic interventions and immune-

related disorders.



1. INTRODUCTION

1. B cell function and maturation
B cells are a type of lymphocyte that play a critical role in the adaptive immune response. They are
the only cells capable of producing high-affinity antibodies (Ab) against new and recurrent infections
(1). B cells originate from hematopoietic stem cells in the bone marrow, where they undergo a series
of maturation steps (2). Upon activation, naive B cells can exhibit two potential outcomes: firstly,
they can generate and release Ab, which play a vital role in the humoral immune response and protect
the body against pathogens via long term memory B cells or Ab producing plasma cells. Secondly,
they can secrete cytokines, such as IL-1pB, 1L-6, I1L-10, IL-12, and TGF-B, which regulate and
coordinate the differentiation of T helper (Th) cells into Thl, Thl7, or T regulatory (Tregs) cells,
thereby modulating the overall immune response (3). Consequently, B cells portray a crucial role in
mounting an effective immune response against pathogens, while perturbations in B cell homeostasis
are associated with conditions such as autoimmunity, allergies, immunodeficiencies, and cancer (4—

6).

Before their activation, the first step in B cell maturation is rearranging the genes that encode the B
cell receptor (BCR), which occurs in the bone marrow (BM). This process, called V(D)J
recombination, generates a diverse repertoire of BCRs capable of recognizing a wide range of
antigens (2). Following gene rearrangement, developing B cells undergo selection stages to ensure
they are functional and non-self-reactive (7). The first of these, called positive selection, occurs when

B cells encounter self-antigens presented by bone marrow stromal cells (8).



B cells that recognize self-antigens with low affinity receive survival signals and continue to mature,
while those that recognize self-antigens with high affinity undergo apoptosis. The second selection
process, called negative selection, occurs when B cells encounter self-antigens outside the bone
marrow (9). B cells reacting to self-antigens with high affinity are removed or go through receptor

editing, a process in which the B cell receptor is modified to reduce its affinity for self-antigens (10).

2. Immune synapse formation
Once they have completed gene rearrangement and selection, B cells leave the bone marrow and
migrate to secondary lymphoid organs (SLOs) (Fig.1). B cells may encounter antigens in two
formats: Soluble immune-complexes or presented by antigen-presenting cells (APCs) such as

follicular dendritic cells or subcapsular sinus macrophages (11).

Upon encountering an antigen in secondary lymphoid organs, B cells form a specialized structure
known as the immune synapse (IS) termed synapse I, which, after internalization and processing of
the Ag allows a second interaction (synapse Il) between B cells and T-helper cells, termed B-T
cooperation, that promotes the next steps of maturation of B cells (12). Following activation at the B
cell-T cell boundary, B cells undergo robust proliferation in the outer B cell follicle. Within a few
days after encountering antigens, some B cells differentiate into plasmablasts and migrate to locations

outside the follicles, while others form clusters in the follicle center, giving rise to germinal centers.

Germinal centers are specialized microanatomical structures where B cells undergo somatic
hypermutation in the variable regions of immunoglobulin genes that determine antigen-binding
specificity. Mutated B cells are subsequently selected based on their affinity for antigens, leading to

the gradual dominance of B cells with higher-affinity BCRs over those with lower-affinity BCRs.



Mature germinal centers exhibit a compartmentalized structure consisting of two zones: the dark
zone, characterized by densely proliferating B cells, is considered the site where somatic
hypermutation generates clonal variants with varying antigen affinities; the light zone, which is less
dense and more diverse, contains not only B cells but also T follicular helper cells and follicular
dendritic cells (FDCs). After this, some B cells will differentiate into plasma cells, which produce
large amounts of antibodies to neutralize pathogens, while others may well become memory B cells,
providing long-term protection against future infections. This thesis will focus on the first synapse

between B cells and APCs.

The formation of an IS begins when the B cell receptor on the surface of the B cell recognizes and
binds to the antigen presented by an APC (Fig. 2). The B cell receptor is comprised by a membrane-
bound immunoglobulin and a non-covalently associated Igo/B heterodimer, which contains
immunoreceptor tyrosine activation motifs (ITAMs) that are key for further steps in signaling and
maturation (4) . This dynamic and highly regulated structure facilitates the recognition and processing
of antigens by B cells. The IS is characterized by the recruitment and activation of several signaling
molecules, developing a polarized signaling phenotype, which involves the localization and

activation of polarity proteins such as Par3, Cdc42, and aPKC at the IS (12).
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Figure 1: Acquisition of antigens by B cells and B-T cooperation at secondary lymph nodes.

Scheme of a lymph node, depicting the subcapsular sinus (SCS), T cell area and B cell follicle (left).
Viruses and other immune-complexes are drained by afferent lymph (right) are captured and retained
by SCS macrophages (SSMs), which shuttle the virus across their surface towards naive B cells in the
underlying follicle (step 1). B cells can recognize soluble antigen from the lymph or obtain it from
Follicular dendritic cells (FDC) situated in the GC. Upon recognizing the antigen, B cells extract and
process it into peptides, eventually presenting it within an MHC-I1 complexes to T helper cells (step 2).

Interaction with cognate CD4+ T cells leads antigen-specific B cells either to differentiate into short-
lived plasma cells secreting low-affinity antibodies (step 3) or to localize back to the follicle and enter
a germinal center reaction (step 4). During germinal center reactions, antigen-specific B cells engage
in interactions with T follicular helper cells and antigens (retained by follicular dendritic cells) and
undergo an affinity maturation process, which ultimately results in the production of high-affinity
neutralizing antibodies. HEV, high endothelial venule. Modified from Kuka et al, Nature reviews
immunology, 2018.
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Figure 2: Immune synapse formation, organelles recruited and polarity phenotype

Polarity proteins such as Par3, Cdc42 and PKCz are recruited to the immune synapse upon BCR
stimulation along with organelles that help with antigen extraction and internalization. Acting as a
scaffold for signaling proteins and other organelles, the MTOC is repositioned to the contact site
with the APC.

Lysosomes are found in a central cluster around the MTOC and fuse with the plasma membrane to
release their acidic content and promote more efficient antigen extraction and internalization.
Modified from Del Valle et al, Molecular immunology, 2018.



Upon encountering an antigen, the BCR undergoes clustering and conformational changes that
facilitate antigen binding and downstream signaling, followed by the recruitment of coreceptor
molecules such as CD19 and CD81 (13). One of the key molecules recruited to the synapse is the
protein tyrosine kinase Syk, which is activated by phosphorylation upon binding to ITAMs of the
BCR (14-16). Syk then recruits several downstream signaling molecules, including the adapter
protein BLNK and the phospholipase C gamma (PLCy). This initiates a signaling cascade that leads
to the mobilization of intracellular calcium and the activation of protein kinase C (PKC) together with
AKT and ERK kinases that are also phosphorylated. Importantly, these early signaling events lead to
a rearrangement of the actin cytoskeleton, structured by various actin-binding proteins, including
members of the WASP-Arp2/3 complex (17), Rho GTPases such as Racl and Cdc42 (18) and cofilin
(19). This remodelling of actin interrupts the maintenance of the B cell resting state by loosening

actin-based diffusion barriers (20).

After this rapid actin-dependent spatial reorganization, BCRs increase their mobility at the plasma
membrane (fig.3) enabling the formation of BCR microclusters at the B cell-APC contact site leading
to amplified BCR signaling (19,21). Spatially, BCR microclusters and co-receptors are distributed at
the IS in multiple layers and domains characterized by three distinct supramolecular activation
clusters (SMACSs) (12,13,22); The central supramolecular activation cluster (cSMAC) contains the
BCR and signaling molecules such as CD19 and CD81. The peripheral SMAC (pSMAC) comprises
adhesion molecules such as the integrin LFA-1 and its ligand ICAM-1 at the APC, and the distal

SMAC (dSMAC) which displays molecules that regulate signaling, such as CD45.
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Figure 3: Actin cytoskeleton remodelling, lysosome and BCR clustering at the IS

After the spreading response upon BCR stimulation, B cells use contractility forces and remodel their actin
cytoskeleton to generate retrograde actin flow allowing for the accumulation of BCR-Antigen complexes to

the center of the IS. Lysosomes are also preferentially located in this region. Modified from Kwak, Nature
Immunology, 2019.



After the spreading phase, B cells experience a contraction step, where all the membrane antigen-
bound BCR complexes gather at the center of the 1S. The accumulation of BCRs in the central region
is facilitated by the microtubule-associated motor dynein, which is recruited to the IS through the
involvement of the polarity protein Par3 (23). Concomitantly to actin remodelling, the centrosome,
acting as the microtubule-organizing center (MTOC) is polarized to the IS (12,24,25). This relies on
its successful detachment from the perinuclear region, promoted by the depolymerization of the
surrounding actin cloud. Recent work has provided evidence that this is mediated by the correct
functioning of the ubiquitin-proteasome system, specifically tuned by the ECMZ29 proteasome
regulator subunit (26,27). After BCR stimulation, lysosomes are recruited to the IS to promote

efficient antigen internalization and processing into multivesicular bodies (12).

3. Lysosomes and their role in antigen capture, processing and presentation
Lysosomes are commonly characterized as intracellular vesicles containing degradative acid
hydrolases. Recent research suggests a diverse array of vesicles within this category, varying in
subcellular localization, acidity, contents, and signaling functions. Additionally, hybrid lysosomal-
related organelles (LROs) form through fusion and fission events, as well as "kiss and run" processes
(28). Lysosomes exist as numerous vesicles in all mammalian cells, exhibiting sizes that can range
from approximately 50 to 1000 nm. To date, nearly 200 distinct proteins have been identified on the

lysosomal membrane, each serving different structural or signaling roles (29).

Endolysosomes in various immune cells exhibit distinct characteristics, primarily their role in
intracellular processing of extracellular antigens for peptide-MHCII presentation, which is essential
for activating B and T effector cells in the adaptive immune response. This process occurs in

specialized lysosomal Ag processing compartments containing controlled proteolytic enzymes.
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Although the Ag processing compartments exhibit a distinct lysosomal character due to their acidic
and proteolytic environment, their primary function is to generate essential protein complexes for
presentation, rather than solely degrading cargo. Recent studies indicate that BCR-mediated antigen
processing initiates along the entire endosomal pathway. This includes the rapid fusion of internalized
antigens with peripheral acidic compartments, concurrent with plasma membrane-derived MHCII

(30).

Lysosomes are transported along the microtubule network towards the centrosome in a centripetal
fashion by the motor protein dynein (31). In parallel, as the previous events take place, at the MTOC
vicinity the GTP exchange factor H1 (GEF-H1) dissociates from microtubules and promotes the
correct exocyst assembly at the synaptic membrane, enabling lysosome tethering and fusion with the
plasma membrane at the synaptic interface (32) facilitating the degradation of the antigen bound to
the APC into peptides. Lysosomal exocytosis, typically associated with LAMP-1, facilitates the
release of vesicular contents, including hydrolases, into the extracellular space. This phenomenon can
be identified by the exposure of the luminal epitope of LAMP-1 on the outer side of the plasma

membrane, a location where this epitope is typically not found (33).

Lysosome exocytosis in B cells has also been shown to involve permeabilization of the PM to
facilitate efficient Ag extraction in a mechanism that requires BCR signaling and non-muscle myosin
Il activity (34). in brief, the higher the affinity of antigen to the BCR, the more permeable the PM
becomes and the higher the rates of lysosomal exocytosis are, measured by LIMP-2 at the cell surface.
Antigens are then endocytosed, cleaved and mounted onto the Major-Histocompatibility-Complex-11

(MHC-11) molecules (31) to establish the aforementioned B-T cooperation.

11



In vitro models to study antigen presentation and immune synapse formation in B cells consist in
using antigen-coated beads or coverslips (35). Additionally, other models of activation such as,
synthetic lipid bilayers or plasma membrane sheets can be used (36). Artificial planar lipid bilayers
have demonstrated that during the spreading phase, B cells sense the affinity and avidity of the antigen
(37). In contrast to synthetic bilayers supported by glass, the lipid bilayers in the PMSs (plasma
membrane sheets) are only loosely and indirectly connected to the coverslip through transmembrane
proteins and remnants of the extracellular matrix (38). The benefit of this arrangement is that the
PMSs mimic the viscoelastic flexibility of the actual plasma membrane. Consequently, interacting
cells can exert force on the PMSs, enabling the pinching off of vesicles for endocytosis, a
phenomenon observed in live antigen-presenting cells (APCs). These different surfaces used to
immobilize antigens for presentation to B cells have helped to uncover a role for physical properties

in the activation of B cells.

B cells exhibit two distinct, yet compatible molecular pathways for extracting the antigen at the IS:
(a) lysosome secretion, also referred to as the proteolytic pathway, which is preferred when the B
cells recognize antigens associated to membrane with high stiffness, or (b) mechanical forces, which
are activated under low membrane stiffness conditions (39). Additionally, extracellular cues,
including Galectin-8, a glycan-binding protein located in the extracellular environment, responsible
for controlling interactions between cells and matrix proteins, can enhance B cell arrest phases when
these cells encounter antigens in living organisms. (40). Considering these external factors, studying
how B cells interpret extracellular cues is crucial to have a better understanding of their activation in

increasingly complex systems that resemble physiological conditions.

12



4. B cell mechanosensing
Mechanosensing is a fundamental cellular response that enables cells to perceive and react to physical
environmental cues (41). This ability allows various cell types to adapt to tissue geometry and
stiffness, which in turn can influence genetic reprogramming, cell adhesion, migration, and organelle

function (42) (Fig. 4).

The mechanical properties of the extracellular environment play a critical role in regulating the
behavior of B cells. For instance, substrate stiffness, shear stress, and compression forces can
influence B-cell mechanosensing (43). B cells can sense the stiffness of the substrate through integrin-
mediated adhesion to the extracellular matrix, which leads to cytoskeletal rearrangements and
changes in gene expression. The adhesion of B cells to stiffer substrates enhances B-cell activation

and proliferation, while softer substrates promote B cell differentiation and antibody production.

Surface receptors such as integrins are crucial in this process serving as the main link between the
extracellular matrix and the cytoskeleton. Talin and vinculin, two cytoskeletal proteins, bind to
integrins and help mediate this linkage (44). Actin and myosin form the basis of the contractile
machinery and generates the forces required for cell movement and deformation in response to
mechanical cues. Finally, the Rho family of GTPases regulate actin and myosin activity and help

mediate the response to mechanical cues (45).

Together, these components work to orchestrate B cell mechanosensing and allow the appropriate

response to mechanical cues such as substrate stiffness, shear stress, and compression forces.
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Figure 4: Mechanosensing directs tissue fate and orchestrates cell signaling

(a) Mlustration depicting biomechanical control over stem cell actions. Mechanical cues, encompassing
mechanical strain, substrate rigidity, shear stress, and surface topography, collectively influence stem cell
characteristics.

(b) Various extracellular cues, such as substrate rigidity, cell elongation, shear stress, and surface topography
regulate cellular signaling and functionality in the microenvironment. These factors cause shifts in
mechanical forces across the ECM, cells, and cytoskeleton, leading to cellular perception of mechanical
stimuli. Subsequently, these signals prompt biological responses, triggering reorganization of the cytoskeletal
structure and intracellular signaling pathways (e.g., FAK and Src). These pathways are sensed through
transmembrane adhesion receptors, specifically integrins, and mechanosensitive ion channels. As a result,
mechanotransduction pathways activate to control gene expression, cell contractility, and diverse cellular
processes, including apoptosis, migration, proliferation, differentiation, and growth.

(c) For instance, manipulating ECM mechanics or adjusting cytoskeletal tension generation via small Rho
GTPases effectively governs stem cell differentiation (notably, 13 and 15). Moreover, cells dynamically
remodel the ECM by secreting proteins and reconfiguring the cytoskeleton. This ECM remodeling
consequently reshapes the array of cues that cells receive from their environment, creating a feedback loop
of mechanical stimuli (as referenced by 213 and 226). Modified from Kshitiz et al, Integrative biology, 2012
and Kim et al, Annual Review of Biomedical Engineering, 2009.
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Figure 5: BCR-mediated mechanosensing

In B cells, mechanosensing responses through BCR signaling are sensitive to increasing substrate
stiffness of antigen presenting surfaces. In softer substrates, less BCR-Ag complexes are formed than
in stiffer substrates, where ITAM residues of BCR tails are phosphorylated in a higher extent thus
promoting accumulation and activation of kinases such as SYK. These kinases are crucial for early B
cell activation responses. Modified from Shaheen et al, Advances in immunology, 2019.

Importantly, the BCR itself acts as a mechanosensor (Fig. 5). It has been studied and compared with
the T cell receptor (TCR), as they share similarities in activation and structure (46). To fulfill this
function, the BCR employs a force testing mechanism with contracting movements known as
“mechanical proofreading” (47), establishing a slip bond-like mechanical linkage (48) until it reaches
the required force threshold for activation. This is known as affinity discrimination (20), and it is a

key determinant for antigen extraction.

The APCs encountered by B cells can exhibit a range of stiffness dictated by their origin and
composition (43). Stiffness, measured in Pascals (Pa) with the modulus E (elasticity), is one of the
parameters that must be considered for mechanosensing. In physical terms, this measurement refers
to the amount of force per unit length applied to a section of the plasma membrane area (49).
Physiologically, antigens that can be obtained from the extracellular matrix (ECM) and APCs exhibit
a range of stiffness from 0.012 kPa to 20 kPa, while soluble antigen particles have a stiffness of 100

Pa (43), highlighting the wide range of stiffnesses with which B cells can interact (Fig. 6).
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Figure 6: Ranges of stiffness associated with different antigen-presenting surfaces that can trigger
BCR activation

A scale of stiffnesses present in different biological substrates, from cells to stiffer substrates such as
glass. Scheme of different surfaces where tethered antigens can be found with their respective values
of rigidity. All the previous are considered APCs. Modified from Bufi et al, Biophysical Journal, 2015.

Interestingly, it has been shown that APCs modify the stiffness of their membranes in inflammatory
environments. In the case of macrophages, when exposed to B-adrenergic receptor agonists, their
stiffness increases by 30%, as well as their migration time indicating less deformability capacity.

This, by demonstrating that inflammatory signals promote actin polymerization in its branched form,

through nucleating factors like the ARP2/3 complex (50).

16



Other signals produced in inflammatory sites such as INFy increase the stiffness of dendritic cells and
macrophages by enhancing signaling in cellular pathways that stimulate actin polymerization and the
action of proteins including myosin IIA (51). Similarly, there is evidence showing that, on rigid
surfaces, T lymphocytes which are actively involved in B cell maturation increase cytokine secretion

(52).

In a relevant physiological context, it has been observed that tertiary lymphoid organs (TLOs) with
functional germinal centers can originate at sites of chronic inflammation (53). These TLOs give
origin to populations of immune cells, such as memory B cells, that encounter maturation conditions
such as those described earlier, contributing in some cases to the exacerbation of rheumatoid diseases
like arthritis (54). In this way, it can be asserted that both B cells and their APCs encounter different
ranges of substrate stiffness that have effects on their interactions through the formation of immune
synapses. Among the effects of different substrate stiffnesses, the impact on BCR microclustering
and downstream signaling molecules, such as enhanced phosphorylation of Syk (pSyk) (55) under

conditions of higher stiffness is noteworthy.

This behavior is also replicated in the signaling of protein kinases PKCp and Focal Adhesion Kinase
(FAK) (56), orchestrating changes in the cytoskeleton in response to mechanical substrate
differences. Thus, B cell activation is affected by the variability of stiffness of the surface where
antigen is encountered, their potential to become autoreactive (53) and

ultimately influencing their cellular lineage, as shown in activation conditions of higher stiffness that
affect class switching, a process where a mature B cell changes the class of antibodies it produces
while retaining the same antigen specificity. This allows B cells to produce different antibody classes

(e.g., IgM to 1gG),
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Considering the evidence that mechanical stimuli regulate BCR activation, there is a knowledge gap
when explaining the role of lysosomal function as a response to mechanical changes in the
environment and how these translate into functional outcomes related to antigen capture and
presentation. Interestingly, components of the cytoskeleton directly associated with the
immunological synapse, such as microtubules, have been shown to be mechanosensitive (57),
exhibiting higher affinity for dynein binding when subjected to contractile forces or deformation.
Furthermore, posttranslational modifications, such as acetylation of microtubules (58) modify the
affinity of motor protein binding to vesicles. As mentioned before, results from our laboratory (32)
have shown that, under conditions of B cell activation using a high-stiffness substrate model (Ag-

coupled glass coverslips), the MTOC and its closest microtubules increase their acetylation state.

In other cell types, the positioning and function of VAMP7+ lysosomes can respond to mechanical
stimuli, regulating their association with kinesins and dyneins and, therefore, their subcellular
distribution (59). Importantly, upon B cell activation, VAMP7 facilitates the fusion of lysosomes with
the B cell's plasma membrane, releasing the lysosomal contents into the immune synapse (60). The
previous could suggest a mechanosensory response of lysosome mobilization in a centripetal manner

towards the MTOC at the IS.

Since vesicular trafficking in polarized cells such as neurons profoundly relies on microtubule
availability to transport lysosomes to the synapse site (61,62), it becomes intriguing to evaluate how
the distribution of these organelles may vary related to the mechanosensitive responses of
microtubules. This leads to the question of whether mechanical stimuli from APCs with different
rigidity can influence the positioning and functional dynamics of lysosomes in B lymphocytes,

ultimately modulating their capacity for antigen extraction and presentation.
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5. Tubulin acetylation: regulation and mechanosensing
Microtubules (MTs) are dynamic structures comprised of a/B-tubulin dimers that polymerize into
tubular assemblies. They represent fundamental constituents of the cytoskeleton in most eukaryotic
cells. Post-translational modifications (PTMs) play a pivotal role in modulating the properties and
functions of MTs (63). Notably, acetylation of the lysine 40 residue (K40) on a-tubulin is a prominent
PTM, catalyzed by the enzyme a-tubulin acetyltransferase (ATATL1). This acetylation event occurs

within the lumen of the microtubules and substantially influences their stability and persistence.

Acetylation of microtubules stabilizes and promotes the formation of long-lived microtubule
networks, that are fundamental for the polarization and migration of cells (64). Studies have shown
that inhibition of tubulin acetylation leads to impaired cell migration and altered cytoskeletal

dynamics.

However, the regulation of tubulin acetylation is not exclusively governed by ATATL1. Other
enzymes, such as the deacetylases HDAC6 and SIRT2, are implicated in this process as well (Fig. 7).
Particularly, the NAD-Independent deacetylase HDAC6 associates with microtubules and localizes
with the microtubule motor complex containing p150(glued) to remove acetylated subunits of a-
tubulin (65). Additionally, the NAD-Dependent enzyme SIRT2 cooperates with HDACG6 to promote
tubulin deacetylation. These additional enzymatic players add a layer of complexity to the acetylation
dynamics, impacting the behavior and functionality of MTs (66). The balance between these
modifications and enzymatic regulations is essential for the precise organization of MTs, which, in
turn, is critical for diverse cellular events such as intracellular transport, cell division, and

maintenance of cellular morphology (63,66,67).
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Figure 7: Control of tubulin acetylation

Tubulin acetylation is controlled by the acetylase ATAT1, which catalyzes the acetylation of lysine 40
in the interior of the microtubule lattice. HDAC6 and SIRT2 enzymes remove acetylation and balance
the overall ratio of acetylated to non-acetylated tubulin. Modified from Janke et al, Nat. Rev.
Molecular cell biology, 2020.

The regulation of tubulin acetylation is complex and involves various signaling pathways. For
example, the Rho GTPase pathway regulates tubulin acetylation through the kinase ROCK by
phosphorylating TPPP (tubulin polymerization-promoting protein 1), leading to the inhibition of the
TPPP1-HDACES interaction and subsequent enhancement of HDACG6 activity. The net effect is a
reduction in microtubule acetylation, which can impact various cellular processes related to
microtubules and cytoskeletal dynamics (68). In addition to its effects on cell migration and
vesicle/lysosome trafficking, tubulin acetylation has been implicated in various other cellular
processes such as mitosis and cilia formation (65,69). For instance, acetylation of microtubules is
required for the formation and maintenance of primary cilia, which are sensory organelles present on
the surface of many cells. Tubulin acetylation has also been implicated in regulating the trafficking
of vesicles and lysosomes: acetylated microtubules are preferentially used for vesicle and lysosome

transport (Fig. 8) , as they provide a stable and efficient transport network (58,62,70).
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Figure 8: Lysosome accumulation at different microtubule tracks

In other cell models, lysosomes adapt their transport on microtubules with different PTM. Kinesin-1
and kinesin-3 are shown to mediate centrifugal lysosome transport in perinuclear and peripheral
regions of the cytoplasm, respectively, through association with different microtubule tracks. Modified
from Guardia et al, Cell Reports, 2016.

for astrocytes, a mechanism relying on talin and actomyosin plays a significant role in controlling
microtubule acetylation (71). This is achieved by the recruitment of ATAT1 to focal adhesions.
Interestingly, in B cells, Ag capture is increased on focal adhesions formed at the synaptic membrane
(72). The process of microtubule acetylation finely tunes the mechanosensing of focal adhesions and
impacts the translocation of Yes-associated protein (YAP) to the nucleus (73). This mechanism could
be relevant in the context of B cell mechanosensing, as contractile forces related to focal adhesion
formation are key for the stabilization of the immune synapse. Furthermore, microtubule acetylation,
in a reciprocal manner, leads to the release of the guanine nucleotide exchange factor GEF-H1 from
microtubules. Similarly, to what was previously illustrated for B cells. After GEF-H1 release, RhoA
is activated, resulting in increased actomyosin contractility and traction forces (Fig. 9). These findings

shed light on the essential interplay between microtubules and actin in mechanotransduction.

21



Soft substrate Stiff substrate

) Substrate
rigidity
Slow migration

(viii)

Fast migration
(viii)

MT <> oTAT1
== Acetylated MT ¥ Integrin
<O FA vem  Actin
S5 Talin = Myosin

Figure 9: Interplay between microtubule acetylation, focal adhesions and GEF-H1

Cells perceiving a soft substrate (i) in conjunction with altered integrin-signaling (ii) manifest reduced
microtubule acetylation (iii). This outcome leads to the attachment of GEF-H1 to MTs (iv) and
consequently hampers the initiation of RhoA (v), thereby diminishing cellular contractility (vi). Under
such circumstances, cells generate diminished adhesive forces (vii) and exhibit decelerated migratory
behavior (viii). Conversely, on rigid substrates, the sensing of rigidity through integrin and talin
interactions (i) facilitates the tension-responsive recruitment of aTATI to FAs (ii) and amplifies

microtubule acetylation (iii).

The mechanism by which oaTATI infiltrates the luminal space of microtubules remains enigmatic;
however, it could be speculated that the recruitment of aTATI to FAs augments the localized cytosolic
reservoir of the protein, enabling its subsequent penetration into microtubules through lattice
imperfections or the exposed termini of microtubules in proximity to FAs.

The acetylation of microtubules triggers the liberation of GEF-H1 from MTs (iv), instigating the
activation of the RhoA-ROCK-myosin I1A pathway (v) to foster actomyosin-generated contractile
forces (vi), adhesive forces (vii), and cellular migration (viii). Modified from Seetharaman et al, Nature
materials, 2022.
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2. HYPOTHESIS AND OBJECTIVES

Considering the following evidence illustrated in the introduction section:
1) BCR signaling is regulated by substrate stiffness during antigen recognition
2) Microtubule acetylation is enhanced at the IS during activation on stiff substrates.
3) Mechanosensing pathways are coupled to actin dynamics and tubulin acetylation.
4) Tubulin acetylation modulates lysosome trafficking in several cell models.

5) Mechanical constrains modulate lysosome trafficking and exocytosis.

This work proposes the next hypothesis.

1. Hypothesis
"The distribution and positioning of lysosomes depend on the stiffness of the substrate where the
immune synapse of B cells is formed, affecting their capacity to extract and present antigens."

2. Objectives
Specific Objective 1. To demonstrate that the positioning and dynamics of lysosomes at the immune

synapse are modulated by the stiffness of an antigen-presenting interface.

Specific Objective 2: To determine whether the interaction of B lymphocytes with substrates of

different stiffnesses regulates post-translational modifications of microtubules.

Specific Objective 3: To show that B cell activation and their capacity to capture and present antigens

is regulated by the stiffness of the surface where antigens are encountered.
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3. MATERIALS AND METHODS

All materials and methods related to this thesis are detailed in manuscripts 1 and 2.

In summary, manuscript 1 contains all the information sufficient to replicate the experiments
performed: cell lines and cell culture, treatments with drugs, preparation of tunable-stiffness poly-
acrylamide (PAA) gels, activation and immunofluorescence of B cells on PAA gels, immunoblotting,
atomic force microscopy (AFM), primary and secondary antibodies, cell electroporation, silencing
and transfection of constructs (expression vectors and siRNAS), antigen presentation assay and

imaging configuration.

Manuscript 2, as a methodology report, focuses on image analysis of the B cell immune synapse in
different experimental approaches. For this thesis, | have actively developed new image analysis
workflows that are included in said manuscript. In particular, and related to manuscript 1, image

analysis of 2D distribution of organelles is extensively explained in manuscript 2.
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4. RESULTS

The following section contains 3 manuscripts, submitted for peer reviewing. These aim to cover the
major results obtained from the specific aims 1 to 3. Considering the restrictions of the manuscript
format, the results presented here will be discussed with more detail in the “Discussion” section.

Before each manuscript, a summary or abstract on how it relates to each objective is stated.
Aims 1, 2 and 3 - Manuscript 1: Spatiotemporal control of microtubule acetylation by
mechanical cues regulates lysosomes dynamics at the Immune synapse of B cells to promote

antigen presentation

This is the main manuscript associated to aims 1, 2 and 3 as detailed in the following abstract:

The capacity of B cells to extract immobilized antigens through the formation of an immune synapse
can be tuned by the mechanical properties of the surface where antigens are found. However, the
underlying mechanisms that couple mechanosensing by B cells to the mode of antigen extraction
remains poorly understood. We show here that B cells activated by BCR ligands associated to stiff
substrates activate the focal adhesion kinase (pFAK), exhibit enhanced spreading responses, and
upregulate the formation of actin foci at the synaptic membrane where antigen extraction occurs.
Importantly, activation of B cells on stiff substrates also leads to enhanced tubulin acetylation at the
center of immune synapse, where lysosomes preferentially localize and become less motile. We show
that microtubule acetylation is coupled to the enrichment of the microtubule acetylase ATAT1 in the
cytoplasm of B cells, which occurs in response to B cell activation on stiff substrates. Accordingly,
B cells silenced for ATAT1 were unable to upregulate microtubule acetylation and focus their
lysosomes at the synaptic interface, resulting in lower extraction and presentation of immobilized
antigens to T cells. Overall, this work highlights how B cell mechano-responses coupled to changes
in microtubule acetylation orchestrate the spatial-temporal distribution of lysosomes to promote

antigen extraction and presentation.
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Abstract

The capacity of B cells to extract immobilized antigens through the formation of an immune synapse can
be tuned by the physical characteristics of the surface where antigens are encountered. However, the
underlying mechanisms that couple mechanosensing by B cells to antigen extraction and processing

remain poorly understood.

We show that B cells activated by antigens associated with stiffer substrates exhibit enhanced spreading
responses and higher tubulin acetylation at the center of the immune synapse, where less motile
lysosomes preferentially localize. This process is coupled to the translocation of the microtubule
acetylase, ATAT1 to the cytoplasm of B cells, which occurs as a mechano-response during BCR
stimulation. Accordingly, B cells silenced for ATAT1 are unable to stabilize lysosomes at the synaptic

interface and display a lower capacity to extract and present immobilized antigens to T cells.

Overall, these findings highlight how BCR-dependent mechano-responses trigger microtubule network
modifications to precisely orchestrate lysosome positioning to promote antigen extraction and

presentation in B cell.



Introduction

Mechanosensing is a fundamental cellular process that
enables cells to perceive and respond to physical
environmental cues (Shaheen et al., 2019). This ability
allows cells to adapt to tissue geometry and stiffness
(also referred to as rigidity, measured in kPa), which in
turn can influence genetic reprogramming, cell adhesion,
migration, and organelle function (Chen et al., 2017).
How mechanical cues associated with antigen
recognition by B cells dictate their activation remains

unresolved.

B lymphocytes interact with antigens that display diverse
mechanical properties, ranging from less stiff immune
complexes to highly rigid viral capsids (~100 MPa)
(Shaheen et al.,, 2019). Additionally, antigens can be
recognized in a soluble form, considered to be in an
environment with extremely low stiffness (0.01 kPa), or
tethered to membranes of antigen-presenting cells
(APC), which display stiffness values of approximately
0.1-0.5 kPa. B cells can also capture antigens associated
with the extracellular matrix with rigidities of ~20 kPa
(Ciechomska et al., 2014). Moreover, the physical cues
arising from membranes can change upon inflammatory
conditions modifying the stiffness of the plasma
membrane from the presenting cell (Bufi et al., 2015; Kim
et al.,, 2019). Consequently, external physical cues
emerge as an additional layer of information that B
lymphocytes can sense and thereby impact their
responses. Both B and T cells display membrane-bound
immunoglobulin receptors, the BCR and T cell receptor
(TCR), which possess the ability to sense the mechanical
properties of their ligands (Zhu, Chen and Ju, 2019; Zhu
et al.,, 2019). Additionally, B cells activated on stiff
surfaces exhibit augmented BCR clustering and
downstream signaling (Wan et al.,, 2013), leading to
enhanced spreading responses and actin cytoskeletal
rearrangements. Whether this has an impact on the
capacity of B cells to extract and present antigens

acquired at the immune synapse (IS) is unknown.

The mode of antigen extraction used by B cells depends

on the physical properties of the substrate in which

antigens are presented: antigens on flexible, softer
surfaces are internalized into clathrin-coated pits by
Myosin IIA-mediated pulling forces that trigger
invagination  of  antigen-containing  membranes
(Hoogeboom and Tolar, 2016). During this process, the
complexes formed by the B cell receptor and the antigen
(BCR-Ag complexes) are internalized at regions enriched
in actin foci (Roper et al., 2019). On the other hand,
antigens presented on more rigid surfaces require the
local fusion of lysosomes at the synaptic membrane that
release proteases and acidify the synaptic cleft,
facilitating antigen extraction (Yuseff et al., 2011). This
proteolytic mode of antigen extraction relies on the
precise positioning, tethering and secretion of lysosomes
at the IS. Various factors regulate this process, including
local actin cytoskeleton remodeling by proteasome
activity (Ibafiez-Vega, Del Valle Batalla, et al., 2019),
proper assembly of the exocyst complex (Sdez et al.,
2019), and the v-Snare VAMP7 to the plasma membrane
(Obino et al., 2017).

Both cytotoxic T lymphocytes and NK cells enhance
perforin-mediated killing at the immune synapse when
interacting with antigens associated to stiff substrates
(Basu et al., 2016), suggesting that lytic granule secretion
is coupled to mechanosensing (Friedman et al., 2021).
However, the underlying mechanisms behind this
process remain largely unknown. In other cell types, the
rigidity of the environment regulates membrane
trafficking through integrin and RhoA-dependent
remodeling the actin cytoskeleton to promote docking of
secretory vesicles (Lachowski et al., 2022; Phuyal et al.,
2022). Notably, the role of mechanosensing in directing
lysosome positioning has not been previously
characterized and B cells emerge as a valuable model to

study this process.

Vesicles move along microtubules (MT) by their
association to motor proteins, which can be regulated by
post-translational modifications (PTM) of the
microtubule network (Pu et al.,, 2016). In neurons,
acetylation of microtubules fine-tunes the trafficking of
lysosomes by modifying their affinity with kinesins

(Morelli et al., 2018). In T cells, upregulation of tubulin



acetylation by inhibition of the deacetylase HDACS6 leads
to impaired transport of lytic granules to the synaptic
membrane interacting with the target cell, highlighting
how microtubule PTM, in particular acetylation, impact

vesicle transport (NUfiez-Andrade et al., 2016).

Thus, mechano-responses  can regulate MT
posttranslational modifications of the microtubule
network, resulting in differential trafficking of vesicles to
sites where membrane exchange or exocytosis is
required. Interestingly, acetylation of tubulin can also be
coupled to mechano-responses and is significantly
enhanced at the leading edge of migrating fibroblasts
when traction forces occur, promoting the release of
GEF-H1 and acto-myosin contractibility (Seetharaman et
al., 2022). In this work, we show that activation of B cells
on stiffer substrates enhances the concentration of
lysosomes at the center of the IS and ultimately improves
their capacity to extract and present antigens. This
process relies on increasing levels of tubulin acetylation
in response to stiffness and the translocation of the
acetylase ATAT1 from the nucleus to the cytoplasm.
Elucidating how physical properties of antigen presenting
surfaces are coupled to B cell effector responses that
drive antigen extraction, processing and presentation,

may provide valuable therapeutic tools for vaccine

design, drug delivery or treatment of autoimmune

diseases.

Materials and methods
Cell lines, culture, and treatments

In this study we used the mouse A20 lymphoma cell line,
an FcyR-defective B cell line with the phenotype of
quiescent mature B-cells, and the LMR7.5 Lack T-cell
hybridoma, which recognizes |-Ad-LACK156-173
complexes. Both cell lines were cultured as previously
described (Saez et al., 2019) in CLICK medium (RPMI
1640, 10% fetal bovine serum, 100U/mL penicillin-
streptomycin, 0.1% B-mercaptoethanol, and 2% sodium

pyruvate).

For the induction of tubulin acetylation, cells were
treated with 1 uM of the microtubule-stabilizing agent
SAHA (TOCRIS bioscience Cat. No. 149647-78-9) for 30
minutes before activation or experimental procedures.
For time-lapse acquisitions, lysosomes were labeled

with Lysotracker DN-99 Red (Thermo Scientific, L7528).

Preparation of tunable-stiffness poly-acrylamide

(PAA) gels

For preparing the tunable-stiffness PAA gels, two sets of
coverslips are used: a silanized-bottom coverslip where
the PAA gel is immobilzed and an smaller
impermeabilized coverslip on top to create a “sandwich”
to allow for the polymerization of the PAA gel (Charrier et
al., 2020). Bottom coverslips are activated with a 2% 3-
Aminopropyltrimethoxysilane (3-APTMS) (Sigma Aldrich
13822-56-5) in 96% ethanol solution for 5 minutes and
washed with 70% ethanol. The top coverslips are
siliconized or waterproofed with Rain-X. The coverslips
are then washed with ultrapure water, dried well, and

moved to the next stage.

The following reagents were used to prepare the PAA
gels: 2% bis solution (Bio-Rad #1610142), 40%
acrylamide (Bio-Rad #1610140), 10% APS in 10 mM
HEPES solution, and TEMED (Table 1).

20%  2%Bis-
10%
Acryla  Acryla TEMED 1xpBs 1otal
i id S B G
mide mide (1 (1
(1) (ut)
(L) (18]
03 75 30 10 1 895 17011
13 23375 125 6,25 1,8 883 1249

Table 1: preparation of poly-acrylamide gels of 0.3 (soft)
and 13 (stiff) kPa.

To prepare the gel, 9 uL of the gel solution was pipetted
onto the center of the bottom coverslip. Then, it was well
covered with the smaller cover and pressed gently until
the mix spread outwards. After 30 minutes of
polymerization, they were covered with aluminum foil.

Next, 1X PBS was added to carefully remove the top



cover. The gel can be stored in fresh 1X PBS at 4°C

overnight and used within 48 hours.

For conjugation with ligands a solution of 0.5 mg/mL
SULFO-SANPAH (Pierce, Thermo-Scientific #A35395)-in
HEPES buffer 10 mM was prepared. PBS was removed
from the gels and immediately coated with SULFO-
SANPAH at room temperature (RT). Gels were exposed to
365 nm UV light (Maestrogen UV illuminator MLB-16) for
10 minutes and washed with 1X PBS thrice. Finally, a
BCR* ligand (F(ab')2 goat anti-mouse IgG) (Jackson
ImmunoResearch, 115-006-146) was added to coat the
gels at a concentration of 0.13 mg/mL and incubated
overnight. This was followed by 3 washes with 1XPBS and
immediately used for experiments or stored at 4°C

protected from light for no more than 48 hr.

Activation and immunofluorescence of B cells on PAA

gels

80 pL of B cells (1.0 x 10° cells/mL in CLICK medium with
5% FBS) were seeded onto an antigen (BCR ligand*)-
coated gel for different time points in a cell incubator at
37 °C / 5% CO.. After each time point, the media was
carefully aspirated off each PAA gel, and 100 pL of cold
1X PBS was added to stop the activation. PBS was
removed, and each PAA gel was fixed with 50 uL of 3%
PFA for 10 min at RT. PAA gels were washed three times
with 1X PBS. The 1X PBS was removed, and 50 pL of
blocking buffer (2% BSA and 0.3 M glycine in 1X PBS) was

added to each coverslip.

Primary antibodies were diluted in permeabilization
buffer (0.2% BSA and 0.05% saponin in 1X PBS) and
incubated by adding 40 uL over the gels in a humid
chamber at 4 °C overnight. The plate was sealed to avoid
evaporation of the antigen solution. Gels were washed
three times with permeabilization buffer. Secondary
antibodies or dyes were diluted in permeabilization
buffer, using 40 pL per PAA gel, and incubated for 1h at
RT in dark and humid chambers. The PAA gels were
washed twice with permeabilization buffer and once with
1X PBS. The PBS solution was removed from the
coverslips. 8 pL of mounting reagent was added to a

microscope slide. The PAA gels were mounted onto the
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slide with the cell side facing down. The slides were
allowed to dry for 30 min at 37 °C or RT overnight

protected from light.
Immunoblot

Cells were lysed with 40 uL of RIPA buffer, then
supernatants of samples were collected and loaded onto
gels and transferred onto polyvinylidene fluoride
membrane (Trans-Blot Semi-Dry Transfer Cell; Bio-Rad).
Membranes were blocked in 2%BSA/TBS + 0.05% Tween-
20 and incubated overnight at 4 °C with primary
antibodies, followed by 60-min incubation with
secondary antibodies. Western blots were developed
with Westar Supernova substrate (Cyanagen, Cat. No.
XLS3,0100), and chemiluminescence was detected

using the iBright imager (Thermo Fischer).
Atomic Force Microscopy (AFM)

The elastic modulus of the PAA gels (Young's modulus, E)
was assessed using a JPK NanoWizard with a CellHesion
module mounted on a Carl Zeiss confocal microscope,
Zeiss LSM510 (AFM; JPK instruments), and silicon nitride
cantilevers (spring constant: 1 Nm™', spherical 10 um
diameter tip; Novascan Technologies). The cantilever
spring constant and deflection sensitivity were calibrated
in fluid using the thermal noise method (Hutter and

Bechhoefer, 1993).

Force measurements were then conducted at different
locations (0.5 mm apartin x and y coordinates) within the
region of interest. In each location, nine indentations
distributed in a 3x3 point grid (30 um x 30 pum) were
performed. The elastic modulus for each force curve was
calculated using JPK data processing software (JPK DP

version 4.2), assuming a Hertz impact model.
Antibodies & dyes

For primary antibodies, we used Rat anti-mouse LAMP1
(BD Bioscience, #553792), Rabbit anti-mouse Acetyl-
Tubulin (Lys40, D20G3) (Cell Signaling, #5335), Rabbit
anti-mouse aTubulin (Abcam, #ab6160), Goat anti-
mouse IgM Fab2 (Jackson ImmunoResearch), Rabbit anti

mouse GEF-H1 (Abcam #ab155785), Rabbit anti-mouse



ATAT1 (Thermo Scientific, #PA5-114922), Rabbit anti-
mouse YAP (D8H1X) XP (Cell Signaling #14074). For
secondary antibodies: Donkey anti-rabbit IgG-Alexa
488/546/647 (Jackson Immunoresearch, 711-546-152),
488/546/647
Immunoresearch, 712-166-153), Phalloidin Rhodamine

Donkey anti-rat IgG-Alexa (Jackson

(Thermo Scientific, R415),

L7528)

Lysotracker-red DND 99
(Thermo Scientific, and Hoescht

#ab228551).

(Abcam,

Cell transfection and electroporation

The Nucleofector R T16 (Lonza, Gaithersburg, MD) was
used to electroporate 4 x 10° A20 B cells with 3 pg of
plasmid DNA using the LC-013 program. After
transfection, cells were cultured for 18 2 hrs at 37 °C
and 5% CO: before functional analysis. For ATAT1
silencing, cells were electroporated with 100 nM of siRNA
(sc-108799-SH, Santa-cruz technology) or 100 nM of
siRNA control (sc-37007, Santa-cruz technology).

Antigen presentation assay

Antigen presentation assays were performed as
previously described on (Yuseff et al, 2011) with
modifications. Briefly, B cells were incubated with either
Lack-BCR-Ligand or BCR Ligand coated PAA gels and
PAA gels with different concentrations of Lack peptide
(Lack 156-173) for 1h. Then cells were washed with PBS
and incubated with Lack-specific LMR 24 7.5T Cellsin a
1:1 ratio for 4h in a cell incubator at 37°C and 5% CO..
Supernatants were collected, and interleukin-2 cytokine
production was measured using BD optiEA Mouse IL-2
ELISA set following the manufacturer’s instructions (BD

Biosciences, Cat no. 555148).

Cell imaging and image analysis

For widefield imaging, all Z-stack images were obtained
with 0.3 um between slices. Images were acquired in a
widefield - epifluorescence microscope (Nikon Ti
Eclipse) with an X60/1.25NA objective. For confocal

acquisition, images were obtained in a Zeiss LSM880
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Confocal with Airyscan detection microscope using a

63X/1.4NA oil immersion lens, with a Z-stack
configuration of 0.2 pm. All acquisition for experiment
replicates were performed with same mW/cm? intensity
for all illumination or equivalent exposition. The images
were processed using Zeiss Black Zen software for
Airyscan processing and analyzed with Fiji (ImageJl)

(Schindelin et al., 2012).

For image analysis, when quantifying cell spreading a
threshold mask (Otsu) was used in parallel with manual
segmentation in instances when automatic algorithms
were not able to resolve general actin structures. For
actin foci quantification, we performed analysis of
particles that were found inside previously detected
spreading cells. In this case, we took into account
workflows that have been tested for determining such
structures (Roper et al., 2019). Other spot segmentation
and cluster determination algorithms such as lysosome
number at the IS, their size and pFAK counts were carried
out with conservative algorithms of background
subtraction and the same strategies of segmentation for
each experimental set. Lysosome dynamics was studied
with Fiji’s TrackMate plugin using the LAP tracker in
settings recommended for its unsupervised setting,
always testing for quality score of tracks. Overlap
coefficients for colocalization and fluorescence ratios
were determined by quantification of the mean
fluorescence intensity of segmented structures and for
single planes of acquisition at the IS plane (closest z
plane to the PAA gel surface). Specifically, for
colocalization analysis only single planes and individual
regions of interest of the single cells were used and
quantified with JaCoP plugin for Fiji software following its
instructions. Determination of the localization index for
differential accumulation of lysosomes in central or
peripheral zones of the cell, was adapted from previous
publications (Ibafiez-Vega, Fuentes, et al., 2019).
Nuclear and cytoplasmic accumulation was calculated

following “Cyt/Nuc” plugin for Fiji (Grune et al., 2018).



Statistical analysis

All data presented was tested for normality and
homoscedasticity; accordingly, appropriate statistical
tests were applied considering those factors. Data in
plots and graphs are expressed as fold change of mean
or mean * SEM. If corresponding, experiments were
analyzed by Student’s t-test or Mann-Whitney test
following Gaussian and non-Gaussian distribution,
respectively after performing d’Agostino and Pearson
omnibus normality test. In cases where two conditions
are shown, two-way ANOVA with Sidak’s multiple
comparison test was performed if data followed normal
distribution. When datasets followed non-gaussian
distributions, Kruskal-Wallis tests were applied with
Dunn’s a-posteriori multi comparison examination.
Experiments were carried out with a sum of n 2 30 cells
pooled from N = 3 biological replicates. Error bars shown
are mean * SEM. Statistical analysis was performed with
Prism (GraphPad Software) and RStudio. For
significance, p-values were calculated using different

tests mentioned above and are illustrated in each figure.

Results and discussion

The rigidity of the antigen-associated surface
regulates actin remodeling and spreading responses
in B cells

Upon interaction with surface-tethered antigens, B cells
trigger a spreading response to maximize antigen
encounter and uptake (Yuseff et al., 2013). In this study,
we aimed to characterize cytoskeletal and vesicular

responses coupled to mechanical cues sensed through

the B cell receptor (BCR).

To examine this, B cells were activated for different time
points on surfaces containing BCR ligands associated to
polyacrylamide (PAA) gels of 0.3 and 13 kPa, hereafter
referred to as "soft" and "stiff" gels, respectively (Fig. EV1
A). The stiffness of the gels was measured by atomic
force microscopy (AFM) and values obtained for soft and
stiff gels (Fig. EV1 B) were consistent with previous
reports. These mimicked physiological and pathological
mechanical cues (Wan et al., 2013). BCR* ligands (F(ab')2
anti-IgG) coupled to both soft and stiff gels exhibited
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similar binding densities (Fig. EV1 C) and formed a

continuous and homogeneous layer under all conditions.

B cells seeded onto gels of different stiffness, without
BCR* ligands exhibited no alterations in cell spreading
after 5 and 30 minutes (Fig. EV1 D-E). Conversely, B cells
seeded over stiff substrates containing BCR" ligands,
exhibited higher spreading responses after 15 and 30
minutes, in comparison with those seeded over softer
substrates (Fig. 1A). Mean areas of B cells activated
under stiff conditions were in the range of 300-400 pm?
compared to an average of 100 pm?for B cells activated
under soft conditions (Fig 1B). These observations
suggest that B cells possess a BCR-dependent
mechanosensing pathway that controls cell spreading in

response to substrate rigidity coupled to BCR* ligands.

Additionally, when examining actin cytoskeleton
organization in these cells, we observed an increase in
the number of actin foci and lamellipodia area (Figs. 1C,
D insets A and B respectively) in B cells activated on
stiffer substrates compared to soft substrates. Actin foci
structures are considered a hallmark of B cell mechano-
responses by engaging on inward forces that facilitate
antigen concentration and internalization (Roper et al.,
2019). These results support the idea that mechanical
cues shape the activation of B cells, impacting the
structure of the actin cytoskeleton, prompting us to
explore how B cells couple the detection of physical cues
during B cell activation to regulate antigen extraction and

presentation.

B cells elict mechanotransduction pathways during
activation as a response to variable substrate
stiffness.

Until now, our results reveal that during activation, B
cells remodel their actin cytoskeleton in response to
external physical cues. The focal adhesion kinase (FAK)
is involved in mechanosensitive responses, promoting
the assembly of focal adhesions to support membrane
protrusion during cell spreading and migration (Li et al.,

2023).
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Fig 1. Substrate stiffness regulates cytoskeleton B cell responses upon BCR stimulation

(A) B cells seeded over stiff or soft substrates at different activation times. Actin (phalloidin) is shown in black. Red squares delimit actin foci and
lamelipodia areas. (B) Quantification of cell spreading areas in (A) defined by actin staining. (C-D) Quantification of actin foci detected and
lamellipodia area, respectively, for cells seeded on soft or stiff substrates. (E) Representative images of fixed cells interacting with soft or stiff
substrates. pFAK in green and cell outline in red. pFAK is shown as segmented particles (spots). (F) count of pFAK spots from experiments
performed in (E). For every experiment, shown data considers n 2 30 cells pooled from N = 3 biological replicates. All scale bars are 5 pm. P values

illustrated with asterisks are ** < 0.01,*** <0.001, **** <0.0001. Error bars are mean = SEM.



In B cells the phosphorylated active form of FAK (pFAK) is

increased upon BCR stimulation in an integrin-

“;

independent manner known as “inside-out activation”
through phosphorylation by PKCb (Shaheen et al., 2017).
Thus, we next sought to determine whether in our model
B cells could promote FAK activation in response to
substrate stiffness. Our results show that B cells
activated on stiff surfaces display increased levels of
pFAK, observed as individual spots, in comparison to soft
(Fig. 1E-F).

upregulated at earlier time points of activation (5 to 15

conditions pFAK spot number was
minutes) and decreased after 30 minutes. We confirmed
this by immunoblot analysis, which showed higher levels
of pFAK in cell lysates from B cells activated on stiffer

substrates at similar time points (Fig. EV1 F-G).

We also verified that B cells induce stronger BCR
signaling responses when activated on stiffer versus soft
substrates (Fig. EV2 A). After 15 minutes of activation, B
cells activated on stiffer substrates displayed higher
levels of phospho-AKT and phospho-ERK in comparison
to softer conditions (Fig. EV2 B). Taken together, these
findings show that BCR-mediated mechanosensing in
response to substrate stiffness activates FAK and BCR
downstream signaling molecules that regulate spreading
and signaling pathways associated with enhanced states

of B cell activation.

Tubulin acetylation is enhanced in a
mechanosensory-dependent manner during B cell
activation.

During engagement with antigens, B cells remodel their
actin cytoskeleton according to external mechanical
cues; however, the impact of such cues on lysosome

trafficking have not been addressed.

Intracellular trafficking relies on the organization of the
MT network, where posttranslational modifications of
tubulin can tune MT dynamics and impact vesicle
transport (Janke and Magiera, 2020). Acetylation of alpha
tubulin at lysine 40 stabilizes the tubulin lattice, and
ensures the accumulation of KIF proteins that promote
synaptic vesicle transport in neurons (Bhuwania, Castro-

Castro and Linder, 2014). Whether physical cues
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regulate lysosome transport at the IS by modifying

microtubule PTMs remained to be determined.

Thus, we evaluated if acetylation of the MT network is
regulated by physical cues sensed by B cells through
their BCR. To this end, B cells were seeded over soft or
stiff BCR*-coupled PAA gels for 5, 15 and 30 minutes and
stained for alpha tubulin (a-Tub) and acetylated tubulin
(Ac-Tub). Noticeably, B cells activated on stiff surfaces
displayed higher levels of Ac-Tub compared to cells
activated on soft substrates (Fig. 2A), which was
measured as the total amount of Ac-tubulin and as a ratio
to total tubulin levels (Fig. 2 B-C). This result was
confirmed by western blot analysis of cell lysates from B
cells activated on stiff and soft substrates, showing that
levels of Ac-Tub were upregulated in a time and stiffness-

dependent manner (Fig EV2 C-D).

Mechano-responses to substrate rigidity by other cell
types during adhesion and migration involve microtubule
acetylation, which promotes the release of GEF-H1 from
microtubules into the cytoplasm to increase Rho activity
and cell contractility (Seetharaman et al., 2022). We
therefore evaluated levels and localization the Rho-
GTPase GEF-H1, which is released from acetylated
microtubules upon BCR activation and interacts with the
exocyst complex to promote lysosome tethering at the
immune synapse (Sdez et al., 2019). By using the
experimental setup described above, we observed that B
cells interacting with stiffer substrates, displayed higher
levels of GEF-H1 at the IS plane compared to cells
activated on soft substrates (Fig EV2 E-F).

This result is consistent with B cells progressively
enhancing the acetylation of tubulin at the IS interface
upon stimulation with stiffer substrates. Collectively,
these findings strongly support the notion that B cells
respond to physical cues by enhancing tubulin
acetylation, which is coupled to the accumulation of
GEF-H1 at the synaptic membrane, previously shown to
promote lysosome tethering at this interface. Therefore,
we next evaluated whether this mechanosensory
response directly impacts lysosome trafficking at the

immune synapse of B cells.
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Fig. 2 Tubulin acetylation is enhanced during B cell activation on stiff substrates

(A) Representative images of fixed cells interacting with soft or stiff substrates at different time points. Alpha tubulin (a-Tub) and Acetylated tubulin

(Ac-Tub) are shown separately and in composite format. (B) Ac-Tub density calculations based on MFI at the IS for images in (A). (C) Ac-Tubulin / a-

Tubulin MFI ratios quantified at the IS for images in (A). For every experiment, shown data considers n 2 30 cells pooled from N = 3 biological

replicates. All scale bars are 5 um. P values illustrated with asterisks are ** < 0.01,*** <0.001, **** <0.0001. Error bars are mean + SEM.

Substrate stiffness regulates lysosome positioning
and dynamics at the IS

To assess whether physical cues sensed by B cells have

normalized with respect to the spreading area of each
cell. As shown in Fig. 3B, cells stimulated on stiffer

surfaces exhibited increased accumulation of lysosomes

. . at the IS, after 15 minutes of activation compared to
animpact on lysosome positioning, we seeded B cells on

. - . softer substrates. The amount of lysosomes at the center
soft or stiff substrates containing BCR® ligands, at

) . . . . of the IS was comparable in both conditions after 30
increasing time points. Cells were then stained for the

minutes of activation. However, the number of

lysosomal marker LAMP1 together with an actin

. . lysosomes at the cell periphery was lower in B cells

cytoskeleton marker and imaged using confocal
. . o . interacting with stiffer substrates, suggesting that the

microscopy (Fig. 3 A). The distribution of LAMP1* vesicles
o . ) ) . lysosomes are retained more efficiently at the center of

within the intracellular space, defined by cortical actin
the synaptic plane in B cells activated by antigens

cytoskeleton was analyzed as follows: the total cell area

. associated to surfaces with higher stiffness (Fig. 3B).
was divided into 3 equally concentric sections (Fig. EV2

G) and raw intensity fluorescence values obtained were
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Additionally, we quantified the number of LAMP1*
particles at the z-plane juxtaposed to the antigen-coated
surface (Fig. EV3 A.) in B cells interacting with soft or stiff
substrates. As expected, we found more lysosomes at
the IS plane of B cells activated onto stiffer substrates.
Interestingly, B cells on stiffer gels and increasing
activation times displayed smaller lysosomes compared
to cells activated on softer substrates (Fig. EV3 B). This
could result from changes in lysosome fusion or fission
dynamics mediated by mechanical cues that remain to

be explored.

We next evaluated how substrate stiffness sensed by B
cells regulates lysosome dynamics. To this end, B cells
labelled with lysotracker were seeded on soft or stiff
substrates coupled to BCR" ligands and live imaging was
performed for 5-20 minutes, an adequate time frame to
evaluate lysosome dynamics during the IS formation

(Séezetal., 2019).

Consistent with results obtained in fixed cells,
lysosomes preferentially accumulated to the cell center
upon activation under stiff conditions, whereas in softer
substrates, lysosomes were evenly dispersed (Fig. EV3
C). When comparing the mean speed and displacement
of lysosomes at the IS, we found that in B cells seeded
onto stiffer substrates, both values were lower compared
to softer ones (Fig. EV3 D), confirming that lysosome
motility and positioning are tuned by extracellular

physical cues during B cell activation.

To investigate the functional impact of MT acetylation on
lysosome dynamics, we first evaluated the co-
localization of Ac-tubulin and LAMP1 in B cells activated

on soft and stiff substrates.

Our results show that in B cells seeded on stiff
substrates, lysosomes progressively increased their co-
localization with Ac-tubulin (Fig.3 C-D), whereas this
parameter remained constant in B cells activated on soft
substrates. These results suggest that there is a
functional link between microtubule acetylation during B
cell and

mechano-responses the positioning of

lysosomes at the IS during B cell activation.
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To precisely determine the effect of tubulin acetylation
on lysosome dynamics in B cells, we evaluated the effect
of SAHA, which enhances tubulin acetylation by
inhibiting the deacetylase enzyme HDACG6 (Séez et al.,
2019).

Treatment with 1 pM SAHA for 30 min effectively led to
enhanced MT acetylation in B cells (Fig. EV3 E-F). Next,
lysotracker-labeled cells were activated on stiff and soft
surfaces for 15 min and imaged during 5 min at 3 seconds
per frame. Lysosome trajectories from each cell under
different conditions were acquired and analyzed. Our
results show that lysosomes from SAHA-treated B cells
activated on soft substrates, exhibited lower mean speed
and were more confined compared to lysosomes from
non-treated cells, displaying parameters similar to

lysosomes from B cells activated on stiff substrates (Fig.

3E-F).

Interestingly, treatment with SAHA had no significant
effect on lysosome dynamics in B cells activated on stiff
substrates, indicating that the level of tubulin acetylation
or the threshold of tubulin acetylation to control
lysosome mobility and positioning achieved by B cells
activated on stiff substrates cannot be further increased
by inhibiting HDACS6. Overall, this result suggests that
tubulin acetylation directly impacts lysosome dynamics

in B cells as a response to extracellular stiffness.
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Fig.3: Lysosome localization and dynamics is dependent on tubulin acetylation as a mechano-response of B cell activation

(A) Representative confocal images of B cells seeded over stiff or soft substrates at different activation times. Cells were fixed and stained for LAMP1
and actin. The cell border (red outline) was defined by actin phalloidin staining. (B) Quantification of lysosome (LAMP1) accumulation either in the IS
center or periphery for cells in (A). The localization index reflects the MFl in a defined area with respect to the total staining in the cell. (C) Representative
images of cells seeded in stiff or soft substrates at different time points. The cell outline was determined with actin staining (white dashed lines). The
synaptic plane is shown with stainings for lysosomes (red) and acetylated microtubules in green. (D) Quantification of lysosome accumulation on
acetylated microtubule tracks from cells shown in (C). Pearson’s correlation coefficient (PCC) is shown for the overlap of both stainings. (E)
Representative timelapse images showing the tracking lysosomes stained with lysotracker (black) on either stiff or soft conditions control (Non treated
- NT) cells and SAHA-treated cells. Lysosome tracks were followed for 5 minutes after seeding the cells for 15 minutes. Tracks in magenta represent
the 15-20 minutes time frames of interaction with the different substrates. (F) Displacement and mean speed of lysosome tracks for experiments
detailed in (E). Data shown considers n 2 30 cells pooled from N = 3 biological replicates. All scale bars are 5 um. P values illustrated with asterisks

are *<0.05, **<0.01, **** <0.0001. Error bars are mean + SEM.
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ATAT1 translocates to the Cytoplasm of B cells
activated on stiff surfaces.

The impact of tubulin acetylation on lysosome dynamics
prompted us to investigate the regulatory mechanisms
controlling this process. Tubulin acetylation is catalyzed
by the acetylase enzyme ATAT1, which shuttles between
the nucleus and cytoplasm (Deb Roy et al., 2022). Given
that tubulin acetylation is enhanced in response to
substrate stiffness during B cell activation, we explored
whether this was coupled to changes in the localization

of ATAT1.

To address this, we seeded B cells in soft and stiff
substrates and evaluated the localization of ATAT1 by
confocal microscopy after different time points of
activation. With increasing times of activation and
stiffness, ATAT1 shifts from the nucleus to the
cytoplasm, which was not observed in B cells activated
on soft substrates (Fig. 4 A,B), supporting our hypothesis
that BCR-mediated mechanosensing enhances tubulin
acetylation by promoting the cytoplasmic localization of

ATAT1.

To confirm that B cells elicit mechanosensory responses,
we show that YES-associated-protein (YAP), a canonical
marker of mechanosensing, is translocated to the
nucleus in B cells activated on substrates with higher
stiffness (Fig. 4 C,D) similarly to other cell types (Panciera
etal., 2017).

ATAT1 regulates lysosome dynamics.

To formally show that ATAT1-dependent microtubule
acetylation regulates lysosome dynamics in B cells, we
silenced ATAT1 expression using siRNA and evaluated its
effect over tubulin acetylation and lysosome distribution.
B cells activated on soft substrates display low levels of
tubulin acetylation, therefore, to confirm the effect of
ATAT1 silencing, we quantified microtubule acetylationin

B cells activated on stiff substrates.
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To this end, B cells were seeded over stiff plastic plates
coupled to BCR" or BCR' ligands for 30 minutes. As
expected, levels of acetylated tubulin were dramatically
reduced upon silencing of ATAT1 compared to control
conditions (Fig. EV4 A-B), confirming the role of ATAT1 in
this process. Interestingly, cells activated over stiff
substrates exhibited greater tubulin acetylation when in
contact with BCR® in control (BCR)

conditions (Fig. EV4 A-B).

ligands than
These findings provide
additional evidence for the mechanosensing role of the
BCR and its link to tubulin acetylation upon its

stimulation.

We next analyzed the effect of silencing ATAT1 in
lysosome positioning in B cells forming an immune
synapse. To this end, B cells were labeled for LAMP1 in
ATAT1-silenced and control cells (Fig. 4E, Fig. EV4 C-D)
and their distribution at the IS upon stimulation in stiff or
soft substrates was analyzed. As anticipated, ATAT1-
silenced B cells activated onto stiff substrates, were
unable to accumulate lysosomes at the center of the IS

after 30 minutes (Fig. 4F).

Silencing ATAT1 also decreased pFAK levels (Fig. EV4 E-
F) at later time points of activation in B cells seeded onto
stiff substrates, suggesting an interplay between the
formation of nascent focal adhesions and tubulin
acetylation, which could involve the release of actin-
factors such as GEF-H1 from the lumen of microtubules

when they are acetylated.

Overall, these results reveal that impairing tubulin

acetylation by silencing ATAT1 results in defective
lysosome positioning at the IS. Hence, ATAT1-mediated
tubulin acetylation emerges as a mechanism for
controlling the correct positioning and dynamics of
lysosomes at the IS in response to external physical

cues.
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Fig.4: ATAT1 Localizes to the cytoplasm of B cells activated on stiff surfaces to promote microtubule acetylation and regulate lysosome dynamics

(A) and (C) Representative images of fixed B cells seeded over stiff or soft substrates at different activation times. ATAT1 is shown in green, the nucleus
in blue (Hoechst), and the actin cytoskeleton in red, stained with Phalloidin. (B) Quantification of nuclear or cytoplasmic accumulation of ATAT1 from
cells in (A). The distribution index (y-axis) indicates the fraction of ATAT1 fluorescence in the nucleus (N) or the cytoplasm (C, excluding the nucleus)
with respect to the total area of the cell. (C) YAP is shown in green, the nucleus in blue (Hoechst), and the actin cytoskeleton in red, stained with
Phalloidin. (D) Quantification of YAP nuclear or cytoplasmic accumulation from cells in (C) using the distribution index. (E) Images of B cells seeded
over stiff substrates at different activation times in non-silenced (si CTL) or silenced for ATAT1 (si ATAT1). Lysosomes (LAMP1) are shown in green and
the actin cytoskeleton in red, stained with Phalloidin. (F) Quantification of LAMP1 accumulation at the IS center or periphery from cell in (E). Shown
data considers n 2 30 cells pooled from N = 3 biological replicates. All scale bars are 5 um. P values illustrated with asterisks are: * < 0.05, **** <0.0001.

Error bars are mean + SEM.



The efficiency of antigen presentation by B cells
depends on substrate stiffness and ATAT1.

A fundamental step in B cell activation is the capacity of
these cells to present external antigens as peptides
loaded on MHC class Il molecules to T cells. This enables
B-T cooperation and provides survival signals for B cells
to sustain their maturation and differentiation into
plasma cells (Akkaya, Kwak and Pierce, 2020). To directly
evaluate whether physical cues regulate the capacity of
B cell to extract and present antigens, B cells were
seeded over substrates of different stiffness containing
BCR* ligands together with the LACK antigen from
Leishmania major. The ability of the cells to present
MHC-II-LACK processed peptide complexes derived
from the substrates to a specific T cell hybridoma that
recognizes processed antigen was measured by
monitoring IL-2 secretion by activated T lymphocytes.
Importantly, we included a positive control for extreme

stiffness (glass) coupled to BCR* or BCR' ligands.

As shown in Fig.5 A, B cells seeded on immobilized
antigens associated to stiffer substrates, triggered higher
IL-2 production from T cells in comparison with B cells
activated on soft substrates. This suggests a positive
correlation between substrate stiffness, the presence of
an activating BCR ligand, and the capacity of B cells to
extract, process, and present antigens to T cells.
Increasing levels of stiffness had no effect on the
presentation of the LACK "'7% peptide, showing that
varying substrate rigidity does not significantly influence

T cell responses or B-T cell interactions (Fig. 5 B).

Having shown that physical cues from the environment
regulate the capacity of B cells to extract and present
immobilized antigens, we next evaluated whether this
relied on ATAT1-dependent microtubule acetylation. For
this purpose, B cells were silenced for ATAT1 and their
capacity to extract and present antigens was assessed
using the aforementioned experimental setup. As shown
in Fig. 4 C, the capacity to present Lack antigen
associated to stiff substrates was lower in ATAT1-

silenced B cells compared to controls cells.
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However, no significant differences between control and
ATAT1-silenced cells were observed when activated on

soft substrates.

This result is consistent with our observations showing
that B cells activated on soft substrates display low
levels of translocation of ATAT1 to the cytoplasm and
therefore silencing of this enzyme should not have a
major effect on antigen presentation. Additionally, the
capacity of ATAT1-silenced B cells to present processed
LACK8178 peptide was slightly decreased compared to
control cells (Fig.5 D), suggesting that B-T cell
interactions could be affected. Collectively, these results
suggest that silencing ATAT1 renders B cells insensitive
to substrate rigidity during activation, compromising their

capacity to enhance antigen extraction and presentation.

In summary (Fig. 5 E), our results highlight how B cells
couple mechanosensing pathways to control lysosome
dynamics and tune their capacity to extract and present
immobilized antigens. We show that B cells respond to
substrate stiffness translocating ATAT1 from the nucleus
to the cytoplasm, thereby increasing tubulin acetylation,
which in turn promotes stable lysosome recruitment at

the IS.

Notably, upon interaction of B cells with stiffer
substrates, their lysosomes exhibit a more concentrated
pool at the center of the immunological synapse,
displaying slower speed and less displacement
compared to lysosomes from B cells activated on softer
substrates.

These changes in lysosome dynamics

correlate with the levels of tubulin acetylation,
upregulated by B cells in response to substrate stiffness,
where lysosomes preferentially associate to acetylated

tubulin tracks in stiffer conditions.

Overall, these findings underscore the existence of a
cellular pathway that connects antigen-extraction
mechanisms with mechanical cues originating from
APCs, which BCR-mediated

are regulated by

mechanosensing.
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(A) illustration of basic workflow with PAA gels. First, soft or stiff gels are coupled to BCR-activating ligands. Then cells are seeded
for different time points, fixed and used for live imaging, or lysed for protein extraction. (B) Atomic force measurements for stiffness
of the gels used in this work. Soft values are considered to be 0.3 kPa and stiff, 13 kPa. (C) representative confocal image for the Z
cross-section of a PAA gel coupled to a fluorescently labeled BCR* ligand. Scale bar = 2um. Bottom: analysis for antigen distribution
(BCR" ligand) based on MFI values acquired in confocal microscopy. (D) Representative images obtained in confocal microscopy
depicting the actin cytoskeleton spreading labeled with phalloidin (red) when B cells are seeded over gels coupled to a BCR" ligand
(non-activating). (E) Quantification of the spreading area from experiments depicted in (D). (F) Immunoblots for pFAK and GAPDH in
cells seeded at different time points and stiffnesses. (G) Quantifications for (F) based in the relative abundance of pFAK with respect
to GAPDH. Shown data considers n 2 30 cells pooled from N = 3 biological replicates. Scale bars are 5 um. P values illustrated with

asterisks are: * <0.05, ** < 0.01, *** <0.001, **** <0.0001
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(A) Immunoblot for pAKT, pERK and GAPDH in cells seeded at different time points and stiffnesses. (B) Quantifications for (A) based
in the relative abundance of pAKT and pERK with respect to GAPDH. (C) Immunoblotting for Ac-Tub and GAPDH in cells seeded at
different time points and stiffnesses. (D) Quantifications for (C) based in the relative abundance of Ac-Tub with respect to GAPDH.
(E) Representative images of fixed cells interacting with soft or stiff substrates at different time points. GEF-H1 is shown in a gradient
of magenta according to fluorescence intensity. (F) Quantification of GEFH1 intensity at the IS for the experiments represented in
(E). (G) lllustration for the localization index used to determine the differential accumulation of lysosomes in each cell. Shown data
considers n 2 30 cells pooled from N = 3 biological replicates. Scale bars are 5 um. P values illustrated with asterisks are: * < 0.05,

**<0.01, ™ <0.001.
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(A) Quantification for LAMP1* particles at the IS showing the number of particles detected at the IS in the different experimental
conditions. In (B), every graph depicts summary measurements for individual cells (individual circles) considering the mean area
values for segmented LAMP1 particles (x-axis) and the number of segmented particles found at the IS on that cell. (C) Representative
images for lysosome tracking in B cells stained with lysotracker (magenta) and activated on either stiff or soft conditions. (D)
Displacement and mean speed of lysosome tracks for experiments in (C). (E) Immunoblot to evaluate the effect of the drug SAHA on
microtubule acetylation with its correspondent quantification in the fold of change for tubulin acetylation compared to non-treated
cells (CTL). (F) Quantification of the effect of SAHA on Ac-tubulin fold of change with respect to total tubulin. Shown data considers

n 2 30 cells pooled from N = 3 biological replicates. Scale bars are 5 um. P values illustrated with asterisks are: * < 0.05, **** <0.0001
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Aims 1 and 2 - Manuscript 2: Quantitative analysis of the B cell immune synapse formation
using imaging techniques.

The following accepted manuscript, in which | participated as a co-corresponding author,
encompasses various protocols for image analysis in the context of immune synapse formation in B
lymphocytes. These methods have been actively enhanced and developed with my support in the
laboratory and constitute a part of the methodology used to analyze the results presented in manuscript
1.

Authors: Corrales Vazquez, Oreste! *., Contreras, Teemly! *., Alamo Rollandi, Martina., Del Valle
Batalla, Felipe!., Yuseff, Maria-Isabel.

(1) Laboratory of Immune Cell Biology, Department of Cellular and Molecular Biology, Pontificia
Universidad Catolica de Chile, Santiago 8331150, Chile

* Equal contribution

Corresponding Authors: Yuseff, Maria-Isabel., Del Valle Batalla, Felipe.

Abstract

This chapter presents a series of quantitative analyses that can be used to study the formation of the
immune synapse (IS) in B cells. The methods described are automated, consistent, and compatible
with open-source platforms. The IS is a crucial structure involved in B cell activation and function,
and the spatiotemporal organization of this structure is analyzed to provide a better understanding of
its mechanisms. The analyses presented here can be applied to other immune cells and are accessible
to researchers of diverse fields. In addition, the raw data derived from the results can be further
explored to perform quantitative measurements of protein recruitment and tracking of intracellular
vesicles. These techniques have the potential to enhance not only our understanding of the IS in B

cells but also in other cell models.
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Quantitative analysis of the B Cell immune synapse
formation using imaging technique

Oreste Corrales Vazquez, Teemly Contreras, Martina Alamo Rollandi,
Felipe Del Valle Batalla, Maria-Isabel Yuseff.

Abstract

This chapter presents a series of quantitative analyses that can be used to study the formation of the immune
synapse (IS) in B cells. The methods described are automated, consistent, and compatible with open-source
platforms. The IS is a crucial structure involved in B cell activation and function, and the spatiotemporal organi-
zation of this structure is analyzed to provide a better understanding of its mechanisms. The analyses presented
here can be applied to other immune cells and are accessible to researchers of diverse fields. In addition, the raw
data derived from the results can be further explored to perform quantitative measurements of protein recruit-
ment and tracking of intracellular vesicles. These techniques have the potential to enhance not only our under-
standing of the IS in B cells but also in other cell models.

1 Introduction
B cells are a crucial part of the immune response as they can differ-
entiate into plasma cells that produce and secrete antibodies and be-
come memory B cells that provide long-term protection against new
and recurrent infections [1]. To fulfill these functions, naive B cells
must first be activated in lymphoid tissues upon interaction with an-
tigen-presenting cells (APCs) such as macrophages or dendritic cells.
This initial interaction with an APC is known as the immune synapse
(IS), a highly organized structure formed between immune cells [2].
The formation of the IS involves a complex and highly regulat-
ed series of events comprising cytoskeleton rearrangement, actin re-
modeling, lysosome recruitment, MTOC polarization, and associated
functions such as antigen extraction and changes in cell shape during
the IS formation. Actin and microtubule cytoskeletons are remodeled
to focus vesicle trafficking important for antigen extraction and pro-
cessing, as well as to provide a platform for signaling molecules that
regulate B cell activation [3].

Oreste Corrales Vizquez and Teemly Contreras contributed equally to this work.
Corresponding Authors: Yuseft, Maria-Isabel., Del Valle Batalla, Felipe.

49



To quantify and understand the mechanisms underlying the forma-
tion of the B cell IS, imaging techniques are essential. Despite recent
advances in techniques and computational tools, the accurate analysis
of IS formation remains a challenging task. This is due to variations in
the quality and consistency of sample preparation, the heterogeneity
of individual cells, and the complexity of the data obtained from im-
aging analysis. Nevertheless, these challenges can provide important
insights and opportunities for the development of improved strategies
for data analysis.

Here, we present a series of quantitative analyses of the B cell IS
formation using automated and consistent workflows compatible with
open-source platforms. The following methods are recommended to
minimize bias and ensure reproducibility in data analysis. The use of
these analyses can be extrapolated to other immune cells, such as T
cells, dendritic cells, macrophages, and other cell models that exhibit
polarized phenotypes under different biological contexts.

2 Materials and methods

2.1 Cells and
culture

2.2 Antibodies

1. The mouse B lymphoma A20 cell line was used for experiments
that serve as an example. These cells have the phenotype of quies-
cent mature B-cells expressing surface IgG2a as a BCR [4].

2. Culture and experimental medium (CLICK): RPMI 1640 sup-
plemented with 2-10 mM glutamine, 100 U/mL penicillin, 100
pg/mL streptomycin, 50 uM 2-mercaptoethanol (2-ME), 5 mM
sodium pyruvate, and 10 or 5% fetal bovine serum (FBS) for cell
culture or activation experiments, respectively.
1X phosphate-buffered saline (PBS) sterile.

and Reagents
anaryl_secondary Host Reactivity Catalog ID Observations
antibody
Labels the microtubule network.
. . ab6160, 1:500 dilution, fixation with
Anti-a-tubulin Rat Mouse Abcam methanol or paraformaldehyde
(PFA) 3%.
ab170414 Labels the microtubule network.
Anti-Cep55 Rabbit Mouse ? 1:500 dilution, fixation with PFA
Abcam 3%
0.
Labels the microtubule organiz-
. . . ab179503, ing center (MTOC) or centro-
Anti-y-tubulin Rabbit Mouse Abcam some. 1:500 dilution, fixation
with methanol.
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3

Labels the microtubule organiz-

N . . ab4448, ing center (MTOC) or centro-
Anti-pericentrin Rabbit Mouse Abcam some. 1:500 dilution, fixation
with methanol.
. 553792, Labels lysosomes. 1:200 dilution,
Anti-LAMP1 Rat Mouse BD Pharmigen | fixation with PFA 3%.
AffiniPure F(ab’), 711-546-152,
Fragment Alexa Flu- | Donkey Rabbit Jackson Immunore- | 1:500 dilution.
or 488, IgG (H+L) search
AffiniPure F(ab’), 711-166-152,
Fragment Cy3, IgG | Donkey Rabbit Jackson Immunore- | 1:500 dilution.
(H+L) search
AffiniPure F(ab’), 711-606-152,
Fragment Alexa Flu- | Donkey Rabbit Jackson Immunore- | 1:500 dilution.
or 647, IgG (H+L) search
AffiniPure F(ab’), 712-546-150,
Fragment Alexa Flu- | Donkey Rat Jackson Immunore- | 1:500 dilution.
or 488, IgG (H+L) search
AffiniPure F(ab’), 712-166-153,
Fragment Cy3, IgG | Donkey Rat Jackson Immunore- | 1:500 dilution.
(H+L) search
AffiniPure F(ab), 712-606-153,
Fragment Alexa Flu- | Donkey Rat Jackson Immunore- | 1:500 dilution.
or 647, IgG (H+L) search
Hoechst H3570, Labels the nucleus. 1:1000 dilu-
occhs Invitrogen tion, fixation with PFA.
Rhodamine phalloi- R415, Labels polymerized actin. 1:400
din Invitrogen dilution, fixation with PFA.
Consider the size of the beads de-
NEH-2 Beads Polysciences, Inc. | pending on the cell that will inter-

Cat. No. 17145-5

act with them. In our model, we
use 3 pm Micros size for beads.

Fluoromount G

Electron Microsco-
py Sciences,
Cat No. 17984-25

Add 5 pL for 10 mm coverslips
and 7 pL for 12 mm coverslips

Microscope Cover
Glasses

Paul Marlenfeld
Gmb H &Co
Ref 0111500

If super-resolution techniques
will be used, consider alternatives
more suitable with the optical
configuration.

For additional information about materials see Note 1.

2.3 Preparation of
antigen-coated
beads

1. To activate B cells, use NH2-beads covalently coated with antigen
(antigen-coated beads), which are prepared using 50 pL (~20*106
beads) of 3 pm NH2-beads and activating (BCR-ligand+) or
non-activating (BCR-ligand-) antigens.

2. For A20 B cells, which are an IgG+ FcyR-defective B cell line
with the phenotype of quiescent mature B-cells, use the anti-IgG-
F(ab’)2 fragment as BCR-ligand+ and anti-IgM-F(ab’)2 or bovine
serum albumin (BSA) as BCR-ligand-. See Note 2.
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2.4 Preparation of
antigen-coated
coverslips

2.5 Preparation of
poly-L-lysine
coverslip

9.

To prepare antigen-coated beads, place the 50 pL of beads in a
low-binding protein microcentrifuge tube containing 1 mL of 1X
PBS to maximize the beads recovery during the sample manipu-
lation, and centrifuge at 16,000 g for 5 min to wash the beads.
Discard the supernatant.

Resuspend the beads with 500 uL of 8% glutaraldehyde to activate
the NH2 groups and rotate for 4 h at room temperature (RT),
protected from light.

CAUTION: The glutaraldehyde stock solution should only be
used in a chemical fume hood. Follow the instructions on the ma-
terial safety data sheet (MSDS).

Centrifuge beads at 16,000 g for 5 min, remove the glutaralde-
hyde and wash the beads three times with 1 mL of 1X PBS.
CAUTION: Glutaraldehyde solution should be discarded as haz-
ardous chemical waste.

Resuspend the activated beads in 100 pL of 1X PBS. The sam-
ple can be divided into two low-protein binding microcentrifuge
tubes: 50 pL for the BCR-ligand+ and 50 pL for BCR-ligand-.

To prepare the antigen solution use two 2 mL low-protein binding
microcentrifuge tubes containing 100 pg,/mL of antigen solution
in 150 pL of PBS: one tube with BCR-ligand+ and the other with
BCR:ligand-.

. Add 50 pL of activated beads solution to each tube containing 150

pL of antigen solution, vortex, and rotate overnight at 4 °C.
Add 500 pL of 10 mg/mL BSA (in PBS 1X) to block the remain-
ing reactive NH2 groups on the beads and rotate for 1 h at 4 °C.

10. Centrifuge the beads at 16,000 g for 5 min at 4 °C and remove the

supernatant. Wash the beads with cold 1X PBS three times.

11.Resuspend activated beads in 40 pL of 1X PBS.
12.To determine the final concentration of the antigen-coated beads,

dilute a small volume of beads (~1 pL) in 1X PBS (1:200) and
count them using a hemocytometer. Then store at 4°C until use.
See Note 3.

. Prepare the antigen solution: 1x PBS containing 10 pg/mL

BCR:-ligand+. See Note 4

Place the 12- or 10- mm coverslip onto a 24-well plate lid covered with
parafilm, add 40 pL of antigen solution onto each coverslip, and
incubate in a humid chamber at 4 °C overnight. Seal the plate to
avoid evaporation of antigen solution.

Wash the coverslips gently with with 100uL of 1X PBS using Pas-
teur pipettes before continuing to next steps. To prevent the cov-
erslips from drying out, store them in 1X PBS until use.

Prepare 40 mL of 0.01 % w/v of poly-L-lysine solution. Use a 50

mL tube to immerse 10 mm coverslips into the solution and rotate
overnight at RT. See Note 4.
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2.6 B cell activation
with antigen-
coated beads

2.7 B cell activation
on antigen-coated
surface

2.8 Immunofiuores-
cence

2.

—

Wash the poly-L-lysine coverslips (PLL-coverslips) with 1X PBS
and leave to air dry on a 24-well plate lid covered with filter paper.

Dilute B cells to a final concentration of 1.5*106 cells/mL in
CLICK medium with 5% FBS.

Add 150,000 of antigen-coated beads to 100 uL of B cells
(150,000) in 0.6 mL tubes to obtain a ratio of 1:1, respectively.
Mix gently using a vortex and seed the 100 pL onto the PLL-cov-
erslip. Incubate for different time points in a cell culture incubator
(37 °C and 5 % CO2). The typical activating time points are 0, 30,
60, and 120 min. For time 0 min, place the PLL-coverslips into
the 24-well plate lid on ice. Add the antigen-bead mixture to the
cells and incubate for 5 min on ice. See Note 5.

. After each time point, carefully aspirate the media off each cover-

slip and add 100 pL of cold 1X PBS (1 - 3 minutes) to stop the
activation. Continue with the immunofluorescence protocol. See
section 8.

Dilute B cells to a final concentration of 1.0*106 cells/mL in
CLICK medium with 5% FBS.

Add 80 pL of B cells (80,000) onto an antigen-coated coverslip
(antigen-coverslip) and activate for different time points in a cell
incubator at 37 °C / 5% CO2. The typical activating time points
are 0, 15, 30 and 60 min. For time 0, use PLL-coverslip and add
the cells. Incubate for 5 min.

After each time point, carefully aspirate the media off each cover-
slip and add 100 pL of cold 1X PBS (1 - 3 minutes) to stop the
activation. Continue with the immunofluorescence protocol. See
section 8.

Remove the 1X PBS and proceed with the fixation of each cover-
slip. See Note 6.

Add 50 pL of cold 3% PFA in PBS 1X and incubate for 10 min at
(RT).

CAUTION: PFA is toxic. Please read the MSDS before working
with this chemical. PFA solutions should only be prepared under a
chemical fume hood wearing gloves and safety glasses. PFA solu-
tion should be discarded as hazardous chemical waste.

Wash three times with 1X PBS as explained in 6.3. See Note 7.
Remove 1X PBS and add 50 pL of blocking buffer (2% BSA and
0.3 M glycine in 1X PBS) onto each coverslip and incubate at RT
for 10 min. Wash oft the blocking buffer with 1x PBS.

Prepare the antibodies dilution in permeabilization buffer (0.2%
BSA and 0.05% saponin in 1X PBS). Place 40 pL drops of primary
antibody solution on a 24-well plate lid or a plastic petri dish lid
covered with parafilm. Place the coverslips with fixed cells over
each drop and incubate in a humid chamber at 4 °C overnight.
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Seal the plate to avoid evaporation of antigen solution. See Note
7 and 8.

6. Wash the coverslips three times with permeabilization buffer.

7. Dilute the secondary antibodies or dyes in permeabilization buffer,
using 40 pL per coverslip. Place the coverslips over drops of sec-
ondary antibody dilutions and incubate for 1h at RT in dark and
humid chambers.

8. Wash the coverslips twice with permeabilization buffer and once
with 1X PBS.

9. Remove the PBS solution from the coverslips.

10.Add 5 nL of mounting reagent to a microscope slide. Mount the
coverslips onto the slide with the cell side facing down. Allow the
slides to dry for 30 min at 37 °C or RT overnight protected from
light. See Note 9.

11. Acquire fluorescence images on a confocal or widefield microscope
with a 60X or 100X objective according to sample and cell size. Im-
ages acquired for bead assays were obtained in a Nikon Ti Eclipse
inverted microscope with 60X,/1.45NA oil objective. For spreading
assays, a Zeiss LSM880 Confocal microscope (Airyscan detector)
with 63X /1.4NA oil immersion lens was used. See Note 10.

3 Analysis of B lymphocytes activation with immobilized antigens

As mentioned above, cytoskeleton rearrangement, centrosome, and ly-
sosome polarization to the antigen contact site are prerequisites and key
hallmarks of immune synapse formation. The following protocols detail
B cell activation using antigen-coated beads and surfaces with BCR+ or
BCR- ligands that emulate an APC. The selection of either method of
activation depends on the user needs and experimental design.

The activation of B cells with antigen-coated beads is useful to evalu-
ate and polarization of intracellular structures (e.g. cytoskeleton, or-
ganelles) towards a particular region of the cell, in this case, a sur-
face mimicking an Antigen presenting cell. One of the limitations of
this technique is the number of beads that randomly become in con-
tact with cells under the experimental conditions. The user should
be aware that finding cells in contact with beads at shorter times of
activation could be challenging. On the other hand, antigen-coated
surfaces, such as coverslips are suitable for analyzing organelle distri-
bution and dynamics at the IS in 2D and 3D, and also allows the user
to employ high-resolution techniques, such as TIRF microscopy, to
explore features of the synaptic plane. A caveat of this method is the
limited control of the amount of ligand adsorbed and the uneven dis-
tribution on the surface. References [3] and [6] illustrate examples us-
ing Antigen-coated Beads and Antigen-coated coverslips, respectively.
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Quantitative analysis of the B Cell immune synapse formation using imaging techniques 7

3.1 Image and
microsco-
pyanalysis

We will explain the image analysis to study the recruitment of different
organelles during B cell IS formation in B cells. These methods can be
extrapolated to other cell models that present polarized phenotypes or
differential recruitment of organelles to discrete cell regions.

It is important for the user to consider the different alternatives to per-
form quantitative imaging analysis when studying structural features
of the immune synapse. For observations of B cell receptor distribu-
tion the most suitable approach is to use a high numerical aperture
objective and TIRF illumination, which due to the short penetration
depth of the evanescent field (~100 nm) improves signal-to-noise ra-
tio for observing movement of molecules at the cell membrane. If
not available, confocal microscopy can provide sufficient resolution to
perform 3D imaging and determine colocalization of labels, organelle
distribution and particle segmentation. For other experiments, a wide-
field illumination microscope is useful to quantify organelle distribu-
tion and other measurements that we show in this chapter.

After microscopy and image acquisition, we advise users to save raw
images in .tif format at the highest bitrate. It is also convenient to use
an output as a single file that preserves Z-slices and channels, such
as hyperstacks. Fiji has a built-in macro .tif converter available in the
“Process” -> “Batch” -> “Convert...” menu that works for these pur-
poses. For convenient file handling and posterior use, we strongly sug-
gest that files be named correctly with channel information (e.g. stain-
ing) and assigned pseudocolor. We also recommended adding a brief
description of the experiment in a text file inside the image folder.

The following algorithms are described for Fiji - Image] software [5],
which have been tested and work in versions 1.52 to 1.53t of said
software. We recommend downloading the Bio-formats plugin for im-
porting image files. No other plugins are needed for running the mac-
ros used in this chapter. However, this can be performed using equiv-
alent software such as Napari or others if instructions are adjusted to
those working environments. For R scripts, all codes were written and
tested in R 4.2.2 |, packages Tidyverse and Readr are needed.

The mentioned Image]-compatible macros and R scripts are available
to download at https://github.com/YuseffLab/Image-Analysis. All
codes are commented to be self-explanatory. If the user needs more
details on how to use the R language, several open source projects are
available for learning the fundamental concepts for use of this pro-
gramming language (https: //swirlstats.com/students.html , https: //
r4ds.had.co.nz/).

As we have done for this chapter, for statistical analysis, we recom-
mend using 3 individual biological replicates with at least 20 cells per
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experiment. It is critical to check for normality of data and remove
outliers when identified by statistical tests.

Finally, for all the following Fiji instructions the user should configure
the “Set measurements” menu. This can be found in the “Analyze”
tab. Select all measurements except “Limit to threshold”, “Invert Y
coordinates”, “Add to overlay”, “Scientific notation” and “NaN empty

cells”. This will provide all of the information needed for the analyses.

4 Analysis of the distribution of organelles in B cells activated with antigen-

coated beads

4.1 Estimate the
polarity index for
the centrosome.
See Note 11.

The next protocol details the steps to quantify the polarization of cell
components to the IS. In this case, we define an arbitrary value, the
polarity index, as a measure of proximity to the IS. The index rang-
es between -1 (anti-polarized) and 1 (fully polarized, object on the
bead), as previously presented by Reversat et al [6].

We use this algorithm to analyze the polarity of organelles that display
a discrete point. In this case we have labeled the centrosome with
a-tubulin (see table 1).

1. First, it is recommended to crop individual cells using the cell_cut-
ter.ijm (drag and drop into Fiji main window) macros available on
the GitHub repository. Instructions are available in the code.

2. Open the image and define the bead and cell areas to analyze using
the circle tool selection to delimit both boundaries and save them
as regions of interest (ROI) (Figure 1). If the cell has an irregular
shape, the freehand tool can be used to select the area. For cell out-
line delimitation, both actin staining or bright field can be used.

3. Determine the cell center (CC) and the bead center (BC) by run-
ning Analyze | Measure on cell and bead areas, respectively. The
X and Y values obtained from the Results window determine the
center coordinates, as highlighted in the figure with a red dashed
box (Figure 1).

4. Manually determine the center of the centrosome (highest inten-
sity of the antibody staining) using the Point tool selection in
Image]J and run Analyze | Measure. The X and Y values obtained
from the Results window determine the centrosome coordinates,
as highlighted with a red dashed box in the figure (Figure 2).

5. Then, draw an angle from CC to Cell structure (a) and from CC
to BC (b) using the Angle tool selection and run Analyze | Mea-
sure. The Angle value (highlighted with a red dashed box in the
figure) in the Results window shows the angle (a) between both
vectors (a and b) (Figure 3).
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6. Calculate the Polarity Index using the following formula:

cos (a
Polarity Index = a #

7. Representative Results
The following image shows the centrosome recruitment to the IS
upon B cell stimulation with antigen-coated beads over time (Fig-
ure 4).

A BCR Ligand*

Time (min): 0 30 120

a-Tubulin
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T > 1 ¥ CC: cell center
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Figure 4: (A) Images of B cells stained for a-tubulin (shown in green) activated with BCR ligand—positive
beads for the indicated times. Scale bar: 10 pm. (B) Centrosome polarity index calculated from the images in
A.* p<0.05; **** p<0.0001; one-way ANOVA with Holm-Sidak’s multiple comparison test; n = 31 cells from
three independent experiments. (C) Scheme depicting how to calculate the polarity index of organelles (cen-
trosome or Golgi apparatus) toward the IS. a = distance between the center of the cell (CC) to the organelle.
b = distance from the CC and to the bead center (BC).

4.1 Estimating the We use this algorithm to analyze the polarity of organelles that display
polarity index for  a more dispersed distribution. In this case we have labeled lysosomes
lysosomes with Lamp] (see table 1).

1. Define the bead and cell areas to analyze, using the Circle tool

selection to delimit both boundaries and save them as ROI (Fig-
ure 5). Once the bead and cell areas have been determined, set
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Quantitative analysis of the B Cell immune synapse formation using imaging techniques 11

the fluorescence channel and project the image into one z-stack
(Image | Stacks | Z-Project [Sum slices]), then run Analyze |
Measure and extract the mass center (MC) coordinates (XM and
YM) from the Results windows, these values are highlighted with
a red dashed box in the figure (Figure 6).
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Figure 7

2. Apply the same algorithm mentioned before changing Cell struc-

ture for MC. Thus, the angle (a) is defined by CC-MC (a) and
CC-BC (b). The angle value is highlighted with a red dashed box
in the figure (Figure 7).
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Calculate the polarity using the following formula:

Polarity Index = a M

. Representative Results

The following image depicts the quantification of polarized or-
ganelles that display a dispersed distribution, such as lysosomes
(Figure 8). In this case, we use the lysosome center of mass coor-
dinates (Figure 6). The images show that the polarity indexes of
lysosome pools reach more positive values over time, indicating
that lysosomes are being recruited to the IS during B cell activa-
tion (Figure 8).
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Figure 8: (A) Immunofluorescence staining of Lysosomes (LAMP1) in B cells incubated with BCR ligand+
beads for the indicated times. Scale bar: 10 ym. (B) Lysosomes polarity index calculated from images inA. *,
p<0.05; ***, p<0.001 ****, p<0.0001; one-way ANOVA with Holm-Sidak’s multiple comparison test; n > 23
cells from three independent experiments. (C) Scheme depicting how to calculate the polarity index of lyso-
somes toward the IS. a = distance between the center of the cell (CC) to the mass center (MC). b = distance
from the CC and to the bead center (BC).

4 Characterization of the immune synapse organization of B cells activated
on antigen-coated surfaces.

This analysis is used to quantify organelles that are recruited to the IS
of B cells activated on an antigen-coated surface. In this example, we
will quantify the lysosomes at the IS as a marker of B cell activation.
This analysis could also be used to segment and quantify other discrete
markers, such as Actin foci at the IS.

4.1 Measuring 1. As a requisite, you must previously cut single cells from the origi-
organelle nal images. An extra macro is provided for this task (cell_cutter.ijm
recruitment at in GitHub repository). See Note 12.
the IS area 2. The macros will prompt you to select the channel of interest, in

this case, we will focus on lysosomes.
3. Then, determine the contact slice between the cell and the surface
(IS) and define the cell outline with a cytoskeleton marker (actin
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channel in the example). You could use the freechand or circle tool
selection to delimit the boundaries. (Figure 9).
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4. Take into consideration the Z plane of interest. The macros will
ask you for this number. In this case, it is number 6 (z:6/35 in the
image title). Only use entire numbers in this section.

5. Next, the macros will convert the image to 8-bit and the previous-
ly outlined cell ROI will be analyzed with “Analyze Particles”. We
use “size = 0.10 - 4.00 pm2” for lysosome analysis [7]. In Figure
10, LAMP1 signal and segmented particles are shown (left and
right images, respectively). See Note 13.
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Figure 10

6. The next image in the folder will be opened automatically to pro-
ceed with the same steps as before.

7. Finally, Fiji’s - image] “Log” shows the number and name of im-
ages, the area of the cell, the number and area of particles, and the
average size of them within the cell. Save this table with results.
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8. Representative Results
The following image depicts the quantification of particles present
at the IS. In this case, we measured the number of lysosomes re-
cruited at the IS plane (Figure 11 D) and the formation of actin
foci at the IS (Figure 11 B). The images show that the number of
lysosome and actin foci at the IS increase over time, indicating the
state of activation of the B cell (Figure 11 D and C, respectively).
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Figure 11: (A) Scheme depicting activation of B cells onto antigen-coated coverslips and representative
image of YX planes. (B-D) Representative confocal images of actin (Phalloidin) and Lamp1 (lysosomes) in
resting (0 min) and activating (15-60 min) conditions. (C) Quantification of the number of actin foci at the
IS at different conditions. (E) Quantification of the number of lysosomes at the IS. N > 10 cells. P < 0.0001;
One-way ANOVA with Tukey’s multiple comparisons tests. Scale bar = 10 um.

4.2 Measurement After the activation of B cells, lysosomes are preferentially found in
of organelle the center of the IS. This feature is often referred to as a marker of
distribution at activation in B cells, along with other organelles and structures, such
the IS. as the BCR. To analyze organelle distribution at the IS, we make avail-

able the following image] macros (2D_distribution_analysis.ijm in the
GitHub repository). The following instructions serve as a guide for
using and understanding its components. Importantly, the results of
these macros can be further processed with an R-language script that
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will provide the user with a final .csv file containing the values of the

central accumulation of a marker of interest (Rscript_2D_analysis.R in

the GitHub repository).

1. Previously cut single cells from the original images. An extra mac-
ros is provided for this task (cell_cutter.ijm in the GitHub reposi-
tory). In addition, generate two folders to organize the images and
the results. We recommend naming them “cells” and “results”.

2. Run the macros 2D_distribution_analysis.ijm. Before starting the
analysis, determine the contact slice and define the cell outline, and
press “Ctrl+t™.

3. Automatically, the macros will modify the scale of the ROI to the
factor you choose. In this example, the ROI was rescaled to 0.4
times the size of the total outline of the cell (center). The ROI will
be analyzed with “Analyze Particles”. See Note 14.

5@ ~oiManager("Select", 1);
51  RoiManager.scale(®.4, @. 4{, true);
52 roiManager{“Select™, @);

53 roiManager{“Select”, newhArray(@,1));
54 | roiManager{“XOR");

55 roiManager({“Add™);

56 roiManager{“select™, 2);

57 ~oiManager("Delete”);

58 ~oiManager("Select”, newArray(@,1,2));
59 ~oiManager("multi measure™);

6. Excel files will be generated for each cell analyzed and automatical-
ly saved in the results folder. The respective ROIs of each cell will
also be saved.

7. Using the R-script available at the repository, you can generate a
final Excel-compatible file that reports the center/periphery ratio
of accumulation for each channel present on the images. Calculate
the Ratio using the following formula:

Mean Fluorescent Intensity (MFI) center

Ratio (r) = MFI periphery

8. Representative Results
The following image (Figure 12) depicts the quantification of
particles distributed at the IS. In this case, we analyzed lysosome
distribution in the IS plane. The images show that lysosomes are
equally distributed in the IS plane at early times of activation, but
after 60 minutes of B cell activation they are accumulated at the
center at the IS.
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Figure 12 (A) Scheme depicting how to calculate the Ratio (r) center/periphery toward the IS. (B) Schematic
representation of mean fluorescent intensity (MFI) distribution and r interpretation. (G) Representative confo-
cal images of Lamp1 in resting (0 min) and activating (15-60 min) conditions. (D) The respective quantifica-
tion of lysosome accumulation at the center and periphery. N > 10 cells. P < 0.0001; One-way ANOVA with
Tukey’s multiple comparisons tests. Scale bar = 10 um.

4.3 Measuring This analysis determines the general distribution of fluorescence in-
organelle tensity across the Z-slide of cells seeded over coverslips. We use this
distribution in measurement to assess the organelle proximity to the immune synapse.
Z planes

1. To quantify the fluorescence distribution in the Z-slides, first de-

termine the contact slide and then the plane corresponding to the
upper limit of the cell.
Note: It is recommended to cut single-cell images from the con-
tact plane to the top edge of the cell. You can analyze different cells
in the same image if all cells are found in the same contact (lower)
and upper planes.

2. Draw the cell outline at the contact plane and add the area to the
ROI manager with “Crrl+t.”

3. At the ROI manager, click on “Select All” areas and analyze them
with the “multi-measure” option.

4. Save the results. From the results table you can filter all measure-
ments, in this case, the Mean intensity of fluorescence and Z-slides
of the cell. You can select a channel of interest and filter the data.
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5. Representative Results
The following image depicts the quantification of centrosome po-
larization in B cells activated on antigen-coated surfaces (Figure 12
A). By measuring the fluorescence intensity of the centrosome in
all z-slices of the cell we observed that its highest peak of intensity
is closer to the IS in activated B cells, while it is equally distributed
among z-slices at early times of activation (Figure 12 B-C).
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Figure 13: (A) Scheme depicting activation of B cells on antigen-coated coverslips and how to determine the
distribution of the signal of interest in the Z plane, and the plot per Z fraction. (B) Representative confocal
images of B cells labeled actin and pericentrin (centrosome) activated onto Ag-coated coverslips in different

conditions, showing the YZ and XZ planes. (C) The distribution of pericentrin across the Z plane is represent-

ed by a line plot of the fluorescence intensity distribution versus each Z fraction. N = 5 Cells. Mean with SEM
are shown.

5 Discussion and Relevance
In conclusion, the analyses presented here represent a significant
advancement in analyzing the immune synapse of B cells. By pro-
viding detailed information on the spatiotemporal organization of
this crucial structure, these methods allow for a better understand-
ing of the mechanisms underlying B cell activation and provides a
mean to analyze the effects of extracellular cues on B cell function

66



Quantitative analysis of the B Cell immune synapse formation using imaging techniques 19

[8]. It is important to note, however, that the quality of microsco-
py imaging is critical to the success of these methods. Any devia-
tion in sample preparation or imaging settings could significantly
impact the results.

These methods are compatible with open-source applications, pro-
viding accessibility to researchers worldwide. In addition, the raw
data derived from the results can be explored to perform further
analyses that are not considered here, for example, the study of
antigen extraction, processing, and presentation by quantitative
measurements of protein recruitment and tracking of intracellular
vesicles. Therefore, these methods have the potential to not only
contribute to a deeper understanding of the immune synapse of B
cells but also in other cell models.

6 Notes

. The centrosome of B cells can be identified by transfecting cells

with a centrin-GFP expression plasmid and actin cytoskeleton can
be detected by transfecting cells with a LifeAct expression plasmid.
Depending on the needs of the experimental setup, one can use
specific antibodies such as gamma tubulin for a discrete labeling
of the centrosome. If not available, one can use alpha tubulin and
consider the highest intensity point as the MTOC (centrosome).

. To avoid the binding of ligands to the Fc receptor, use F(ab’) or

F(ab’)2 antibody fragments instead of full-length antibodies.

. Antigen-coated beads should not be stored for more than one

month.

. Consider preparing the coverslips the day before the assay. UV

lamps or plasma can be used to clean the coverslip before use. To
assess the ligand activating density on a surface one could label the
ligand with a fluorochrome and calculate the mean fluorescence
intensity on a region (or bead, depending on the experiment) to
ensure homogenous coating.

. It is important to mix by vortex instead of pipetting up and down

because this could reduce the number of beads in the sample, due
to their accumulation in the plastic tip of the pipette. Use beads
coated with BCR-ligand- as a negative control for each assay. We
recommend starting the activation with the longest incubation
time and proceeding with the following time points. For shorter
times of activation (0 min) you can add thrice the cells, and thrice
the amount of beads , meaning 450,000 of cells with 1,350,00 of
beads to have a sufficient amount of adhering cells on the covers-
lip. Calculate intervals of activation for samples such that they are
ready for fixation at the same time.
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6.

7

To decide which fixation method to use, check the antibody/dye
data sheet.

At this point, coverslips can be stored in 1X PBS in a humid cham-
ber sealed at 4 °C for a maximum of three days. In the image below
we illustrate two options for using and crafting the humid chamber;
In (a) a drop of PBS or antibody solution lays on top of the cover-
slip, or, as shown in (b) the coverslip is placed on top of the drop.

9.

. To avoid cross-reactivity of the secondary antibody with the B cell

receptor of B cells, do not use mouse-derived primary antibodies
unless they are fluorescence labeled primary antibodies.

Consider using an “anti-fade” mounting reagent (see the Table of
Materials).

10.When using a confocal microscope, we recommend taking 0.2 pm

11.

12.

13.

thick stacks when acquiring three-dimensional (3D) images. This
allows the analysis of the cell using z-stacks analysis This algorithm
can be used for cell structures or organelles observed as discrete
markers.

It is reccommended to analyze individual cells because the plane of
interest may not be the same for all cells. In the GitHub reposi-
tory the user can find examples for testing the macros and scripts
provided.

You can modify the particle size depending on your interests. For
example, we use “size=0.10 - 0.50 pm2” for actin foci analysis [9].
You can modify the ROI scaling depending on your interests. In
this case, we use the 0.4 scale factor to analyze a specific central re-
gion and to discriminate organelles separated from actin enriched
areas. The previous is based in the knowledge that the immune
synapse of B cells is characterized by three concentric regions:
the central supramolecular activation cluster (¢SMAC) in which
BCRs-ligands are concentrated, the peripheral SMAC (pSMACQC),
which contains adhesion molecules such as LFAl, and the distal
SMAC (dSMAC) in which actin is enriched.
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Additional - Manuscript 3: Endolysosomal vesicles at the center of B cell activation

This manuscript, in which I participated as a co-first author, corresponds to a literature review aimed
at updating and integrating knowledge about lysosomes and lysosome-related organelles in the

context of immune synapse formation in B lymphocytes.

70



REVIEW

Endolysosomal vesicles at the center of B cell

activation

Saara Hamalisté'>>*, Felipe Del Valle Batalla #, Maria Isabel Yuseff*, Pieta K Mattila»>*

Endolysosomal vesicle systems maintain cellular homeostasis by processing and delivering internalized cargo to
the acidic lysosome population that serves as a degradation station. However, lysosomes have also developed
various additional functions which cells of the immune system exploit to carry out their specific tasks. In this
review, we will discuss lysosome and lysosome-related organelle function with a special focus on B lymphocytes
during their activation process, such as antigen extraction and processing. Increasing evidence shows that some
vesicles are also active outside of the cell, either proteolytically or as secreted extracellular vesicles. We believe
that the intricate functions of the endolysosomal vesicles in B cells, but also in other specialized cells of theimmune

system, pose an interesting frontier for future research.

Introduction

B cells fill a key position in the adaptive immune system: they
are the only cells capable of producing high-affinity antibodies
against invading pathogens [Batista and N. E. Harwood , 2009].
During their maturation, B cells migrate from the bone mar-
row to secondary lymphoid organs, where they await to get
activated by antigens (Ag). Via their unique B Cell Antigen Re-
ceptor (BCR), B cells recognize Ag either as soluble structures,
typically immune complexes, or displayed on antigen-pre-
senting cells (APCs) such as macrophages or dendritic cells,
which triggers the formation of the intricate activatory cell-
cell contact called immune synapse (IS) (Kuokkanen et al.,
2015; Spillane & Tolar, 2018; Yuseff et al., 2013). Engagement
of the BCR triggers receptor-mediated Ag internalization, fol-
lowed by intracellular processing into peptides that are loaded
on major histocompatibility class II complexes (MHC-II). The
subsequent presentation of antigenic peptides activates cog-
nate T-helper cells, which, in exchange, provide signals of sur-
vival and differentiation to B cells, leading to the generation of
antibody-producing plasma cells. Various specialized endoly-
sosomal vesicles play a key role in the Ag processing but also,
for example, in Ag extraction by undergoing localized exocy-
tosis at the IS (Yuseff et al., 2011). Our understanding of the
different vesicle pools, their roles, and connections, remains

particularly poor in lymphocytes and studies are challenged
by the small and dynamic nature of these cellular structures.

To maintain cellular homeostasis, the highly heterogeneous
endolysosomal vesicles carry cargo between various cellular
compartments or redirect internalized cargo to different des-
tinations for degradation (Bonifacino & Neefjes, 2017). At the
same time, lysosomes have recently been described with im-
portant signaling functions coupled to cell death and metab-
olism, for example (Ballabio & Bonifacino, 2020; Holland et
al., 2020; Lamming & Bar-Peled, 2019; Perera & Zoncu, 2016).
This represents an active and interesting research field as we
are only in the beginning to gain understanding of the breadth
of the lysosomal heterogeneity, and their roles in cellular sig-
nalling and communication with other organelles (Ballabio &
Bonifacino, 2020). In addition to functioning as messengers
inside the cell, increasing evidence shows that some endo-
lysosomal vesicles are also active in the extracellular space.
The secretion of extracellular vesicles (EVs) is often increased
upon cell death or cell activation. However, their role in cel-
lular processes and intercellular communication, in the im-
mune system or B cells particularly, remains largely enigmatic
(Buzas, 2022).
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In this review, we will cover what is currently known about
the functions of lysosomal vesicles in B cells and how they
are involved in Ag extraction and processing during early B
cell activation, also considering their novel roles as signaling
platforms related to cell homeostasis. We also discuss other
emerging functions of both endolysosomal vesicles and the
highly intriguing EVs.

Lysosome structure and maturation

While lysosomes are generally defined as intracellular vesicles
carrying degradative acid hydrolases, recent studies promote
them as a heterogeneous pool of vesicles that differ in their sub-
cellular localization, acidity, content, and signaling function, as
well as hybrid organelles forming through fusion/fission and
“kiss and run” events (Bouhamdani et al., 2021). Lysosomes are
found as hundreds of vesicles in all mammalian cells and their
size can range between ~50 to 1000 nanometers. To this day,
close to 200 different proteins are identified on the lysosomal
membrane with various structural or signaling roles (Ballabio
& Bonifacino, 2020). Type 1 proteins, such as lysosomal associ-
ated membrane protein-1 and -2 (LAMP-1 and LAMP-2), CD63
(LAMP-3), and LIMP-2 are the most abundant, constituting
~50% of all transmembrane (TM) proteins on lysosomes (Es-
kelinen, 2006; Gao et al., 2017). Owing to the transmembrane
protein complexes that have accessible cytosolic domains, ly-
sosomes act as scaffolds for transport machinery, signaling
proteins, and other effector molecules (Inpanathan & Botelho,
2019). The heavily glycosylated LAMP molecules form a luminal
glycocalyx structure and counteract the degradative actions of
lysosomal acid hydrolases, thus helping maintain the barrier

function of the membrane. Interestingly however, this robust
shielding mechanism can be modulated according to altered
physiological situations; in mitosis, the architecture changes so
that the expression of lysosomal membrane proteins and pro-
teolytic cathepsin enzymes are downregulated, the lysosomal
pH increases and the limiting membranes become more fragile
without compromising the cell homeostasis, simultaneously
allowing a regulated enzymatic release to the nuclear region
(Stahl-Meyer et al., 2022). This suggests that the lysosome regu-
lation can respond to cell-intrinsic cues by tuning down protein
expression and/or functions, in this case, to shield the exposed
genomic content from degradative enzymes.

In general, the expression levels of the most prominent lysosom-
al proteins are regulated by the transcription factor EB (TFEB),
which plays a critical role in boosting lysosomal biogenesis or
exocytosis, which involves lysosome fusion to the plasma mem-
brane (PM) and extracellular secretion of lysosome content into
the extracellular space (Medina et al., 2011) in its inactive state,
TFEB is localized on the lysosomal membrane, where it is phos-
phorylated by the mammalian target of rapamycin complex 1
(mTORC1) (Medina et al., 2011; Settembre et al., 2012). When
cellular nutrient levels are low or upon cellular stress, mMTORC1
is inhibited, leading to the dephosphorylation of TFEB and its
translocation into the nucleus. There, TFEB can activate the ex-
pression of genes involved in the formation of new lysosomes,
which in turn can lead to increased recruitment of lysosomes to
the PM and promote Ca2+ -driven lysosomal exocytosis by acti-
vating the lysosomal Ca2+ channel mucolipin receptor MCOL-
N1(Kim et al., 2019).
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During endosomal maturation, in the early endosomes (EE) the main GTPase Rab5 is replaced by Rab7 to trigger maturation into late endosomes (LE). The
size of the endosomes increases which is finely balanced by e.g. phosphoinositide lipid (PIP) levels. Molecules such as LAMPs and the V-ATPase are trans-
ported from the trans-Golgi to the maturing endosomes via the mannose-6-phosphate receptor (M6PR): the V-ATPase, as the main H+ pump on the late
endosomes and lysosomes, generates the acidic environment. The membrane invagination process is driven by the timely delivery of the cytoplasmic ESCRT
complex proteins and clathrin to the limiting endosomal membrane (i.e., the membrane facing the cytoplasm) thereby creating intra-luminal vesicles (ILVs)
inside multivesicular bodies (MVB) or late endosomes. Here, the ubiquitinated membrane proteins stemming from endocytic or Golgi membranes are sorted
into the growing closed ILVs. The ILVs can be released to the extracellular space as exosomes (a subtype of extracellular vesicles) or the MVB can generate
Rab4/Rab11-rich recycling endosomes or, finally, fuse with an existing lysosome to fulfill its degradative function. The ion concentration during the matura-
tion process steadily increases and the acidic environment allows for the optimal enzyme activity inside the lysosomes.
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The classical model of the endosomal maturation pathway,
leading to the formation of conventional lysosomes, stems
from the most studied epithelial cell types. However, endo-
lysosomes are diverse and their maturation pathways rely on
the cell type as well as internalized cargo (Huotari & Hele-
nius, 2011). The maturation of the endocytic vesicles towards
late endosomal or lysosomes involves several steps; however,
the timing and sequential order of events are not still entire-
ly clear (Podinovskaia et al., 2021). As the classical model of
endolysosomal maturation has been well reviewed in the lit-
erature (Huotari & Helenius, 2011) , we will not go into the
details of it here. Briefly, early endosomes (EE) mature into
late endosomes (LE) upon switching the EE-specific Rab5 into
LE-specific Rab7 (Rink et al., 2005) and the invagination of the
EE membrane that forms intraluminal vesicles (ILVs) leading
to formation of multivesicular bodies (MVB) or the late endo-
somal pool. This process of endosomal maturation involves
dynamic and continuous rearrangements of the protein com-
position at the endosome limiting membranes (Bouhamdani
etal., 2021). The ILVs can be destined to the recycling pathway,
the limiting membrane can be fused with the PM to induce the
extracellular release of ILVs (as exosomes), or the multivesic-
ular body can fuse with an existing lysosome to convert into a
classical lysosome.

Critically important for endolysosomal maturation is acidifi-
cation, which gradually increases starting from the early en-
dosomes (pH 5.9-6.8) to the late endosomes (pH 4.9-6.0) and
lysosomes (pH 4.5-5) and is linked to the progression of the
Rab5/7 switch (Hu et al., 2015; Podinovskaia et al., 2021). The
acidic environment is generated by increasing the expression
of the V-ATPase H+ pump on the endosomal membrane. From
the trans-Golgi network, the transport of the V-ATPase is me-
diated, by the lysosome-targeting mannose 6-phosphate re-
ceptor (M6PR) (Braulke & Bonifacino, 2009 where coordinated
trafficking to and from lysosomes is crucial to maintain organ-
elle fitness (Ballabio & Bonifacino, 2020; Huotari & Helenius,
2011; Saftig & Klumperman, 2009).

The morphology of the endolysosomes undergoes major
transformations during maturation. In short, the EEs elongate
with tubular extensions, that are lost upon the maturation
process, and the LEs and lysosomes acquire an oval-to-round
morphology and grow in size (Huotari & Helenius, 2011). The
lysosome size is partially maintained by lipids, such as phos-
phoinositide phosphates (PIPs) and both too low or too high
phosphatidylinositol-3,5-biphosphate (PI(3,5)P2) levels result
in swelling of the endolysosomal structures (Bouhamdani et
al., 2021; Podinovskaia et al., 2021). Although vesicles at differ-
ent stages may have similar protein markers and localization,
the end-stage, fully mature lysosomes are distinguished by
their high hydrolase content and electron-dense appearance,
which sets them apart from acidic late endosomes (Huotari &
Helenius, 2011).

Lysosome positioning and function
Canonically, lysosomes are associated with actin and microtu-
bule cytoskeleton and can be found distributed across the cell

depending on the homeostatic conditions (Oyarzin et al., 2019)
Haga clic o pulse aqui para escribir texto.. While short distance
endolysosomal vesicle mobility is typically achieved by local ac-
tin reorganization (Cordonnier 2001), for long displacements,
lysosomes move along the microtubule network via the ac-
tion of motor proteins such as kinesins and dyneins and their
adaptors (Gennerich, 2009; Ballabio & Bonofacino 2020). Both
kinesin and dynein molecular motors use ATP for their action.
Kinesins move endolysosomal vesicles in an anterograde fash-
ion toward the dynamic microtubule plus ends (Serra-Marques,
2020). Kinesin functions are mediated by the action of small GT-
Pases that also confer molecular identity or subcellular local-
ization to different vesicles. Conversely, dyneins move cargoes
in a retrograde fashion, guiding them towards the minus ends
of the microtubule network, i.e., towards the microtubule orga-
nizing center (MTOC) (Gennerich, 2009].

Interestingly, the subcellular positioning of lysosomes is also
linked to their acidity and motility, where peripheral lyso-
somes are shown to have higher, less acidic pH than the ones
residing perinuclearly (Johnson et al., 2016). Various signals
or conditions affect lysosome positioning. For example, nu-
trient deprivation can trigger the lysosomes to accumulate in
the perinuclear region whereas nutrient-rich environments
promote peripheral localization (Ballabio & Bonifacino, 2020;
Korolchuk et al., 2011). However, little is known about how the
lysosome positioning is tuned in B cells to regulate the func-
tional properties of these organelles upon immune response.
Recently, in B cells, an autophagic regulator Atg5 was shown
to promote lysosome polarization to the IS and the recruit-
ment of Ag to MHCII vesicles (Arbogast et al., 2018). Interest-
ingly, toll like receptor ligands, such as lipopolysaccharide
(LPS), were shown to restrict lysosome repositioning to the
IS of B cells by triggering autophagy-dependent degradation
of GEF-H1, a Rho GTP exchange factor required for stable ly-
sosome recruitment at the synaptic membrane (Lagos et al.,
2022). The BCR activation-directed autophagic signature can
also be regulated in vivo: it was recently proposed that autoph-
agy induction is most prominent in the germinal center (GC)
B cells (Martinez-Martin et al., 2017; Raza & Clarke, 2021). The
autophagy machinery could thus play a central role in finetun-
ing the specialized endolysosomal features in B cells.

Antigen processing compartments and other lyso-
some-related organelles

Endolysosomes within different immune cells display unique
features. One such key feature is intracellular processing of
extracellular-derived Ag for peptide-MHCII presentation, key
to trigger generation of both B and T effector cells responsi-
ble for the adaptive immune response. This process involves
specialized lysosomal Ag processing compartments equipped
with carefully controlled proteolytic enzymes. While the ve-
sicular identity and trafficking involved in Ag processing re-
main to be fully understood, the associated biochemical chain
of events is relatively well characterized, mainly by studies in
dendritic cells and macrophages. In the endoplasmic retic-
ulum, the newly synthesized MHCII complexes with the in-
variant chain (Ii), which protects the peptide-binding groove
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and provides targeting signals directing the complex to the Ag
processing compartments (Roche & Furuta, 2015). Reported
to occur in the ILVs of the MBV/LEs, the sequential proteolytic
processing of Ii is initiated and finally leads into a short CLIP
peptide that remains to occupy the peptide-binding groove of
MHCII (Roche & Furuta, 2015). Finally, CLIP is removed by
HLA-DM (H2-M in mice), or HLA-DO (H2-O in mice) in mildly
acidic compartments, allowing for Ag-derived peptide binding
to the MHCII and subsequent exit of the complex to the plas-
ma membrane for peptide antigen presentation. Processing of
antigens occurs essentially by the same enzymes that process
the Ii, the most prominent being asparaginyl endopeptidase
and cathepsins (Manoury et al., 1998; Shi et al., 1999).

With their acidic and proteolytic environment, the Ag pro-
cessing compartments show clear lysosomal character, yet
their key role is to generate critical protein complexes for pre-
sentation rather than simply degrade cargo. How the endoly-

sosomal system is adopted to this function remains unclear.

The Ag processing compartments within B cells undoubtedly
share similarities with those of other antigen-presenting cells.
However, they are unique in their capability of presenting spe-
cific antigens, originating from the engagement of the BCR,
with high efficiency, allowing very small quantities of antigen
to elicit efficient immune responses (Lanzavecchia, 1985; Ras-
togi etal., 2022) . Interestingly, our recent studies indicate that
BCR-mediated Ag processing occurs along the entire endoso-
mal route starting with the rapid fusion of internalized Ag into
peripheral acidic compartments together with plasma mem-
brane-derived MHCII (Herndndez-Pérez et al., 2020). We also
observed that the EE and LE markers often overlapped in the
Ag-containing compartments in B cells, which could further
reflect that the immune cell endolysosomal system has adapt-
ed hybrid forms to fulfill their specialized functions in antigen
processing (Herndndez-Pérez et al., 2020).
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Perinuclearly located MHCII* vesicles of lysosomal or multivesicular nature are considered as the main Ag processing compartments, where Ag-derived pep-
tides, after digestion by cathepsins, are loaded on MHCII in a process tightly regulated by molecules such as the H2-M and H2-O chaperones. Peptide-MHCII
complexes are then directed for cell surface presentation via exocytosis or they can also be secreted as extracellular vesicles. Two specialized pathways
have been highlighted as possible routes of targeting the BCR-bound Ag to the Ag processing vesicles. For soluble Ag, simultaneous targeting of Ag-BCR and
plasma membrane-derived MHCII to the peripherally located acidic early Ag processing vesicles has been shown (Hernandez-Pérez et al., 2020). As these
early vesicles already show the key features of Ag processing compartments, some peptide-MHCII could be directed to the cell surface already from them.
Surface-bound antigens, on the other hand, have been proposed to be internalized in an ATG5-dependent process, presumably involving a form of LC3-as-
sociated phagocytosis (LAP) (Arbogast et al., 2018). Overall, it is likely that the Ag processing endolysosomes form a heterogenous gradient with varying
amounts of the protein components necessary for peptide-MHCII generation. The nature of these vesicular compartments is likely to depend on the status

or type of the B cell and the Ag.
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Ag processing compartments are an example of various ly-
sosome-related organelles (LROs): the LROs resemble lyso-
somes with their low pH and the presence of hydrolases but
have additional unique characteristics (Delevoye et al., 2019;
Watts, 2022). For instance, LROs in cytotoxic T cells contain
a distinct pool of hydrolytic enzymes, perforin and granzyme
B, which are released at the synaptic membrane after LRO fu-
sion to the PM to kill their target cells (Catalfamo & Henkart,
2003). Another example are the secretory granules of mast
cells, bearing similarity also to the granules of NK cells and
platelets, that release e.g. histamine and lysosomal hydrolases
to initiate an inflammatory response (Azouz et al., 2014).

As the function of immune cells is to be sensitized by patho-
genic products, it is not surprising that upon exposure, lyso-
somes are remodeled in different ways. Various vesicle-linked
proteins have been shown to alter their intracellular position-
ing, for instance, upon BCR engagement (Music et al., 2022;
Awoniyi et al., in press). However, more efforts are required
to dissect the functions of the different endosomal players in
B cell activation. A proteomic analysis of isolated lysosomes
shows how exposure to different pathogens to murine mac-
rophages alters the lysosomal protein expression profile de-
pending on the pathogen used (Gao et al., 2017). For example,
the relative abundance of transmembrane proteins Lamp-1/
Limp-2 or digestive hydrolases Cathepsin K or L was shown
to be adjusted in a pathogen-specific manner, suggesting al-
ternative regulatory mechanisms depending on the pathogen
species and the nature of the external stimuli. Also, in mac-
rophages and dendritic cells, activation by LPS drives micro-
tubule-assisted lysosome tubulation and surface expression
of MHCII (Saric et al., 2016) . In dendritic cells, the exclusive
expression of Lamp-3 (or CD63) in the lysosomes and the cell
surface promotes the delivery of peptide-MHCII+ compart-
ments to the PM as well as dendritic cell migration to draining
lymph nodes(Li et al., 2023) . Whether Lamp1l and Lamp?2, typ-
ically pre-assumed to decorate the same vesicular compart-
ments, also regulate differential endolysosomal functions,
analogously to Lamp3, in immune cells, is not known.

Lysosomes facilitate antigen extraction at the IS during
B cell activation

In B cells, Ag recognition also boosts lysosome exocytosis,
releasing digestive hydrolases to facilitate Ag extraction from
antigen presenting cell surface (Maeda et al., 2021). Here, cell
signaling and Ag extraction are tightly coordinated in the syn-
aptic structure formed between the B cell and Ag presenting
surface(Batista & Harwood, 2009; M. I. Yuseff et al., 2011).
During IS formation, B cells undergo rapid cytoskeletal re-
modeling, leading to changes in cellular morphology, and di-
rected trafficking of polarity proteins and vesicular organelles
to the IS to help extract the Ag (Bolger-Munro etal., 2019) Haga
clic o pulse aqui para escribir texto.. In addition to the lamelli-
podia-like actin-based spreading, myosin-dependent contrac-
tion helps accumulate the BCR-bound Ag at the center of the
IS for internalization (Bolger-Munro et al., 2019; Kuokkanen
et al., 2015; Treanor et al., 2009) . The Ag-BCR microclusters
form and accumulate in the middle of the IS within a couple

of minutes upon Ag recognition (Bolger-Munro et al., 2019;
Kuokkanen et al., 2015). Finally, the antigen is internalized
via Clathrin-mediated endocytosis or a recently reported Fast
endophilin-mediated route (McShane & Malinova, 2022; Stod-
dart et al., 2002) . In the case of B cell activation with soluble
Ag, clathrin-mediated endocytosis is preferred.

Lysosomes have a crucial role in facilitating antigen extraction
at the IS to enable efficient B cell activation, but how are the
lysosomes targeted to the IS? During the first steps of IS for-
mation, the centrosome becomes detached from the perinu-
clear region, in a process mediated by the depolymerization of
actin and proteasome activity [Ibafiez-Vega 2019, 2021]. Then,
the centrosome is polarized to the Ag-BCR contact zone at the
PM, guided by the activity of conserved polarity proteins, such
as PAR3/aPKC/Cdc42 (M.-I. Yuseff et al., 2013). The re-orienta-
tion of the microtubule network enables the recruitment of ly-
sosomes and other functional cellular compartments to the IS,
using molecular motors such as dyneins (Reversat et al., 2015;
Wang et al., 2017). After polarization to the IS, lysosomes fuse
with the PM and secrete their acidic content to promote Ag
extraction and presentation to T Cells (Maeda et al., 2021; M. I.
Yuseff & Lennon-Duménil, 2015). Lysosomal exocytosis, main-
ly described to occur via LAMP-1, allows the release of vesicle
content e.g. hydrolases to the extracellular space: this can be
detected as an exposure of the luminal epitope of LAMP-1 at
the extracellular side of the plasma membrane where the epi-
tope is not normally detected [Andrews, 2017]. LAMP1+ endo-
lysosomes in B cells present the V-SNARE VAMP-7 (also known
as Ti-Vamp), that mediates fusion with the plasma membrane
and lysosome exocytosis, and thereby facilitates antigen ex-
traction, processing, and presentation (Obino et al., 2017) .Ly-
sosome exocytosis in B cells has also been shown to involve
permeabilization of the PM to facilitate efficient Ag extraction
in a mechanism that requires BCR signaling and non-muscle
myosin II activity (Maeda et al., 2021); in brief, the higher the
affinity of antigen to the BCR, the more permeable the PM be-
comes and the higher the rates of lysosomal exocytosis are,
measured by LIMP-2 at the cell surface.

Another critical component of the exocytic machinery at the IS
is the Exocyst complex. This protein complex was identified by
comparing the differential enrichment of centrosome-linked
proteins of activated and resting B cells, where four of its 8 sub-
units were found to be enriched in centrosome fractions isolat-
ed from activated B lymphocytes (Séez et al., 2019). Upon acti-
vation, B cells upregulate acetylation and stabilization of their
microtubule network in the vicinity of the MTOC. This releases
Ex070, a subunit of the Exocyst complex, and GEF-H1 from mi-
crotubules, which become associated with the synaptic mem-
brane enabling successful docking of lysosomes at the IS. Cells
silenced for Exo70 and GEF-H1 display defective Ag extraction,
processing, and presentation (Sdez et al., 2019).

Thus, lysosomes have special roles in the IS and the subse-
quent B cell activation. However, more mechanistic insight on
lysosome positioning and dynamics (fusion/fission) while es-
tablishing an effective IS in B cells, remains to be discovered.
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(A) Membrane-Bound Ag

(B) Soluble Ag

(C) Clathrin-mediated endocytosis

(D) Fast endophilin-mediated endocytosis

Figure 3. Ly contribution to xtraction and inter

“ BCR Microtubules
< cep
ll FCRy
‘ Antigen
Other
" MHCII endosomes
& MTOC Exocyst
oA complex
@ Actinand u/'/—}“
myosin 8¥2" Lysosomes
- and late
1\ é ’\, endosomes
A sNAREs &
=] Dynamin Endophilin

at the immune synapse (IS).

When B cells encounter membrane-bound antigens (A), they rely on the balanced action of actin- and myosin-mediated forces and lysosomal exocytosis to
extract and internalize the Ag and establish an IS. Lysosomes move on microtubule tracks directed by the MTOC and fuse with the plasma membrane with
the aid of the exocyst complex and the effective binding of SNAREs. They secrete their acidic content to the synaptic cleft promoting further internalization
and processing of antigens. In soluble Ag conditions (B) the Ag is primarily internalized primary by clathrin-mediated endocytosis (€). The binding of clathrin
induces membrane curvature and the formation of clathrin-coated pits (CCPs). These CCPs invaginate and separate from the plasma membrane, forming
clathrin-coated vesicles (CCVs) that contain BCR-antigen complexes. These CCVs subsequently fuse with late endosomes, enabling antigen processing and
presentation to other immune cells. Alternatively, B cells employ fast endophilin-mediated endocytosis as a specialized pathway for ligand-triggered signal-
ing receptors (D). Within specific membrane patches primed by endophilin proteins, BCR-Ag binding leads to the induction of membrane curvature facilitat-
ed by endophilin proteins. Dynamin then promotes the scission of the curved membrane, resulting in the formation of an intracellular vesicle carrying the

BCR-antigen complex.

Emerging roles of endolysosomal compartments in ex-
tracellular vesicle release and cellular signaling

In addition to the lysosomes secreted for antigen extraction,
B cells are an intense source of EVs, the destiny and diversity
of which is still to be discovered (Kato et al., 2020; Muntasell et
al., 2007). EVs are often considered to originate from the late
endosomal ILVs as exosomes or bud from the PM, but are also
found to display lysosomal features. B cells have been shown
to secrete Ag presenting exosomes containing lysosomal com-
ponents such as LAMP-1, MHCI and MHCII, and costimulatory
molecules, which could induce Ag-specific CD4+ T cell response
or cytotoxic CD8+ T cell response (Kato et al., 2020) . EVs can
mediate specific signaling functions in the immune microenvi-
ronment making cell communication via EVs an intriguing area
of research that may bring forth novel therapeutic possibilities
(Kugeratski & Kalluri, 2021). For instance, EVs secreted by malig-
nant lymphoma cells Balm-3, Su-DHL-4, and OCI-Ly1 can shield
the tumor cells from anti-CD20 antibody (rituximab) -mediated
destruction via sequestering the antibodies on the EV-tethered
CD20 (Aung et al., 2011). By silencing or inhibiting the LRO-asso-
ciated ABCA3, which induces the production of EVs, the cells be-
come more vulnerable to the rituximab treatment (Aung et al.,
2011). Furthermore, the Fas ligand expressed on B cell-derived
exosomes induces apoptosis in CD4+ T cells (Eberl et al., 2001).

On the other hand, EVs can alter the activation status of healthy
donor B cells as shown by decreased global tyrosine phosphor-
ylation and reduced proliferation (Rincén-Arévalo et al., 2022)
linkages between the endolysosomal system and the release of
EVs are still very poorly understood and more studies are need-
ed to provide insights into the signals triggering EV release.

Besides their various degradative functions, the emerging
intriguing roles of lysosomes as “signaling hubs” and met-
abolic sensors are building up (Ballabio & Bonifacino, 2020;
Perera & Zoncu, 2016). Acting as hubs, they integrate met-
abolic inputs and direct organellar crosstalk with emphasis
on lysosome to nucleus signaling pathways mediated by e.g.
mTORC1 (mammalian target of rapamycin), AMPK (AMP-ac-
tivated protein kinase), and lipid metabolism. Lysosomes
recruit mTORC1 or AMPK or other moieties upon unfavor-
able energy conditions. The mTORCL1 senses the amino acid
availability in the cytoplasm and can also interact with the
lysosomes directly. As a result, if needed, specific lysosomal
proteases will release basic amino acids e.g. arginine from
the lysosomal storage as shown by yeast vacuole studies
(Kitamoto et al., 1988). Also, v-ATPase can read amino acid
levels inside the lysosomes and convey the information to
mTORCI. The energy levels are equally monitored and here,
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one major player is AMP-activated protein kinase AMPK that
responds to glucose levels and binds to lysosomal membrane
(Perera & Zoncu, 2016). Lipids represent a third major group
of signaling molecules and the most known process is the
endocytic uptake of LDL and the following breakdown of
cholesteryl esters (CE) by acid lipases to generate choles-
terol (Chang et al., 2006). How these signaling functions are
adapted to serve B cell activation is an interesting research
question, particularly considering the recently discovered
metabolic rewiring of lymphocytes upon their activation and
differentiation cascade (Chapman & Chi, 2022).

Discussion and future perspectives

The small and crowded cytoplasmic space challenges the stud-
ies of the complex and specialized endolysosomal features of
B cells (Hernandez-Pérez & Mattila, 2022) . Given this spatial
restriction and high density of vesicles together with the high-
ly specialized functional needs of B cells, it is not surprising
that the organellar regulation would differ from, for example,
epithelial or neuronal type of cells where the cytoplasmic
space is larger and often more longitudinally organized.

Profound aspects of B cell lysosomal biology are still unex-
plored. Some answers to the heterogeneity, atypical features,
and specific functions could arise from a better understand-
ing of the proteins linked to vesicle identity and trafficking,
such as LAMP-1 and LAMP-2 as well as many different Rab GT-
Pases. How are these key vesicle-linked proteins altered in re-
sponse to antigenic or other stimuli? What are the key factors
distinguishing the Ag processing pathway from the canonical
endolysosomal route, and how are these pathways coupled to
lysosome exocytosis to facilitate antigen extraction?

How do perturbations in lysosome homeostasis affect B cell
activation? Insight can be gained by studying rare disorders
such as lysosomal storage diseases (LSDs), where mutations
in genes encoding for lysosomal hydrolases, transporters, or
membrane proteins result in the abnormal accumulation of
macromolecules within lysosomes leading to cell death and
multiple organ dysfunction (Cabrera-Reyes et al., 2021) . Most
of the LSDs are associated with severe neurological defects,
however immune deficiencies and autoimmunity have also
been observed (Rigante et al., 2017; Simonaro, 2016) and pos-
sibly often overlooked. Few studies have addressed how B cell
activation is compromised in LSDs or when defective traffick-
ing of lysosome proteins occurs. For instance, mice deficient
in the formation of M6P residues exhibit significant loss of
cathepsin proteases in B cells, leading to lysosomal dysfunc-
tion with an accumulation of storage material, impaired Ag
processing and presentation, and subsequent defects in B cell
maturation and antibody production (Otomo et al., 2015) .
Peripheral B cells isolated from patients with Niemann-Pick
disease type C1 (NP-C1), a rare lysosomal storage disorder re-
sulting from mutations in an endolysosomal cholesterol trans-
porter display increased levels of lysosomal glycosphingolip-
ids (Lachmann et al., 2004) and B lymphocytes treated with
U18666A, an inhibitor of the lysosomal cholesterol transport-
er, NPC1, accumulate lysosomes in the perinuclear region,

suggesting that their function might be compromised.

The study of LSDs can therefore contribute to a better under-
standing of how lysosome fitness can impact B cell activation
and humoral responses. The knowledge obtained from such
severe pathological settings can reveal critical information
that could be relevant for other conditions found in the gener-
al population, such as metabolic disorders including diabetes
and obesity, where impaired lysosomal function is a common
hallmark (Cabrera-Reyes et al., 2021).

It is clear that more research is needed to understand the mul-
tifaceted functions of lysosomal vesicles in B cells. We expect
that proteomics could be key in the quest to unravel important
new insights into lysosome functions upon B cell activation.
Analysis of isolated lysosomes (like in macrophages, (Gao et
al., 2017) or modern proteomics tools like LysoIP (Laqtom,
2023)and proximity proteomics (similarly to Awoniyi et al., in
press), combined, for example, with the information of the
overall proteome recruited to the IS upon B cell activation
(Cunha et al., 2023; Cunha et al., bioRxiv) hold great prom-
ise for new insights of the lysosomal heterogeneity and LRO
functions. Understanding B cell activation at the molecular
level would help us to decipher the pathogenesis of various
autoimmune conditions or B cell lymphomas and has impli-
cations on immunotherapeutic aspects as well. The role of B
cells has also emerged in tumor immunology. For example, re-
cent studies promote B cell-rich tertiary lymphoid structures
(TLS) as a positive prognostic indicator (Triib & Zippelius,
2021). Furthermore, EVs undoubtedly generate an interesting
frontier with plenty of possibilities for future diagnostics or
therapies, given their signaling functions, aided by specific
surface markers that distinguish B cell-derived EVs from oth-
er sources.
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5. DISCUSSION

The results shown in manuscripts 1, 2, and 3 will be discussed in the following section. For reference
to the figures in each manuscript, the notation (Fig. X, M. Y) will be used, with *X' being the figure

number of manuscript 'M' (Y =1, 2 or 3).

1 — B cell cytoskeleton remodeling in response to varying rigidities of antigen presenting
surfaces.

Upon interaction with surface-tethered antigens B cell spreading, and subsequent contraction of their
actin cytoskeleton is a hallmark response for the effective establishment of an immune synapse. This
allows BCR and antigen clustering at the center of the IS and the formation of specialized actin
structures that assist with Ag extraction and internalization (74). However, BCR-mediated
mechanosensing responses as an independent phenomenon from the classical integrin mechano-
transduction pathways, have not been sufficiently explored in the context of IS formation and
function. Despite previous studies using tunable stiffness to understand B cell mechanobiology, these
usually implement rigidities that are far from physiological stiffness values for APCs (0.1-0.5 kPa),

using surfaces of ~2 kPa as “soft”- healthy substrates (55).

In this work, by employing tunable stiffness PAA gels, we could emulate the stiffness of unstimulated
APCs (0.3 kPa) in conditions we consider “soft” and 13 kPa, as “stiff” comparable to scenarios in
which APCs increase their membrane stiffness by inflammatory or mechanical cues. We believe that
the conditions used in our study contribute to the current knowledge on how B cells respond to soft
and stiff Ag. bound surfaces during the IS, as they represent values closer to physiological and
pathological conditions. Our results provide insight on how mechanical cues shape the IS formation,

antigen capture and overall B cell activation.

81



PAA gels constructed for this work are functional in terms of triggering a spreading response in B
cells in increasing times of activation when coupled to BCR™ ligands without the presence of integrin-
binding molecules. Importantly, as we evaluated short incubation times, no significant cell death was
triggered when using these substrates. Few studies have data on the malignancy of prolonged cell
culture on PAA Gels, but this effect should be noticeable in a period of days (86). Noticeably, as
shown in (Fig.1 M.1) only stiff substates coupled to BCR™ ligands cause increasing spreading
responses while soft ones maintain B cells in a non-spreading state, suggesting that BCR-mediated
signaling is responsible for cytoskeleton remodeling in the range of the presented stiffnesses. Our
experimental setup provided additional information on the presence of secondary actin structures that

are related to enhanced states of B cell activation, such as actin foci.

Inside-out activation of the BCR (43) following antigen interaction is sufficient to promote focal
adhesion, integrin clustering and actin foci formation. The latter are sites where antigen is
concentrated and acquired (75). Actin foci number and lamellipodia area counts were enhanced when
B cells interacted with stiff substrates compared to softer ones in a time-dependent manner. It is
possible that increasing stiffnesses promote the formation of actin structures to stabilize the IS
process, as other actin structures including actin arcs have been described in experimental setups of
higher stiffness (glass) (22) to prompt increased levels of overall antigen capture and B cell activation.
These data suggest that BCR signaling is sufficient to trigger a spreading response and initial

activation markers in conditions that have not been previously reported within this range of rigidities.

In line with the previous observations, we decided to evaluate other mechanosensing responses

downstream BCR activation that directly affect the cytoskeleton and integrin adhesions such as the

focal adhesion kinase (FAK). FAK is activated via phosphorylation (pFAK) by PKCB after the
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initiation of the IS signaling cascade, accumulating in nascent focal adhesions, thereby promoting

integrin function (56).

In this work, we could find single pFAK spots that correlate more accurately with their distribution
and features in migrating cells, thus improving the previously characterized responses of this
signaling pathway. pFAK regulation over integrins should sustain a more stable IS by producing
mechanical forces derived from local tensions. On the other hand, dysfunctional mechano-responses
associated to pFAK deficiencies could be detrimental to the formation of a functional IS. For instance,
in patients with rheumatoid arthritis (RA), increased cartilage stiffness leads to auto-antigen-

presenting B cells, which subsequently causes the production of auto-antibodies (76).

When exploring other markers of BCR downstream signaling, we analyzed kinases that are activated
early on following antigen interaction. We were able to verify for the first time that both pERK and
pAKT are increased proportionally to substrate stiffness and activation times (Fig. EV2. M1) It is
known that both ERK and AKT kinases are regulators of actin dynamics, enhancing migration and
branching of F-Actin (77-79) which ultimately supports BCR-Ag endocytosis. Therefore, our
findings provide new mechanistic insight underlying how BCR mechanosensing can tune early
cellular responses, independently of integrin function, during the formation of the immune synapse.

Importantly, the limitations of the PAA gels system cannot be neglected.

Their main disadvantage is the incompatibility with total internal reflection microscopy (TIRFM),
which is helpful when examining the IS (22). TIRFM only works when the refraction indexes are
corresponding with the total internal reflection phenomena, and PAA gels do not fulfil this
requirement. Experiments related to nascent focal adhesions, and organelle positioning (as lysosomes,

that will be discussed later) can be performed with silicone-based substrates, but due to limitations of
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reagents and time this was not explored in this project. Noteworthy, the possibility of performing
classic biochemical experiments such as immunoblot were recently published to be compatible with
this method (71) and posed a relevant challenge when obtaining proteins from cell lysates for western
blot analysis. Alternatives to PAA gels are plasma membrane sheets, synthetic lipid bilayers, PDMS
surfaces and alginate beads, but some of them cannot be tuned to a specific stiffness with such ease

as PAA gels (80).

2 — Tubulin acetylation at the B cell immune synapse as a mechanosensory response

Tubulin acetylation is enhanced when cells engage in traction forces (67) due to the direct link
between microtubules and the actin cytoskeleton, through actin foci. As contractility forces occur
during the immune synapse formation, we investigated the impact of different stiffnesses on the
microtubule network during B cell activation. Importantly, tubulin PTMs can shape the dynamics
and affinity of vesicle trafficking, as evidenced in other immune cells. For example, in T lymphocytes,
higher levels of acetylated tubulin regulate MTOC positioning and promote vesicle exocytosis during

the formation of the cytotoxic synapse (81).

We found that in fixed cells stained for non-acetylated tubulin (aTub) and Ac-Tub, the abundance of
Ac-Tub and its ratio of accumulation compared to aTub was increasingly higher in stiffer substrates
and later time points of activation. These results represent new data in the field of B cell
mechanosensing. Considering the signaling cascade of the BCR, it is possible that other PTMs of
tubulin are enhanced during B cell activation in response to stiffness, such as tubulin tyrosination,
glutamylation and phosphorylation. All those PTMs can also influence organelle distribution and
function. These were not evaluated in this project but represent interesting targets to study how other
organelles and vesicle trafficking are affected in their distribution and dynamics in response to

mechanosensing.
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As the previously mentioned Ac-Tub - GEF-H1 interplay is present in other cell models, we evaluated
the mechanical response of GEF-H1 as shown in (Fig. EV2, M1). Our results support the notion that
in B cells, GEF-H1 at the IS increases with substrate stiffness concomitantly with acetylated
microtubules. This response is likely coupled to a mechanosensing axis directed by the BCR. Based
on the available literature, as tubulin acetylation increases, GEF-H1 is released from the lumen of
microtubules. Released GEF-H1 molecules then can act as a Rho-GEFs promoting contractibility and
formation of focal adhesions and, in parallel, work as a key component for the correct assembly of
the exocyst complex which helps with lysosome tethering at the IS promoting efficient antigen

extraction (32).

The feedback mechanism between focal adhesion formation, tubulin acetylation and GEF-H1 release
could also have major implications in B cell migration as it has been shown in other cell models. For
example, GEF-H1 depletion reduces directional migration in HeLa cells. This deficiency in GEF-H1
is associated with altered leading edge actin dynamics and extended focal adhesion lifetimes (82).
Furthermore, diminished tyrosine phosphorylation of FAK and paxillin, critical for focal adhesion

regulation, occurs in the absence of GEF-H1/RhoA signaling.

Finally, in a complementary study (83), mice lacking GEF-H1 exhibit limited neutrophil migration
and recruitment to inflamed tissues. GEF-H1—/— leukocytes demonstrate deficiencies in in vivo
crawling and TEM within postcapillary venules. This research identifies GEF-H1 as a fundamental
component of the shear stress, also a mechanical cue, critically required for a robust immune

response.

85



3 — Substrate stiffness controls lysosome positioning and dynamics at the immune synapse of
B cells

In past publications, our group has shown that upon interaction with stiff substrates such as latex
beads or glass coverslips coupled to BCR* ligands, lysosomes are recruited preferentially to a central
cluster at the IS where they secrete their acidic content and promote antigen extraction. Considering
this, it is critical to understand the implications of MT network modifications in the regulation of
vesicle and lysosome trafficking during B cell activation. The elevated levels of Ac-Tub in increasing
stiffnesses of antigen-presenting substrates might represent a novel regulatory mechanism for

lysosome positioning and function.

After evaluating whether stiffness could regulate lysosome positioning, our findings indicate that
stiffer substrates promote an increased, persistent and faster accumulation of lysosomes at the center
of the IS, which is correlated with higher levels of B cell activation. Conversely, in soft substrates,
lysosomes maintained a peripheral distribution suggesting that their trafficking might be affected by
the physical cues of the substrate. Interestingly, the number and mean area of lysosomes that arrived
at the IS was also considerably different between stiffnesses. More and smaller lysosomes were found
in stiffer substrates at increasing time points of activation. This could be related with evidence
showing that acetylated microtubule tracks are needed to promote events lysosome fission, resulting

in populations of smaller lysosomes (70).

In addition, we analyzed the co-localization of lysosomes with acetylated microtubule tracks when
cells were seeded over stiff or soft substrates. As expected, lysosomes were preferentially associated
with Ac-Tubulin structures at the IS when interacting with stiff substrates and increasing time points
of activation. This goes in line with previous knowledge in other polarized cell models but had not

been demonstrated before for B cells. However, motor proteins responsible for this association which
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are most likely KIF family members, were not explored in our study. Considering the literature, KIF1
and KIF5 are the most suitable candidates, as they promote more efficient and selective binding of
lysosomes to acetylated microtubules or MT presenting other PTM (58,62,84). The previous could

also lead to changes in their dynamics in response to substrate stiffness.

When we explored lysosome dynamics by live cell microscopy (Fig.3, M1) we found that in non-
treated control conditions, lysosomes changed their mean speed and displacement in response to
substrate rigidity, exhibiting lower values for both measurements in stiffer conditions. This is
consistent the previous results where Ac-Tubulin levels increased proportionally to substrate stiffness
at the IS; and as mentioned before, this PTM dictates the affinity and dynamics of molecular motors

that are related to lysosome transport in other cell models.

As we enhanced tubulin acetylation via the inhibition of the deacetylase HDAC6 with the microtubule
stabilizing agent SAHA, we noted that treated cells seeded over soft substrates exhibited the same
behavior as those in non-treated conditions in stiff substrates. For stiff conditions, there were no
significant changes between treated and non-treated cells in either speed or displacement of
lysosomes. The previous observation allowed us to hypothesize that there is a “acetylation threshold”
which is insensitive to stiffnesses over 13 kPa and serves to fine tune lysosome dynamics at the IS.
Therefore, we propose that acetylation of tubulin serves a cue for lysosomes to become more stable

at the IS, and possibly, help with Ag extraction when mechanical extraction is not sufficient.
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4 —The acetylase ATATL1 is translocated to the cytoplasm upon B cell activation in increasing
substrate stiffness

In search of a mechanism that could explain how tubulin acetylation is enhanced upon B cell
stimulation in increasing stiffnesses, we evaluated the role of ATATL. This is the only known enzyme
to catalyze tubulin acetylation (85,86), and recently was shown to shuttle between the nucleus and

the cytoplasm, where its action is performed on available entrance sites in tubulin lattices.

After stimulating B cells over substrates with different stiffnesses and quantifying the localization of
ATAT1, we found that in increasing activation times and stiffness ATATL1 progressively shifted its
localization from the nucleus to the cytoplasm (Fig.4, M1). To further confirm that this could be
related with canonical pathways of mechanotransduction, we evaluated YAP localization. The YAP-
TAZ complex is translocated to the nucleus as classical response to increasing stiffnesses in various
cell types, it is a key regulator of mechanosensing and promotes a series of changes in cellular
signaling and adaptation. In agreement with our hypothesis, Y AP switched its accumulation from the

cytoplasm to the nucleus, opposed to ATATL.

How mechanical cues regulate the trafficking of ATAT1 between the nucleus and cytoplasm in B
cells remains to be explored. However, a possible explanation is supported by evidence showing that
the LINC complex mediates the opening of nuclear pores in response to stiffness, as it connects
integrin signaling and mechanosensing with the architecture of the nuclear envelope (87,88).
Importantly, the LINC complex fulfils a crucial role in B cells, by promoting nuclear and MTOC
reorientation at the IS (89). Possibly, mechanical cues originating from increasing stiffness promote
the opening of the nuclear pore and allow ATATL to shift from its nuclear location to the cytoplasm
where, upon BCR stimulation and microtubule breakage induced by local traction forces, should

promote tubulin acetylation as shown in the results of our work.
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Importantly, ATAT1 could also regulate B cell migration, of key importance when these cells are
searching for antigens and could signify an additional layer of regulation by this enzyme on other
events that lead to antigen capture. In a study involving primary astrocytes, ATAT1-mediated
microtubule acetylation was observed to increase in proximity to focal adhesions, promoting cell

migration (64).

Additionally, ATAT1 was found to enhance focal adhesion turnover by facilitating Rab6-positive
vesicle fusion at these sites. Other evidence shows that control of microtubule acetylation is attributed
to clathrin-coated pits (CCPs), where a direct interaction between ATAT1 and the clathrin adaptor
AP2 was identified (90). Notably, the polarized orientation of acetylated microtubules in migrating
cells corresponded with CCP accumulation at the leading edge, underscoring the requirement for

ATAT1 interaction with AP2 in directional cell migration.

5 — ATAT1 coordinates efficient lysosome positioning at the immune synapse of B cells and
regulates antigen capture and presentation

As tubulin acetylation and lysosome positioning at the IS are controlled by varying rigidities of
antigen-presenting surfaces, we considered the action of ATAT1 to be fundamental to this process
due to the observations of its variable nuclear-to-cytoplasmic translocation in response to stiffness
when B cells are activated. After silencing ATAT1 (figs) and showing that the characteristic central
clustering of lysosomes at the IS was lost (Fig) in stiff substrates at 30 minutes, we analyzed the effect
of this enzyme in controlling antigen extraction and presentation when B cells face different

stiffnesses.
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After activating B cells in different stiffnesses and the subsequent co-culture with T-Cells we found
that levels of IL-2 incremented with cells exposed to higher substrate stiffness. We included extreme
stiffness substrates as glass coupled to either BCR™ or BCR™ ligands to distinguish whether
mechanotransduction through BCR signaling is intrinsically coupled to activating ligands or substrate
stiffness alone. Importantly, only cells activated in BCR™ conditions on the highest stiffness promoted
higher levels of IL-2, reinforcing the notion of BCR-mediated mechanosensing in our model.
Increasing levels of stiffness had no effect on the presentation of the LACK 156-173 peptide, showing
that varying substrate rigidity does not significantly influence T cell responses or B-T cell

interactions.

These results indicate that for control conditions, B cells seeded on stiffer substrates are capable of
extracting and presenting antigens more efficiently than in soft surfaces, eliciting enhanced activation
of T cells through B-T Cooperation. To our knowledge, this is the first evidence showing that
substrate stiffness regulates antigen capture and presentation to T cells, a key step in B cell activation

and maturation.

Finally, after silencing ATAT1 in experiments of antigen capture and presentation we found that for
stiffer substrates, cells silenced for ATAT1 showed less capacity to extract and present antigens to T
cells than those in control conditions for construct expression. Interestingly, in soft conditions no
significant differences of IL-2 production were evidenced. This correlates with the previous result on
stiffness-dependent ATAT1 translocation to the cytoplasm. It is possible that soft substrates do not
promote sufficient localization of ATATL at the cytoplasm, and therefore, its silencing does not show
a difference in functional outcomes. Conversely, when facing increasing stiffnesses ATAT1-silenced

cells show a dramatic decrease in their antigen capture and presentation competence.
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6. CONCLUSIONS, PROJECTIONS AND PROPOSED WORKING MODEL

Considering the results presented in this thesis, the following conclusions can be stated.

1. B cells remodel their actin cytoskeleton in response to substrate stiffness upon BCR
stimulation without the need of integrin ligands.

2. Tubulin acetylation is enhanced proportionally to increasing rigidities when B cells form an
immune synapse

3. At the immune synapse, lysosomes display a central distribution and associate preferentially
with acetylated microtubules when B cells interact with stiff substrates.

4. The stiffness of the antigen-presenting surface dictates lysosome motility and distribution.

5. The microtubule acetylase ATAT1 controls lysosome positioning at increasing stiffnesses,
maintaining the characteristic central accumulation of lysosomes at the immune synapse.

6. The translocation from the nucleus to the cytoplasm of ATATL is enhanced by increasing
stiffnesses upon B cell activation.

7. The capacity of B cells to extract and present antigens is regulated by the rigidity of the
antigen-presenting surfaces and increases with stiffer substrates.

8. ATAT1 controls the capacity of B cells to extract and present antigens at higher stiffnesses.
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The projections arising from this doctoral thesis mainly relate to establishing precedents from cellular
biology that can support potential research and development of devices or therapies aimed at the
treatment of autoimmune diseases, or cancer. For instance, novel drug delivery strategies can be

developed by utilizing particles with varying levels of rigidity.

Lipid nanoparticles (LNPs), play a crucial role in the formulation of mMRNA vaccines, such as the
Pfizer-BioNTech and Moderna COVID-19 vaccines. These lipid shells serve as protective carriers
for the fragile messenger RNA (mRNA) molecules used in these vaccines. Such structures could be
engineered to work as artificial APCs with varying stiffnesses and tune immune responses in sites of

inflammation or in the vicinity of secondary lymphoid organs.

Furthermore, taking advantage of the recent and promising work with CAR-T Cells, ex-vivo
conditioning and priming of B cells in environments where they encounter mechanical challenges
tailored to promote or diminish antigen extraction and presentation, can be explored. Additionally,
therapies that target the B cell’s own stiffness could have effect on interactions with other immune

cells, such as T cells.

Lastly, an interesting scenario would be the development of precision therapies aimed at regulating

enzymes related with tubulin acetylation, such as HDACG6 or ATAT1, which have already undergone

testing in various disease models, including cancer.
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Based on the discussion and conclusions of this thesis, the following working model is proposed (Fig

10).

In response to antigens presented on stiff substrates, B cells respond by promoting increased
spreading responses, actin foci formation and translocating the acetyltransferase ATAT1 from the
nucleus to the cytoplasm. Conversely, YAP is translocated to the nucleus in a manner consistent with

its mechanosensitive function.

ATAT]1, responsible for catalyzing tubulin acetylation, modifies the mechanical properties of
microtubules. This alteration in tubulin acetylation has downstream effects on lysosome dynamics.
On stiffer substrates, lysosomes are concentrated at the center of the IS. This is accompanied by a
reduction in their speed and displacement compared to lysosomes in B cells activated on softer
substrates. Additionally, lysosomes show a preference for associating with acetylated microtubules
under stiffer conditions. This preference underscores the existence of a cellular pathway that connects

antigen-extraction mechanisms with the mechanical cues originating from APCs.

The functional consequence of these mechanosensing mechanism is an enhancement in the capacity
of B cells to capture and present antigens to T cells in increasing stiffnesses. Notably, when ATAT1
is downregulated, this enhanced antigen presentation is impaired, highlighting the critical role of

ATAT1-mediated tubulin acetylation in this process.

In summary, the response of B cells to antigens presented on stiff substrates involves a sophisticated
interplay of mechanosensitive signaling, tubulin acetylation, and lysosome dynamics. This cascade
of events enhances B cells' capacity to capture and present antigens, ultimately contributing to the

orchestration of immune responses.
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These findings offer valuable insights into the intersection of molecular and mechanical aspects of

immunology, shedding light on the role of BCR-mediated mechanosensing in antigen presentation.

Soft substrate
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Figure 10: Working model
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