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RESUMEN 

El estudio de la mecanosensibilidad celular representa una rama de la biología que recientemente ha 

ganado mucho interés, reflejado en el premio Nobel de fisiología y medicina de 2021 otorgado a 

Ardem Patapoutian por el descubrimiento y caracterización del mecano-receptor PIEZO1. Sin 

embargo, poco se ha estudiado sobre cómo las señales mecánicas provenientes del entorno 

extracelular pueden dictar el funcionamiento del sistema inmune, y en particular, de los linfocitos B: 

las únicas células capaces de producir anticuerpos. En este trabajo se estudió cómo las propiedades 

físicas de la superficie presentadora de antígenos influyen en la capacidad de las células B para extraer 

antígenos inmovilizados y cómo estos procesos están conectados. 

 

Se encontró que, al interactuar con sustratos más rígidos, las células B experimentan respuestas de 

estiramiento celular aumentadas y mayor acetilación de tubulina, específicamente en el centro de la 

sinapsis inmunológica. En sustratos rígidos, los lisosomas se ubican en el centro de la sinapsis, lo que 

reduce su movilidad en comparación con sustratos más blandos. Los lisosomas además muestran una 

preferencia por asociarse con tubulina acetilada en contextos de mayor rigidez. Mecanísticamente, 

esto implica la translocación de ATAT1, una enzima acetilasa de microtúbulos, del núcleo al 

citoplasma de las células B, actuando como señal mecánica durante la estimulación del BCR. 

 

El silenciamiento de ATAT1 en células B disminuye su capacidad para estabilizar los lisosomas en 

la interfaz sináptica, lo que resulta en una extracción y presentación reducidas de antígenos 

inmovilizados a las células T. Estos hallazgos sugieren una vía que conecta la extracción de antígenos 

con señales mecánicas provenientes de células presentadoras de antígenos. En resumen, esta 

investigación aporta nuevos conocimientos y ofrece una base para comprender mejor las respuestas 

inmunológicas, con posibles implicaciones en terapias y trastornos inmunológicos. 
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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 ATAT1 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. 
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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, naïve 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-1β, IL-6, IL-10, IL-12, and TGF-β, which regulate and 

coordinate the differentiation of T helper (Th) cells into Th1, Th17, 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).   
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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 II) 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.  
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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 Igα/β 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-II 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. 

MTOC 
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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 (PLCγ). 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 Rac1 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 (SMACs) (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. 

 

Spreading Contraction 
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After the spreading phase, B cells experience a contraction step, where all the membrane antigen-

bound BCR complexes gather at the center of the IS. 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 ECM29 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 

II 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-II 

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

 

b

 

a 

c
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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). 

 

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. 
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Interestingly, it has been shown that APCs modify the stiffness of their membranes in inflammatory 

environments. In the case of macrophages, when exposed to β-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).  

Dendritic cell Macrophage T Cell 

ECM Viral particles 

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. 

 

 

0.1 kPa 0.3-0.5 kPa 1 kPa 

10-20 kPa 45-1000 MPa 
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Other signals produced in inflammatory sites such as INFγ 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 PKCβ 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 IgG),  

 



 

18 
 

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 α/β-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 α-tubulin is a prominent 

PTM, catalyzed by the enzyme α-tubulin acetyltransferase (ATAT1). 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 ATAT1. 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 HDAC6 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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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-HDAC6 interaction and subsequent enhancement of HDAC6 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).  

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. 
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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. 

 

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. 

Acetylated Tyrosinated 
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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 αTAT1 to FAs (ii) and amplifies 

microtubule acetylation (iii).  

 

The mechanism by which αTAT1 infiltrates the luminal space of microtubules remains enigmatic; 

however, it could be speculated that the recruitment of αTAT1 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 IIA 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, I 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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Aims 1 and 2 - Manuscript 2: Quantitative analysis of the B cell immune synapse formation 

using imaging techniques. 

The following accepted manuscript, in which I 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 Vázquez, Oreste1 *., Contreras, Teemly1 *., Alamo Rollandi, Martina1., Del Valle 

Batalla, Felipe1., Yuseff, Maria-Isabel1. 

(1) Laboratory of Immune Cell Biology, Department of Cellular and Molecular Biology, Pontificia 

Universidad Católica de Chile, Santiago 8331150, Chile 

* Equal contribution 

 

Corresponding Authors: Yuseff, María-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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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. 
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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.  
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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.  



 

85 
 

 

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. 
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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 ATAT1 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 ATAT1. 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 ATAT1 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, YAP switched its accumulation from the 

cytoplasm to the nucleus, opposed to ATAT1.  

 

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 ATAT1 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.  

 

 



 

90 
 

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 ATAT1 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 ATAT1 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 mRNA 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 HDAC6 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.  

 

ATAT1, 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. 

 

  

Figure 10: Working model 
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