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The B cell-mediated humoral immune responses play a crucial role in neutralizing 

pathogens and unwanted foreign substances. B cells become activated upon antigen binding 

of their B cell receptor (BCR), and then internalize and process antigen for presentation on 

their MHCII for T cell recognition. acquiring T cell signaling through antigen presentation is 

essential for B cell differentiation into high-affinity antibody-producing cells and memory B 

cells. In vivo, Antigen encountered by B cells is often tightly associated with the surface of 

pathogens and/or antigen-presenting cells. When B cells engage surface-associated antigen, 

BCR signaling induces reorganization of the cytoskeleton, causing spreading and contraction 

of the B cell on the antigen-presenting surface. This allows the B cell to engage more antigen 

and gather the antigen into a central cluster for internalization. Internalization of surface-

associated antigen has been shown to require myosin-generated forces and the exocytosis of 

lysosomal enzymes. However, the mechanism that initiates lysosomal exocytosis remains 

unknown. 



 
 

This research explored a possible mechanism for the triggering of lysosomal exocytosis of B 

cells during interaction with surface-associated antigen.  We showed that BCR interaction 

with antigen tethered to beads, to planar lipid-bilayers (PLBs) or expressed on the surface of 

live cells causes permeabilization of the B cell plasma membrane (PM), an event that 

required strong BCR-antigen affinity, BCR signaling, and activation of non-muscle myosin 

IIA (NMIIA). Moreover, we showed that B cell PM permeabilization triggers a repair 

response that includes the exocytosis of lysosomes at the site of antigen interaction. 

Importantly, we showed that B cells undergoing PM permeabilization and subsequent repair 

internalize more antigen; and better activate T cells compared to unpermeabilized B cells. 

Thus, our research reveals a novel mechanism for B cells to capture surface-associated 

antigen: antigen affinity-dependent binding of the BCR indices localized B cell PM 

permeabilization and lysosome exocytosis as a repair response, which facilitates antigen 

internalization and presentation through the extracellular release of lysosomal hydrolases.  

In addition, we explored the molecular mechanism required for B cell PM permeabilization in 

response to surface-associated antigen. We showed that B cells that undergo PM 

permeabilization in response to PLB-associated antigen spread over the PLB at a faster rate 

and to a larger area in comparison to cells that remain intact. Furthermore, we showed that B 

cells that undergo PM permeabilization recruit more NMIIA at a faster rate, and display a 

higher level of NMIIA organization at the immune synapse. We additionally discovered a 2o 

B cell spreading and NMIIA recruitment event, approximately 25-30 minutes after antigen 

engagement, that facilitates B cell PM permeabilization. Thus, B cell PM permeabilization 

requires the engagement of a large amount of antigen through B cell spreading on the 

presenting surface, as well as strong NMIIA recruitment and organization at the immune 

synapse. This research suggests that B cell PM permeabilization in response to surface-

associated antigen plays an important role in distinguishing B cells with various levels of 



 
 

BCR activation, providing novel insights into the mechanisms responsible for affinity 

differentiation during B cell activation.   
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Chapter 1: Introduction  

1.1 B cell function in immune response 

1.1.1 Innate Immunity 
The immune system is essential in providing the human body with the necessary protection 

against foreign pathogens. It protects the body by attacking and neutralizing invading pathogens 

and toxins. The immune system consists of two major branches. First, there is the innate immune 

system, which protects against pathogens in a non-specific manner. The innate immune system 

works by recognizing common molecular patterns presented on pathogens and taking broad, non-

specific action to neutralize the invading entities. For example, macrophages and other 

phagocytic cells recognize the surface molecules of pathogens, phagocytose these pathogens, and 

destroy them in phagolysosomes. The innate immune response is activated by receptors 

recognizing common pathogen-associated molecular patterns (PAMPs) on pathogen surfaces, or 

damage-associated molecular patterns (DAMPs) originating from damaged host cells1,2. PAMP 

receptors, known as pattern recognition receptors (PRRs), recognize lipoproteins, glycoproteins, 

lipopolysaccharide (LPS), and flagella present on the surface of bacterial cell walls and double-

stranded RNAs of viruses. These receptors include toll-like receptors (TLRs), Nod-like receptors 

(NLRs), and retinoic acid-inducible gene (RIG-I) like receptors1. The innate immune system is 

generally thought of as a short-term response to invading pathogens and does not provide long-

term protection against specific antigen (Ag). However, the innate immune system does function 

to initiate the second major branch of immunity, the adaptive immune response. Upon activation 

of PRRs, the innate immune system induces stimulatory cytokines that activate the rest of the 

innate immunity and also facilitate the activation of lymphocytes, which are essential components 

of the adaptive immune response2–4. The adaptive immune response provides long-lasting, 

specifically targeted protection against a wide variety of invading pathogens2,5,6.  
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1.1.2 Adaptive immunity 
The adaptive immune response can be divided into two major branches, the cell-mediated 

and the humoral (or antibody mediated) immune responses7. The cell mediated immune response 

largely depends on the function of T lymphocytes. T lymphocyte mediated immunity depends on 

the function of CD4+ T cells and CD8+ T cells. CD4+ T cells (or T helper cells, Th) get activated 

by recognizing Ag presented with the major histocompatibility complex class II (MHCII) on the 

surface of professional Ag presenting cells (APCs). CD4+ T cells stimulate other leukocytes by 

releasing various stimulatory cytokines that induce various immune functions8. MHCII molecules 

are exclusively expressed by professional APCs, macrophages, dendritic cells, and B cells7. These 

cells internalize Ag, process it, and subsequently present the processed Ag on their MHCII2,9,10. 

Recognition of Ag presented on the MHCII through the T cell receptor (TCR) activates Th cells 

and produces a stimulating signal in return to activate APCs8,11,12. CD8+ T cells (or Cytotoxic T 

cells, CTLs) recognize Ag presented on the major histocompatibility complex class I (MHCI)7. 

The MHCI is expressed by all cell types and is responsible for presenting antigen from 

intracellular pathogens, like viruses. Additionally, cancer cells can present miss-expressed protein 

on MHCI. CTLs recognize Ag presented on MHCI through TCR, which induces the release of 

cytotoxic proteins such as perforin, granzymes, and granulysin, consequently eliminating these 

cells13,14. 

The Humoral immune response relies on the production of Ag-specific antibodies (Abs) by 

B lymphocytes9,15. Antibodies are molecules that bind to Ag with specificity, neutralizing the Ag 

and tagging it to be degraded by other immune cells. To protect against a wide variety of possible 

pathogens and toxins, the human body produces a large variety of antibodies. Antibodies are 

produced by antibody producing cells, which differentiate from B lymphocytes that have been 

exposed to specific antigens. Antibodies function by binding to specific foreign substances in a 

process known as opsonization. Antibody binding can neutralize the foreign substance and help 

facilitate its clearance. Opsonization facilitates macrophages and other phagocytic cells to bind, 
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phagocytose and degrade the foreign substance. Additionally, opsonization induces the 

complement cascade, which kills the pathogenic cells by generating pores in their membrane. The 

research in this dissertation will focus mostly on the role of B cells in the humoral immune 

response. B cells circulate the body in search of foreign antigen through the blood and lymphatic 

system, although a large number of B cells can be found in secondary lymphoid tissues such as 

the spleen and lymph nodes. Here B cells interact with antigen presenting cells, such as 

macrophages and dendritic cells, that capture antigen and present it on their surface for B cell 

recognition. Although B cells do recognize soluble antigen, the presentation of antigen by APCs 

significantly increases the likelihood of B cells encountering antigen, and facilitates the 

interaction via costimulatory molecules present on the surface of the presenting cells16. B 

lymphocytes use their B cell receptor (BCR), a membrane associated immunoglobulin (Ig) 

receptor molecule, to recognize Ag. Once the BCR engages an Ag, the B cell will be primed to 

initiate signaling through the CD79a/CD79b heterodimer non-covalently associated with mIg. 

The intracellular domains of CD79a and CD79b contain intracellular signaling domains17–19. BCR 

signaling induces the activation of B cells and primes the internalization, processing, and 

presentation of the Ag on the MHCII 9. The B cell will then receive an additional activation signal 

from Ag specific Th cells11,20. Upon activation, B cells differentiate into Ab producing cells or 

memory B cells. Antibody producing cells generate Ag-specific Abs, with strong specificity to 

Ag. Alternatively, B cells can differentiate into memory B cells, which enter the circulation, and 

will be activated upon the next exposure to the same Ag. Activated B cells form germinal center 

reactions in the secondary lymphoid organs, where they undergo affinity maturation to improve 

Ab affinity to the specific antigen (further discussed below)5,9. Thus, providing rapid, high 

affinity, and long-lasting immunity against specific Ags6,9.   
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1.2 B cell effector function 

1.2.1 The antibody molecule 
The main function of B Cells is to generate humoral immune responses by generating Ab. 

Antibodies function by binding with high specificity to Ag, which neutralizes the Ag by 

preventing pathogens with the Ag to colonize and invade host cells, by activating the compliment 

cascade, and by recruiting other immune cells through interaction with Fc receptors on their 

surfaces. An antibody is a glycoprotein complex consisting of two identical heavy chains and 

light chains, linked by disulfide bonds into a Y-shaped structure21,22 (Figure 1.1). The antibody 

consists of two Ag binding regions (the Fab region) and a constant region (The FC region). Each 

of the two arms in an Ab (the Fab regions) contains a variable region used for binding Ag. The 

variable regions are generated through random VDJ rearrangement of Ig genes21,22. The tail (or 

the Fc region) is used to interact with complement proteins and the Fc receptors on various 

immune cells, and contains only a constant region which determines the isotype of the Ig 

antibody. The antibody molecule is made up of two heavy and two light chains. Each light chain 

consists of two Ig domains located in the Fab portion of the Ab molecule, and the heavy chain 

consists of four to five Ig domains (depending on the isotype class) spanning both the Fab and the 

Fc portion of the molecule. The N-terminus of the light and heavy chains form the variable region 

to bind Ag, while the C-terminal of the heavy chains forms the Fc region that binds to Fc 

receptors. Random rearrangement of the N terminus of the Ab molecule ensures that individual B 

cells have unique binding sites, and allows B cells to bind with high specificity to a wide range of 

Ag. The BCR is a surface-bound IgM or IgD Ab molecule, associated with a 

CD79a(Igα)/CD19b(Igβ) heterodimer that transduces Ag binding signal across the plasma 

membrane (PM). The BCR surveys Ag, and Ag binding initiates the process for B cells to 

differentiate into Ab producing cells, secreting Ab that specifically recognizes that Ag. In order to 

generate B cells with a wide variety of specificity, Ig genes undergo rearrangement in a process 

known as VDJ recombination during B cell maturation in the bone marrow22–24.  VDJ 
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recombination is dependent on the recombination-activating gene (RAG1 and RAG2), which 

mediates the random recombination of the variable (V), diversity (D), and joining (J) gene 

segments of the Ig Heavy chain and the V and J segments of the Ig Light chain. This random gene 

recombination produces a large repertoire of B cell clones that will recognize a wide variety of 

Ag. Secreted Ab circulates the body to neutralize foreign Ag and will bind with high specificity 

to its target Ag. This opsonization neutralizes pathogens and allows them to be recognized by 

various immune cells expressing Fc receptors. Fc receptors will recognize the Fc portion of the 

Ab molecule. The binding of Fc receptors to Ag-Ab immune complexes and opsonized pathogens 

will activate the phagocytotic and intracellular kill functions of immune cells, such as 

macrophages and neutrophils, clearing the pathogens. Furthermore, Ab opsonizing pathogen can 

activate compliment cascades through their Fc region and induce compliment mediated cytolysis 

of pathogens.  
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Figure 1.1:  

 

  

Figure 1.1: Structure of the Ab molecule. Abs are made up of 2 identical heavy and 2 identical light chains 

connected by disulfide bonds. Both the heavy and the light chain contain a variable (N-terminus) and 

constant (C-terminus) region. The variable region consists of one Ig domain and is located at the tip of both 

arms of the Ab molecule and is used to bind Ag. The constant region consists of 1 Ig domain in the light 

chain, and 3-4 Ig domains in the heavy chain, depending on the isotype of the Ab. The Fc (constant) region is 

made up of only the heavy chain constant regions and is used to bind Fc receptors. The Fab (antigen binding) 

region consist of one constant and one variable region of both the light and heavy chains and I used to bind 

to Antigen. The Fc and Fab regions are connected by a hinge region that gives the Ab flexibility to bind Ag.  
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1.2.2 Antibody function 
There are five isotypes of the Ig molecule including IgM (µ), IgD (δ), IgE (ε), IgA (α) 

and IgG (γ)25 (Figure 1.1). The isotype of the Ig is determined by the constant region (Fc region) 

of the molecule25. These isotypes determine their effector functions within the immune system. 

Naïve (Ag unexperienced) B cells express membrane IgD and IgM (B cell receptors), to survey 

for Ag. The C-terminus of the heavy chain of the mIgD and IgM molecules contain a 

hydrophobic transmembrane region, followed by three positively charged amino acids. B cell 

activation can induce Ig class switching recombination (CSR) changing from expression of mIgM 

and mIgD to expression of other Ig isotypes. Each Isotype has a unique, isotype specific, Fc-

receptor it can bind to25. Binding to these Fc-receptors expressed on a variety of immune cells 

will induce various effector functions. Secreted Igs circulate the blood and lymph circulating 

systems, surveying foreign Ag. IgG is by far the most abundant circulating Ab and can be 

expressed as various subisoforms, such as IgG1, IgG2, IgG3, and IgG4 in the human. Besides 

activating complement IgG binds to isoform specific Fcγ receptors. Whereas the circulating IgG 

molecule exists as a monomer, the circulating IgM molecule exists as a pentamer. IgA is 

primarily secreted as dimers at the mucosal surfaces. IgE is the major player in allergic reactions 

and activates allergic reactions by binding FcεR on mast cells, basophils, and eosinophils, 

inducing degranulation. Thus, B cells play a wide variety of roles in the immune response to 

invading pathogens by secreting antibodies. Various Ig isotypes secreted by B cells can activate 

different immune cells through FcRs to fight infection. Under a sufficient activation condition, 

naïve B cells can differentiate into long-lived memory B cells and plasma cells, providing long-

lasting immunity. Long-lived plasma cells maintain antibody levels in circulation. Memory B 

cells mount a rapid, robust, and highly specific immune response upon exposure to pathogens the 

host has previously been exposed to. Establishment of long-lived plasma and memory B cells is 

the fundamental basis of vaccines, the most effective preventatives for infectious diseases. 
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1.3 B cell development and activation  

1.3.1 Early B cell development  
Most B lymphocytes are originated from hematopoietic stem cells (HSC) in the bone 

marrow. B cells undergo a series of complex mutation steps and developmental stages before 

reaching the mature naive B cell stage. During B cell development, self-reactive B cells are 

eliminated (negative selection) to establish self-tolerance. B cells first emerge as pro-B cells, 

recognized by the surface expression of CD45R/B220. Pro-B cells express a pro-BCR, consisting 

of calnexin and Igα/Igβ before Ig genes undergo rearrangement26. B cells then undergo Rag1/2-

mediated rearrangement of the Ig heavy chain genes and develop into Pre-B cells. Rearrangement 

of the Ig Heavy chain is initiated by IL-7, released by bone marrow stromal cells23. IL-7 induces 

the expression of the recombination-activating gene (rag). The diversity region (DH) and the joining 

region (JH) recombine first, followed by the variable region (VH) to complete the VDJ 

recombination. During the Pre-B cell state, the rearranged Ig heavy chain is joined by a surrogate 

Light chain (SLC), consisting of λ5 and VpreB, to make up the mIg of the pre-BCR26. Ig gene 

rearrangement is critical for B cell development, as humans and mice with RAG1/2 deficiency do 

not develop mature lymphocytes26,27. Furthermore, immunodeficient SCID humans and mice fail 

to develop mature lymphocytes due to an inability to induce Ig gene rearrangement; however, 

introduction of genetically rearranged Ig molecules induces the generation of mature lymphocytes 

in SCID mice28. Successful assembly of the pre-BCR includes the association of the pre-BCR with 

the Igα/Igβ complex and will provide the B cell with an activation signal allowing the B cell to 

further develop. However, unsuccessful assembly of the pre-BCR will cause the B cell to undergo 

apoptosis, as these cells will lack a properly assembled BCR and will thus not be able to produce 

any intracellular signaling. At the immature B cell stage, B cells expressing self-reactive BCRs are 

negatively selected for elimination. The binding of the BCR to self Ag in the bone marrow with 

high affinities induces apoptosis, while low-affinity binding of the BCR to self Ag causes further 

VDJ rearrangement to change mIgM specificity26,29. Non-self-reactive B cells are selected to leave 
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the bone marrow and move to the secondary lymphoid tissues, where B cells further develop into 

transitional 1 (T1, IgDhi/IgMlow), transitional 2 (T2 IgDhi/IgMhi), and mature follicular B cells.  

 Mature, Ag inexperienced naïve B cells, survive and survey Ag by circulating through the 

spleen and lymph nodes. Mature B cells can be divided into two major types, B1 and B2 B cells. 

B1 cells are responsible for generating Abs against common Ags (natural Abs). B1 cells exist in 

the pleural and peritoneal cavities and are responsible for generating Abs that respond to polymeric 

antigens such as polysaccharides and lipids. Unlike conventional B cells, these cells generate Ab 

responses independent of Ag stimulation through innate receptors, such as TLRs. Furthermore, 

these cells are self-renewing, requiring no BCR activation or T cell help to proliferate. B2 cells on 

the other hand, require Ag specific stimulation. In the secondary lymphoid tissues, there are two 

major populations of B-cells, marginal zone (MZ) B cells and follicular (FO) B cells. MZ B cells 

are non-circulating B cells located in the marginal zone of B cell follicles, while FO B cells are the 

dominant population of B cells in the secondary lymphoid tissue. Both MZ and FO B cells can be 

activated through the BCR17,18,30. BCR signaling is essential for B cell survival and activation. MZ 

B cells have a limited repertoire of BCRs that bind to common pathogen-associated Ag. They have 

a lower activation threshold than FO B cells and respond rapidly to Ag exposure, producing an 

antibody response within hours31. MZ B cells primarily respond to T cell independent Ag, such 

as polysaccharides or lipopolysaccharides that T cells do not recognize. T cell independent 

activation generally leads to short-lived Ab producing cells that primarily secrete IgM Abs. FO B 

cells circulate the body through the lymphatic system and pass through the follicles of the lymph 

nodes and spleen to survey Ag. FO B cells primarily respond to T cell dependent Ag, generally 

protein-based Ag, requiring a secondary signal from T helper (Th) cells to differentiate into Ab 

producing cells or memory B cells. T cell help is essential for B cells to generate a high affinity, 

isotype switched Ab response, a process called affinity maturation20,32.  
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1.3.2 B cell affinity maturation and the germinal center 
The process of affinity maturation is essential for B cells to differentiate into high-affinity 

Ab producing cells or memory B cells. It is important that Ab producing cell and memory B cells 

are generated that can recognize an antigen with high specificity and strong binding affinity. Strong 

affinity and specificity will ensure the effective recognition and binding of the Ag and ensure an 

effective immune response. To accomplish the production of highly specific Ab producing and 

memory B cells, B cells undergo a number of processes to select for B cell clones with affinity and 

specificity of the BCR, and ultimately the Ab, against the antigen. This includes several rounds of 

somatic hypermutations as well as selective apoptosis and differentiation. The germinal center (GC) 

plays a crucial role in the affinity maturation of B cells. The germinal center is a specially organized 

cellular environment in secondary lymphoid tissues initiated by T cell stimulatory siganals33,34. GCs 

generally appear several days after initial exposure to an Ag, reach a peak after 1-2 weeks, and can 

last for several weeks33. The germinal center reaction is essential for the generation of high-affinity 

Ab producing cells and memory B cells, as its main function is to select for B cell clones with high 

affinity to the Ag (Figure 1.2). GC reactions are initiated after Ag recognition by the B cell. Upon 

Ag recognition, B cells internalize the foreign Ag, process it, and present it on the MHCII for T 

cell recognition. Th cells activated by Ag-MHC-II complexes will prime B cells to migrate to the 

B cells follicle and undergo rapid proliferation, inducing germinal center reaction. B cells migrate 

from the B-T border of the B follicle by upregulating the CXCR5 receptor which recognize the 

chemokine CXCL13 produced by follicular dendritic cells (FDCs)35. FDCs are also responsible to 

presenting antigen to B cells in GC 5,32,34,36. The Germinal center consists of two major regions, the 

dark zone, and the light zone33,37. The dark zone is a B cell dense area where Ag experienced B 

cells proliferate and undergo somatic hypermutation induced by activation-induced cytidine 

deaminase (AID). During somatic hypermutation, the variable (V), diversity (D), and Joining (J) 

regions of the Ig molecule undergo point mutations to alter the variable region of the Ig molecule 

and alter its affinity to the Ag. Somatic hypermutation further expands the B cell pool with a wide 
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range of affinity to the specific Ag37. After SHM, B cells will move from the dark zone to the light 

zone guided by the chemokine CXCL13 that is expressed by FDCs in the light zone and recruit 

CXCR5hi GC B cells38,39. The light zone contains FDCs that present surface bound Ag to the B 

cells, and Follicular T helper cells (Tfh) that provide B cells activation signals. In the light zone of 

the germinal center B cells survey and acquire Ag from APCs and consequently present processed 

Ag to Tfh cells to receive a T cell signal40. Cellular interactions between B cells and APCs, and B 

cells and Tfh Cells are critical in the light zone of the germinal center. Differentiation of high and 

low-affinity antigen during the acquisition of antigen from the surface of APCs is essential for 

proper affinity maturation of the B cells. Antigen affinity and density, as well as the nature of the 

presenting surface all affect the ability of the B cell to differentiate high- and low-affinity antigen 

(further discussed in chapter 1.6). Low-affinity B cells acquire less or no Ag and thus induce low 

levels of T cell signaling, priming low-affinity B cells to either undergo apoptosis or additional 

rounds of proliferation and somatic hypermutation. High-affinity B cells acquire more Ag and 

receive a strong T cell signal, priming them to class switching from IgM and IgD to IgG, IgA, and 

IgE and differentiate into Ab producing or memory B cells37,41. 
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Figure 1.2: 
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Figure 1.2: The Germinal center reaction. The germinal center reaction is essential for the 

process of affinity maturation in B cells. (1) Upon B cell activation by recognition of an Ag and 

an additional activation signal from a Th cell, a subset of B cells will be induced to enter a GC 

reaction. (2) In the dark zone of the germinal center B cells will proliferate and undergo somatic 

hypermutations of the BCR. This increases the B cell pool and increases the variability of the 

BCR’s affinity to the Ag. (3) B cells move from the dark zone to the light zone, where they 

interact with APCs, mainly follicular dendritic cells (FDCs). B cells will engage Ag presented on 

the surface of the FDC and internalize, process, and present the AG on their MHC-II. (4) B cells 

then interact with Tfh Cells. The Tfh cell will recognize the Ag presented by the B cell on their 

MHC-II. The T cell will in return provide the B cell with an additional activation signal. The 

strength and nature of this signal depend on the BCR-Ag affinity. (5a) If the BCR-Ag interaction 

is strong, the B cell will receive a strong T cell signal and will be induced to undergo Class 

switching recombination (CSR) and differentiation into memory B cells or Ab producing cells. 

(5b) If the BCR-Ag interaction is weak, the B cell will receive a weak, or no, T cell signal and 

will be induced to either enter a stage of anergy (non-reactiveness) or the B cell will undergo 

apoptosis. (5c) if the BCR-Ag affinity is moderate, the B cell will receive some T cell signal and 

will be induced to migrate back to the dark zone and undergo additional rounds of proliferation 

and somatic hypermutations, to increase its BCR-Ag affinity.  
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1.4 BCR signaling pathway 
 

B cells recognize Ag through the BCR. The BCR is a membrane associated protein 

complex consisting of a trans-membrane immunoglobulin (mIg), responsible for Ag recognition, 

non-covalently associated with a heterodimer of Igα and Igβ (CD79a/b), responsible for 

intracellular signaling. Upon engaging Ag, the BCR generates an intracellular signaling response 

through the Igα/Igβ.  B cell activation requires a certain threshold level of BCR signaling, which 

prevents spontaneous B cell activation, or activation in response to low-affinity Ag. The extent of 

BCR signaling is dependent on the avidity of the BCR-Ag interaction42. Avidity is determined by 

the affinity of the BCR-Ag interaction as well as the valency (the abundance of epitopes) of the 

Ag. Research from the Batista and Pierce labs showed that Ag with high affinity will induce a 

stronger BCR signal when compared to low-affinity antigen mutants42–45, and similarly, Ag with a 

higher number of repeated epitopes will also induce a stronger BCR signal 46,47. Both affinity and 

valency of the antigen to the BCR are important for B cell affinity discrimination. This allows the 

B cells to differentiate between high and low affinity BCR-Ag interactions and prevents 

activation of the B cell in response to weak Ag interactions. Furthermore, it allows the B cells to 

effectively undergo the affinity maturation processes.  

1.4.1 BCR signaling cascade 
To initiate BCR signaling, the BCR must recognize an Ag that can crosslink surface 

BCRs. This requirement was demonstrated by the fact that exposure of B cells to a F(ab)2 

fragment of anti-BCR antibody (containing 2 Ag binding sites) induces BCR activation, but 

exposure to a Fab fragment of anti-BCR antibody (containing one Ag binding site) does not48. 

Crosslinking of the BCR will lead the BCR to self-aggregate into lipid raft associated BCR 

microclusters17,18 (Figure 1.3). Lipid rafts are dynamic plasma membrane (PM) structures rich in 

cholesterol and glycosphingolipids that can physically and biochemically include or exclude 
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surface molecules.  Aggregated BCR clusters and BCR co-stimulatory receptors such as CD19, a 

costimulatory molecule that lowers the activation threshold of the BCR, prefer to locate in lipid 

rafts. It has been shown that translocation into lipid raft domains will induce a conformational 

change of the BCR that alters the conformation of the Igα/Igβ heterodimer to expose its 

cytoplasmic signaling domain30,49,50. Both Igα and Igβ are transmembrane proteins with a 

cytoplasmic domain containing an immunoreceptor tyrosine-based activation motif (ITAM), 

responsible for intracellular signaling (figure 1.4). The ITAM is a signal transduction motif 

consisting of a conserved sequence of a tyrosine, followed by two amino acids and a leucine or 

isoleucine; with a 6-8 spacer (YxxL/I x(6-8) YxxL/I)19. The ITAM is recognized by various 

signaling molecules important for the immune responses. Importantly, phosphorylated ITAM is a 

docking site for the spleen tyrosine Kinase (Syk), which plays an important role in early BCR 

signaling initiation51,52. Upon the formation of BCR microclusters and localization of these 

microclusters into lipid rafts, the BCR ITAM is phosphorylated by lipid raft resident Src tyrosine 

kinase Lyn; further underlining the importance of localization of the BCR into lipid raft 

domains18,53 (Figure 1.4). The phosphorylated ITAM provides the docking site for Src homology 

2 (SH2) domain containing Syk and enables Lyn to phosphorylate Syk. Activation of Syk is 

critically important, as inhibition of Syk majorly reduces B cell signaling and activation54. 

phosphorylated Syk activates various downstream signaling molecules, including the adaptor 

protein B-cell Linker protein (BLNK), which serves as a scaffold for the recruitment of various 

signaling molecules, including Burton’s tyrosine kinase (BTK), phospholipase C-γ 2 (PLCγ2), 

and Vav9 (Figure 1.4). The recruitment of B cell adaptor molecules, such as BLNK and Grb-2, 

facilitates the formation of a BCR signalosome (a collection of B cell signaling molecules) at the 

Ag binding site55. This organized signalosome can activate and regulate BCR signaling by 

recruiting additional stimulatory and inhibitory signaling molecules9,56. BCR signalosomes induce 

signaling cascades, leading to the activation of transcription factors that induce cell survival and 

proliferation. For example, BTK activated by Syk-mediated phosphorylation and self-
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phosphorylation can activate PLCγ257. PLCγ2 in turn cleaves Phosphatidylinositol 4,5-

bisphosphate (PIP2) to generate inositol triphosphate (IP3) and Diacylglycerol (DAG). IP3 bind to 

ER associated receptors, inducing the release of Ca2+ from ER, the intracellular Ca2+ storage. ER 

Ca2+ release activates calcium release activated channels (CARC) on the plasma membrane, 

causing an influx of extracellular Ca2+. Ca2+ and DAG subsequently activation of PKC-β, which 

induces the activation of both the MAPK/ERK and Nuclear factor of activated T cells (NFAT) 

signaling cascades, leading to further activation of transcription factors responsible for B cell 

activation, proliferation, and differentiation58. Activation of the BTK and Ca2+ influx also induces 

the reorganization of the cytoskeleton important for sustained BCR signaling (Further discussed 

in chapter 1.5). BTK activates the actin nucleation promoting factors WASP and WAVE2 

through Rho family GTPase Rac1 and Cdc422 initiating Actin polymerization59,60. Cdc42 further 

induces the polymerization of microtubulin and the polarization of the microtubule organization 

center (MTOC)61. Ultimately, BCR signaling increases the expression of co-stimulatory 

molecules for T cell activation, such as MHC-II, CD40, CD80/86, ICOS-L, and ICAM-1. BCR 

signaling also activates the endocytic machinery involved in internalizing the BCR-Ag complex, 

enabling B cells to capture, process, and present Ag to T cells to acquire additional activation 

signals9,56.  
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Figure 1.3: 

 

Figure 1.3: The BCR and BCR activation. The B Cell receptor is made up of a membrane-

associated Ig (mIg), either IgM or IgD. The mIg is non-covalently associated with an Iga/Igb 

(Cd79a/b) heterodimer containing a cytoplasmic tail with an ITAM domain. The ITAm domain of 

the Iga/Igb is responsible for inducing intracellular signaling. Upon binding multivalent Ag, the 

BCR is induced to form BCR microclusters and localizes to a lipid raft membrane domain. Upon 

entering lipid rafts the BCR undergoes a conformational change that alters the structure of the 

Iga/Igb to an open position, exposing the ITAM domain. The lipid rafts domain is home to the 

signaling kinase Lyn. Which will induce phosphorylation of the ITAm domain and induce BCR 

signaling.  
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Figure 1.4: 
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Figure 1.4: BCR signaling. BCR signaling is a complex process involving multiple signaling 

molecules that induce various cellular fates. This figure represents a largely simplified model of 

the early BCR signaling cascade. Upon localization of the BCR into lipid raft domains, the ITAM 

domain of the Iga/Igb is exposed and phosphorylated by lipid raft resident Lyn. Syk recognizes 

and binds to the phosphorylated ITAM and gets phosphorylated by Lyn. Phosphorylated syk then 

serves as a docking site for various B cell adaptor proteins, such as BLNK. BLNK recruits and 

provides a docking site for various other B cell signaling kinases, including BTK, PLCy2, and 

Vav. Vav activated the small GTPase Rac and Cdc42, which induce the rearrangement of the 

cytoskeleton by activating actin regulators WASP and N-WASP. BTK activates PLCγ2 which 

cleaves PIP2 to generate IP3 and DAG. DAG activates PKC and induces the downstream NFkB 

signaling pathway. IP3 induces the release of Ca2+ from calcium stores. Ca2+ will bind calcineurin 

and induce the NFAT signaling cascade. This BCR signaling will activate transcription factors 

that ultimately lead to B cell activation, proliferation, survival, and differentiation.   
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Proper regulation of B cell signaling in response to Ag is essential as dysregulation of 

BCR signaling can lead to various immune disorders. In addition to BCR signaling molecules, B 

cells express various co-stimulatory and co-inhibitory receptors. The co-stimulatory receptor 

CD19 works to lower the activation threshold of the BCR 62. CD19 is associated with the 

complement receptor CD21, and the tetraspanin family protein CD81 on the B cell surface. 

Complement opsonized Ag brings the BCR and CD19 together, which prolongs BCR signaling 

by providing additional docking sites for BTK and PI3K9,63. CD19 deficiency leads to reductions 

in B cell activation and humoral immune responses in mice64. On the other hand, BCR activation 

is negatively regulated by inhibitory co-receptors and various phosphatases. The inhibitory co-

receptor FcyRIIB inhibits B cell activation by decreasing BCR signaling56,65. Ab opsonized Ag 

co-ligates FcyRIIB with the BCR, which inhibits BCR clustering and BCR signalosome 

formation. The cytoplasmic domain of FcyRIIB contains an immunoreceptor tyrosine-based 

inhibitory motif (ITIM). Upon BCR-FcγRIIB coligation, the ITIM is phosphorylated by lipid raft 

resident kinase Lyn. Phosphorylated ITIM then provides a docking site for inhibitory 

phosphatases such as SH2-domain-containing inositol 5-phosphatase (SHIP-1) and SH2-domain 

containing protein tyrosine phosphatase (SHP1). SHP1 works to inhibit BCR signaling by 

dephosphorylating signaling molecules. SHIP1 inhibits PIP3 and the activation of BTK, AKT, 

and PLCγ2 by removing their plasma membrane docking sites 56,65. The negatively regulatory role 

of SHIP1 in BCR signaling is critical for maintaining autoreactive B cells in an anergic (non-

responsive) state. 

1.4.2 The impact of miss-regulation of BCR signaling  
Understanding early B cell activation is critical, as dysregulation of B cell signaling can 

lead to a myriad of complications. Impaired BCR signaling activation leads to humoral immune 

deficiencies. For example, patients suffering X-linked agammaglobulinemia (XLA), have a 

point mutation in the Plenkstrin domain (PH) domain of BTKl, which prevents it from binding to 
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PI(3,4,5)P3 on the plasma membrane and being activated, causing B cell development blockage 

and B cells and antibody deficiencies15,66. Another example is the common variable immune 

deficiency (CVID) due to mutations in the BCR co-stimulatory receptor CD19 or T-cell 

stimulatory molecules such as CD40L15. On the other hand, if B cell maturation or activation is 

not properly controlled, it could lead to autoimmune complications15,67. Overactive signaling, or a 

lack of negative signaling regulation can lead to the generation of auto-reactive B cells, as it 

promotes the survival of self-reactive clones that would otherwise be negatively selected for 

during the B cell maturation process. This in turn leads to the generation of antibody producing 

cells that produce self-reactive antibodies. Self-reactive antibodies have been observed in patients 

with numerous autoimmune disorders such as systemic lupus erythematosus (SLE), Type I 

diabetes, and rheumatoid arthritis15,67. Rheumatoid arthritis, for example, is caused by the 

production of antibodies against the joints. This can take place when B cell activation is not 

properly regulated, and B cells become activated in response to a weak BCR signal. Another 

example is Systemic Lupus Erythematosus (SLE)67. Among other causes, a patient can have a 

large amount of B cell activating factor (BAFF) expression, important for providing activation 

and proliferation signals to B cells15. This can increase the numbers of self-reactive B cells, 

increasing the production of self-antibodies. Another example of how miss regulation of B cell 

activation can lead to immune dysfunction is in the case of Wiskott-Aldrich syndrome68. This 

disease is caused by a mutation in the gene expressing the Wiskott Aldrich syndrome protein 

(WASP) and can lead to various immune deficiencies and autoimmune complications. WASP 

plays an important role in the regulation and organization of actin. Since Actin regulation is 

essential for proper B cell activation, patients suffering from Wiskott-Aldrich syndrome often 

display dysfunction of proper B cell responses. Additionally, if BCR signaling goes unchecked 

and is activated in the absence of antigenic challenge, it can induce the formation of B cell 

lymphomas by continuously producing a proliferation signal15. Miss regulation of B cell signaling 

can cause defects in various developmental stages of the B cell, leading to the generation of 
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various types of lymphomas. Fortunately, our understanding of the B cell signaling process has 

identified various successful treatment methods for B cell lymphomas69. For example, BTK 

inhibitors, such as ibrutinib are used as an effective source of treatment for B cell lymphomas, by 

inhibiting B cell signaling cascades and preventing continuous B cell proliferation69. However, 

not all B cell lymphomas are responsive to this kind of treatment. Thus, it is essential that B cell 

activation is regulated properly. And understanding the process of B cell activation is essentially 

important for the treatment of B cell related immune diseases as well as B cell lymphomas.  

1.5 B cell antigen interaction and the cytoskeleton 
 

Interactions between immune cells are an important part of the adaptive immune 

response3. In addition to soluble Ag, B cells encounter Ag presented by antigen presenting cells 

(APCs) in the secondary lymphoid tissues, such as follicular dendritic cells and macrophages. 

APCs present Ag on their surface through complement or Fc receptors70,71. Intravital imaging has 

shown that APCs can hold the Ag on their surface for several days for B cells to recognize72. 

Although B cells are capable of detecting soluble Ag, the majority of Ag encountered by B cells 

in vivo is Ag bound to the surface of APCs and pathogenic cells; therefore, the interaction 

between B cells and APCs and surface associated Ag plays an essential role in B cell 

activation70,71,73,74. The interaction of B cells with APCs induces the formation of a super 

signaling molecular complex at the interaction site often referred to as the immune synapse75,76. 

Although the immune synapse was first described in T cell interaction with antigen presenting 

cells, a similar interaction occurs during B cell interaction with antigen presenting surfaces. The 

immune synapse consists of a dynamic organized structure of signaling receptors, co-stimulatory 

molecules, and adherence molecules, and is responsible for regulating the interaction between 

two immune cells (described below).  Although not required for B cell activation during 

interaction with APCS, surface adhesion molecules can help facilitate the formation of the 
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immune synapse and BCR clustering77. The B cell-APC interaction site serves as a site for B cell 

signaling organization, as well as a site for antigen extraction from the presenting surface.  

1.5.1 BCR-Ag interaction 
Upon encountering Ag presented on the surface of an APC, B cells first establish contact 

with the presenting surface. Ag engagement induces BCR aggregation into microclusters in lipid 

rafts. The BCR interaction with surface Ag induces conformational changes, exposing the ITAMs 

in the cytoplasmic domain of the BCR51,52. Early BCR signaling induces the growth of these BCR 

microclusters, amplifying BCR signaling and causing them to move centripetally into the center 

of the contact zone where they form a large central BCR cluster56. The formation of a large 

central cluster is a critical event for B cell activation as it downregulates BCR signaling and 

serves to facilitate antigen internalization into the B cell56,78. Inhibitory co-receptors, such as 

FcγRIIB, downregulate BCR signaling and inhibit the BCR clustering65. Furthermore, BCR 

clustering is enhanced in cells exposed to surface bound Ag compared to cells exposed to soluble 

Ag, giving a possible explanation for the enhanced activation of B cells in response to surface 

bound Ag56,79.  

1.5.2 B cell-APC interaction  

The formation of a stable B cell-APC interaction site is essential for proper BCR 

signaling and antigen internalization. The interaction site not only stabilizes the interaction 

between the B cell and the APC, but also helps to regulate BCR signaling. The formation of an 

organized interaction site observed during B cell interaction with an antigen presenting surface 

appears reminiscent of the immune synapse described in T cells80,81. The immune synapse is 

described to include various organized regions with individual functions, together referred to as a 

supramolecular activation complex (SMAC). This organized structure consists of 3 main regions, 

the central SMAC (cSMAC), peripheral SMAC (pSMAC) and distal SMAC (dSMAC)77,82,83. The 

cSMAC refers to the center of the organized immune synapse, this region is densely populated by 
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signaling receptors and co-signaling molecules and is generally devoid of actin cytoskeleton. The 

pSMAC surrounds the cSMAC and is occupied by adhesion molecules that stabilize the cellular 

interaction such as LFA-1. Unlike T cells, B cells do not require the presence of adhesion 

molecules to generate a stable immune complex; however, the presence of adhesion molecules 

does stabilize the interaction site and improves B cell signaling at lower antigen density77. 

Finally, the dSMAC, surrounding the pSMAC is an area of filamentous actin at the edge of the 

contact zone, this actin uses retrograde flow to shuttle receptor clusters to the center of the contact 

zone, into the cSMAC77,82,83. The formation of such an organized structure thus helps facilitate the 

central movement of BCR-Ag clusters to generate a large central BCR cluster that allows for 

effective Ag extraction into the B cell44,84. B cell interaction with antigen presenting surfaces 

further facilitates the re-organization of the functional components of the entire B cell.  It was 

shown that B cells polarize to the Ag contact zone, recruiting functional cellular components, 

including signaling molecules, endocytic machinery, and lysosome vesicles, to the site of Ag 

interaction61,77,85,86. The centrosome plays an important role in determining cell polarity, as it 

controls spindle pole formation and the organization of membrane organelles87. In response to Ag 

engagement, the centrosome, or microtubule organization center (MTOC), is recruited to the Ag 

interaction site88–90. Repositioning of the centrosome to the Ag interaction site is mediated by the 

microtubule-associated motor protein dynein and by the small GTPase Cdc42, which activates 

polarity proteins such as Par3 and PKC61,90. Polarization towards the Ag interaction site is crucial 

for Ag extraction and presentation, as polarization recruits essential machinery responsible for 

antigen extraction and processing77,85,86. Importantly, cell polarization localizes lysosomal 

vesicles to the antigen interaction site, which facilitates processing of the antigen before loading 

on the MHCII. Furthermore, lysosomal exocytosis has been proposed to play a role in antigen 

extraction from the presenting surface89. The importance of cell polarity is supported by the 

finding that a lack of proteins important for cellular polarization in B cells significantly inhibits 
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the cells’ ability to internalize and process Ag for presentation on the MHCII, a process essential 

for further B cell activation89,91. 

1.5.3 Cytoskeleton organization at the immune synapse 

The B cell cytoskeleton plays an essential role in BCR clustering and the formation of a 

stable immune synapse (Figure 1.5). BCR signaling induces the reorganization of the 

cytoskeleton through various signaling cascades. Early BCR signaling will cause the rapid 

breakdown of cortical actin. Cortical actin is the actin network associated with the inner leaflet of 

the plasma membrane, where actin is linked to the plasma membrane by ERM proteins, including 

Ezrin, Radixin, and meosin. Cortical actin creates barriers along the plane of the plasma 

membrane to limit free lateral diffusion of plasma membrane associated protein, including BCR 

and BCR-associated co-receptors92,93. Early BCR signaling induces activation of Rab-GTPase, 

which causes dephosphorization of ERM protein, releasing the connection between the actin and 

the plasma membrane. Rab-GTPase additionally activates cofilin, further inducing actin de-

polimerization94,95.The degradation of the cortical actin at the interaction site allows for free 

diffusion and increased mobility of BCRs inducing the generation of larger microclusters, 

increasing the size of BCR signalosomes, and increasing overall BCR signaling. The breakdown 

of the cortical actin structure is essential for B cell activation, as studies show that treatment with 

the actin stabilizing drug, Jasplakinolide, inhibits the formation of a stable BCR cluster79. 

Furthermore, treatment of B cells with Latrunculin A, a drug that induces actin de-

polymerization, shows that B cells will induce a BCR signal in the absence of Ag challenge by 

inducing spontaneous BCR cluster formation79. The increased BCR signaling caused by 

microcluster formation induces rapid re-organization of the actin cytoskeleton. It has been shown 

that the activity of actin regulatory molecules and actin nucleating molecules can affect the 

mobility of the BCR and thus impact B cell activation96,97. The BCR signaling molecule BTK is 

known to activate WASP and Neuronal-WASP (N-WASP) which induce the nucleation of new 
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actin filaments through the activation of the ARP2/3 complex60. WASP is expressed exclusively 

in immune cells, while N-WASP is expressed in all cell types98,99. The WASP/N-WASP mediated 

re-organization of the actin structure is of critical importance, as cells exhibiting BTK 

dysfunction are unable to form stable contact with presenting surfaces100. During cell spreading, 

BTK recruits WASP family actin regulators through phosphorylation of signaling molecules such 

as Vav and PIP5K, which generate PIP2 and recruit WASP and N-WASP. WASP family proteins 

then activate the actin nucleating factor APR2/3 to induce B cell spreading on the presenting 

surface by generating branched actin structures101. Actin is recruited to the leading edge of the B 

cell, inducing the formation of filopodia and lamellopodia that causes the B cell to spread on the 

presenting surface and increase the contact area between the B cell and the Ag presenting 

surface44,56,102. As The B cell spreads on the presenting surface more Ag is engaged and new BCR 

microclusters form at the edge of the contact area. The increase in total BCR signaling causes the 

BCR clusters to be recruited into one large BCR cluster, located at the center of the contact zone, 

called a central cluster56,79. During this process, the cell continues to spread, as actin filaments 

accumulate at the outer edge of the cell, while BCR-Ag complexes are shuttled into a central 

cluster devoid of actin. As B cell spreading on the antigen presenting surface facilitates the 

recruitment of BCR clusters into a central cluster, it is clear that B cell spreading is critical for 

proper B cell activation. This is further supported by research showing that cells which are unable 

to spread show a reduced B cell activation response and can cause immune deficiencies103. 

Generation of a central BCR cluster will reduce BCR signaling, as BCR present in the central 

cluster is shown to have reduced signaling56. This reduced BCR signaling ultimately causes the B 

cell to contract and reduce its contact area with the presenting surface56. B cell contraction is 

mediated by inhibitory signaling molecules such as SHIP, which downregulate BCR signaling. 

Additionally, B cell contraction is facilitated by the N-WASP mediated reorganization of the 

actin cytoskeleton around the central cluster, by non-muscle myosin IIA (NMIIA) generated 

forces104, and by microtubule-associated motor protein dynein78,105. Although both WASP and N-
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WASP play a critical role during B cell spreading and early signaling, only N-WASP seems to 

play an essential role in B cell contraction and signaling attenuation56. Post-contraction, the BCR 

molecules recruited into the central cluster show a reduction in BCR signaling. It has been shown 

that B cell contraction and BCR accumulation into a central cluster are important to attenuate 

BCR signaling and to prevent B cells from being over-stimulated, as inhibition of contraction 

causes excessive BCR signaling, which can induce autoimmune conditions78. This is further 

confirmed by an increase in autoantibody production in the absence of SHIP or N-WASP78,106. 

Additionally, upon formation of an organized interaction site, and a central BCR cluster, B cells 

can further reduce BCR signaling through BCR endocytosis 
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Figure 1.5: 

 

Figure 1.5: Formation of the immune synapse. Upon engaging surface-bound Ag, the B cell 

will spread and contract on the presenting surface to create a stable immune synapse. (1) Upon 

recognition of Ag by the BCR, the formation of BCR microclusters will induce BCR signaling 

and will cause the breakdown of cortical actin. The breakdown of cortical actin, together with the 

regionalization of actin induced by BCR signaling, allows the B cell to spread on the presenting 

surface and engage more Ag. (2) Increased engagement of Ag and increased BCR signaling will 

induce the BCR microclusters to be moved to the center of the cell where they form a larger 

central BCR cluster. BCR in the central cluster loses BCR signaling ability, reducing BCR 

signaling. (3) Reduced BCR signaling will again induce the rearrangement of the actin 

cytoskeleton and induce contraction of the cell, collecting the Ag-engaged BCR into a large 

central cluster.   
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It is clear that both actin remodeling and myosin play a critical role in the generation of a 

central BCR cluster at the immune synapse79,95,101. This was supported by a study showing 

inhibition of actin polarization using low concentrations of Latrunculin A inhibits the formation 

of BCR clusters97. It was furthermore shown that inhibition of actin nucleators, such as Arp2/3 

and WASP family proteins reduces BCR diffusivity107. Currently, the exact mechanisms by 

which actin dynamics regulate BCR movement at the immune synapse are not fully understood. 

However, recent research found evidence of the formation of actin arcs associated with myosin 

IIA101, bearing a resemblance to actomyosin arcs observed to facilitate the centralizing movement 

of signaling molecules in T cells108. Actin is observed to form a ring-like structure around the 

central BCR cluster and myosin seems to be recruited to the interaction site and associated with 

actin filaments56,100,109. It has been proposed that B cells use a similar mechanism as T cells use to 

form a central TCR cluster, where they use myosin-associated actin arcs to move BCR-Ag 

clusters towards the center of the contact area56,109. Additionally, myosin was shown to play a 

central role in BCR signaling downregulation and B cell contraction, as NMIIA deficient B cells 

show an increase in autoantibody generation104,110. These findings suggest that actin, as well as 

myosin, plays a role in the formation of a central BCR cluster prior to antigen endocytosis. It is 

clear that spreading and contraction increases the ability of B cells to internalize antigen. 

However, the direct impact of spreading and contraction on antigen internalization remains 

unknown.  

 

1.6 Ag uptake, processing, and presentation 
 

In order for B cells to become activated and differentiate into high-affinity Ab producing 

cells or memory B cells, they require two activation signals: an initial BCR signal upon engaging 

Ag and an additional signal from T helper cells. To acquire a T cell signal, B cells capture, 

internalize, process, and present Ag as complexes with MHCII for T cell recognition. Therefore, 
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Ag endocytosis is a critical step to generate the second signal, as it determines the level of Ag 

presentation and T cell activation. The more Ag B cells internalize the stronger the T cell 

activation signal will be generated. Ag endocytosis is regulated by both external and internal 

conditions of the B cell as well as the properties of the Ag such as antigen affinity, antigen 

density, and the stiffness of the presenting surface; these properties determine the efficiency of 

Ag endocytosis.   

1.6.1 BCR-Antigen endocytosis 
A major mechanism by which the BCR internalizes Ag is through clathrin-mediated 

endocytosis85,111 (Figure 1.6). Engagement of Ag by BCR induces the recruitment of endocytic 

machinery, including clathrin, adaptor protein 2 (AP2), and dynamin. The lipid raft localization 

of BCR-Ag complexes facilitates the recruitment of endocytic machinery17. Clathrin-mediated 

endocytosis is dependent on conserved tyrosine based endocytosis motifs present on the 

cytoplasmic tails of receptors.  Endocytic adaptor proteins are recruited to the membrane by 

interacting with phosphatidyl inositol polyphosphate lipids and recruit adaptor proteins such as 

AP2 which in turn recruits clathrin to the plasma membrane112. Clathrin and its associated 

proteins will generate inwards curvature of the membrane, forming clathrin-coated pits. To 

complete the endocytic process, these clathrin-coated pits require membrane scission 112. This 

process is mediated by the GTP binding protein dynamin as well as the actin cytoskeleton112. 

Actin binding protein 1 (Abp1) interacts with both dynamin and actin filaments, recruiting F-actin 

to the site of vesicle scission113. Actin accumulation around the neck of clathrin-coated pits will 

then further pull the invagination into the cytoplasm. Dynamin associates with the neck of the 

clathrin-coated pit and constricts the neck to pinch off the vesicle from the plasma membrane. In 

the case of surface associated antigen, NMII is required for endocytosis85. Actomyosin generates 

the pulling force allowing dynamin to pinch off the vesicle (figure 1.6). Although clathrin-

mediated endocytosis seems to be the main mode of Ag endocytosis, it was shown that inhibition 
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of clathrin expression only partially reduced antigen endocytosis114. Furthermore, various 

research has shown the ability of B cells to internalize antigen through clathrin-independent 

modes of Ag endocytosis114–116. Once the B cell successfully internalized Ag, the Ag is processed 

and presented to T cells for further activation.  
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Figure 1.6: 

Figure 1.6: Ag endocytosis, processing, and presentation on the MHC-II. Upon Ag 

engagement, the BCR-Ag complex will be internalized, processed, and presented on the MHC-II 

for T cell recognition. (1) Ag engagement by the BCR induces BCR signaling, which provides 

the B cell with a survival signal and also induces the recruitment of endocytic machinery to the 

Ag interaction site. (2) The BCR-Ag complex is pulled into the cell by cytoskeletal forces, 

generating a clathrin-coated pit containing the BRC-Ag complex. (3) The vesicle is pulled further 

into the B cell, assisted by actomyosin structures generated around the neck of the vesicle. The 

scission protein dynamin locates around the neck of the vesicle and facilitates the scission of the 

vesicle from the membrane. (4) The early endosome, containing the BCR-Ag complex will then 

merge with a late endosome/lysosome compartment rich in MHC-II. Here the Ag is degraded, 

and Ag fragments are loaded onto the MHC-II. (5) Ag-loaded MHC-II is then shuttled to the cell 

surface where it is exposed for T cell recognition.  
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The binding avidity of Ag to the BCR directly impacts Ag endocytosis of surface 

associated antigen, as B cells internalize high affinity or highly dense Ag with higher efficiency 

than low affinity or low-density Ag, priming a stronger T cell signal32,43,117. This provides the B 

cell with a mode of Ag affinity discrimination. When Ag is limited, high avidity Ag is more 

competitive to bind to the BCR than low avidity Ag. It was shown that Hen Egg Lysozyme 

(HEL) as high-affinity Ag induces higher levels of BCR signaling and Ag endocytosis in MD4 B 

cells from mice with Ig transgenes, compared to MD4 B cells exposed to a low affinity mutated 

HEL Ag44,45,118,119. Similarly, B cells exposed to highly dense surface associated Ag show 

increases in both BCR signaling and Ag endocytosis, compared to the same Ag with low 

density46,47. This effect is due to the stronger ability of high valent Ag to induce BCR crosslinking 

than low valent Ag, consequently enhancing the formation of BCR clusters17,18. Because Ag 

valency affects Ag endocytosis, the mode of Ag presentation is said to play an essential role in 

the efficiency of Ag endocytosis120. Soluble Ag is rapidly internalized through caveolin-

dependent endocytosis. However, in Vivo the majority of Ag encountered by B cells is bound to 

the surface of antigen presenting cells, bound to their Fc receptors or MHCII. The physical 

properties of the Ag presenting surface play an essential role in facilitating Ag endocytosis. To 

capture Ag from presenting surfaces, the B cell will form an organized interaction site with the 

presenting cell. B cells in various developmental and activation states utilize different methods to 

extract Ag from presenting surfaces. For example, naïve B cells are shown to internalize Ag after 

gathering the Ag into a central cluster of the contact zone; however, GC B cells are shown to 

create small clusters scattered throughout the contact zone to internalize ag76,121. This difference 

in the mode of Ag endocytosis may play an important role in affinity discrimination, allowing GC 

B cells to select high-affinity BCR-Ag interactions, and allowing naïve B cells to use load sharing 

of large clusters to capture low-affinity B cells to become activated in response to lower affinity 

Ag121. Moreover, the stiffness of an antigen presenting surface can also determine the ease by 

which Ag is extracted from the presenting surface. Strong attachment of Ag to a stable surface 
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makes it more difficult for B cells to extract Ag from the APC, whereas weak attachment to a 

malleable surface makes it easier for the B cell to extract the Ag. For example, FDCs, found in 

germinal center reactions, were found to have higher membrane stiffness compared to dendritic 

cells (DCs). This higher stiffness allows B cells to be able to better discriminate for the affinity of 

Ag, as a stiffer membrane is more resistant to B cell pulling forces120. Providing an additional 

method by which GC B cells can more efficiently discriminate between low and high-affinity Ag.  

1.6.2 BCR-Ag endocytosis from presenting surface 
The majority of Ag encountered by B cells in vivo is Ag bound to the surface of APCs. It 

is thus critical to understand how B cells interact with antigen presented on a surface and to 

understand how this antigen is extracted from the surface for B cell endocytosis. Previous 

research had identified two mechanisms by which B cells extract Ag from presenting surfaces. 

First, B cells utilize NMII-generated contractile forces to pull Ag from presenting surfaces 85,121. 

Non-muscle myosin II exerts forces at BCR Ag engaging sites, pulling Ag in membrane 

invaginations into the B cell 85. This pulling action also assists in affinity discrimination, as low-

affinity BCR-Ag interactions will be disrupted by this pulling force, aborting antigen endocytosis. 

However, Ag internalization is only possible when BCR-Ag affinity is strong enough to 

withstand the pulling action122. Furthermore, when Ag is associated with a soft surface, B cells 

can internalize Ag with fragments of the presenting surface120. However, if the Ag is strongly 

associated with a stiff presenting surface, B cells may not be able to apply enough force to extract 

the Ag from the presenting surface120,123–125. In this case, B cells utilize proteases released from 

lysosomes to cleave the Ag from its presenting surface facilitating antigen internalization89,120. 

However, it is unknown what induces the lysosome release of hydrolases into the extracellular 

space. Accumulated studies have shown that the strength by which the Ag is tethered to 

presenting surfaces and the stiffness of Ag presenting surfaces can influence the effectiveness of 

B cell Ag extraction, and consequently B cell Ag presentation, activation, and differentiation. The 
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two proposed methods of Ag extraction provide methods for B cells to differentiate various types 

of Ag and discriminate between high and low-affinity Ag. As low-affinity BCR-Ag interactions 

will be disrupted by the pulling force, and high-affinity Ag interactions will induce the release of 

hydrolases to facilitate efficient Ag endocytosis. However, it remains unclear what induces the 

switch between the two mechanisms during antigen extraction.  

1.6.3 Antigen processing and presentation 
Upon Antigen endocytosis, B cells process the internalized antigen and present it on the 

MHCII molecule where the antigen fragment can be recognized by CD4+ T cells. The 

internalization of the BCR-Antigen complex both initiates antigen processing and presentation on 

the MHCII and serves as a mechanism for down regulating BCR signaling. Upon internalization, 

vesicles containing the BCR-Antigen complexes are trafficked into endocytic compartments 

facilitated by continued BCR signaling and cytoskeletal dynamics111,126. Vesicle trafficking is 

mediated by the ubiquitination of Syk protein associated with the BCR.  It has been shown that 

mice lacking the E3 ubiquitin ligase Cb1 accumulate BCR-antigen vesicles at the Ag interaction 

site, highlighting the importance of BCR signaling and ubiquitination for effective trafficking of 

the BCR-Ag complex127. Following ubiquitination, the BCR-antigen vesicles are trafficked to the 

endosome compartments where the antigen will be degraded by various proteases. 

Simultaneously, MHCII molecules are shuttled from the ER and Golgi, to form a large late 

endosome compartment, called Class-II containing multivesicular bodies (MIIC). BCR-Ag 

complex trafficking to the late endosome MIIC is mediated by the ubiquitination of the BCR Ig 

Heavy chain126. In these vesicles, MHCII combine with the processed antigen and is loaded with 

antigen fragments. To prevent MHCII loading with endogenous protein, the MHCII associates 

with a type II transmembrane protein called Ii. Upon entering the late endosome, Ii is removed 

with the help of the chaperone protein H2-DM and the cysteine protease cathepsin (CatS), 

allowing the processed antigen fragments to be loaded onto the MHCII molecule. Antigen loaded 
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MHCII molecules are then shuttled to the plasma membrane, where the MHCII-Antigen complex 

is exposed and can be recognized by the T-cell receptor (TCR) of T cells128. Proper antigen 

processing and presentation of antigen fragments on the MHCII is essential as cells lacking this 

ability are unable to receive T cell help and produce a proper humoral immune response.  

A complete understanding of the process of Ag endocytosis and processing, and how it is 

affected by the mode of Ag presentation, provides opportunities for the intelligent design of 

vaccines. As B cells response varies based on the affinity, valency, and the mode of Ag 

presentation, these properties could be manipulated by utilizing complex biomaterials to produce 

stronger Ab responses. Furthermore, the ability of B cells to discriminate high and low-affinity 

Ag depends strongly on the Ag presenting surface, this provides us with potential mechanisms to 

enhance the generation of a high-affinity Ab response to vaccines.  

 

1.7 B-T cell interaction 
 

B cells require a second activation signal from CD4+ T helper cells to differentiate into 

high-affinity Ab producing or memory B cells. Once B cells engage protein Ag in B cell follicles 

in the secondary lymphoid tissue, BCR signaling will prime the B cell to internalize the Ag and 

present Ag fragments on their MHCII for T cell recognition. Antigen driven activation of the B 

cell will induce the upregulation of chemoattractant receptors CCR7 and EB2I and costimulatory 

molecules for B-T cell interaction, which will facilitate the recruitment of activated B cells to the 

T cell zone of B follicles25,35,129. Like B cells, naïve T cells can also be activated by Ag presented 

by FDC and other APCs and move to the T cell zone of B cell follicles25. BCR and TCR signaling 

induce the expression of surface molecules important for effective B-T cell interaction8. At the 

interface of the B cell and the T cell zone, activated B cells will engage CD4+ Tfh cells35. The 

interaction between B and T cells can last for 45 minutes or longer and induces the activation and 
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proliferation of both T and B cells31. B-T cell interactions play an important role in affinity 

maturation during the germinal center reaction. After exposure to antigen on the surface of APCs, 

B cells process and present the antigen on their MHCII for recognition by Tfh cells. The nature of 

this interaction determines the fate of the B cells. B cells which are able to internalize high 

amounts of antigen will be more likely to form stable immune synapses with T cells and induce 

proper T cell activation. This in turn will allow the B cell to receive a strong T cell signal and 

differentiate into high-affinity antibody producing cells or memory B cells. 

Similar to B cell-APC interaction, B and T cells form an organized interaction site during 

recognition of the MHCII-Ag complex by the TCR 130–132 (Figure 1.7). The T Cell-APC synapse 

is highly organized containing a cSMAC, pSMAC, and dSMAC region of organized signaling 

molecules, adhesion molecules, and organized cytoskeletal structure, respectively. Rearrangement 

of the cytoskeleton is also essential in the formation of a stable T cell synapse as it facilitates 

recruitment of the TCR into a central cluster (not unlike the formation of a central BCR 

cluster)132. Regulation of T cell synapse formation is essential for proper activation of the T cell, 

and unlike B cell-APC interactions it does require co-stimulatory and adhesion molecules. The B-

T interaction is regulated by various surface molecules on both the B and T cell8,25,133. At the 

center of this interaction lies the interaction of the TCR with the MHC-Ag complex. Similar to 

the BCR, the TCR has a variable region that is generated through V(D)J gene rearrangement, 

producing a large population of TCRs with unique specificities 134. The TCR is associated with 

the CD3 signaling complex that transduces an intracellular signal through their ITAM domain135. 

The TCR is expressed on mature T cell surface with either a CD4 or CD8 co-receptor. CD8-

associated TCR interacts exclusively with MHCI while CD4-associated TCR interacts 

exclusively with MHCII134. The CD4-TCR will specifically recognize Ag on the MHCII of APCs 

and will induce T cell activation through intracellular signaling cascades. Like the BCR, the TCR 

only responds to high-affinity interactions, and it is known that the TCR exerts force on the Ag to 
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gauge the binding affinity of the ag and release low-affinity Ag136. Similar to the BCR, the TCR 

localizes to lipid rafts where its intracellular ζ-domain and CD3 co-stimulatory ITAM sites are 

phosphorylated, and TCR signaling is transduced through ZAP-70 signaling molecules to induce 

various downstream effects137. The amount of MHC expressed on the presenting surface plays an 

important role in determining the efficiency of the T cell activation138. Besides the TCR-MHC 

binding, the B-T cell interaction is regulated by a variety of other costimulatory and adhesion 

molecules. The integrin LFA-1 on T cells will bind ICAM1 and ICAM 2 on B cells and facilitate 

T cell activation by stabilizing the interaction between the 2 cells25,138. Additionally, various co-

stimulatory molecules are involved in B-T cell interaction. Thus, like B cell activation, the 

activation of T cells is also tightly regulated by various stimulatory and inhibitory mechanisms. 
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Figure 1.7: 

Figure 1.7: B-T cell interaction. B cell- T cell interaction relies on a variety of signaling, co-

stimulatory, and adhesion molecules. B cells present Ag to T cells in order to receive a 

stimulatory signal, allowing them to further develop. B cells present Ag on their MHC-II, which 

is recognized by the TCR-CD3 complex, together with the CD4. This induces TCR signaling and 

induces the T cell to produce stimulatory cytokines to induce further B cell activation. This 

interaction is dependent on sufficient TCR-Ag affinity and various co-stimulatory and adhesion 

molecules. CD40, B7-1, and ICOS-L on the B cell surface bind to CD40L, CD28, and ICOS on 

the T cell surface, respectively. These receptors provide co-stimulatory signals. ICAM, on the B 

cell surface, and LFA, on the T cell surface, are adhesion molecules that play an important role in 

stabilizing the B-T cell interaction. Upon activation induced by TCR signaling, the T cell will 

release stimulatory cytokines that bind to receptors on the B cell and further induce B cell 

activation.  
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T cells activated by B cells provide B cells with activation signals through costimulatory 

molecule interaction and secreting cytokines, which drive B cell proliferation and differentiation 

to Ab producing plasma cells or memory B cells. Proliferating B cells form germinal centers 

(GC). In GC, B cell undergoes somatic hypermutation and affinity maturation, which rely on 

further T cell help. Follicular helper T cells (Tfh) are a specialized subset of Th cells that are 

located in the light zoon of GCs25. Tfh cells express a high level of CXCR5, which guide Tfh 

towards GCs where the CXCR5 ligand CXCL13 is expressed by follicular dendritic cells35. Here 

the Tfh cells will provide additional activation signals to GC B cells, inducing only high-affinity 

B cells to differentiate further.  Upon activation, T cells will release cytokines, such as IL-2, IL-4, 

IL-5, and IL-21, which support B cell activation8,35 through cytokine receptors on B cells. Tfh 

secreted IL-4 and IL-21 induce B cell class switching and differentiate into long-lived plasma 

cells or memory B cells41. 

 

1.8 Membrane wounding/repair 
 

Plasma membrane wounding 

Membrane disruptions occur regularly in most cell types and can occur by a number of 

mechanisms (McNeil 1997). Disruption of the Plasma membrane can be caused by mechanical 

stress, pore forming toxins, or cellular interactions, and the nature of these disruptions varies 

depending on the cause and mechanism of the disruption. Mechanical disruptions have been 

observed to occur in Vivo in a wide variety of cell types139,140. Many cells experience mechanical 

forces such as tensile, compressive, and shear stresses. These mechanical stresses can lead to 

physical disruptions of the plasma membrane by creating tears in the membrane139,140. For 

example, muscle and epithelial cells often get wounded through mechanical stress caused by 

muscle contraction, or through cuts or punctures of the epithelial surface140,141. Another way the 

plasma membrane can get disrupted is through the action of pore forming proteins. Pore forming 
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proteins can originate from a variety of sources, such as toxins released by pathogens, pore 

forming proteins produced by host cells, and complement proteins142–145. Pore forming proteins 

differ in the mechanism by which they attack the membrane, and generate membrane pores of 

various sizes144,145. Pathogens can release pore forming toxins in order to perforate host cell 

plasma membranes142. For example, Streptolysin O (SLO), a toxin released by Group A 

streptococcus, forms a transmembrane pore that can induce cytolysis142. In addition to pore 

forming toxins released by pathogens, pore forming proteins produced by host cells can also 

cause disruptions of plasma membranes144. For example, complement protein and cytolytic T 

cells of the host immune system developed to kill pathogens and pathogenic cells by creating 

pores in their membranes. However, off-target effects of these mechanisms can cause disruptions 

of healthy host cells144. Finally, the plasma membrane can be wounded by cell-cell interactions, 

as cellular interactions often generate mechanical forces at interaction sites. Plasma membrane 

wounding has been observed to occur during interactions between immune cells123–125. For 

example, B and T cells have been observed ripping the membrane of APCs during extraction of 

Ag, and both B and T cells have been observed internalizing small membrane fragments of the 

APC surface120,124. As membrane wounding is a regularly occurring event, cells have developed 

various mechanisms to repair disrupted plasma membranes and prevent cell death. To study cell 

wounding, plasma membrane disruptions can be detected using membrane impermeable dyes that 

can only enter and incorporate into the cell upon plasma membrane disruption, such as dextran 

and propidium iodide (PI)146,147. 

1.8.1 Plasma membrane repair 
Plasma membrane disruption is detrimental to cells, causing cytolysis. Disruption of the 

plasma membrane causes a rapid influx of extracellular Ca2+, as Ca2+ in the cytoplasm is at 

nanomolar levels and extracellular Ca2+ is present at the micromolar range148. In order to prevent 

cell death caused by membrane disruptions, cells have developed mechanisms to rapidly repair 

their plasma membrane, generally repairing their membrane within several seconds to a minute of 
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membrane disruprions149. It has been shown that membrane disruptions and subsequent calcium 

influx induce rapid movement of intracellular vesicles to the site of membrane disruption to patch 

the membrane wound150–153. The role of calcium in membrane wound repair was further solidified 

by research showing that cells are unable to repair their disrupted plasma membrane in the 

absence of calcium154. The intracellular vesicle patch was one of the earliest proposed models for 

membrane repair. This model hypothesizes that cells prevent membrane leakage by crowding the 

wounded area with intracellular vesicles, followed by vesicle fusion to the plasma membrane. 

Alternative models of membrane repair involve membrane repair through loosening the 

membrane tension. The influx of extracellular Ca2+ triggers the rearrangement of cortical actin, 

inducing the formation of membrane blebs and loosening membrane tension, allowing the 

membrane room to repair its disruptions155,156. Alternative models of membrane repair involve 

fusion of intracellular vesicles, namely lysosomes, with the plasma membrane to loosen 

membrane tension and provide additional membrane surface to facilitate membrane 

repair157,148,149. This is supported by the finding that lysosomal exocytosis can be induced by an 

increase in Ca2+ in the cytosol158. The importance of lysosomal exocytosis during membrane 

repair was further supported by an increase in the presence of lysosomal-associated membrane 

protein 1 (LAMP1) on the surface of cells post membrane disruption159–161. Additionally, an 

increase of extracellular b-Hexosaminidase, a lysosomal enzyme, was detected upon disruption of 

the cell membrane154. Finally, inhibition of lysosomal exocytosis with the inhibitor Bromoenol 

Lactone (BEL) was shown to disrupt membrane repair154. Together this research suggests a 

critical role for lysosome exocytosis in membrane repair. Although loosening membrane tension 

will provide flexibility to the membrane, the exact mechanism by which cells reseal their 

disrupted membrane is not fully understood.  
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1.8.2 Endocytosis dependent repair  
More recently, an alternative model of membrane repair has been proposed where cells 

actively remove disrupted portions of the plasma membrane through shedding or endocytosing 

patches of disrupted membrane rather than repairing the disrupted membrane directly148,149 

(Figure 1.8). These methods of membrane repair provide a more plausible mode for the repair of 

membranes disrupted by pore forming protein complexes. After disruption of the plasma 

membrane, rapid exocytosis was observed at the wounding site. in addition, accumulation of 

endocytic vesicles was observed at the site of wounding146,156. It has been proposed that cells 

utilize vesicle shedding or endocytosis methods to either shed vesicles containing the membrane 

pore, or endocytose the pore containing vesicle to destroy the pore forming protein in degradation 

compartments155,162,163. Cells have been observed to form blebs of disrupted portions of the 

membrane and proceed to shed these blebs to retain membrane integrity163. Fusion of intracellular 

vesicles with the plasma membrane is dependent on actin cytoskeleton dynamics and a variety of 

fusion proteins. Vesicles are targeted to the membrane SNARE complex, a protein complex that 

facilitates vesicle docking to the plasma membrane. The v-SNARE protein Vamp-7 was observed 

in B cells to be recruited to facilitate lysosomal exocytosis164. Synaptotagmin (Syt) is a 

transmembrane protein that binds to both phospholipids and the SNARE complex and provides a 

mode of fusion of two membranes. Exocytosis of lysosomal vesicles is induced by an influx of 

calcium through the Ca2+ sensitive synaptotagmin VII (Syt-VII)159. Membrane vesicle shedding is 

further mediated by the Endosomal Sorting Complex Required for Transport (ESCRT), a protein 

that has been shown to facilitate membrane remodeling and scission in various cellular processes 

such as cytokinesis and viral budding165,166. It has been observed that ESCRT-III is recruited to 

disrupted membrane sites to facilitate repair in response to laser induces membrane wounding155. 

Additionally, recent research showed that ESCRT proteins are recruited to Cytotoxic T-

lymphocyte (CTL) attack sites to facilitate repair in response to membrane damage167,168. 
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Suggesting the ESCRT protein complex plays an essential role in vesicle fusion dependent PM 

repair. 
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Figure 1.8: 

Figure 1.8: Endocytosis mediated membrane repair. Membrane repair is essential to prevent 

cell death upon small disruptions of the plasma membrane. (1) Disruption of the plasma 

membrane, either by mechanical rupture or by pore-forming protein, induces an influx of 

extracellular calcium into the cytoplasm. (2) The influx of extracellular calcium induces the 

exocytosis of lysosomes at the site of membrane disruption. (3) Lysosomal exocytosis causes the 

release of various lysosomal enzymes, including ASM, into the extracellular space. ASM then 

modifies sphingomyelin to generate ceramide lipids. (4) Generation of ceramide-rich membrane 

domains will induce the inward curvature of the plasma membrane. This inward curvature 

induces endocytosis of the disrupted membrane. (5) Endocytosis of the disrupted membrane 

removes the lesion from the plasma membrane, effectively repairing the membrane. Pore-forming 

proteins are ultimately shuttled to degradative compartments.  
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In addition to removing disrupted portions of the PM through vesicle shedding, cells have 

been observed to internalize disrupted portions of the PM and proceed to degrade associated pore 

forming protein162. Research from Dr. Andrews’ lab shows that various cell types can rapidly 

repair membrane damage through an endocytosis-dependent mechanism154,159,169 (Figure 1.8). 

This mode of membrane repair relies on the Ca2+ mediated exocytosis of lysosomes. The release 

of lysosomal enzymes, specifically acid sphingomyelinase (ASM), into the extracellular space 

induces the generation of ceramide from sphingomyelin lipids. ASM, a phosphodiesterase, 

removes the sphingomyelin head group, leading to the formation of ceramide and phosphocholine 

rich lipid raft domains at the wounding site154,170. Since ceramide lipids contain a smaller head 

group, they produce an inwards curvature in the membrane, promoting the formation of 

membrane pits called caveolae. Caveolae are 60-80 nm membrane invaginations stabilized by 

intracellular caveolin proteins and are known to play a role in endocytic pathways149,171. The 

presence of lipid raft domains as well as caveolin pits facilitates membrane endocytosis169,172. 

This leads to caveolin-mediated clathrin-independent endocytosis (CIE) of membrane lesions, 

effectively repairing the plasma membrane. This mode of membrane repair is supported by 

studies showing that inhibition of ASM activity through treatment with Desipramine (DPA), 

prevented cells from repairing plasma membrane disruptions115,154. Furthermore, the release of 

extracellular acid sphingomyelinase was shown to be sufficient to recover membrane repair161. 

Disruptions in cavin protein, important in the formation of caveolae, also reduce the ability of 

cells to repair their plasma membrane173. Interestingly, patients with Duchenne muscular 

dystrophy, caused by defects in caveolin protein expression, show a decreased ability to recover 

from muscle contraction induced cell wounding169. B cells are known to lack expression of 

caveolin protein174. However, research from our lab showed that B cells are, nonetheless, able to 

repair SLO induces membrane disruption using a lysosome exocytosis and lipid raft dependent 

repair mechanism115. Upon wounding with SLO, there was an increase in exposure of 

extracellular lysosomal integral membrane protein-2 (LIMP2) as well as an increase in lipid raft 
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mediated endocytosis. Interestingly, in contrast to cells that do produce caveolin protein, B cells 

utilize a lipid raft dependent tubular endocytosis pathway during repair in response to the pore 

forming toxin SLO146. Surprisingly, SLO-induced wounding significantly reduced BCR 

endocytosis in response to antigenic challenge. This is likely caused by a spatial competition for 

the recruitment of lipid raft domains, as both mechanisms are dependent on lipid raft mediated 

endocytosis.   

 

1.9 Rationale and Aims 
 

B cell activation requires BCR signaling, antigen uptake, and antigen processing. B cells 

are known to utilize lipid raft domains to organize BCR signalosomes and endocytosis 

machinery17, and utilize lysosomal enzymes to release antigen from presenting surfaces for 

endocytosis and process antigen for later presentation. Our lab has previously shown that B cells 

can repair membrane disruptions by triggering lysosome exocytosis and clathrin and caveolin 

independent and lipid raft dependent endocytosis115. Importantly, B cell membrane repair 

interferes with B cell activation, likely due to a spatial competition in the recruitment of lipid raft 

membrane domains, since both BCR activation and membrane repair rely on lipid raft 

domains18,146,154. Furthermore, it is well established that B cell interaction with surface associated 

antigen through the BCR generates cellular forces, including traction forces during spreading and 

contraction and the pulling forces excreted by B cells at BCR-antigen interacting sites for 

internalization175,176. 

I hypothesized that BCR interactions with surface associated antigen can disrupt the B 

cell PM at interaction sites, likely due to cellular forces, and because this occurs at BCR-antigen 

interacting sites, this membrane permeabilization and subsequent repair will facilitate B cell 

activation. Based on what we have learned about membrane wound repair, I predict that 
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membrane disruptions at the BCR-Ag interaction site induce the repair response that induces 

lysosome exocytosis and recruits lipid rafts, facilitating BCR signaling, Ag uptake, and antigen 

processing. This dissertation addresses the question of whether BCR-antigen interactions can 

cause membrane disruption at interacting sites, what the impact of membrane disruption is on B 

cell antigen capture and presentation, and what is required to induce B cell PM disruption. 

Specifically, this research shows, for the first time, that BCR interaction with various models of 

surface associated antigen, but not soluble Ag, can cause B cell PM permeabilization. B cell PM 

disruptions induce lysosome exocytosis as a repair response, which facilitates both Ag uptake and 

Ag presentation to T cells. High-affinity surface associated antigen, BCR signaling, and the motor 

activity of NMII are required for this antigen induced B cell PM permeabilization. Furthermore, 

fast, strong, and persistent B cell spreading and NMIIA recruitment, and the formation of an 

actomyosin ring at the interacting surface may also be required for antigen induced B cell PM 

permeabilization.   

1.9.1 Aim 1: To determine if antigen can cause B cell plasma membrane permeabilization 

and how permeabilization impact B cell antigen internalization and presentation 

This aim was designed to determine whether antigen-induced B cell PM permeabilization 

occurs or not and explore its role in B cell activation. To determine whether B cell membrane 

permeabilization and subsequent repair occur during interactions with surface bound Ag, we 

developed various models of surface bound Ag, including Ag tethered to latex beads, Ag tethered 

to planar lipid bilayers, and a membrane anchored Ag expressed on the surface of live COS-7 

cells. To determine whether the B cells became permeabilized, we proposed to use various 

membrane impermeable dyes, including propidium iodide (PI), FM, SYTOX, and Ponceau-4R, 

and measure the entry of these dyes into the cytoplasm, as indicators of PM permeabilization by 

live cell spinning disc and total internal fluorescence microscopy, and flow cytometry. To 

determine whether B cells can reseal PM permeabilization, we track the cytoplasmic entry of 
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various membrane impermeable dyes administered at early and late time points. We also 

determined the frequency and location of lysosome exocytosis events by detecting the 

extracellular exposure of the luminal domain of the lysosomal protein LIMP2 and the fusion of 

dye-loaded lysosomes with the B cell PM at BCR-antigen interacting sites. We further examined 

whether BCR signaling and myosin activity were required for antigen-induced B cell PM 

permeabilization using inhibitors. To determine the role for BCR-Ag binding affinity in inducing 

B cell membrane permeabilization, we utilized B cells from mice expressing Ig transgene MD4 

that specifically binds hen egg lysozyme (HEL) with high affinity, and used duck egg lysozyme 

as a low-affinity antigen to pair with HEL. Finally, we determined if antigen induced B cell PM 

permeabilization could facilitate Ag uptake and presentation to T cells, using a fluorescent Ag 

and T cells hybridoma that specifically recognizes Ag presented on the B cell surface, and by 

examining the effect of NMII inhibitor, which inhibited antigen induced B cell PM 

permeabilization, on antigen internalization and B cell activation of T cells by antigen 

presentation.   

1.9.2 Aim2: To examine the cellular mechanisms required to induce B cell plasma 

membrane permeabilization during interaction with surface-associated antigen 

This aim was designed to explore the cellular mechanisms required for B cell 

permeabilization during engagement with surface associate antigen. We proposed to use antigen 

coated planar lipid bilayers, which allows us to directly image B cell-antigen interaction sites live 

using total internal reflection fluorescence (TIRF) microscopy and interference reflection 

microscopy (IRM). We proposed to compare the kinetics, the extent, and the persistency of B cell 

spreading on the antigen presenting surface between B cells that eventually did and did not 

permeabilization become permeabilized. We proposed to examine the recruitment kinetics and 

levels of NMIIA to and its persistence and organization at the B cell contact zone using 

transgenic mice expressing GFP-NMIIA and TIRF microscopy and compare these parameters 
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between B cells that did and did not eventually become permeabilized. Lastly, we propose to use 

live imaging probes for lysosomes (SiR-Lysosome) and TIRF and spinning disc fluorescence 

microscopy to compare the level of lysosome polarization toward antigen binding sites in B cells 

that did and did not become permeabilization.  
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Chapter2: Surface-associated antigen induces permeabilization 
of primary mouse B-cells and lysosome exocytosis facilitating 
antigen uptake and presentation to T-cells. 
 

2.1 Abstract 
B-cell receptor (BCR)-mediated antigen internalization and presentation are essential for 

humoral memory immune responses. Antigen encountered by B-cells is often tightly associated 

with the surface of pathogens and/or antigen-presenting cells. Internalization of such antigens 

requires myosin-mediated traction forces and extracellular release of lysosomal enzymes, but the 

mechanism triggering lysosomal exocytosis is unknown. Here we show that BCR-mediated 

recognition of antigen tethered to beads, to planar lipid-bilayers or expressed on cell surfaces 

causes localized plasma membrane (PM) permeabilization, a process that requires BCR signaling 

and non-muscle myosin II activity. B-cell permeabilization triggers PM repair responses 

involving lysosomal exocytosis, and B-cells permeabilized by surface-associated antigen 

internalize more antigen than cells that remain intact. Higher affinity antigens cause more B-cell 

permeabilization and lysosomal exocytosis and are more efficiently presented to T-cells. Thus, 

PM permeabilization by surface-associated antigen triggers a lysosome-mediated B-cell resealing 

response, providing the extracellular hydrolases that facilitate antigen internalization and 

presentation.   
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2.2 Introduction 
B-cells are responsible for generating antibody responses that neutralize pathogens and 

attract other immune cells. B-cell activation is initiated by the B-cell receptor (BCR), which 

surveys antigen through its membrane-anchored immunoglobulin177. Antigen-BCR interaction 

induces signaling cascades and antigen internalization, followed by intracellular processing and 

surface presentation to T-cells. Antigen presentation is essential for the activation of B-cells and 

their differentiation into high-affinity memory or antibody-secreting cells178. A property that is 

critical for maximizing humoral protection is the ability of clonal-specific BCRs to recognize 

antigens in their different physical, chemical, and biological forms.  

 

Antigen encountered by B-cells in vivo is often tightly associated with the surface of 

pathogens, such as parasites, bacteria and viruses, and/or antigen-presenting cells, such as 

follicular dendritic cells179. Internalization, processing, and presentation of such surface-bound 

antigens are essential for specific B-cells to obtain T-cell help, which is critical for B-cell 

activation and differentiation. Follicular dendritic cells, which are uniquely present in germinal 

centers of secondary lymphoid organs, internalize antigens that drain into these organs and 

present them to B-cells72,180. Competition between high and low-affinity B-cells to acquire 

antigen from follicular dendritic cells is a critical step in the selection of high-affinity cells that 

differentiate into memory B-cells and long-lived plasma cells.  

 

B-cells, follicular B-cells in particular, are thought to have a limited ability to 

phagocytose large insoluble antigen particles181. However, B-cells are able to extract and 

endocytose antigen that is tightly associated with non-internalizable surfaces45. Importantly, the 

efficiency of antigen presentation by B-cells appears to depend more strongly on the BCR-

antigen binding affinity when the antigen is associated with non-internalizable surfaces, 

compared to antigen bound to internalizable particles45. Recent studies using antigen-coated 
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beads, planar lipid bilayers, or plasma membrane (PM) sheets revealed two major mechanisms by 

which B-cells extract antigen from non-internalizable surfaces for endocytosis. Mechanical 

forces, generated by non-muscle myosin II (NMII) activation at sites of antigen-BCR interaction, 

can directly pull antigen from presenting surfaces for endocytosis. When mechanical forces alone 

are not sufficient, hydrolases released from lysosomes cleave surface-associated antigen to 

facilitate internalization85,89,120,175. Surface-associated antigen was previously shown to induce 

polarization of B-cell lysosomes towards antigen-binding sites89, but the mechanism responsible 

for triggering lysosome exocytosis and release of hydrolytic enzymes was unknown.  

 

When cells are permeabilized by physical tearing or pore-forming proteins, Ca2+ influx 

triggers rapid exocytosis of lysosomes as part of the process that repairs the PM and prevents cell 

death149,159. Since its discovery several decades ago182, Ca2+-dependent exocytosis of lysosomes 

has been observed in many cell types183–186. We previously reported that permeabilization of the 

PM of mouse splenic B-cells with the pore-forming toxin streptolysin O (SLO) triggers lysosomal 

exocytosis, releasing hydrolases extracellularly and exposing the luminal epitope of the 

lysosome-associated protein LIMP-2 on the cell surface. B-cells rapidly reseal these PM lesions 

in a process that requires lysosomal exocytosis146. Surprisingly, in this study we found that 

interaction of the BCR with surface-associated antigen can permeabilize the B-cell PM, triggering 

a resealing mechanism that involves exocytosis of lysosomes. We investigated this process by 

determining if antigen-induced PM permeabilization depends on the BCR-antigen binding 

affinity, BCR signaling and NMII motor activity, and if it influences the ability of mouse primary 

B-cells to internalize and present surface-associated antigens to T-cells. 
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2.3 Results 

2.3.1 BCR interaction with surface-associated antigen induces B-cell PM 
permeabilization at antigen-binding sites 

We initially utilized two experimental models previously used to study BCR-mediated 

internalization of surface-associated antigen: F(ab’)2-anti-mouse IgM+G (αM, which binds and 

activates mouse BCRs) immobilized on beads or tethered to planar lipid bilayers (PLB) by biotin-

streptavidin interaction. Beads or PLB coated with transferrin (Tf) at similar surface density as 

αM were used as controls, as Tf does not activate the BCR and interacts with the Tf receptor with 

similar affinity as the bona fide antigen hen egg lysozyme (HEL) binds to the BCR of transgenic 

MD4 mouse B-cells118,187. Strikingly, live imaging revealed influx of the membrane-impermeable 

dye propidium iodide (PI) at sites of primary mouse B-cell contact with αM-beads, indicating that 

PM permeabilization occurred at bead-binding locations (Figure 2.1A, Figure 2.1-figure 

supplement 1 and Videos 1-3). While similar percentages of B-cells bound αM- or Tf-beads 

(Figure 2.1B), a significantly higher fraction of B-cells binding αM-beads became PI-positive 

(Figure 2.1C). Flow cytometry analysis confirmed the increased PI entry in B-cells binding αM-

beads when compared to Tf-beads (Figure 2.1D-G and Figure 2.1-figure supplement 2). Addition 

of soluble F(ab’)2-anti-mouse IgM+G (sαM, also capable of binding and activating the BCR) did 

not increase the frequency of PI entry in B-cells binding to Tf-beads (Figure 2.1F). The 

percentage of cells positive for cleaved caspase-3, an early apoptotic marker, was similar in B-

cells interacting or not with αM- or Tf-beads and only increased significantly after treatment with 

staurosporine (Figure 2.1-figure supplement 3), suggesting that PM permeabilization is not 

associated with apoptosis. Similar observations were made using the PLB system that allows 

lateral movement of the tethered antigen188. Significantly more B-cells became PI-positive when 

contacting αM-PLB when compared to Tf-PLB (Figure 2.1H-J).  
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Figure 2.1: 
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Figure 2.1. BCR binding to surface-associated ligands causes B-cell PM 

permeabilization. (A) Time-lapse images of a splenic B-cell incubated with αM-beads (1:2 

cell:bead ratio) in the presence of PI (Video 1). (B) Percentages of B-cells bound to beads. (C) 

Percentages of PI-positive (PI+) cells in bead-bound B-cells at 30 min. (D) Gate for bead-bound 

B-cells in forward and side scatter flow cytometry dot plot. (E) Histograms of PI fluorescence 

intensity (FI) of αM- and Tf-bead-bound B-cells after 30 min incubation, showing 1,000 cells per 

condition. (F) Percentages of PI+ bead-bound B-cells after 30 min incubation with αM- or Tf-

beads with or without soluble αM (sαM). (G) Percentages of PI+ bead-bound B-cells after 30 min 

at indicated cell:αM bead ratios. (H) Time-lapse images of a B-cell interacting with αM-PLB in 

the presence of FM1-43 and PI (arrows, FM1-43 or PI entry, Video 4). (I) Mean fluorescence 

intensity of FM1-43 (green lines) and PI (red lines) in a defined intracellular region of a 

permeabilized (top) and non-permeabilized (bottom) cell over time. (J) Percentages of PI+ B-

cells interacting with αM- or Tf-PLB for 60 min. (K) Percentages of B-cells interacting with αM- 

or Tf-PLB for 30 min showing intracellular FM staining (FM+). Data points represent 

independent experiments (mean ± SD) (B, C, F, G, J, K). Bars, 5 μm. *p≤0.05, **p≤0.01, 

***p≤0.005, unpaired Student’s t-test (B, C, J, K) or one-way ANOVA (F). Work for figures 2.1-

B, D, E, F, G, H, and I was executed by Fernando Maeda. 
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PM permeabilization in B-cells binding to αM-PLB was also observed using membrane-

impermeable lipophilic FM probes. These fluorescent dyes have been used extensively to assess 

PM integrity, because they only label the outer PM leaflet of intact cells but rapidly stain 

intracellular membranes when entering the cytosol189–191. After >30 min of interaction with αM-

PLB, we observed sudden, massive increases in FM1-43 staining of intracellular membranes, 

including the nuclear envelope (Figure 2.1H and I, Figure 2.1-figure supplements 4, 5 and Video 

4).  Consistent with the PI entry results (Figure 2.1J), significantly more B-cells showed a sudden 

increase in intracellular FM staining when contacting αM-PLB compared to Tf-PLB (Figure 

2.1K). This characteristic pattern of sudden FM influx with staining of the nuclear envelope was 

only observed in B-cells that eventually became PI-positive, not in cells that remained PI-

negative during interaction with αM-PLB (Figure 2.1- figure supplement 4). Since FM lipophilic 

dyes can also be internalized through surface receptor endocytosis, we activated BCR endocytosis 

by cross-linking surface BCRs using soluble F(ab’)2 goat-anti-mouse IgM+G antibodies followed 

by fluorescent F(ab’)2 anti-goat-IgG192,193. Under these conditions, which did not cause PM 

permeabilization, we observed FM1-43 uptake appearing as small peripheral puncta that 

colocalized with BCR cross-linking antibodies. Such endosome-associated FM1-43 staining 

pattern was markedly different from the sudden, massive FM influx observed shortly before PI 

entry in permeabilized cells (Figure 2.1-figure supplement 6 and Video 4). Collectively, these 

data show that the sudden, massive influx of FM dyes during αM-PLB binding is caused by B-

cell permeabilization, and not by a gradual endocytosis of the PM-associated tracer triggered by 

BCR engagement.   

 

As an independent method to demonstrate antigen-induced permeabilization of B-cells, 

we took advantage of the ability of membrane-impermeable Ponceau 4R to quench cytosolic 

fluorophores upon entering cells194. Instead of monitoring nuclear or intracellular membrane 

staining by membrane-impermeable fluorescent dyes, we determined the percentage of B-cells 



58 
 

pre-loaded with carboxyfluorescein succinimidyl ester (CFSE) that lost their cytosolic 

fluorescence as a consequence of Ponceau 4R entry during PM permeabilization. To validate this 

method, we first permeabilized B-cells with the pore-forming toxin streptolysin O (SLO). In the 

presence of Ponceau 4R, the percentage of B-cells with reduced CFSE fluorescence increased 

significantly after exposure to SLO (Figure 2.2A and B), mimicking what we previously observed 

for PI entry in SLO-treated B-cells146. Thus, quenching of cytoplasmic CFSE by the membrane-

impermeable Ponceau 4R is a potent indicator of PM permeabilization. Using this method, we 

compared B-cells incubated with αM- or Tf-PLB by live imaging. A significantly higher fraction 

of CFSE-labeled B-cells showed fluorescence quenching when interacting with αM-PLB, 

quantified as the percentage of cells that lost >70% of their initial CFSE fluorescence (Figure 

2.2C and D and Video 5). The average time for detection of αM-PLB-induced B-cell 

permeabilization measured by this quenching method was similar to what was observed for FM 

entry, while the average time for intracellular detection of PI showed a ~8 min delay (Figure 

2.2E, Figure 1-figure supplements 4 and Video 4). An analysis of the cumulative rate of influx of 

the three distinct tracers confirmed the small delay in PI detection (Figure 2.2F). Thus, FM influx 

and Ponceau 4R-mediated quenching are more sensitive methods for detecting the onset of B-cell 

PM permeabilization when compared to PI influx, which is only clearly visualized after 

intercalation into double-stranded DNA inside the nucleus. Based on consistent results obtained 

with three different methods, we conclude that BCR binding to αM-coated surfaces (but not to 

soluble αM) causes localized permeabilization of the B-cell PM. 
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Figure 2.2: 
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Figure 2.2. Extracellular Ponceau 4R quenches cytoplasmic CFSE in αM-PLB-

permeabilized B-cells. (A) Flow cytometry histograms of CFSE FI in B-cells incubated with or 

without SLO for 10 min in the presence or absence of Ponceau 4R, showing 8,500 cells per 

condition. (B) Percentages of cells with reduced CFSE in the presence or absence of Ponceau 4R 

after treatment with or without SLO. Data points represent independent experiments (mean ± 

SD). (C) Time-lapse images of B-cells pre-stained with CFSE interacting with αM-PLB in the 

presence of Ponceau 4R (arrows, cells with Ponceau 4R quenching of cytoplasmic CFSE) (Video 

5). (D) Percentages of B-cells with more than 70% loss of CFSE FI after 60 min interaction with 

αM- or Tf -PLB. Data points represent independent experiments (mean ± SD). (E) Timing of PI, 

FM1-43 entry or Ponceau 4R-mediated CFSE quenching in B-cells interacting with αM-PLB. 

Data points represent individual cells in at least four independent experiments (mean ± SD). (F) 

Cumulative percentages of total permeabilized B-cells detected over time in four independent 

experiments. Bars, 5 μm.  **p≤0.01, ***p≤0.005, unpaired Student’s t-test (B, D) or one-way 

ANOVA (E). Work for figures 2.2-A, B, C, and D was executed by Fernando Maeda.  
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We next determined whether HEL, a bona fide antigen recognized by the BCR from 

MD4 mice, also caused B-cell permeabilization when tethered to artificial surfaces or presented 

as an integral membrane protein (mHEL) on the surface of live cells75. Flow cytometry analysis 

revealed that similar fractions of MD4 B-cells become PI-positive after binding beads coupled to 

αM or to HEL (Figure 2.3A-C). In contrast, WT B-cells binding to HEL- beads showed a low 

percentage of PI-positive cells, similar to what is observed with Tf-beads (Figure 2.1F and 

Figure 2.3A-C). Importantly, transmembrane mHEL-GFP expressed on the surface of live COS-7 

cells co-clustered with the BCR at sites of interaction with MD4 B-cells, followed by PI influx. 

This dramatic clustering pattern followed by permeabilization was not observed in WT B-cells, 

whose BCR is incapable of specifically recognizing HEL (Figure 2.3D and Videos 6 and 7). A 

significantly higher percentage of MD4 B-cells showed PI influx after interaction with 

COS-7 cells expressing mHEL-GFP, when compared to WT B-cells (Figure 2.3E). The 

percentage of PI-positive MD4 B-cells was also significantly higher after incubation with mHEL-

expressing COS-7 cells than with mock-transfected cells (Figure 2.3F). Collectively these results 

show that BCR binding to surface-associated antigen can cause permeabilization of the B-cell 

PM. 

  



62 
 

Figure 2.3: 
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Figure 2.3. BCR-mediated binding of HEL coupled to beads or expressed as a 

transmembrane protein on COS-7 cells causes B-cell PM permeabilization. (A) Flow 

cytometry histograms of PI FI in WT or MD4 B-cells incubated with αM- or HEL-beads for 30 

min by flow cytometry, showing 1,000 cells per condition. (B) Percentages of WT and MD4 B-

cells binding αM- or HEL-beads. Data points represent independent experiments (mean ± SD). 

(C) Percentages of PI+ bead-bound WT or MD4 B-cells after 30 min incubation. Data points 

represent independent experiments (mean ± SD). (D) Spinning disk time-lapse images of a MD4 

B-cell (left panels) and a WT B-cell (right panels) interacting with a mHEL-GFP-expressing 

COS-7 cell in the presence of PI (Videos 6 and 7). Arrows, clustering of mHEL-GFP during B-

cell binding; arrowheads, PI entry in the B-cell. (E) Percentages of PI+ MD4 and WT B-cells 

interacting with COS-7 cells transfected with mHEL-GFP. (F) Percentages of PI+ MD4 B-cells 

interacting with COS-7 cells transfected with mHEL-GFP or mock-transfected. Data points (E 

and F) represent individual videos from 3~4 independent experiments (mean ± SD). Bars, 5 μm 

*p≤0.05, **p≤0.01, ***p≤0.005, unpaired Student’s t-test (E, F) or one-way ANOVA (B, C).  

Work for Figures 2.3-A, B, and C was executed by Fernando Maeda. 
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2.3.2 Antigen-induced B-cell permeabilization requires high-affinity BCR-antigen 
binding, BCR signaling, and NMII motor activity 

High-affinity binding of the BCR to antigen associated with non-internalizable surfaces 

induces high levels of BCR signaling, cytoskeleton reorganization, and antigen 

endocytosis44,45,118. To examine the impact of the BCR binding affinity on antigen-induced PM 

permeabilization, we incubated MD4 B-cells with beads coated with equal densities of HEL or 

the duck egg lysozyme isoform DEL-I. The MD4 BCR binds DEL-I with >100 fold lower 

affinity than it binds HEL119. As expected, the percentage of B-cells binding multiple beads was 

reduced when the BCR-antigen affinity decreased (Figure 2.4-figure supplement 1A), but B-cells 

binding one single bead were detected for both HEL and DEL-I and also Tf (Figure 2.4-figure 

supplement 1). In these single bead-bound populations, DEL-I-beads caused significantly less PI 

entry than HEL-beads (Figure 2.4A). Inhibition of signaling with the Src kinase inhibitor PP230 

(iSrc) or the Bruton’s Tyrosine Kinase inhibitor AVL-292 (Aalipour and Advani 2013) (iBTK) 

(Figure 2.4B and C) also reduced PI entry in cells binding HEL-beads (Figure 2.4D). After 

contact with αM-PLB or αM-beads but not Tf-PLB or Tf-beads, surface BCRs became polarized 

towards PLB- or bead-binding sites within ~10 min, a period markedly shorter than what is 

required for detection of PM permeabilization through FM influx (Figure 2.4E-H, Figure 2.4-

figure supplement 2, and Video 8). Importantly, the activated form of the actin motor protein 

NMII, detected through its phosphorylated light chain (pMLC), accumulated along with the BCR 

at αM-bead-binding sites (Figure 2.4G, Figure 2.4-figure supplement 3 and Video 9). The 

fluorescence intensity ratios (FIR) of surface BCRs and pMLC were significantly higher in B-

cells binding αM-beads than in cells binding Tf-beads (Figure 2.4H and I). Notably, inhibition of 

NMII motor activity with blebbistatin (Bleb) markedly reduced the number of B-cells that 

became PI-positive during interaction with αM-beads, without affecting the cells’ ability to bind 

the beads (Figure 2.4J and K). Live imaging detected PI entry following a “tug-of-war’ between 

two B-cells simultaneously engaging an αM-bead (Video 3 and Figure 2.1-figure supplement 
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1C), further supporting a role for NMII-mediated traction forces in antigen-induced PM 

permeabilization. Thus, our results indicate that PM permeabilization caused by surface-

associated antigen requires strong BCR-antigen interaction and the subsequent activation of 

signaling and NMII motor activity. 
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Figure 2.4: 
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Figure 2.4. PM permeabilization induced by surface-associated antigen depends on high-

affinity BCR-antigen binding, BCR signaling, and non-muscle myosin II (NMII) motor 

activity. (A) Percentages of PI+ single bead-binding B-cells after incubation with HEL-, DEL-I- 

or Tf-beads (1:4 cell:bead ratio) for 30 min. Data points represent independent experiments (mean 

± SD). (B) Mean fluorescence intensity (MFI) of phosphotyrosine (pY) in HEL-bead-bound B-

cells treated or untreated (NT) with a Src kinase inhibitor (iSrc) by flow cytometry. Data points 

represent independent experiments (mean ± SD). (C) Western blot analysis of phosphorylated 

BTK (pBTK) and BTK in B-cells incubated with HEL-beads in the presence or absence of a BTK 

inhibitor (iBTK) for 30 min. (D) Percentages of PI+ HEL-bead-bound cells treated with iSrc or 

iBTK relative to not-treated (NT) at 30 min. Data points represent independent experiments 

(mean ± SD). (E) Spinning disk time-lapse images of BCR polarization (yellow arrow) in a B-cell 

incubated with αM-PLB in the presence of FM4-64 (white arrow, intracellular FM). (F) Timing 

of BCR polarization and FM entry of individual cells interacting with αM-PLB (Video 8). Data 

points represent individual cells in three independent experiments (mean ± SD). (G) Confocal 

images of BCR and phosphorylated NMII light chain (pMLC) staining in B-cells interacting with 

αM- or Tf-beads (arrows, bead binding sites). (H and I) FI ratio (FIR) of BCR (H) and pMLC (I) 

staining at the bead-binding site relative to the opposite PM in αM- and Tf-bead-bound cells over 

time. Data represent the averages of three independent experiments (mean ± SD). (J) Percentages 

of PI+ bead-binding B-cells incubated with αM-beads for 30 min with or without blebbistatin 

(Bleb). Data points represent individual videos from three independent experiments (mean ± SD). 

(K) Percentages of bead-bound B-cells incubated with αM-beads for 30 min in the presence or 

absence of Bleb. Data points represent independent experiments (mean ± SD). Bars, 5 μm. 

*p≤0.05, **p≤0.01, ***p≤0.005, ****p≤0.001, unpaired Student’s t-test (B, H, I, K) or one-way 

ANOVA (A, D, J). Work for figures 2.4-A, B, C, and D was executed by Fernando Maeda. 
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2.3.3 Antigen-induced B-cell permeabilization triggers lysosomal exocytosis as a PM 
repair response  

Permeabilization with the pore-forming toxin SLO triggers exocytosis of lysosomes in 

mouse primary B-cells146, a response to Ca2+ influx that is observed in several cell types and is 

required for the resealing PM wounds159. To determine if permeabilization by surface-associated 

αM or HEL triggered exocytosis of lysosomes in B-cells, we first examined whether luminal 

epitopes of the lysosomal membrane protein LIMP-2 were exposed on the cell surface. Flow 

cytometry detected surface LIMP-2 in a higher percentage of B-cells binding αM-beads than in 

B-cells binding Tf-beads (Figure 2.5A and B). Notably, surface exposure of LIMP-2 was lower in 

MD4 B-cells binding DEL-I-beads compared to HEL-beads (Figure 2.5C). These results reveal a 

close correlation between the extent of PM permeabilization (Figure 2.4A) and lysosomal 

exocytosis induced by surface-associated αM, HEL or DEL-I (Figure 2.5B-C). Surface LIMP-2 

was predominantly detected at sites of αM-bead binding (Figure 2.5D and Figure 2.5-figure 

supplement 1) and this polarized pattern, measured by FIR, increased after ~30 min of interaction 

with αM- but not Tf-beads (Figure 2.5E). Notably, this timeframe was similar to the average 

period required for PM permeabilization (Figure 2.2E). Next, we performed live total internal 

reflection fluorescence (TIRF) microscopy of B-cells preloaded with the luminal lysosomal probe 

SiR-Lyso (a membrane-permeable fluorescent peptide that binds to the lysosomal enzyme 

cathepsin D) while contacting αM-PLB. Exocytosis events were identified by rises in the 

fluorescence intensity of SiR-Lyso puncta (reflecting lysosome entry into the TIRF evanescent 

field adjacent to the PM) followed by sharp decreases within ~2 s (reflecting dye dispersion upon 

fusion of lysosomes with the PM) (Figure 2.5F and G, Figure 2.5-figure supplement 2 and Video 

10). Exocytosis events were observed in the majority of individual PI-positive cells interacting 

with αM-PLB (Figure 2.5H) and occurred predominantly ~30-45 min after αM-PLB contact 

(Figure 2.5H and I), a timing similar to PM permeabilization and LIMP-2 exposure. Lysosomal 

exocytosis events were significantly more frequent in permeabilized B-cells when compared to B-
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cells that remained intact (Figure 2.5J). These results show that permeabilization of B-cells by 

surface-associated antigen triggers exocytosis of lysosomes. 
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Figure 2.5: 
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Figure 2.5. Antigen-induced permeabilization triggers lysosomal exocytosis. (A) Flow 

cytometry analysis of surface-exposed (no detergent permeabilization) and/or intracellular LIMP-

2 (with detergent permeabilization) of bead-bound B-cells after incubation with αM- or Tf-beads 

for 30 min, showing 3,000 cells per condition. (B and C) Percentages of cells with surface-

exposed LIMP-2 (relative to values with secondary antibody alone) in bead-bound B-cells 

incubated with αM- or Tf-beads (B) or with HEL-, DEL-I- or Tf-beads (C) for 30 min. Data 

points represent independent experiments (mean ± SD). (D) Confocal images of surface-exposed 

LIMP-2 in B-cells incubated with αM- or Tf-beads (arrows, bead-binding sites). (E) FIR (bead-

binding site:opposite PM) of surface-exposed LIMP-2 in individual cells over time. Data points 

represent individual cells (mean ± SD). (F) Total internal reflection microscopy (TIRF) images 

(left) and FI surface plots (right) of SiR-Lyso at the B-cell surface contacting αM-PLB (Video 

10). (G) Representative MFI versus time plot of a SiR-Lyso-loaded lysosome undergoing 

exocytosis. (H) SiR-Lyso exocytosis events (circles) in individual B-cells during the first 0-15 

min or 25–45 min of incubation with αM-PLB. (I) Timing of individual SiR-Lyso exocytosis 

events in B-cells incubated with αM-PLB for 45 min. Data points represent individual SiR-Lyso 

exocytosis events from three independent experiments (mean ± SD). (J) Numbers of SiR-Lyso 

exocytosis events per B-cell permeabilized (PI+) or not permeabilized (PI-) by αM-PLB during 

45 min. Data points represent individual cells from three independent experiments (mean ± SD). 

*p≤0.05, **p≤0.01, unpaired Student’s t-test (B and J) or one-way ANOVA (C and E). Bars, 5 

μm. Work for figures 2.5-A, B, C, D, and E was executed by Fernando Maeda. 
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We next determined if B-cells were capable of resealing their PM, by using an assay 

involving sequential exposure to two different membrane-impermeable fluorescent dyes159. 

Resealed cells were quantified by flow cytometry as the percentage of permeabilized cells 

binding αM-beads (stained intracellularly with FM4-64 kept throughout the assay) that excluded 

the membrane-impermeable dye SYTOX Blue (added only during the last 10 min of the assay) 

(Figure 2.6A). Under these conditions, ~50% of B-cells permeabilized by surface-associated 

antigen resealed their PM within the assay period (Figure 2.6B). Inhibition of lysosomal 

exocytosis with bromoenol lactone (BEL)154,195 significantly reduced the percentage of resealed 

cells (Figure 2.6A and B). We found no evidence that the reduction in resealed cells after BEL 

treatment was due to toxicity of this inhibitor. B-cell populations with low forward-scatter versus 

side-scatter values typical of dead cells did not increase after BEL treatment (Figure 2.6-figure 

supplement 1). Exposure to BEL also did not increase the small fraction (<7%) of Tf-bead-

binding B-cells that was permeable to SYTOX Blue (Figure 2.6-figure supplement 1). These data 

suggest that lysosomal exocytosis is required for the resealing of B-cells permeabilized by 

binding to surface-associated antigen. To confirm that individual antigen-permeabilized B-cells 

resealed, we used live imaging to visualize cells incubated with αM-PLB in the presence of 

SYTOX Green. PI was then added for the last 10 min of the 4 h incubation. Time-lapse images 

showed that B-cells that became permeable to SYTOX Green during interaction with αM-PLB 

subsequently excluded PI – a direct indication that their PM resealed during the 4 h assay period 

(Figure 2.6C and Video 11). As expected, cells that were already permeable to SYTOX Green at 

the beginning of the incubation (likely non-viable cells that were damaged prior to the incubation) 

were also permeable to PI (which causes strong quenching of the SYTOX green fluorescence 

upon entering cells - Figure 2.6C and Video 11). Interestingly, primary B-cells permeabilized 

during interaction with αM-beads (Figure 2.1A and Video 1) or αM-PLB (Figure 2.1H, Figure 

2.6C and Video 11) often displayed a shape change visualized as an increase in cell diameter, but 

after resealing this morphological change was gradually reversed (Figure 2.6C, Figure 2.6-figure 
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supplement 2, Videos 11 and 12). Collectively, our results indicate that B-cell PM 

permeabilization by binding to surface-associated antigen is a reversible event, and that 

lysosomal exocytosis is required for PM resealing as previously shown for other cell types149.  
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Figure 2.6: 
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Figure 2.6. Antigen-permeabilized B-cells reseal their PM in a lysosomal exocytosis-

dependent manner. (A) B-cells were incubated with αM-beads and permeabilized/resealed cells 

were assessed by flow cytometry of FM4-64 (added from the start) and SYTOX Blue (added in 

the last 10 min) FI, in the presence or absence of BEL. (B) Percentages of permeabilized αM-

bead-bound cells that resealed in the presence or absence of BEL. Data points represent 

independent experiments (mean ± SD). (C) Time-lapse images of splenic B-cells incubated with 

αM-PLB in the presence of SYTOX Green. PI was added for 10 min at the end (Video 11). 

Arrows, cells that became permeabilized after contacting the αM-PLB and later excluded PI; 

arrowhead, cell that was SYTOX+ since the start of the video and did not exclude PI. *p≤0.05, 

unpaired Student’s t-test (B). Bar, 5 μm. Work for figure 2.6 was executed by Fernando Maeda. 
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2.3.4 B-cell permeabilization and lysosomal exocytosis facilitate internalization and 
presentation of surface-associated antigen  

We investigated the relationship between PM permeabilization by surface-associated 

antigen and antigen internalization using fluorescent αM covalently bound to beads or tethered to 

PLB. Live imaging detected αM puncta moving away from bead-binding sites into B-cells, 

increasing progressively between 30 and 60 min of interaction (Figure 2.7A and B and Video 13). 

In contrast, intracellular fluorescent puncta were markedly less abundant during the same time 

period in cells not binding αM-beads, or binding Tf-beads (Figure 2.7B). Inhibition of antigen-

mediated PM permeabilization with blebbistatin significantly reduced extraction and 

internalization of αM coupled to beads (Figure 2.7C). When similar experiments were performed 

with PLB, the fraction of cells containing internalized αM and the total amount of αM uptake 

were significantly higher in permeabilized cells with high levels of intracellular FM staining 

(FM-high), compared to non-permeabilized cells with low FM staining (FM-low) (Figure 2.7D-

F). These data suggest that αM-induced PM permeabilization, rapidly followed by lysosomal 

exocytosis, promotes extraction and internalization of αM from non-internalizable surfaces.  
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Figure 2.7: 
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Figure 2.7. Antigen-induced PM permeabilization promotes antigen internalization 

and presentation. (A) Confocal live imaging of a B-cell interacting with fluorescent αM-beads 

(arrows, internalized αM). (B) Percentages of cells containing internalized αM or Tf, bound or 

not to αM- or Tf-beads, over time. Data points represent individual fields in three independent 

experiments (mean ± SD). (C) Percentages of bead-bound B-cells with internalized αM in the 

presence or absence of Bleb after 60 min. Data points represent individual fields in four 

independent experiments (mean ±SD). (D) Confocal images (xz) of αM internalization in B-cells 

permeabilized (FM-high) or not permeabilized (FM-low) by αM-PLB after 60 min. € Percentages 

of B-cells, permeabilized (FM-high) or not permeabilized (FM-low) by αM-PLB, containing 

internalized αM over time. Data points represent individual fields in three independent 

experiments (mean ± SD). (F) MFI values of internalized αM in individual B-cells permeabilized 

(FM-high) or not (FM-low) by αM-PLB over time. Data points represent independent 

experiments (mean ± SD). (G) IL-2 secretion by 3A9 T-cells activated by B-cells incubated with 

or without (no Ag) soluble HEL or DEL-I (10 µg/ml) for 72 h. Data points represent independent 

experiments (mean ± SD). (H) IL-2 secretion by 3A9 T-cells activated by B-cells incubated with 

or without HEL-, DEL-I- or Tf-beads (1:4 cell:bead ratio) for 72 h. Bars, 5 μm. Data points 

represent independent experiments (mean ± SD). *p≤0.05, **p≤0.01, **p≤0.005, ****p≤0.0001, 

unpaired Student’s t-test (C,E,F), one-way ANOVA (G,H) or Kruskal-Wallis non-parametric test 

(B). (I) Cartoon depicting a working model for the spatiotemporal relationship of events initiated 

by the interaction of the BCR with surface-associated antigen. High-affinity binding stabilizes 

BCR-antigen interaction and induces strong BCR signaling (1) and NMII activation (2). 

Activated NMII generates local traction forces that permeabilize the PM (3), triggering a 

localized PM repair response mediated by lysosomal exocytosis. Lysosome exocytosis releases 

hydrolases that cleave antigen off surfaces (4), facilitating endocytosis (5) and presentation to T-

cells (6). Figure 2.7 I was generated by Fernando Maeda. 
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Next, we investigated whether antigen internalization enhanced by PM permeabilization 

and lysosomal exocytosis impacts antigen presentation by B-cells. We compared levels of IL-2 

secretion by the 3A9 T-cell hybridoma line196 after activation by B-cells exposed to HEL- or 

DEL-I-beads. B-cells exposed to high concentrations of soluble HEL or DEL-I induced similar 

levels of IL-2 secretion (Figure 2.7G), demonstrating that the primary B-cells used in these 

assays could process and present the conserved peptide present in both HEL and DEL-I for T-cell 

activation. In contrast, when the B-cells were exposed to lower amounts of surface-associated 

antigens, B-cells exposed to HEL-beads activated T-cells to produce IL-2 at markedly higher 

levels than cells exposed to DEL-I-beads (Figure 2.7H). These results indicate that B-cell 

permeabilization resulting from high-affinity antigen-BCR interaction, with its corresponding 

lysosomal exocytosis response, facilitates the presentation of antigen associated with non-

internalizable surfaces.  

 

2.4 Discussion 
Extracellular release of lysosomal enzymes by B-cells was previously proposed to cleave 

antigens tightly associated with non-internalizable surfaces, facilitating internalization and 

presentation to T-cells89,120. However, it was unclear which mechanism was responsible for 

inducing lysosomal enzyme release when B-cells engaged insoluble antigen. In this study, we 

show that interaction of the BCR with surface-associated antigen can permeabilize the B-cell PM, 

triggering lysosomal exocytosis as part of the PM repair response159,182. Antigen-dependent PM 

permeabilization occurs at antigen-binding sites and is reversible under conditions that allow 

lysosomal exocytosis. We further demonstrate that PM permeabilization and lysosomal 

exocytosis require high-affinity binding of the BCR to antigen, BCR signaling and activation of 

NMII motor activity, and that this process facilitates antigen internalization, processing, and 

presentation. Thus, our study identifies a critical novel step in the affinity-dependent process by 
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which B-cells capture antigen tightly associated with surfaces, for effective internalization and 

subsequent presentation to T-cells.  

 

Capture and internalization of antigen tightly associated with surfaces is an important 

immunological process, as B-cells encounter this type of antigen in vivo on parasites, bacteria and 

viruses, as well as immune cells such as follicular dendritic cells. Follicular dendritic cells capture 

antigen drained into lymph nodes and present it on their surface to germinal center B-cells. In this 

manner, follicular dendritic cells enhance BCR antigenic stimulation by increasing antigen 

avidity, in addition to providing costimulatory molecules16. While the exact percentage is 

unknown, studies have suggested that the majority of antigens that B-cells encounter in vivo are 

in a membrane-associated form197. Importantly, the capture, internalization, and presentation of 

such surface-associated antigens to T-cells play a critical role in selecting specific B-cells for 

survival, clonal expansion and differentiation into long-lived high-affinity memory B-cells and 

antibody-secreting cells198. 

   

We found that B-cell PM permeabilization induced by surface-associated antigen 

depends on the motor activity of NMII. Following BCR polarization, activated NMII accumulates 

at sites of B-cell binding to αM- or HEL-beads or PLB before permeabilization occurs. These 

findings are consistent with previous studies showing that internalization of surface-associated 

but not soluble antigen requires NMII-mediated traction forces at antigen-binding sites85,121. 

Collectively, our results support the notion that NMII-mediated traction forces generated during 

BCR-antigen interaction are responsible for permeabilization of the B-cell PM. Whether this 

permeabilization is due to tearing of the lipid bilayer149 or the opening of mechanosensitive 

membrane channels 199,200 is currently unknown. However, our finding that three distinct 

membrane-impermeable probes, PI, FM lipophilic dyes, and Ponceau 4R readily gain access to 

the cytosol after B-cell interaction with surface-associated antigen suggest that NMII-mediated 
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membrane tearing is the mechanism underlying antigen-dependent B-cell PM permeabilization. 

In this context, it is noteworthy that Endophilin A2, a protein that facilitates the resealing of PM 

wounds201, also contributes to BCR-mediated internalization of membrane-associated antigen116.  

 

We were initially surprised to observe B-cell PM permeabilization during BCR-mediated 

binding of surface-associated antigen, a process that is known to generate myosin-mediated 

forces as a mechanism to capture antigen. To confirm that permeabilization occurs, we utilized 

three different membrane-impermeable probes, two types of BCR ligands, and three types of 

presenting surfaces. All generated similar results. We first detected B-cell permeabilization 

during interaction with surface-associated antigen by following the entry of membrane-

impermeable DNA-binding or lipophilic dyes. While these compounds bind to different 

intracellular structures, both showed sudden rather than gradual increases in intracellular staining, 

consistent with PM permeabilization. To strengthen these results, we designed an independent 

assay based on the ability of Ponceau 4R to enter B-cells and quench the fluorescence of CFSE, a 

widely used vital dye that covalently labels cytosolic molecules without affecting cell viability. 

Ponceau 4R has been used to reduce the extracellular background of fluorescence-based assays 

because it is membrane-impermeable and potently quenches the emission of fluorophores in the 

490-560 nm range194. We found that Ponceau 4R influx rapidly quenches the fluorescence of 

CFSE-labeled B-cells, providing us with an independent and accurate tool to determine the 

kinetics of antigen-induced PM permeabilization.  

We also showed that endocytosis does not account for the sudden, massive influx of 

lipophilic dyes that occurs in B-cells binding surface-associated antigen. Cross-linking surface 

BCRs with soluble antibodies192,202, which did not permeabilize the B-cell PM, induced the 

endocytosis of lipophilic dyes - as expected from a tracer that is associated with the outer leaflet 

of the PM. However, the endocytosed lipophilic dye appeared as small puncta that gradually 

accumulated at the cell periphery, in sharp contrast to the sudden, massive dye influx that reaches 
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the nuclear envelope in antigen-permeabilized cells. Consistent with this result, endocytosed 

fluorescent Fab’ covalently attached to beads also appeared as small puncta in our live imaging 

assays. Thus, we conclude that the sudden, massive influx of lipophilic dyes is the result of PM 

permeabilization but not of dye endocytosis. 

 

The PM of primary B-cells can be damaged by phototoxicity during prolonged live 

imaging, or by necrosis or apoptosis. To control for such events, in parallel to our assays with 

surface-associated antigen, we measured the permeabilization levels of cells interacting with Tf-

beads or Tf-PLB, which bind the Tf receptor with similar affinity as antigen-BCR but without 

BCR activation187. Low levels of non-specific permeabilization of B-cells could be detected in all 

our assays, not surprisingly given that primary splenic B-cells are often injured during the 

purification process. Furthermore, we did not observe an increase in apoptotic markers in B-cells 

interacting with surface-associated antigen. Importantly, our assays involving sequential exposure 

to membrane-impermeable dyes revealed that a significant fraction of the antigen-permeabilized 

B-cells subsequently resealed. Thus, our findings cannot be explained by a loss in B-cell viability, 

strongly suggesting that B-cells can become transiently permeabilized when binding antigen that 

is tightly associated with surfaces. 

 

We found that two different model antigens, αM and HEL, can induce B-cell PM 

permeabilization when attached to surfaces. This shows that BCR binding through bona fide 

antigen-binding sites is not a requirement for generation of the mechanical forces leading to B-

cell PM permeabilization. Since stiffness of the antigen-presenting surface appears to impact 

BCR signaling and antigen capture120,175, it could be argued that antigen tethered to latex beads or 

PLB assembled on glass coverslips represent unnaturally stiff surfaces that might cause B-cell 

permeabilization. To investigate this issue, we utilized COS-7 cells expressing mHEL, a surface-

associated antigen previously shown to engage MD4 B-cells in vivo when expressed in mouse 
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models203. Our finding that BCR engagement of mHEL on the surface of COS-7 cells also 

induces PM permeabilization supports the notion that this process occurs under physiological 

conditions and is likely to be relevant in vivo.  

 

Not all B-cells binding surface-associated antigen were permeabilized, possibly due to 

heterogeneity of the primary B-cell population used in our assays. Splenic B-cells are found at 

different stages of peripheral maturation and differentiation204,205, binding antigen with variable 

affinities at different times and generating distinct responses. In subsequent studies, it will be 

interesting to determine which subsets of B-cells are more effective in capturing and presenting 

surface-associated antigen through NMII-dependent PM permeabilization.  

 

The rapid exocytosis of lysosomes triggered by B-cell permeabilization uncovered in our 

study provides a mechanistic explanation for the previously reported affinity-dependent 

extraction and presentation of antigen associated with non-internalizable surfaces45. We showed 

that the low affinity DEL-I antigen induces markedly lower levels of PM permeabilization, 

lysosome exocytosis, and antigen presentation when compared to the higher affinity HEL, when 

the two antigens are displayed on surfaces at similar densities. Surface association significantly 

enhances the avidity of antigens by increasing their valency, a process that can reduce the impact 

of BCR-binding affinity on BCR signaling, antigen internalization, and presentation when 

compared to soluble forms of the same antigen. However, this avidity effect is primarily observed 

with antigen associated with surfaces that B-cells are able to internalize45, and it is known that B-

cell subsets such as native follicular B-cells have very low phagocytic capacity181. We envision 

that when antigen is strongly associated with non-internalizable surfaces, low-affinity BCR-

antigen interactions are disrupted before B-cells can extract antigen. In this scenario, high-affinity 

BCR interactions would be critical for sustaining antigen binding under NMII-mediated traction 

forces, to promote PM permeabilization, lysosomal enzyme release, and antigen extraction. High-
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affinity BCR-antigen binding is also expected to induce more robust signaling than low-affinity 

binding, enabling higher levels of NMII activation44,85 and polarization to drive PM 

permeabilization. Collectively, in addition to supporting the notion that tight antigen attachment 

to non-internalizable surfaces facilitates B-cell affinity discrimination, our results expand the 

mechanistic understanding of why different physical and chemical forms of immunogens impact 

the efficacy of vaccines206,207.  

 

Lysosomal exocytosis is acutely dependent on rapid elevations in [Ca2+]i 159,208. PM tears 

cause immediate Ca2+ influx and massive lysosomal exocytosis 154,159, due to the markedly higher 

Ca2+ concentration in the extracellular space compared to the cytoplasm. BCR engagement of 

antigen also induces [Ca2+]i increases 209,210, and we cannot rule out the possibility that BCR-

mediated Ca2+ fluxes might contribute to the initiation of lysosomal exocytosis, which would then 

be amplified by PM permeabilization and more robust Ca2+ influx. However, while BCR-induced 

Ca2+ fluxes occur in most antigen-binding B-cells within seconds of antigen binding, we found 

that the majority of lysosomal exocytosis and antigen internalization events occur >30 min after 

antigen binding, a time frame that coincides with the period required for antigen-induced PM 

permeabilization. Thus, our data suggest that BCR-mediated [Ca2+]i increases are unlikely to be 

the primary driver of the lysosomal exocytosis events that facilitate endocytosis of surface-

associated antigen. However, BCR-triggered Ca2+ fluxes may have induced the small number of 

initial lysosomal exocytosis events that we detected during the first 15 min of B-cell interaction 

with surface-associated antigen. It is also conceivable that early BCR-induced Ca2+ fluxes 

contribute to antigen-induced B-cell PM permeabilization by activating NMII and actin 

reorganization211.  

 

Collectively, our results provide important insights into the spatiotemporal relationship of 

events initiated by interaction of the BCR with surface-associated antigen (Figure 7I). Our 



85 
 

findings suggest that high-affinity binding stabilizes BCR-antigen interactions, inducing strong 

BCR signaling and NMII activation to locally generate traction forces that permeabilize the PM. 

Ca2+ entry would then trigger a localized PM repair response mediated by lysosomal exocytosis, 

releasing hydrolases that can cleave antigen off surfaces, facilitating endocytosis and presentation 

to T-cells. Our results support the notion that B-cells utilize a cellular mechanism that evolved for 

surviving PM injury to promote the acquisition, presentation, and possibly affinity discrimination 

of surface-associated antigens.  

  

2.5 Materials and Methods 

2.5.1 Mice, B-cell isolation and culture 
Primary B-cells were isolated from the spleens of wild type C57BL/6, MD4 transgenic 

(C57BL/6 background), B10.BR-H2k2 H2-T18a/SgSnJJrep (Jackson Laboratories), and F1 of 

B10.BR-H2k2 H2-T18a/SgSnJJrep x MD4 mice using a previously published protocol146. Briefly, 

mononuclear cells were isolated by Ficoll density-gradient centrifugation (Sigma-Aldrich). T-

cells were removed with anti-mouse CD90.2 mAb (BD Biosciences) and guinea pig complement 

(Innovative Research, Inc.) and monocytes and dendritic cells by panning. B-cells were kept at 

37°C and 5% CO2 before and during experiments. All procedures involving mice were approved 

by the Institutional Animal Care and Usage Committee of the University of Maryland.  

The A20 B-cell lymphoma line (ATCC #TIB-208) was cultured in DMEM (Lonza) 

supplemented with 10% of FBS (Thermo Fisher Scientific), 0.05 mM 2-mercaptoethanol (Sigma-

Aldrich), 10 mM MOPS, 100 units/ml penicillin, and 100 µg/ml streptomycin (Gemini) at 37°C 

and 5% CO2. The 3A9 T-cell hybridoma line (ATCC #CRL-3293) was cultured in DMEM 

(ATCC) supplemented with 5% FBS (Thermo Fisher Scientific), 0.05 mM 2-mercaptoethanol 

(Sigma-Aldrich) at 37°C and 5% CO2.  ATCC follows the highest manufacturing standards and 

uses the most reliable procedures to verify and authenticate every cell line and to ensure there is 

no mycoplasma contamination. 
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2.5.2 Antigen-coated beads 
Latex NH2-beads (3 μm diameter, 3.5 x 108 beads/preparation, Polysciences) were 

activated with 8% glutaraldehyde in 0.5 ml PBS for 120 min under rotation at room temperature, 

washed with PBS, and incubated overnight with equal molar amounts of F(ab’)2 goat-anti-mouse 

IgM+G (αM, 20 μg/ml, Jackson ImmunoResearch Laboratories), hen egg lysozyme (HEL, 5.8 

μg/ml, Sigma-Aldrich), duck egg lysozyme (DEL)-I 119, holo-transferrin (Tf, 32 μg/ml, Sigma-

Aldrich), Alexa Fluor (AF) 488-conjugated Tf (AF488-Tf, 32 μg/ml, Thermo Fisher Scientific), 

or AF488-F(ab’)2 goat-anti-mouse IgM+G (AF488-αM, 20 μg/ml, Jackson ImmunoResearch 

Laboratories) in 1 ml PBS. Protein content determination (BCA, Thermo Fisher Scientific) of 

coupling solutions before and after bead incubation confirmed that similar molar amounts of 

protein were conjugated in each case. The beads were then blocked with PBS 1% BSA for 30 min 

under rotation, washed to remove unconjugated proteins, counted in a Neubauer chamber and 

stored at 4°C in PBS containing 1% BSA and 5% glycerol. Streptavidin-conjugated Yellow-

Green latex beads (2 μm diameter, 5 x 108 beads/preparation, Polysciences) were washed with 

1% BSA in PBS and incubated with Biotin-SP (long spacer)-conjugated Fab fragments of goat-

anti-mouse IgG (H+L) (40 μg of biotinylated antibody/mg of beads, Jackson ImmunoResearch 

Laboratories) for 30 min at 4°C, washed, counted in a Neubauer chamber and stored at 4°C in 

PBS containing 1% BSA and 5% glycerol. 

2.5.3 Antigen-coated planar lipid bilayers (PLB) 
PLB were prepared as previously described 79,120,188. Briefly, liposomes were generated 

from 5 mM 1,2-dioleoyl-sn-glycero-3-phosphocholine plus 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-cap-biotin (Avanti Polar Lipids) at a 100:1 molar ratio by sonication. 

Eight-well coverslip chambers (Lab-Tek) were incubated with liposomes for 20 min at room 

temperature and washed with PBS. The chambers were then incubated with 1 μg/ml streptavidin 

(Jackson ImmunoResearch Laboratories) for 10 min, washed, and incubated with 10 μg/ml mono-



87 
 

biotinylated Fab’ goat-anti-IgM+G (αM-PLB)79 or the same molar amount of biotinylated Tf (16 

μg/ml, Sigma-Aldrich) (Tf-PLB) for 10 min at room temperature. 

2.5.4 COS-7 cells expressing membrane hen egg lysozyme-GFP (mHEL-GFP) 
COS-7 cells were transiently transfected with mHEL-GFP75  (plasmid kindly provided by 

Dr. Michael Gold, University of British Columbia) using Lipofectamine 3000 (Thermo Fisher 

Scientific) and a published protocol175, and used for experiments 24 h post-transfection.  

2.5.5 Flow cytometry analysis of PM permeabilization  
Mouse splenic B-cells were incubated with beads coated with αM, HEL, DEL-I or Tf in 

DMEM containing 6 mg/ml BSA (DMEM-BSA) at a cell:bead ratio of 1:2 (or as indicated), or 

with soluble F(ab’)2 goat-anti-mouse IgM+G (sαM, 0.5 μg/ml) for 30 min at 37°C with 5% CO2. 

Propidium iodide (PI, Sigma-Aldrich) was present during the 37°C incubation as an indicator of 

PM permeabilization. Cells were then analyzed by flow cytometry (BD FACSCanto II) at 10,000 

cell counts/sample. Bead-bound cells were identified based on their forward- (FSC) and side-

scatter (SSC) properties and on fluorescence intensity (FI) when using fluorescent beads (Figure 

1-figure supplement 2). The percentages of PI-positive (PI+) cells among the bead-bound cell 

populations were quantified using FlowJo 10.1 software. 

2.5.6 Live cell imaging of PM permeabilization  
To assess PM permeabilization by protein-coated beads, mouse splenic B-cells or a B-

cell line (A20) were incubated for 30 min at 4°C in 35 mm glass-bottom dishes (MatTek) coated 

with poly-lysine and then with protein-coated beads at a cell:bead ratio of 1:2 for another 30 min 

at 4°C. Cells were washed with DMEM-BSA and imaged in a Live Cell System chamber 

(Pathology Devices) at 37°C with 5% CO2 in the presence of 50 μg/ml PI (Sigma-Aldrich) with 

or without 50 µM blebbistatin (Sigma-Aldrich).  Images were acquired for 60 min at 1 frame/15-

30 s using a spinning disk confocal microscope (UltraVIEW VoX, PerkinElmer with a 63X 1.4 
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N.A. oil objective). Images were analyzed using Volocity Suite (PerkinElmer) and NIH ImageJ. 

More than 200 cells from 3 independent experiments were analyzed for each condition. 

To assess PM permeabilization after binding to ligand-coated PLB, splenic B-cells were 

incubated with FM1-43FX or FM4-64FX (Thermo Fisher Scientific) in DMEM-BSA for 5 min at 

4oC, added to coverslip chambers containing mono-biotinylated Fab’ goat-anti-IgM+G or 

biotinylated Tf tethered to PLB, and imaged immediately at 37°C with 5% CO2 using a spinning 

disk confocal microscope (UltraVIEW VoX, PerkinElmer with a 63X 1.4 N.A. oil objective) with 

or without 50 μg/ml PI and/or 10 µg/ml FM1-43FX or FM4-64FX (Thermo Fisher Scientific). 

Images were acquired at 1 frame/6-10 s and analyzed using Volocity (PerkinElmer) and NIH 

ImageJ. For quantitative analysis, the mean fluorescence intensity (MFI) of FM1-43FX or FM4-

64FX in a defined area was measured using Volocity (PerkinElmer). More than 270 cells from 3 

independent experiments were analyzed for each condition. For 4 h videos, DMEM without 

phenol red containing 2% FBS was used, and images were acquired at 1 frame/30 s in the 

presence of PI (50 μg/ml). 

 PM permeabilization was also assessed using Ponceau 4R-mediated quenching of a 

cytosolic fluorescent dye. B-cells were pre-stained with 1 µM CFSE (Thermo Fisher Scientific) 

for 10 min at 37oC, washed with DMEM, incubated with αM- or Tf -PLB and analyzed in a 

spinning disk confocal microscope (UltraVIEW VoX, PerkinElmer with a 40X 1.4 N.A. oil 

objective) in the presence or absence of 1 mM Ponceau 4R (Sigma-Aldrich). More than 480 cells 

from four independent experiments were analyzed for each condition. To validate this method, 

cells pre-stained with CFSE were incubated with or without 800 ng/ml SLO in the presence or 

absence of 1 mM Ponceau 4R (Sigma-Aldrich) for 10 min and analyzed by flow cytometry (BD 

FACSCanto II) at 10,000 cell counts/sample. 

 To assess the ability of antigen exposed on the surface of mammalian cells to 

permeabilize B-cells, COS-7 cells mock-transfected or transfected with mHEL-GFP were seeded 

on fibronectin-coated coverslips and cultured for 24 h. WT or MD4 B-cells pre-stained with 
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AF674-conjugated Fab fragments of donkey-anti–mouse IgM+G (Jackson ImmunoResearch 

Laboratories) were then added to the COS-7 cells in the presence of 50 μg/ml PI and imaged 

immediately at 37oC with 5% CO2 using a spinning disk confocal microscope (UltraVIEW VoX, 

PerkinElmer with a 40X 1.3 N.A. oil objective). Images were acquired at 1 frame/20s and 

analyzed using NIH ImageJ software. More than 240 cells from 3 independent experiments were 

analyzed for each condition. 

2.5.7 Cleaved caspase-3 detection  
Splenic B-cells were pretreated or not with 1 µM staurosporine (Abcam) for 24 h at 37oC 

in DMEM-BSA to induce apoptosis212, exposed to αM- or Tf-beads for 30 min at 37oC, washed, 

fixed with 4% paraformaldehyde (PFA), blocked with 1% BSA, and permeabilized with 0.05% 

saponin. Cells were then incubated with antibodies specific for cleaved caspase-3 (Asp175) (Cell 

Signaling Technology) followed by AF488 donkey-anti-rabbit IgG (Life Technologies) and 

analyzed by flow cytometry (BD FACSCanto II) at 10,000 cell counts/sample. The percentages 

of cells with cleaved caspase-3 staining were determined using FlowJo 10.1 software. 

2.5.8 BCR signaling    
BCR signaling was analyzed using both flow cytometry and western blotting. For flow 

cytometry assays, splenic B-cells from MD4 mice were pretreated or not with 5 μM of the Src 

kinase inhibitor PP2 (Millipore)30 for 30 min at 37oC (conditions selected not to cause B-cell 

toxicity) and then incubated with HEL-beads in the presence or not of the inhibitor at 37°C for 30 

min. Cells were fixed with 4% PFA, permeabilized with 0.05% saponin, incubated with mouse 

anti-phosphotyrosine mAb (4G10, Millipore) followed by AF488-goat-anti-mouse IgG2b (Thermo 

Fisher Scientific) secondary antibodies, and analyzed by flow cytometry (BD FACSCanto II) at 

10,000 cell counts/sample. The data were analyzed using FlowJo 10.1 software. 

For western blot assays, splenic B-cells from MD4 mice were pretreated or not with 10 

nM of the BTK inhibitor AVL-292 (Selleckchem)213 for 30 min at 37oC (conditions selected not 
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to cause B-cell toxicity) and incubated with HEL-beads in the presence or not of the inhibitor at 

37°C for 30 min. Cells were then lysed using RIPA buffer (150 mM NaCl2, 1% of NP40, 0.5% 

Sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) containing protease and phosphatase 

inhibitors (50 mM NaF, 1 mM Na3VO4 and 10 mM Na4P2O7) at 4oC. Cell lysates were run in 4-

20% gradient SDS-PAGE gels (Bio-Rad) (5x106 cells/ lane) and transferred (Bio-Rad Trans-Blot 

transfer system) to PVDF membranes (Millipore). The membranes were blotted with rabbit anti-

phospho-BTK (pBTK; Abcam) or anti-BTK (Cell Signaling Technology) antibodies followed by 

HRP-conjugated anti-rabbit antibodies (Jackson ImmunoResearch Laboratories) and visualization 

using ECL substrate (Bio-Rad) and imaging (iBright FL-1500, (Thermo Fisher Scientific). 

To check if signaling affected PM permeabilization, splenic B-cells from MD4 mice were 

pretreated or not with 5 μM PP230 or 10 nM AVL-292213 for 30 min at 37oC and then incubated 

with HEL-beads in the presence or not of the inhibitor and 50 μg/ml PI (Sigma-Aldrich) at 37°C 

for 30 min. The percentage of PI+ cells was expressed relative to the untreated condition. 

2.5.9 BCR and NMII polarization 
BCRs on the surface of mouse splenic B-cells were stained with Cy3-Fab donkey-anti–

mouse IgM+G (Jackson ImmunoResearch Laboratories) for 30 min at 4°C. Cells were then 

incubated with αM- or Tf-beads at 4°C for 30 min and 37°C for different lengths of time. Cells 

were fixed with 4% PFA, permeabilized with 0.05% saponin, and incubated with rabbit anti-

phosphorylated myosin light chain 2 (pMLC2) antibodies (Cell Signaling Technology) to label 

activated NMII 214, followed by AF633-goat-anti-rabbit IgG (Invitrogen). Cells were analyzed by 

confocal fluorescence microscopy (Zeiss LSM710 with a 63X 1.4 N.A. oil objective). The 

percentages of cells with polarization of surface labeled BCRs and activated NMII towards bead-

binding sites were quantified by visual inspection. More than 300 cells from 3 independent 

experiments were analyzed for each condition. 
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2.5.10 PM repair assays  
Mouse splenic B-cells were pretreated or not with 12 μM bromoenol lactone (BEL, 

Sigma-Aldrich) in DMEM-BSA for 30 min at 37oC before and during assays, to inhibit lysosomal 

exocytosis and PM repair (Fensome-Green et al. 2007). Cells were then incubated with αM-beads 

(1:2 cell:bead ratio) with or without inhibitors at 4oC for 5 min and 37°C for 30 min in the 

presence of FM4-64FX (Thermo Fisher Scientific) to stain wounded cells. Cells were then 

incubated with SYTOXTM Blue nucleic acid stain (300 nM, Invitrogen) at 4oC for 10 min to stain 

cells that failed to repair PM wounds during the 30 min incubation. Cells were analyzed by flow 

cytometry (BD FACSCanto II) at 10,000 cell counts/sample. Cells that were FM4-64FX positive 

but SYTOX Blue negative were identified as permeabilized cells that resealed. The percentages 

of resealed cells among all bead-bound permeabilized cells were quantified using FlowJo 10.1 

software.  

To assess the resealing capacity of B-cells permeabilized by ligand-coated PLB using live 

cell imaging, splenic B-cells were incubated with SYTOX Green (Thermo Fisher Scientific) in 

DMEM-BSA for 5 min at 4oC and added to coverslip chambers containing mono-biotinylated 

Fab’ goat-anti-IgM+G or biotinylated Tf tethered to PLB. Cells were imaged at 1 frame/30 s for 4 

h at 37°C with 5% CO2 using a spinning disk confocal microscope (UltraVIEW VoX, 

PerkinElmer with a 63X 1.4 N.A. oil objective), followed by addition of 50 μg/ml PI (Thermo 

Fisher Scientific) at the end of the assay and final image acquisition.  

2.5.11 BCR polarization in relation to permeabilization 
Surface BCRs of splenic B-cells were labeled with Cy5-Fab donkey-anti mouse IgG 

(Jackson ImmunoResearch) at 4oC for 30 min. Cells were incubated with αM-PLB in the 

presence of FM 4-64FX (Thermo Fisher Scientific) and imaged immediately at 37°C with 5% 

CO2 using a spinning disk confocal microscope (UltraVIEW VoX, PerkinElmer with a 60X 1.4 

N.A. oil objective). Images were acquired at 1 frame/20 s for 60 min and analyzed using a 

custom-made MATLAB script (MathWorks) and NIH ImageJ software. BCR polarization was 
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analyzed using maximal projection of XZ images and quantified by the MFI ratio between 

defined regions within the bottom half (closer to PLB) and the top half (away from PLB) of 

individual cells. Cells with bottom to top ratios ≥2 were considered polarized. More than 20 cells 

from 3 independent experiments were analyzed. 

2.5.12 Lysosome exocytosis 
To detect LIMP-2 exposed on the cell surface, splenic B-cells (C57BL/6 or MD4) were 

incubated with αM-, HEL-, DEL-I or Tf-beads for 30 min at 37°C, cooled to 4°C, and incubated 

with rabbit-anti-LIMP-2 antibodies (Sigma-Aldrich) for 60 min at 4°C. Cells were then washed 

and fixed with 4% PFA, washed, blocked with 1% BSA in PBS and incubated with AF488 

donkey-anti-rabbit IgG (Life Technologies) secondary antibodies. For intracellular LIMP-2 

staining, B-cells were fixed with 4% PFA, washed, permeabilized with 0.05% saponin for 20 

min, and incubated with rabbit anti-LIMP-2 antibodies followed by AF488 donkey-anti-rabbit 

IgG. Flow cytometry (BD FACSCanto II) was performed at 10,000 cell counts/sample. Cells 

were also analyzed by confocal fluorescence microscopy (Leica SPX5 with a 63X 1.4 N.A. oil 

objective). Polarization of LIMP-2 towards bound beads was quantified by calculating the 

fluorescence intensity ratio (FIR) of anti-LIMP-2 at the B-cell-bead contact site relative to the 

opposite side of the cell PM, using NIH ImageJ and a custom-made MATLAB script 

(MathWorks). 

Individual events of lysosome exocytosis were captured using total internal reflection 

fluorescence (TIRF). Splenic B-cells were preloaded with SiR-Lysosome (1 µM, Cytoskeleton) in 

the presence of verapamil (10 µM, Cytoskeleton) for 30 min at 37oC. Cells were added to 

coverslip chambers containing mono-biotinylated Fab’ goat anti-IgM+G tethered to PLB and 

imaged at 37°C with 5% CO2 in the presence of PI (50 µg/ml, Sigma-Aldrich) using a TIRF 

microscope (NIKON Eclipse Ti-E TIRF, 63X 1.49NA oil objective). Images were acquired at 8 

frames/s during 15-20 min intervals of the 45 min incubation and analyzed using NIH ImageJ and 
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Nikon NIS Elements software. Increases in the FI of individual SiR-Lysosome puncta (reflecting 

lysosome movement within the TIRF evanescent field towards the PM in contact with PLB) 

followed by sharp decreases within a period of 1-2 s (corresponding to a loss of the SiR-

Lysosome signal upon PM fusion) were scored as exocytosis events208. More than 20 cells were 

analyzed in 4 independent experiments. 

2.5.13 FM endocytosis after BCR crosslinking. 
Mouse splenic B-cells were incubated with F(ab’)2 goat-anti-mouse IgM+G (10 μg/ml, 

Jackson ImmunoResearch Laboratories) for 10 min, followed by AF674-conjugated donkey-anti-

goat (10 μg/ml, Invitrogen) for 30 min at 4oC in coverslip chambers, to label and crosslink 

surface BCRs. FM1-43FX (10 µg/ml, Thermo Fisher Scientific) was added at the last 5 min of 

the 30 min incubation at 4oC. Cells were washed and imaged at 37°C with 5% CO2 in the 

presence of 50 μg/ml PI and 10 µg/ml FM1-43FX using a spinning disk confocal microscope 

(UltraVIEW VoX, PerkinElmer with a 63X 1.4 N.A. oil objective). Images were acquired at 1 

frame/30 s for 60 min and analyzed using Volocity (PerkinElmer). 

 

2.5.14 Assessment of BEL toxicity 
Mouse splenic B-cells were pre-treated or not with 12 μM bromoenol lactone (BEL, 

Sigma-Aldrich) in DMEM-BSA for 30 min at 37oC and then incubated with Tf-beads (1:2 cell-

bead ratio) with or without the inhibitors at 37°C for 30 min in the presence of SYTOXTM Blue 

(300 nM, Invitrogen). Cells were analyzed by flow cytometry (BD FACSCanto II) at 10,000 cell 

counts/sample. Bead-bound cells and SYTOX Blue positive cells were gated. The percentages of 

SYTOX Blue positive cells among all bead-bound permeabilized cells were quantified using 

FlowJo 10.1 software. 
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2.5.15 Antigen internalization  
For live imaging of antigen internalization, splenic B-cells were incubated with AF488-

αM-beads (1:4 cell:bead ratio) in the presence of 1 μM SiR-Lysosome and 10 μM verapamil for 

30 min at 4°C, washed with DMEM-BSA and imaged by confocal fluorescence microscopy 

(Leica SPX5 with a 63X 1.4 N.A. oil objective) for 60 min at 1 frame/min at 37oC. Live time-

lapse images were analyzed using NIH ImageJ.  

For fixed cell imaging, splenic B-cells were pretreated or not with 50 µM blebbistatin on 

poly-lysine coated slides for 30 min at 4°C and incubated with AF488-αM beads or AF488-Tf-

beads at 37°C for varying lengths of time in the presence or not of 50 μM blebbistatin. After 

fixation with 4% PFA, cells were imaged by confocal fluorescence microscopy (Zeiss LSM710 

with a 63X 1.4 N.A. oil objective). Percentages of cells with intracellularly-located AF488-αM 

puncta were determined by visual inspection of images. More than 200 cells from 3 independent 

experiments were analyzed for each condition. 

For live imaging of B-cells interacting with PLB, mouse splenic B-cells were added to 

coverslip chambers containing PLB coated with AF488-conjugated mono-biotinylated Fab’ goat-

anti-mouse IgM+G and incubated at 37°C with 5% CO2 in the presence of 10 µg/ml FM 4-64FX 

(Thermo Fisher Scientific) for varying lengths of time. Samples were then moved to 4°C for 5 

min and immediately imaged using a confocal microscope (Leica SPX5 with a 63X 1.4 N.A. oil 

objective). Internalization of antigen was quantified by determining the percentages of cells with 

intracellularly-located AF488-Fab’ goat-anti-mouse IgM+G puncta in each field and by 

measuring the AF488 FI associated with intracellular puncta in individual cells, using a custom-

made MATLAB (MathWorks) script. Cells with high FM staining were identified as wounded 

and those with low FM staining as unwounded. More than 15 fields or ~90 cells from 3 

independent experiments (high or low FM staining) were analyzed for each condition. 

2.5.16 Antigen presentation and T-cell activation  
To detect antigen presentation to T-cells, splenic B-cells from F1 mice of a crossing 
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between B10.BR-H2k2 H2-T18a/SgSnJJrep and MD4 mice were co-cultured with 3A9 T-cell 

hybridoma cells (ATCC® CRL-3293™) at equal concentrations (3.75x106 cells/ml). Cells were 

incubated in DMEM supplemented with 5% FBS and 0.05 mM 2-mercaptoethanol for 72 h in the 

presence or not of soluble HEL or DEL-I (10 µg/ml), or of beads coated with HEL, DEL-I or Tf 

(1:4 cell: bead ratio). After incubation, the concentration of IL-2 in the supernatant was measured 

using an IL-2 ELISA kit (Biolegend). 

2.5.17 Statistical analysis 
Statistical significance was assessed using unpaired, two-tailed Student’s t-tests (Prism - 

GraphPad software) when only two groups were compared, and one-way ANOVA (parametric) 

or Kruskal-Wallis (non-parametric) when 3 or more groups were compared. All data were 

presented as the mean ± SD (standard deviation).  
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Chapter 3: The molecular requirements for B cell plasma 
membrane permeabilization during interaction with surface 
bound antigen 

 

3.1 Abstract 
B cell-mediated humoral immune responses play a crucial role in neutralizing pathogens 

and harmful foreign substances. Antigen (Ag) binding of the B cell receptor (BCR) induce 

signaling cascades and Ag internalization and presentation on the MHCII for T cell recognition. T 

cell help is essential for B cell differentiation into high-affinity antibody-producing cells and 

memory B cells. In Vivo, antigen encountered by B cells is often tightly associated with the 

surface of pathogens or Ag-presenting cells. Surface-associated Ags induce actin-mediated cell 

spreading and contraction, which allows B cells to engage more antigen and gather the antigen-

BCR into a central cluster for internalization. Previously, we showed that BCR interaction with 

surface Ags induces B cell plasma membrane (PM) permeabilization in a non-muscle myosin IIA 

(NMIIA) and BCR-antigen affinity-dependent manner. B cell PM permeabilization facilitates Ag 

internalization and presentation by inducing lysosomal exocytosis. However, the cellular 

mechanisms underlying this PM permeabilization are unknown. Here, we showed that B cells 

undergoing PM permeabilization spread on Ag-presenting surfaces at a faster rate and to a larger 

area than cells remaining intact. Ag permeabilized B cells recruit more NMIIA at a faster rate and 

display a unique NMIIA organization at the immune synapse. Additionally, B cells undergo 

spreading and NMIIA recruitment for the second time 25-30 minutes after antigen engagement 

and before PM permeabilization. These results suggest that Ag-induced PM permeabilization 

requires rapid, high extent, and persistent B cell spreading on Ag presenting surfaces and strong 

NMIIA recruitment to the immune synapse, providing novel insights into the cellular mechanism 

underlying Ag-induced B cell PM permeabilization. 
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3.2 Introduction 
B cells are essential in generating the antibody responses responsible for neutralizing 

unwanted foreign substances and pathogens. Binding of the B cell receptor (BCR) to a foreign 

substance initiates signaling cascades that prime B cells to internalize, process, and present 

antigen on MHCII for T cell recognition9. T cells in turn provide B cells with an additional 

activation signal for B cells to differentiate into high-affinity antibody-producing cells or memory 

B cells178. With a large pool of clonally specific BCRs, B cells detect and bind to a large variety 

of antigens in distinct physical, chemical, and biochemical forms177. B cells are selected to 

survive and differentiate based on the BCR affinity to antigens in a process called affinity 

maturation. Affinity-independent activation of B cells leads to the production of unspecific and 

self-reactive antibodies, causing autoimmune disorders15. To ensure an effective humoral immune 

response, B cells undergo a process known as affinity maturation. During affinity maturation B 

cells undergo changes to their BCR through somatic hypermutation of their Ig gene, and B cell 

clones with high affinity to the specific antigen are selected for5,9. Affinity maturation occurs in 

specialized cellular structures called germinal centers in secondary lymphoid tissues5,37,178. In 

germinal centers, antigen-activated B cells undergo somatic hypermutation to their 

immunoglobulin genes. Only B cells with high-affinity BCRs are competitive to engage and 

capture antigen for signaling and antigen presentation, consequently acquiring the essential 

signals for surviving and differentiating into antibody-producing cells or memory B cells. Several 

mechanisms for B cells to differentiate high and low-affinity antigens have been 

proposed45,118,120,215; however, this process remains incompletely understood.  

In vivo, antigen encountered by B cells is often tightly associated with the surface of 

antigen-presenting cells, such as follicular dendritic cells (FDCs), or the surface of pathogens, 

such as parasites, bacteria, and viruses179. Unlike soluble antigen, when encountering surface-

associated antigen, the ability of B cells to internalize and process antigen is highly dependent on 



98 
 

the BCR-antigen binding affinity45. This suggests that surface-bound antigen facilitates B cell 

affinity differentiation. The interaction of B cells with antigen exposed on the surface of FDCs 

during affinity maturation in germinal center reactions underscores this notion. When naïve B 

cells encounter antigen associated with an antigen-presenting surface, a BCR signaling cascade is 

initiated9,18,19, causing a reorganization of the B cell cytoskeleton through activation of actin 

regulatory molecules such as ezrin, WASp/N-WASp, and Apr2/360,94,95. Reorganization of the 

actin cytoskeleton drives B cells to spread over antigen-presenting surfaces, allowing B cells to 

engage more antigen and form BCR microclusters. Subsequently, B cells organize BCR 

microclusters into a central cluster, forming an organized interaction site before antigen 

internalization occurs75,76.  

Using various antigen-presenting models, recent studies have proposed two distinct 

mechanisms for B cells to internalize antigen from presenting surfaces45,85,89. B cells use NMII-

generated contractile forces to pull antigen from presenting surfaces. If the mechanical force 

alone is insufficient, extracellular lysosomal hydrolases resulting from lysosome exocytosis are 

required to cleave antigen from presenting surfaces120,121. We have recently shown that lysosome 

exocytosis is triggered locally by antigen-induced B cell PM permeabilization as a part of a PM 

repair mechanism147. We have further shown that antigen induced B cell membrane 

permeabilization is dependent on BCR-antigen binding affinity, BCR signaling, and signaling 

activated NMII 147. Our findings provide another mechanism for B cell affinity discrimination: 

low-affinity BCR-antigen interactions will likely break before inducing membrane damage, while 

high-affinity interactions will stay intact upon NMII-mediated pulling and induce membrane 

damage that in turn causes the release of lysosomal enzymes which facilitates antigen uptake. 

However, it is unclear what molecular cues are required to induce PM permeabilization during 

surface-bound antigen interaction with the BCR.  

Here we show that B cell PM permeabilization requires rapid and a great extent of cell 

spreading and NMIIA recruitment to the BCR-antigen interaction site. Additionally, we 
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discovered an apparent shift in cytoskeletal recruitment at the contact area that may provide a 

switch for the B cell to change from gathering antigen to antigen endocytosis.  These findings 

suggest that thresholding levels of antigen engagement, myosin recruitment, and lysosome 

polarization as well as a cytoskeletal switch are required to induce and maintain sufficient 

NMIIA-generated force to cause PM permeabilization and facilitate antigen extraction.  

 

3.3 Results 

3.3.1 Antigen-induced B cell PM permeabilization is associated with a rapid initial B 
cell spreading to a large area and a second spreading event 

To study the interaction of B cells with surface-associated antigen, we utilized a widely 

used antigen presentation model, where the pseudo-antigen (F(ab’)2-anti-mouse IgM+G [αM], 

which binds and activates the BCR), were tethered to planar lipid bilayers (PLB) by biotin-

streptavidin interaction79,120,188. PM permeabilization of B cells binding to the αM-PLB was 

detected using the membrane-impermeable dye propidium iodide (PI). Intact cells exclude PI, but 

when the PM is permeabilized, PI enters cells and their nuclei, becoming fluorescent upon 

binding nucleic acids. We used naïve B cells from the spleens of unimmunized mice and 

interference reflection microscopy (IRM) to analyze B cell spreading on αM-PLB. Upon 

engaging the αM-PLB, the B cell contact area increased rapidly in the first few minutes and then 

gradually reached a plateau (Figure 3.1A-B). B cells that eventually became PI positive (PI+), 

indicating PM permeabilization, spread on the presenting surface to a larger area when compared 

to cells that do not become permeabilized (PI-) by the end of the detecting time (Figure 3.1A-B). 

We further determined the rate of B cell spreading by plotting the contact area over time for 

individual cells and obtaining the initial linear slope of the area increase (Figure 3.1C). The 

results showed that cells that later become PI+ spread at a faster rate than those that remained PI- 

(Figure 3.1D). Notably, after B cell spreading reaches a plateau, a subset of B cells reduced their 

contact area, which was followed by a recovery of the B cell contact area around 25-30 minutes 
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after αM-PLB engagement, whereas the contact area of the rest of B cells remained stagnant or 

steadily decreased over time (Figure 3.1E-F). Here, we refer to this cell population for their 

second spreading event (2o spreading). The 2o spreading mostly occurred preceding PM 

permeabilization and antigen internalization and 30-45 minutes after antigen engagement147. 

Importantly B cells that undergo such 2o spreading initially spread faster and to a larger total area 

(Figure 3.1F-G). Furthermore, a much higher percentage of B cells that ultimately become 

permeabilized exhibit a 2o spreading event than those remaining PI- (Figure 3.1H). When 

comparing cells that did or did not exhibit the 2o spreading event, we found that cells which 

experience this 2o spreading event are more likely to ultimately become permeabilized, compared 

to cells that do not undergo a 2o spreading event (Figure 3.1I). Collectively, these results show 

that B cells that are permeabilized by αM-PLB spread faster and more extensively than those cells 

that do not become permeabilized. Additionally, a 2o spreading event that occurs approximately 

25-30 minutes after antigen engagement is potentially required for antigen-induced B cell PM 

permeabilization.  
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Figure 3.1
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Figure 3.1. B cells permeabilized by surface-associated antigen spread rapidly to a great 

extent and a second spreading event. (A) Live internal reflection microscopy (IRM) imaging of 

primary mouse B cells interacting with F(ab’)2-anti-mouse IgM+G coated planar lipid bilayer 

(αM-PLB). Bars, 5 μm. (B) The average contact Area (in μm2) of B cells on the PLB over time, 

comparing cells that do and do not become permeabilized. Data represent 79 cells from 3 

independent experiments. (C) A representative plot of the contact area (in μm2) of B cells on αM-

PLB over time. The blue dotted line indicates the slope of B cell spreading. (D) Spreading rates 

(in μm2/min) of individual B cells that do or do not become permeabilized. Data points represent 

individual cells from 3 independent experiments. (C) Representative plots of the contact area (in 

μm2) of B cells on αM-PLB over time. Top panel, a cell showing a second (2o) spreading event 

(purple arrow). Bottom pane, a cell not showing a 2o spreading event. (F) The average contact 

area (in μm2) of B cells that did or did not undergo a 2o spreading event on αM-PLB over time. 

Data represent individual cells from 3 independent experiments. (G) Spreading rate (in μm2/min) 

of individual B cells that did not undergo a 2o spreading event. Data points represent individual 

cells from 3 independent experiments. (H) The percentage of cells undergoing a 2o spreading 

event that did and did not become permeabilized. Data points indicate individual experiments. (I) 

The percentage of cells that become PIs that did and did not undergo a 2o spreading event. Data 

points indicate individual experiments. Data points represent independent experiments (mean ± 

SEM). *p≤0.05, **p≤0.01, **p≤0.005, unpaired Student’s t-test.  
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3.3.2 Surface-associated antigen-induced B cell PM permeabilization associates with 
a strong initial NMIIA recruitment, a secondary NMIIA recruitment event, and a 
NMIIA ring structure. 

B cells are known to utilize myosin-generated force to extract antigen from presenting 

surfaces85. In addition to antigen extraction from the presenting surface, myosin also facilitates 

BCR microcluster merging into a central cluster at the interaction site56,105,109. We previously 

showed that B cell PM permeabilization in response to surface-bound antigen requires NMII 

activity147. To further examine how NMII contributes to B cell PM permeabilization, we utilized 

GFP-NMIIA transgenic mice. We imaged GFP-NMIIA B cells exposed to αM-PLB using live 

TIRF microscopy, which allowed us to visualize the recruitment and the organization of NMIIA 

in the contact area between B cells and αM-PLB. The mean fluorescence intensity (MFI) of GFP-

NMII in the B cell contact zone increased rapidly in the first few minutes, peaked at 7~12 min, 

and then decreases (Figure 3.2A-B). The NMIIA MFI in the contact zone of B cells that later 

become PI+ was much higher than those cells remaining PI- (Figure 3.2A-B). The NMIIA MFI of 

PI+ cells peaked earlier (~7 min) than PI- cells (~12 min) (Figure 3.2B). To determine the rate of 

NMIIA recruitment, we plotted the GFP-NMIIA MFI over time for individual cells and found the 

linear slope in the first few minutes (Figure 3.2C). We found that cells that later became PI+ 

recruited MNIIA at a faster rate than cells that remained PI- (Figure 3.2D).  
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Figure 3.2 
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Figure 3.2. Surface-associated antigen-induced B cell PM permeabilization associates with a 

strong initial NMIIA recruitment, a secondary NMIIA recruitment event, and a NMIIA 

ring structure. (A) Total Internal Reflection Fluorescence (TIRF) time-lapse images of B cells 

from GFP-NMIIA transgenic mice interacting with αM-PLB. (B) The average GFP-NMIIA mean 

fluorescence intensity (MFI) at the contact zone of B cells that did or did not become 

permeabilized over time. Data represent 73 cells from 3 independent experiments. (C) A 

representative plot of the GFP-NMIIA MFI versus time in a B cell contact zone. Blue dotted line, 

the slope of the NMIIA MFI increase. (D) NMIIA recruitment rates (in MFI/min) of individual B 

cells comparing cells that became or did not become permeabilized. Data points represent 

individual cells from 3 independent experiments. (F) Representative plots of the contact Area (in 

μm2) and GFP-NMIIA MFI at the contact area over time in B cells undergoing or not undergoing 

a 2o spreading event. (F) Percentages of cells that experienced a NMIIA recovery after a decline 

among cells that did or did not become permeabilized. Data points represent individual 

experiments. (G) The average initial NMIIA recruitment rate of B cells that did or did not 

undergo a 2o spreading. Data represent individual cells from 3 independent experiments. (H) 

Percentages of cells that became PI+ among cells that did or did not undergo a NMIIA recovery. 

Data points represent individual experiments. (I) Representative TIRF images of GFP-NMIIA 

transgenic B cells interacting with αM-PLB that did and did not exhibit a NMIIA ring structure. 

(J) Percentages of B cells with an organized NMIIA ring structure at the contact area among cells 

that did and did not become permeabilized. Data represent individual videos from 3 independent 

experiments. (K) Percentages of cells with NMIIA ring at the contact area among cells that did 

and did not undergo a 2o spreading event. Data represent individual videos from 3 independent 

experiments. Data points represent independent experiments (mean ± SEM). Scale bars, 5 μm. 

*p≤0.05, **p≤0.01, **p≤0.005, unpaired Student’s t-test. 
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After early recruitment of NMIIA to the contact area, most cells exhibited a steady 

decrease in NMIIA MFI (Figure 3.2A, E). However, a subset of B cells stopped this decrease and 

recovered or maintained their NMIIA MFI in the contact zone (Figure 3.2E). Interestingly, this 

recovery of NMIIA occurred at a time window similar to the 2o spreading event (Figures 3.1E 

and 3.2E). We also found that the B cell population that later became permeabilized, as 

determined by PI entry, were more likely to display a NMIIA recovery when compared to cells 

that remained PI- (Figure 3.2F). When comparing B cells that did not undergo a 2o spreading, B 

cells that undergo a 2o spreading event recruited NMIIA at a faster rate during the early stages of 

antigen engagement (Figure 3.2G). Furthermore, cells that exhibited a NMIIA recovery were 

more likely to become permeabilized later, compared to cells with a continuous decrease in 

NMIIA at the contact zone (Figure 3.2H). Collectively, these data show a potential threshold rate 

and level of NMIIA recruitment to the antigen interaction site for B cell permeabilization and 

suggest that the NMIIA recovery and persistence may support the 2o spreading event prior to B 

cell PM permeabilization.  

We next analyzed the spatial organization of NMIIA at the contact area. When B cells 

engage antigen on the surface of presenting cells, B cells form an organized interaction site that 

facilitates the formation of a central BCR cluster. NMII is often observed to localize with actin at 

the distal area surrounding the central area of the contact zone. NMIIA associates with actin and 

facilitates the inward movement of BCR clusters into a central cluster56,109,130. Using TIRF 

microscopy, we visualized the formation of GFP-NMIIA ring structures at the antigen interaction 

surface in individual B cells upon interacting with an αM-PLB (Figure 3.2I) and determined the 

percentages of B cells with the NMII ring structures. We found that cells that become 

permeabilized were more likely to form NMII ring structures and do so more rapidly when 

compared to cells that remained intact (figure 3.2J). Furthermore, B cells which underwent a 2o 

spreading are more likely to form a NMIIA ring than those B cells that did not spread for the 
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second time (Figure 3.2K). These data suggest that the formation of a NMIIA ring structure may 

facilitate NMII-dependent B cell PM permeabilization by surface associated antigens. 

 

3.3.3 Fast and strong polarization of lysosomes towards the antigen binding site is 
associated with surface-bound antigen-induced B cell PM permeabilization 

Myosin-generated forces can cause B cell PM permeabilization during interactions with 

surface associated antigen, which induces lysosome exocytosis. Released lysosomal enzymes 

cleave antigen from presenting surfaces89,120. Lysosomal compartments recruited to the BCR-

antigen interaction site have also been shown to facilitate antigen processing and loading onto 

MHCII for presentation to T cells91. To analyze lysosome dynamics during B cell-antigen 

interaction, we labeled lysosomes using the SiR-Lysosome probe designed for live imaging and 

tracked B cell PM permeabilization using a membrane-impermeable lipophilic FM dye. The FM 

dye has previously been used to determine PM integrity, as they stain only the outer leaflet of the 

PM in intact cells, but upon membrane disruption, the dye enters the cytoplasm and stains the 

inner leaflet of the PM and intracellular membranes, including the nuclear envelope189–191. Using 

these probes and spinning disc confocal fluorescence microscopy, we analyzed the localization of 

lysosomes in B cells during interaction with αM-PLB at different times. We found that the 

majority of B cells recruited lysosomes to the antigen interaction site upon engaging αM-PLB 

(Figure 3.3A-B). Notably, a higher percentage of B cells showing increased FM fluorescence 

intensity (FMHi), indicating membrane permeabilization, exhibited lysosomal polarization 

towards the interactions site than those without increased FM fluorescence intensity (FMLow) 

(Figure 3.3B). Utilizing SiR-Lysosome probe and live-cell TIRF microscopy, we further 

measured the MFI of SiR-Lysosome at the antigen interaction site over time. We found that SiR-

Lysosome MFI in the contact zone of B cells that later became permeabilized but not those that 

remained intact increased significantly and peaked at ~17 min, indicating more lysosome 

recruitment to the antigen interaction site (Figure 3.3C-D). However, the MFI of SiR-Lysosomes 
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decreased afterward in cells that became PI+ but remained higher than cells that remained PI-. 

We further measured the rate of this lysosome recruitment (Figure 3.3E) and found that cells that 

became PI+ recruited lysosomes at a much higher rate than cells that remain PI- (Figure 3.3F). 

Together, these data show that B cells exhibited a strong polarization of lysosomes towards 

antigen presenting surfaces before becoming permeabilized. 
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Figure 3.3 
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Figure 3.3. A fast and strong lysosome polarization towards antigen presenting surface is 

associated antigen-induced B cell PM permeabilization. (A) Time-lapse images of SiR-

Lysosome staining in mouse primary B cells interacting with αM-PLB in the presence of FM by 

spinning disk confocal microscopy. (B) Percentages of B cells with polarized lysosomes among 

cells that did and did not exhibit increased FM staining. (C). Time-lapse TIRF and IRM images 

of SiR-Lysosome staining at the contact zone of B cells interacting with αM-PLB. (D) The 

average SiR-Lysosome MFI (± SEM) at the contact zone of B cells that did and did not become 

permeabilized by αM-PLB. Data represent 37 cells from 3 independent experiments. (E) A 

representative plot of the SIR-Lysosome MFI in the contact zone of a B cell interacting with αM-

PLB over time. Blue dotted line, the slope of SiR-Lysosome increase. (F) The average SiR-

Lysosome recruitment rate (in MFI/min) (± SEM) of individual B cells that did or did not become 

permeabilized. Data points represent individual cells taken from 3 independent experiments. 

Scale bars, 5 μm. *p≤0.05, **p≤0.01, **p≤0.005, unpaired Student’s t-test. 
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3.4 Discussion 

Antigen extraction from the surface of presenting cells plays an important role in B cell 

affinity discrimination necessary for affinity maturation and generating high-affinity anybody 

producing and memory B cells. It has been shown that B cells utilize two district mechanisms to 

extract antigen from presenting surfaces, (1) the use of mechanical force to pull antigen from the 

presenting surface85, and (2) the secretion of lysosomal enzymes to cleave the antigen from the 

presenting surface89,120. It has been hypothesized that B cells initially attempt to pull antigen from 

its presenting surface using myosin-generated force. In this case, the effectiveness of antigen 

endocytosis is determined by both the BCR-Ag binding affinity, and the mode of antigen 

presentation. During NMII-mediated pulling, low-affinity interactions will be broken while high-

affinity interactions can overcome the pulling, providing a mechanism for B cells to differentiate 

between high and low-affinity antigen120. If high-affinity antigen is weakly associated with the 

presenting surface, myosin mediated traction force can pull the antigen from the presenting 

surface, allowing internalization. However, if antigen is strongly associated with the presenting 

surface, B cells cannot pull the antigen from the presenting surface. In this case, antigen 

internalization requires external lysosomal enzymes to cleave antigen off presenting surfaces89,120. 

Our recently published data show that myosin-generated forces can disrupt the B cell PM 

during extraction of high-affinity antigen strongly attached to presenting surfaces and induce 

lysosome exocytosis as part of a repair response, thus providing a molecular mechanism for the B 

cells to switch from mechanical to chemical antigen extraction147. These data demonstrate the 

importance of PM permeabilization for B cells to capture and present antigen strongly attached to 

rigid surfaces. However, the cellular requirement for inducing PM permeabilization remained 

unclear. In this study, we demonstrate the importance of rapid initial B cell spreading to a large 

area on the antigen-presenting surface and a 2o B cell spreading event before B cell PM 
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permeabilization. We furthermore showed that the rapid initial recruitment of a large amount of 

NMIIA to the antigen interaction site and the ability to maintain NMII polarization may also play 

an important role in inducing PM permeabilization. NMIIA recruited to the contact zone 

organizes into a ring structure at the distal regions of the contact area. In addition to NMIIA 

recruitment, higher levels of lysosome polarization to the antigen interactions site are also 

associated with B cell PM permeabilization. Thus, fast and strong cell spreading and NMIIA and 

lysosome polarization are likely critical for inducing B cell PM permeabilization in response to 

surface-bound antigens.  

We observed a heterogeneity in antigen-induced PM permeabilization in primary mouse 

B cells, among which some cells became permeabilized, while others did not. Splenic B cells 

from non-immunized mice are known to include various subsets, including transitional, marginal 

zoon, and follicular B cells204,205. As a result of this, individual cells are likely to respond 

differently to antigen stimulation. We previously found that only a percentage of all primary B 

cells exposed to the surface-bound αM become permeabilized147. We examined how individual 

cells responded to engaging surface-bound antigen in order to determine what is required to 

induce B cell PM permeabilization. B cells are known to spread on the antigen-presenting surface 

in response to antigen engagement, which allows B cells to engage and gather more antigen, 

increasing their BCR signaling and ultimately internalization of more antigen 44,56,75. Here, we 

found that cells that ultimately undergo PM permeabilization initially spread faster and to a larger 

area than cells that do not undergo PM permeabilization. The increased B cell spreading suggests 

that B cell PM permeabilization requires BCR engagement of sufficient antigen, generating 

signaling over a certain threshold. It is important to note that in this study we did not examine 

whether B cells that become permeabilized and spread to a larger area engage more antigen and 

induce higher levels of BCR signaling. However, we previously showed that inhibition of BCR 

signaling does reduce B cell PM permeabilization147, suggesting that cells with lower levels of 
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BCR signaling are less likely to become permeabilized. Furthermore, unpublished data from our 

lab show that reductions in antigen density on presenting surfaces decrease B cell spreading and 

B cell PM permeabilization, suggesting that high levels of antigen engagement may be important 

in inducing B cell PM permeabilization. This notion is further supported by previous findings that 

low affinity or low valency antigen is less effective in activating B cells and inducing a T cell 

response32,43,77,117. In future studies, we will slow down or reduce B cell spreading by perturbing 

the actin cytoskeleton to examine their effect on B cell PM permeabilization, which will establish 

a direct link between B cell spreading and B cell PM permeabilization.  

Myosin-generated forces play an essential role in antigen extraction from presenting 

surfaces85. BCR signaling induces cytoskeleton reorganization. Actin polymerization drives B 

cells to spread on the antigen-presenting surface44,56,102. Cell spreading enables B cells to engage 

more antigen and form more BCR microclusters. The centripetal flow of actin moves antigen 

microclusters into a large central cluster, ultimately forming immune synapses prior to antigen 

uptake. It has been suggested that in addition to actin, myosin plays an important role in 

establishing a central BCR cluster by forming actomyosin arcs that facilitate the inward 

movement of antigen56,101,104,110. Our recently published data show that the motor activity of NMII 

is required for B cell PM permeabilization by surface associated antigen 147. This study observed 

that cells that became permeabilized recruit more NMIIA to the contact area, and do so at a faster 

rate than cells that do not become permeabilized. Furthermore, B cells that eventually became 

permeabilized are more likely to form an NMIIA ring structure at the contact zone, which 

persisted at least until the PM became permeabilized. This myosin ring structure is similar to the 

myosin organization observed at immune synapses, where a central cluster of receptors, devoid of 

cytoskeletal protein, is surrounded by an area of organized actin and myosin77,82,83. These results 

together suggest that the organized cytoskeleton at the B cell-APC interaction site may be 

required to generate forces that induce B cell PM permeabilization. Future studies should analyze 
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the level, location, and timing of forces generated using traction force microscopy or molecular 

DNA-based force probes136,215, which will provide insights into the specific myosin forces 

responsible for B cell PM permeabilization. 

 We additionally showed that cells that become permeabilized show higher levels of 

polarization of lysosomes to the BCR-antigen interaction site. Lysosome exocytosis is required to 

repair possible disruptions of the membrane. Meanwhile, lysosome exocytosis provides 

extracellular proteases for the cleavage of the antigen from its presenting surface. Furthermore, 

lysosomes play an important role in the processing of internalized antigen by fragmenting protein 

antigen into peptides for MHCII loading and presentation. B cell polarity is induced by polarized 

BCR signaling, suggesting that strong BCR signaling will cause more pronounced B cell 

polarization. Polarized B cells may recruit endocytic machinery to the interaction site. We found 

that cells with strong lysosome polarization are more likely to become permeabilized. Our 

findings are consistent with previous research which found that cell polarity and polarization of 

lysosomes are essential for B cell activation and the internalization and processing of 

antigen61,91,216. Furthermore, research has found that cell polarity facilitates the recruitment of 

various molecules that play an important role in exocytosis and secretion, including Vamp-7, and 

various exocyst associate proteins61,164,217. These together suggest that cell polarization may play 

an important role in B cell PM repair in response to antigen-induced permeabilization. Previous 

studies showed that BCR signaling activates polarity proteins, including Cdc42 and Par3, which 

facilitate the polarization of the B cell towards the antigen interaction site61,90. Dynein has been 

shown to mediate the polarization of the microtubule organization center (MTOC) towards BCR-

antigen interaction sites, which is essential for the recruitment and exocytosis of lysosomes61,89. 

Cell polarity thus prepares B cells for PM repair upon permeabilization and provides localized 

releasing lysosomal enzymes to cleave antigen from presenting surfaces. Without MTOC and 

lysosome polarization, B cells may not be able to induce a prompt and efficient repair response 
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upon becoming permeabilized and may die before extracting antigen. It is important to note here 

that we only examined lysosome polarization and did not examine other indicators of cell 

polarity. In future studies, we will analyze the polarization of microtubules and MTOC as well as 

the activation of various polarization-associated proteins such as Cdc42 and Par3. It will be 

interesting to see how inhibition of cell polarization affects B cell permeabilization and its 

subsequent repair.  

Surprisingly, a majority of B cells that became permeabilized underwent a 2o spreading 

event, which was associated with a discontinuation of NMIIA decline at antigen interaction sites 

before PM permeabilization. We found a strong association between the 2o spreading and PM 

permeabilized. After the initial recruitment of NMIIA during B cell spreading, there is a steady 

decrease in NMIIA fluorescence at the immune synapse. Such a decrease could be a result of 

BCR signaling downregulation. Upon central cluster formation, BCR signaling is downregulated 

to prevent overstimulation56,78. In cells that undergo a 2o spreading event, this NMIIA decrease 

appears to be disrupted, often followed by a mild recovery of myosin recruitment. At this time, it 

is unclear what causes this 2o spreading event. It is possible that upon BCR central cluster 

formation, B cells further reorganize the actin cytoskeleton from centripetal flow to exert forces 

to BCR-antigen binding sites for antigen extraction. Notably, the 2o spreading event was often 

preceded by a decrease in the contact area, a transient contraction. Interestingly, a discontinuing 

decline of NMIIA occurs concurrently with the 2o spreading event, further supporting the 

possibility of another cytoskeleton reorganization before PM permeabilization. The finding that B 

cells which underwent a 2o spreading event are also more likely to show an organized ring 

structure of NMIIA suggests the immune synapse formation may be necessary for cells to extract 

antigen from presenting surfaces, and shows a correlation between the 2o spreading and myosin 

recruitment event. As it is well established that B cells use NMII-generated forces to pull antigen 

from presenting surfaces85, it is possible that this 2o myosin recruitment event is responsible for 
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generating the force that ultimately leads to B cell PM permeabilization. Upon most surface 

BCRs clustering into a central cluster, B cells cannot further recruit antigen into a central cluster 

and switch to antigen uptake by recruiting NMIIA again, which facilitates the pulling of the 

antigen from the presenting surface. If B cells are not sufficiently activated and do not efficiently 

establish a central BCR cluster, they do not recruit sufficient amounts of NMIIA and maintain it, 

consequently failing to acquire antigen through PM permeabilization. 

Taken together, our data provide a possible explanation for how B cells regulate their affinity 

maturation by inducing lysosome exocytosis mediated antigen extraction only in response to high 

avidity surface-associated antigen.  It is known that surface associated antigen with low-affinity 

or low-density are ineffective in activating B cells for survival and differentiation, as low-avidity 

antigen induce low levels of BCR signaling that is insufficient for inducing antigen 

internalization. Antigen avidity is a determining factor for the extent of BCR signaling and 

antigen internalization32,43,77,117. Previous studies from the Batista lab and unpublished data from 

our lab show that the extent of B cell spreading depends on antigen affinity and density44,45. 

Furthermore, the accumulation and the reorganization of the cytoskeleton at the interaction 

surface are also dependent on antigen avidity on presenting surface. These findings explain what 

we observed previously that surface antigen with a low affinity is ineffective in inducing B cell 

PM permeabilization and the internalization and presentation of the antigen147. Together, these 

suggest that a certain level of BCR activation is required to induce sufficient B cell spreading on 

antigen presenting surfaces, cytoskeletal reorganization, and the formation of an organized B cell-

APC interaction site. Multi-staged reorganization of the cytoskeleton is required to mediate B cell 

spreading, organization of the immune synapse, and pulling antigen from presenting surfaces. 

This leads the B cell to initiate antigen extraction through the recruitment of more myosin which 

generates the force required to pull the antigen from the presenting surface85. It thus stands to 

reason that only cells with sufficient BCR activation, and which create an organized B cell-APC 
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interaction site, are able to generate sufficient myosin pulling force to cause PM permeabilization 

and help facilitate the release of the antigen from the presenting surface.   

  

3.5 Materials/methods 

3.5.1 Mice and B-cell isolation  
Primary B-cells were isolated from the spleens of wild type C57BL/6 or MNIIA-GFP 

transgenic (C57BL/6 background) mice using a previously published protocol146. Briefly, 

mononuclear cells were isolated by Ficoll density-gradient centrifugation (Sigma-Aldrich). T-

cells were removed with anti-mouse CD90.2 mAb (BD Biosciences) and guinea pig complement 

(Innovative Research, Inc.), and monocytes and dendritic cells by panning. B-cells were kept at 

37°C and 5% CO2 before and during experiments. All procedures involving mice were approved 

by the Institutional Animal Care and Usage Committee of the University of Maryland.  

 

3.5.2 Antigen-coated planar lipid bilayers (PLB) 
PLBs were prepared as previously described79,120,188. Briefly, liposomes were generated 

from 5 mM 1,2-dioleoyl-sn-glycero-3-phosphocholine plus 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-cap-biotin (Avanti Polar Lipids) at a 100:1 molar ratio by sonication. 

Eight-well coverslip chambers (Lab-Tek) were incubated with liposomes for 20 min at room 

temperature and washed with PBS. The chambers were then incubated with 1 μg/ml streptavidin 

(Jackson ImmunoResearch Laboratories) for 10 min, washed, and incubated with 10 μg/ml mono-

biotinylated Fab’ goat-anti-IgM+G (αM-PLB)79 for 10 min at room temperature. Chambers were 

washed and uses immediately.  

3.5.3 Live TIRF microscopy imaging 
Wild type C57BL/6 or MNIIA-GFP transgenic B cells were isolated from a mouse 

spleen. If required, splenic B-cells were preloaded with SiR-Lysosome (1 µM, Cytoskeleton) in 
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the presence of verapamil (10 µM, Cytoskeleton) for 30 min at 37oC. Cells were added to 

coverslip chambers containing mono-biotinylated Fab’ goat anti-IgM+G tethered to PLB and 

imaged at 37°C with 5% CO2 in the presence of PI (50 µg/ml, Sigma-Aldrich) using a TIRF 

microscope (NIKON Eclipse Ti-E TIRF, 63X 1.49NA oil objective). Imaging was done in 

DMEM containing 6 mg/ml BSA (DMEM-BSA) and 50μg/ml PI. Images were acquired at 6 

frames per minute for 60 minutes. Images analysis was done using NIH Image J and Matlab 

(Mathworks). The contact area (µm2) was detected using IRM, while mean fluorescence intensity 

(MFI) was detected from the total fluorescence intensity/contact area.  

3.5.4 Spreading rate and fluorescence recruitment rate 
The rate of early B cell spreading and the rate of early fluorescence recruitment were 

calculated using Matlab (Mathworks). For this, the area (µm2) or mean fluorescence intensity 

(MFI) were plotted against time. A linear fit line was found for the early spreading or 

fluorescence recruitment, and the slope of this line was calculated to provide a relative rate of 

spreading or fluorescence recruitment.  

3.5.5 2o spreading event analysis 
A 2o contact area spreading event was analyzed by plotting the contact area, as 

determined by IRM imaging, against time. A 2o spreading event was identified manually. Cells 

with a significant decrease over general fluctuations in contact area followed by a sustained 

increase were considered to have a 2o spreading event.  

3.5.6 NMIIA recruitment recovery event analysis 
A NMIIA recruitment recovery event was analyzed by plotting NMIIA MFI, as 

determined by TIRF imaging, against time. A NMIIA recruitment recovery event was identified 

manually. Cells with a significant and sustained increase over general fluctuations in MFI 

following a steady decrease in MFI were considered to have a NMIIA recruitment recovery 

event.  



119 
 

3.5.7 Spatial NMIIA organization analysis 
NMIIA-GFP transgenic B cells interacting with a PLB were imaged using a TIRF 

microscope (NIKON Eclipse Ti-E TIRF, 63X 1.49NA oil objective). Cells were analyzed at 

various time points (2, 5, 10, 20, 30, and 45 minutes) to determine the presence of a NMIIA ring 

structure. The presence of a NMIIA ring structure was determined visually. Cells with a 

significant decrease in fluorescent intensity of NMIIA-GFP toward the center of the cell, when 

compared to the surrounding regions of the cell were considered to have a ring structure.   

3.5.8 Lysosome polarization  
Splenic B-cells were preloaded with SiR-Lysosome (1 µM, Cytoskeleton) in the presence 

of verapamil (10 µM, Cytoskeleton) for 30 min at 37oC.  Cells were incubated with αM-PLB in 

the presence of FM 4-64FX (Thermo Fisher Scientific) and imaged immediately at 37°C with 5% 

CO2 using a spinning disk confocal microscope (UltraVIEW VoX, PerkinElmer with a 60X 1.4 

N.A. oil objective). Images were acquired at 1 frame/20 s for 60 min and analyzed using a 

custom-made MATLAB script (MathWorks) and NIH ImageJ software. Lysosome polarization 

was analyzed using maximal projection of XZ images and quantified by the MFI ratio between 

defined regions within the bottom half (closer to PLB) and the top half (away from PLB) of 

individual cells. Cells with bottom to top ratios ≥2 were considered polarized.  

3.5.9 Statistical analysis 
Statistical significance was assessed using unpaired, two-tailed Student’s t-tests (Prism - 

GraphPad software). All data were presented as the mean ± SEM (Standard Error of the Mean).  
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Chapter 4: Discussion 
 

4.1 B cell PM permeabilization in response to surface-associated antigen  

4.1.1 Permeabilization and repair 
The research in this dissertation describes a novel mechanism B cells use to extract 

antigen from antigen-presenting surfaces. We found that B cell plasma membrane (PM) 

permeabilization occurs in response to surface-associated antigen, and identified a functional role 

for the subsequent repair response in B cell antigen internalization and presentation to T cells. 

Encountering foreign antigen initiates naïve follicular B cells to become activated and 

differentiate into antibody-producing cells or memory B cells. In vivo, B cells often encounter 

antigen associated with the surface of pathogens, such as parasites, bacteria, and viruses, or 

antigen-presenting cells, such as follicular dendritic cells197. Follicular dendritic cells capture 

antigen drained into the lymph node and present the antigen to B cells, increasing the likelihood 

of B cells encountering antigen and the avidity of the antigen presented to B cells16. B cells more 

efficiently differentiate high and low-affinity antigen when the antigen is presented on a surface 

than antigen in soluble form. Therefore, it is essential to understand how B cells interact with 

surface-associated antigen45. Internalization of surface-associated but not soluble antigen has been 

shown to involve myosin-generated pulling forces and the release of lysosomal enzymes to 

facilitate the release of antigen from the presenting surface89,218. Using membrane-impermeable 

dyes and a variety of antigen-presenting models, including antigen conjugated beads, antigen 

tethered to a planar lipid bilayer, and antigen presented on the surface of antigen-presenting cells, 

we demonstrated B cell PM permeabilization events occur in response to surface-bound antigen, 

but not in response to soluble antigen or interaction with surface-bound transferrin (which binds 

the transferrin receptor with similar affinity with which the HEL antigen binds the BCR). 

Importantly, we observed an influx of a membrane-impermeable dye originating from the antigen 

interaction site, indicating membrane disruptions occur specifically at the site of antigen 
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interaction. We demonstrated the permeabilization of the B cell membrane using various 

permeabilization markers, including the membrane-impermeable nucleic acid stain propidium 

iodide, the membrane-impermeable lipophilic probe FM, and the fluorescence quenching by the 

membrane-impermeable ponceau-4R.  

Previous research from our lab showed that B cells can repair PM permeabilizations 

caused by the pore-forming toxin SLO using a repair process involving lysosome exocytosis and 

endocytosis146. Here we showed that B cells used a similar lysosome exocytosis mediated repair 

response to reseal their PM after becoming permeabilized in response to surface-bound antigen. 

Upon PM permeabilization, a rapid influx of extracellular Ca2+ into the cytoplasm from the 

disrupted site induces the exocytosis of lysosomes. Lysosome exocytosis releases enzymes 

extracellularly, including acid sphingomyelinase (ASM), which generates ceramide that is 

preferentially localized on lipid raft domains and induces endocytosis of the disrupted membrane 

to effectively repair the membrane149,159.  We demonstrated lysosome exocytosis by significant 

increases in the surface detection of the luminal domain of LIMP-2, a lysosomal membrane 

protein, and by imaging events of lysosome fusion with the PM at antigen binding sides, 

specifically in cells that became permeabilized. Additionally, we confirmed that cells 

permeabilized by surface associated antigen are able to reseal their PM by their ability to exclude 

membrane impermeable dyes after becoming initially permeabilized. The requirement of 

lysosome exocytosis for membrane repair is supported by the observation that inhibition of 

lysosomal exocytosis using the inhibitor BEL reduces the ability of cells to reseal their PM. These 

results suggest that upon PM permeabilization by surface-associated antigen, B cells induce a 

lysosome exocytosis-dependent repair response to retain their membrane integrity.  

Currently, the cellular process of surface antigen causing B cell PM permeabilization in 

response remains unclear. We hypothesize that the PM permeabilization is caused by membrane 

shearing due to mechanical stress, as significant traction and pulling forces have been shown to 
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be generated at BCR-antigen interaction sites120,219. However, we cannot rule out that the 

permeabilization we observe is caused by the opening of mechanosensitive channels due to the 

same forces199,200. Moving forward, it will be interesting to take a closer look at the physiology of 

the PM to determine the extent and the origin of the PM permeabilizations during the engagement 

of surface-bound antigen, and to determine the relationship between B cell PM permeabilization 

and intercellular forces. For this, the spatial origins of B cell forces generated at BCR-antigen 

interaction sites can be imaged using traction force microscopy or DNA-based molecular force 

probes. Furthermore, it would be of interest to determine if permeabilization occurs as a result of 

the opening of non-specific mechanosensitive channels or physical disruptions of the PM. For 

this, electron tomography could be used to directly visualize membrane disruptions at the B cell 

antigen interaction site.  

4.1.2 The effect of PM permeabilization on B cell activation 
Upon discovering B cell PM permeabilization in response to surface-bound antigen, we 

further examined whether this PM permeabilization and subsequent repair play a role in B cell 

activation. Previous research showed that the extracellular release of lysosomal enzymes 

facilitates antigen uptake into B cells89. Therefore, we hypothesized that the lysosome exocytosis 

repair response might facilitate antigen endocytosis when it occurs at antigen interaction sites. 

Indeed, B cells are able to internalize antigen from the presenting surface. Importantly, antigen 

internalization occurs within the same timeframe as PM permeabilization, supporting that PM 

permeabilization facilitates antigen endocytosis. Furthermore, inhibition of NMII-generated 

forces, which are required to induce PM permeabilization, inhibits B cell internalization of 

antigen. The finding that B cells which become permeabilized are more likely to internalize 

antigen and internalize more antigen at the same time window as B cell PM permeabilization 

shows a direct correlation between PM permeabilization and antigen endocytosis. Thus, antigen 

induced B cell PM permeabilization and subsequent repair facilitate antigen endocytosis by 
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triggering lysosome exocytosis and the extracellular release of lysosomal enzymes that cleave 

antigen at the interaction site.  

After antigen internalization, B cells process and present antigen fragments to T cells on 

their MHCII in order to induce T cell activation and signaling. We determined the effect of B cell 

PM permeabilization on T cell activation, utilizing a T cells hybridoma that specifically 

recognizes a conserved HEL peptide displayed on the MHCII of B cells from the Ig transgenic 

mice MD4, whose BCRs specifically bind HEL. We additionally used a pair of high-affinity 

(HEL, recognized with high affinity by MD4 B cells’ BCR) and low-affinity antigen (DEL, 

recognized with low affinity by the MD4 B cells’ BCR)147. While no difference in T cell 

activation was detected after MD4 B cells were exposed to the soluble form of the high or low-

affinity antigen, B cells exposed to surface-bound high-affinity antigen activate T cells more 

effectively than B cells that were exposed to low-affinity antigen. This suggests that low-affinity 

antigen, which fails to induce PM permeabilization, is not internalized to the same degree as 

high-affinity antigen, which does induce PM permeabilization. Together, our data show that PM 

permeabilization is a critical step for B cells to internalize and present antigen that is tightly 

attached to presenting surface in a binding affinity dependent manner. Moving forward, we will 

compare antigen presentation levels in individual B cells that are or are not permeabilized by 

antigen. Additionally, it would be interesting to see the effect of inhibition of the B cell PM repair 

response, using a lysosome exocytosis inhibitor such as BEL, on antigen presentation to T cells. 

Our combined data suggest that B cell PM permeabilization in response to surface-bound 

antigen plays a critical role in antigen internalization and presentation to T cells. We suggest that 

when BCR engaging surface-associated antigen induces signaling, which activates actin 

reorganization and actomyosin-generated force at BCR-antigen interaction sites. NMII-generated 

forces pull antigen through engaging BCR, causing permeabilization of the B cell PM, likely 

through membrane shearing or possibly by activating mechanosensitive channels. This membrane 
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permeabilization will in turn induce a lysosomal exocytosis-dependent repair response. The 

release of lysosomes at the antigen interaction site will facilitate the cleavage of antigen from the 

presenting surface. This in turn facilitates the uptake of the antigen into the B cell for processing 

and presentation (Figure 2.7I). It is possible that in addition to the cleavage of antigen from the 

presenting surface, the release of lysosomal enzymes also induces B cell endocytosis. A lysosome 

enzyme, acid sphingomyelinase, cleaves sphingomyelin lipids and generates ceramide-rich lipid 

rafts at BCR-antigen interaction sites. Lipid rafts are known to be vital for both BCR signaling 

and antigen internalization18,30,220. The formation of ceramide-rich domains induces endocytosis 

by generating an inward membrane curvature221–224. Thus, in addition to providing extracellular 

proteases for the cleavage of the antigen from the presenting surface, the generation of ceramide-

rich membrane domains likely further facilitates BCR signaling and antigen endocytosis by 

expanding lipid rafts and curving membranes. Furthermore, endophilin 2A, which has been 

shown to play an important role in membrane repair201, is also involved in B cell activation and 

antigen internalization through clathrin-independent endocytosis116. These data suggest a close 

correlation between the mechanisms underlying PM repair and BCR endocytosis of antigen.  

  

4.2 Cellular mechanisms driving B cell PM permeabilization 

4.2.1 BCR activation requirements for PM permeabilization 
The research presented in this thesis suggests that B cell PM permeabilization is a 

mechanism for B cells to discriminate between high and low affinity/avidity antigens that are 

associated with presenting membranes. Previous studies have shown that high-affinity BCR-

antigen interactions, but not low-affinity interactions, allow B cells to pull the antigen from the 

presenting surface77,120. Here, we showed that only high-affinity, but not low-affinity, BCR-

antigen interactions induce B cell PM permeabilization. We further show that BCR signaling is 

required for B cell PM permeabilization, as inhibition of BCR signaling reduces permeabilization. 

This finding also suggests that a certain level of BCR signaling induced by antigen with a certain 
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avidity (affinity and density) is required to induce B cell PM permeabilization. Such a signaling 

threshold for B cell PM permeabilization may be supported by the heterogeneous response of 

primary splenic B cells to surface associated antigen. Not all B cells, not even MD4 B cells 

expressing the Ig transgene, become permeabilized in response to surface-bound antigen. B cells 

isolated from the spleen of unimmunized mice are mature and native but at various differentiation 

stages, thereby interacting with antigen204,205. We found that B cells that become permeabilized 

spread over the presenting surface faster and to a larger area, allowing them to engage more 

antigen and inducing stronger signaling. This finding suggests that the amount of antigen engaged 

by a B cell, which determines the total levels of BCR signaling, may be important for inducing 

later PM permeabilization. This is further supported by B cell PM permeabilization does not 

occur in response to low-affinity147 and low-density (unpublished data) antigen-presenting 

surfaces, which induce lower levels of BCR signaling than high-affinity and high-density antigen. 

My Ph.D. research did not examine directly BCR signaling. Therefore, in future studies, it would 

be interesting to ask whether the permeabilized cells gather more antigen and have higher levels 

of BCR signaling, which would shed light on the signaling threshold for antigen-induced B cell 

PM permeabilization. 

 In addition to increased spreading, B cells that became permeabilized also showed an 

increase in the rate of NMIIA recruitment as well as the total NMIIA recruited. This is consistent 

with an increase in signaling, as myosin is known to facilitate the formation of central BCR 

clusters at the interaction site56,104. Interestingly, cells that became permeabilized were more 

likely to reorganize NMII into a ring surrounding the B cell contact zone. These NMII rings also 

drive BCR-antigen microclusters into a central cluster at the center of the contact zone that is 

devoid of any cytoskeletal structures. Insufficient BCR signaling can reduce the ability of B cells 

to spread and gather antigen into a central cluster, consequently preventing the formation of a 

central BCR cluster. Our data suggest that only cells with sufficient initial BCR signaling, which 
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are able to spread on the presenting surface and engage enough antigen will progress to form a 

central BCR cluster and organized interaction site, and ultimately undergo PM permeabilization. 

Moving forward, it would be interesting to study the force generated upon the formation of NMII 

ring structures in different subsets of B cells, using DNA-based molecular force probes or traction 

force microscopy, which would determine the level and the location of NMII forces prior to PM 

permeabilization and examine the relationship of cell spreading and actomyosin reorganization 

with cellular forces136,215.  

Concurrent with NMIIA recruitment, lysosomes become polarized towards BCR-antigen 

interaction sites specifically in cells that became permeabilized. Lysosomes play an important 

role in antigen processing, fragmentation of antigen, and antigenic peptide loading onto 

MHCII89,91. Furthermore, lysosomal exocytosis facilitates antigen uptake by cleaving antigen 

from the presenting surface. Lysosome polarization to BCR-antigen interaction sites potentially 

increases the efficiency of transporting endocytosed antigen to the MIIC for process and 

lysosome exocytosis for PM repair. Lysosome polarization is a part of B cell polarization, and is 

induced by BCR signaling and mediated by the polarization of the actin cytoskeleton and the 

MTOC61,88–90. Our findings that a strong lysosome polarization that is associated with surface-

associated antigen with high affinity and high percentages of PM permeabilization supports this 

notion. We detected a rapid decrease of lysosomes at BCR-antigen interaction site after peaking, 

specifically in cells that became permeabilized. This may be due to a loss in fluorescence as a 

result of lysosomal exocytosis occurring at the interaction site in response to PM 

permeabilization. Together, our data suggest that a strong level of early BCR signaling is required 

to induce B cell PM permeabilization, by inducing high levels of antigen engagement through cell 

spreading, strong myosin recruitment, and organization, and high levels of lysosome polarization. 

This data additionally suggests a possible mechanism by which B cells could differentiate high- 

and low-affinity and high- and low-density antigen (Figure 4.1).  
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Figure 4.1 
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Figure 4.1. Working model. This figure proposes a working model of the mechanism by which 

B cells use B cell membrane permeabilization to differentiate high and low affinity and density 

antigen. In response to (1) high affinity and highly dense antigen (2) strong BCR activation 

occurs. (3) Early BCR signaling induces the B cell to spread on the presenting surface and engage 

more antigen. (4) B cells recruit myosin to the interaction site and organize the myosin in a ring-

like structure around the center of the contact zone. (5) Myosin generated forces are generated to 

pull the antigen from the presenting surface and cause B cell PM permeabilization. (6) A 

lysosome exocytosis dependent repair response is initiated to reseal the plasma membrane. (7) 

lysosome enzymes secreted at the interaction site facilitate the cleavage of the antigen from the 

presenting surface and facilitate antigen endocytosis into the B cell. (8) antigen is processed and 

presented on the MHCII for T cell recognition. In response to low affinity or low-density antigen, 

there is less BCR activation, and less B cell spreading. This reduces the recruitment of myosin 

and inhibits the formation of a myosin ring structure around the center of the contact area. The 

lack of myosin prevents sufficient force from being generated to cause B cell PM 

permeabilization. Since no permeabilization occurs, there is no lysosome exocytosis dependent 

repair and thus antigen is not cleaved from the presenting surface, inhibiting antigen endocytosis 

and subsequent presentation in the MHCII for T cell recognition.  
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4.2.2 Cellular reorganization event leading up to B cell PM permeabilization 

We observed a 2o spreading event and a mild recovery of myosin recruitment prior to PM 

permeabilization. This phenomenon has not been previously described and was observed 

predominantly in cells that later became permeabilized. Furthermore, B cells that undergo this 2o 

spreading event initially spread at a faster rate to a larger area, recruit myosin at a faster rate and 

are more likely to organize NMIIA into a ring structure at the immune synapse. Although it is 

unclear what the exact functions of this 2o spreading and myosin recruitment events are, it could 

be an indication of the switch in the B cell’s behavior from gathering antigen into a central cluster 

to pulling antigen from the presenting surface for internalization. Myosin-generated force is 

critical for pulling antigen from presenting surfaces; therefore, generation of such forces requires 

cytoskeleton reorganization, which potentially leads to a brief change in the contact area between 

B cells and the antigen-presenting surface, such as this 2o B cell spreading event. The NMIIA 

recovery at the B cell contact zone may be a response to the pulling tension to facilitate BCR 

endocytosis of antigen. Only when antigen is strongly associated with a presenting surface, BCR 

binding to antigen with a high affinity, and enough force is generated, B cell PM permeabilization 

can occur. Future work will further characterize these observations and determine their impact on 

force generation and antigen internalization.  

4.2.3 Future directions 
Our research has revealed that PM permeabilization and repair is a vital step for B cells to 

capture and present antigen that is tightly associated with membranes, and identified the cellular 

requirements to induce PM permeabilization. To better characterize the membrane 

permeabilization of the B cell during interaction with surface-associated antigen, we will 

determine the exact location and the extent of the permeabilization of the PM and search for the 

direct cause of this permeabilization. We hypothesized that cellular forces generated by NMII at 

the B cell-APC interaction zone are directly responsible for B cell PM permeabilization. To test 

this hypothesis, we will examine cellular forces at the B cell contact zone in detail. Traction force 
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microscopy can analyze the relative level and distribution of traction forces at the contact 

zone175,176,225. Furthermore, DNA-based force probes in combination with BCR staining and TIRF 

microscopy can digitally pin dynamic forces to BCR-antigen interaction sites136,215. We will 

further characterize the molecular events leading to B cell PM permeabilization, including 

antigen engagement, BCR signaling, cytoskeleton reorganization, and B cell polarization. 

Particularly, we will examine how B cells mount the 2o spreading and NMIIA recruitment events 

and whether these events are required for B cell PM permeabilization. Together, these proposed 

studies will expand our understanding of how surface-associated antigen induces B cell PM 

permeabilization and how B cells use PM permeabilization to discriminate antigen binding 

avidity.  

This thesis has focused on mouse splenic B cells, which primarily consist of naïve mature 

follicular B cells but also contain several other subsets of mature B cells204,205. Naïve mature B 

cells go through multiple antigen-dependent steps to differentiate into high-affinity plasma cells 

and memory B cells. My thesis mainly examines what occurs to B cells when they first encounter 

surface-associated antigen. It would be interesting to determine how various B cell subsets at 

different differentiation stages behave when encountering surface associated antigen. In the 

germinal center, B cells undergo rapid proliferation, somatic hypermutation, and affinity 

maturation. Antigen specific high-affinity B cells are selected based on their ability to capture 

antigen on the surface of follicular dendritic cells and present antigen to T cells. It has been 

shown that germinal center B cells interact with surface-associated antigen differently from naïve 

B cells76. BCRs on the surface of germinal center B cells were shown to form persisted 

microclusters but not central clusters when interacting with surface associated antigen76,226,227. It 

will be of interest to see if germinal center B cells are more sensitive to the surface-associated 

antigen to become permeabilized and whether the antigen-induced PM permeabilization has an 

impact on the affinity maturation of germinal center B cells. I also speculate a possibility that 
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membrane wounding and subsequent repair may also be adapted to play roles in other immune 

cell-cell interactions. Indeed, membrane repair has been recently shown to play a role in cytotoxic 

T cell mediated killing of their target cells167. Whether membrane permeabilization occurs during 

B-T cell interactions through TCR and antigenic peptide loaded MHCII remains to be explored.  

The research presented in this dissertation discovers and characterizes a novel step in B 

cell activation, B cell PM permeabilization by surface-associated antigen, which plays a vital role 

in B cell capturing and presentation of surface-associated antigens. Antigen induced B cell PM 

permeabilization triggers a lysosome exocytosis-dependent PM repair response, which provides 

proteases to cleave antigen off from the presenting surface and enables antigen uptake and 

presentation (Figure 2.7I). Antigen induced B cell PM permeabilization requires high affinity or 

high avidity antigen associated with membranes, BCR signaling, and signaling activated NMII. 

High affinity/avidity antigen induces faster and higher levels of B cell spreading on antigen 

presenting surfaces, recruits more myosin to BCR-antigen interaction sites, and organizes 

actomyosin into a ring structure. B cell PM permeabilization may also require a 2o spreading and 

NMII recruitment. These findings demonstrate a close relationship between BCR signaling and B 

cell PM permeabilization. Our data identified a novel mechanism for B cells to capture antigen 

from the surface of pathogens and antigen presenting cells, which expands our understanding of 

the mechanisms by which B cells discriminate antigen based on binding affinity to differentiate 

into high-affinity antibody-producing cells and memory B cells. Understanding B cell activation 

mechanisms is critical for revealing the dysregulation steps of B cell activation that cause 

autoimmune disorders, such as rheumatoid arthritis and systemic lupus erythematosus, and 

immune deficiencies, such as Wiskott Aldrich syndrome15. Additionally, cellular mechanisms of 

B cell affinity discrimination potentially provide innovative designs to increase vaccine efficacy. 
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Supplemental figures and videos:  
 

Figure 2.1-Sup.1 
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Figure 2.1-Sup. 1. BCR binding to αM-beads causes localized PM permeabilization in B-

cells. (A) Live spinning-disk microscopy images of splenic B-cells incubated with αM- or Tf-

beads before and after 60 min at 37°C in the presence of PI. The arrows point to bead-bound B-

cells that became PI+ during the incubation (Video 1). (B) Live spinning disk time-lapse images 

and corresponding fluorescence intensity (FI) pseudo-color images of A20 B-cells incubated with 

αM-beads in the presence of PI. The arrow points to beads that caused permeabilization; the 

arrowhead points to the site of PI entry (Video 2). Beads appear faintly red due to 

autofluorescence. (C) Live spinning disk time-lapse images of splenic B-cells incubated with αM-

beads in the presence of PI. The arrow points to a bead that was exchanged between cells (#1, #2) 

and caused permeabilization of cell #2 (Video 3). Bars, 5 μm. Work for figures 2.1-Sup.1 A and 

B was executed by Fernando Maeda.  

  

https://elifesciences.org/articles/66984/figures#video1
https://elifesciences.org/articles/66984/figures#video2
https://elifesciences.org/articles/66984/figures#video3
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Figure 2.1-Sup.2 

 

 

 

 



151 
 

Figure 2.1-Sup.2. Identification of bead-bound B-cells by flow cytometry. Splenic B-cells 

were incubated with αM-conjugated yellow-green fluorescence beads in the presence of PI and 

analyzed by flow cytometry. Representative dot plots of side scatter (SSC) versus forward scatter 

(FSC) and fluorescence intensity histograms of yellow-green beads and PI are shown. Bead-

bound B-cells were identified by sizes and the presence of yellow-green fluorescence. Work for 

figure 2.1-Sup.2 was executed by Fernando Maeda.  
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Figure 2.1-Sup.3 

 

 

 

 

 



153 
 

Figure 2.1-Sup.3. BCR binding to αM-beads does not increase apoptosis in B-cells. Splenic 

B-cells treated or not with staurosporine for 24 hr were incubated with αM- or Tf-beads for 30 

min at 37°C, fixed, permeabilized, stained with antibodies against cleaved caspase-3, and 

analyzed by flow cytometry. (A) Identification of bead-bound and unbound B-cell populations on 

a side scatter (SSC) versus forward scatter (FSC) plot. The percentage of cells positive for 

cleaved caspase-3 was determined in the bead-bound (B) or unbound (C) cell populations and 

expressed relative to the Tf-bead control. Data points represent independent experiments (mean ± 

SD). *p ≤ 0.05; ***p ≤ 0.005, unpaired Student’s t-test. Work for figure 2.1-Sup.3 was executed 

by Fernando Maeda. 
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Figure 2.1-Sup.4 
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Figure 2.1-Sup.4. Sudden increases in intracellular staining with the lipophilic FM dye in B-

cells permeabilized by interaction with αM-PLB. (A) Live spinning disk time-lapse images of 

splenic B-cells (permeabilized or non-permeabilized) after contact with αM-PLB in the presence 

of FM1-43 and PI at 37 °C. The arrows point to B-cell sites where intracellular FM or PI was 

initially detected. (B) Mean fluorescence intensity (MFI) of FM (green) and PI (red) over time in 

a defined intracellular region (Video 4) in permeabilized (left, 5 examples) or non-permeabilized 

cells (right, 5 examples). Bar, 5 µm. Work for figure 2.1-Sup.4 was executed by Fernando 

Maeda. 

  

https://elifesciences.org/articles/66984/figures#video4
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Figure 2.1-Sup.5 

 

 

Figure 2.1-Sup 5. The lipophilic FM dye enters B-cells permeabilized by αM-PLB and stains 

the nuclear envelope. The images show eight examples of FM4-64 nuclear envelope staining 

(arrows) in splenic B-cells permeabilized by αM-PLB after 60 min incubation at 37°C and 

imaged by live spinning disk fluorescence microscopy. Bar, 5 µm. 
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Figure 2.1-Sup.6 
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Figure 2.1-Sup.6. BCR cross-linking with soluble ligands does not permeabilize B-cells but 

induces a punctate form of FM uptake at the cell periphery that is distinct from the massive 

FM influx induced by surface-associated ligands. Spinning disk time-lapse images of B-cells 

pre-labeled with soluble anti-BCR antibodies and FM1-43 (green) at 4°C and then imaged at 

37°C after addition of secondary fluorochrome-labeled crosslinking antibodies (magenta), in the 

presence of FM1-43 (green) and PI (red, not detected). The arrows point to areas at the cell 

periphery where small puncta of internalized FM1-43 were visualized next to anti-BCR clusters 

(Video 4). No PI influx was detected, indicating that the B-cells were not permeabilized. Bars, 5 

μm. Work for figure 2.1-Sup.6 was executed by Fernando Maeda. 

  

https://elifesciences.org/articles/66984/figures#video4
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Figure 2.4-Sup.1 
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Figure 2.4-Sup.1. Impact of BCR-antigen affinity on B-cell-bead binding. Splenic B-cells 

were incubated with HEL, DEL-I or Tf-beads at the indicated cell:bead ratios for 30 min at 37 °C 

and analyzed by flow cytometry. (A) Representative SSC versus FSC dot plots gated for bead-

bound populations. Outlined areas indicate populations of cells binding one single bead. (B) 

Percentages of total B-cells that bound to beads. Data points represent independent experiments 

(mean ± SD). (C) Percentages of bead-bound B-cells binding one single bead. Data points 

represent independent experiments (mean ± SD). No statistically significant differences were 

detected (one-way ANOVA). Work for figure 2.4-Sup.1 was executed by Fernando Maeda. 
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Figure 2.4-Sup.2 

 

 

Figure 2.4-Sup.2. B-cell binding to αM-PLB but not to Tf-PLB triggers BCR polarization 

first and PM permeabilization later. (A) Splenic B-cells stained for surface BCR (green) were 

incubated with Tf-PLB (top panels) or αM-PLB (bottom panels) for 60 min at 37 °C in the 

presence of FM4-64 (red) and imaged by live spinning disk fluorescence microscopy. (B) 

Percentages of B-cells with BCR polarization after incubation with Tf- or αM-PLB. Data points 

represent independent experiments (mean ± SD). ***p ≤ 0.005, unpaired Student’s t-test. 

 

  



162 
 

Figure 2.4-Sup.3 

 

 

 

Figure 2.4-Sup.3. BCR and phosphorylated myosin light chain (pMLC) polarize toward 

αM-bead binding sites. The images show several examples of splenic B-cells stained for surface 

BCRs with a Cy3-labeled Fab fragment of donkey anti-mouse IgM+G (red), incubated with αM 

(left, 5 examples)- or Tf (right, 5 examples)-beads, fixed, permeabilized, and stained for pMLC 

(magenta) and analyzed by confocal fluorescence microscopy. The arrows point to bead contact 

sites in B-cells. Bars, 3 μm. 
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Figure 2.5-Sup.1 
 

 

 

Figure 2.5-Sup.1. BCR-mediated binding of αM-beads induces surface exposure of the 

LIMP-2 luminal domain at bead contact sites. The images show several examples of splenic 

B-cells incubated with αM (left)- or Tf (right)-beads for 30 min at 37 °C, stained with LIMP-2-

specific antibodies (green) at 4 °C without detergent permeabilization, followed by fixation, 

staining with secondary antibodies, and analysis by confocal fluorescence microscopy. Arrows, 

sites of bead binding on B-cells. Bar, 5 μm. Work for figure 2.5-Sup.1 was executed by Fernando 

Maeda. 
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Figure 2.5-Sup.2 
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Figure 2.5-Sup.2. Detection of lysosomal exocytosis by TIRF microscopy. Splenic B-cells 

were added to αM-PLB and imaged by TIRF at eight frames/s. Live time-lapse XY images of 

individual SiR-Lyso puncta (top rows), their FI surface plots (bottom rows), and MFI (plots on 

right) within the TIRF evanescent field over time are shown for four examples where lysosomal 

exocytosis occurred (A, rapid decrease in MFI, consistent with rapid dye loss upon PM fusion) or 

not (B, slow reduction in MFI, likely due to lysosome movement away from the PM). 
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Figure 2.6 Sup.1
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Figure 2.6-Sup.1. BEL does not affect the PM integrity and viability of B-cells. Splenic B-

cells were pretreated or not with BEL and incubated with αM-beads in the presence of FM4-64 

and analyzed by flow cytometry. (A) Representative dot plots of side scatter (SSC) versus 

forward scatter (FSC) of B-cells incubated with αM-beads. Outlined areas indicate the low 

SSC/FSC populations that correspond to dead cells. (B) Percentage of low SSC/FSC B-cells 

incubated with αM-beads treated or not with BEL. Data points represent independent experiments 

(mean ± SD). (C) Representative dot plots of side scatter (SSC) versus forward scatter (FSC) of 

B-cells incubated with Tf-beads in the presence of SYTOX Blue throughout the experiment (30 

min) or only in the last 5 min. Outlined areas indicate B-cell populations binding Tf beads. (D) 

Percentages of SYTOX Blue-positive (+) Tf-bead-bound cells. Data points represent independent 

experiments (mean ± SD). No statistically significant differences were detected (Student’s t-test). 

Work for figure 2.6-Sup.1 was executed by Fernando Maeda. 
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Figure 2.6-Sup.2 
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Figure 2.6-Sup.2. B-cell morphological changes occurring during permeabilization by 

surface-associated antigen are reversible. Spinning disk time-lapse images of B-cells 

interacting with αM-PLB in the presence of PI (red). The dashed line indicates the maximum cell 

diameter initially reached by a B-cell that became permeabilized, allowing PI influx (Video 12). 

The later frames indicate that the cell gradually recovers its original morphology. Bars, 5 μm. 

Work for figure 2.6-Sup.1 was executed by Fernando Maeda. 

 

  

https://elifesciences.org/articles/66984/figures#video12


170 
 

Supplemental video legends: 
 

Video 1. BCR binding to αM-beads permeabilizes the PM of splenic B-cells. 

Splenic B-cells were incubated with αM-beads at 4°C and warmed to 37°C in a live 

imaging chamber with 5% CO2 in DMEM-BSA. Time-lapse images were acquired for 60 

min at 1 frame/15 s in the presence of PI (red) using a spinning disk fluorescence microscope 

(UltraVIEW VoX, PerkinElmer with a 63X 1.4 N.A. oil objective). The arrow indicates the 

moment of PI entry. Time is displayed as hours: minutes: seconds. The video is displayed at 20 

frames/s. Bar, 5 μm. 

 

Video 2. BCR binding to αM-beads causes localized PM permeabilization in A20 B-cells 

(cell line). A20 B-cells were incubated with αM-beads in a live imaging chamber at 37°C with 

5% CO2 in DMEM/BSA. Time-lapse images were acquired for 65 min at 1 frame/20 s in the 

presence of PI using a spinning disk fluorescence microscope (UltraVIEW VoX, PerkinElmer 

with a 63X 1.4 N.A. oil objective). The arrow points to the beads and the arrowhead points to the 

site of entry and subsequent flow of PI into the cell. Beads appear red as a result of 

autofluorescence. Time is displayed as hour: minutes: seconds. The video is displayed at 20 

frames/s. Bar, 5 μm. Work for Video 2 was executed by Fernando Maeda. 

 

Video 3. Bead exchange between B-cells causes PM permeabilization. Splenic B-cells were 

incubated with αM-beads in a live imaging chamber at 37oC with 5% CO2 in DMEM-BSA. 

Images were acquired for 60 min at 1 frame/30 s in the presence of PI using a spinning disk 

fluorescence microscope (UltraVIEW VoX, PerkinElmer with a 63X 1.4 N.A. oil objective). The 

arrow points to the bead that was exchanged between cells (#1 and #2) and caused 
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permeabilization of cell #2. Beads appear red as a result of autofluorescence. Time is displayed as 

hour: minutes: seconds. The video is displayed at 10 frames/s. Bar, 5 μm. Work for Video 3 was 

executed by Fernando Maeda. 

 

Video 4. Surface-associated ligand induces B-cell permeabilization and massive FM influx, 

while soluble ligand does not cause permeabilization but induces endocytosis, detected as 

puncta at the cell periphery. Top: B-cells pre-labeled with FM1-43 (green) were added to αM-

PLB (surface-associated ligand). Bottom: B-cells pre-labeled with FM1-43 (green) and anti-BCR 

antibodies followed by secondary fluorochrome-labeled crosslinking antibodies (magenta) 

(soluble ligand). Under both conditions cells were imaged at 37°C in the presence of FM1-43 

(green), and PI (red) was added to detect PM permeabilization. Images were acquired for 60 min 

at 1 frame/30 s or 15 s using a spinning disk fluorescence microscope (UltraVIEW VoX, 

PerkinElmer with a 60X 1.4 N.A. oil objective).  Time is displayed as minutes: seconds after cells 

contacted αM-PLB. The white box indicates the intracellular area used to measure FI levels of 

intracellular FM1-43 (see Figure 1I and Figure 1-figure supplement 4). The arrow indicates the 

massive influx of FM1-43 in cells permeabilized during contact with αM-PLB. The arrowheads 

indicate areas where peripheral FM1-43 puncta (likely endosomes) were observed next to clusters 

of crosslinked BCR (magenta). The video is displayed at 20 frames/s. Bar, 5 μm. Work for Video 

4 was executed by Fernando Maeda. 

 

Video 5. B-cell PM permeabilization during binding to αM-PLB enables membrane-

impermeable Ponceau 4R to quench cytoplasmic CSFE fluorescence. Splenic B cells pre-

labeled with CFSE in the cytosol were added to αM-PLB in a live imaging chamber at 37oC with 

5% CO2 in DMEM/BSA. Images were acquired for 60 min at 1 frame/10 s in the presence of 
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Ponceau 4R using a spinning disk fluorescence microscope (UltraVIEW VoX, PerkinElmer with 

a 40X 1.4 N.A. oil objective). The arrow indicates CFSE-labeled B-cells that lost their cytosolic 

fluorescence as a result of PM permeabilization and Ponceau 4R influx. Time is displayed as 

hour: minutes: seconds. The video is displayed at 30 frames/s. Bar, 5 μm. Work for Video 5 was 

executed by Fernando Maeda. 

 

Video 6. Binding of MD4 B-cells to COS-7 cells expressing surface mHEL-GFP induces 

antigen clustering and PM permeabilization at interaction sites. MD4 splenic B-cells were 

incubated with mHEL-GFP-expressing COS-7 cells cultured on fibronectin-coated coverslips at 

37oC with 5% CO2 in DMEM/BSA. Images were acquired for 120 min at 1 frame/20 s in the 

presence of PI using a spinning disk fluorescence microscope (UltraVIEW VoX, PerkinElmer 

with a 40X 1.3 N.A. oil objective). Shown are representative videos of XY (top) and XZ (bottom) 

views showing clustering of mHEL-GFP (arrows) and the intracellular influx of PI (arrowheads) 

at cell interacting sites. Time is displayed as minutes: seconds after the cell contacted the mHEL-

GFP expressing COS cell. The video is displayed at 15 frames/s. Bar, 5 μm. 

 

Video 7. Binding of WT B-cells to COS-7 cells expressing surface mHEL-GFP does not 

induce antigen clustering and PM permeabilization at interaction sites. WT splenic B-cells 

were incubated with mHEL-GFP-expressing COS-7 cells cultured on fibronectin-coated 

coverslips at 37oC with 5% CO2 in DMEM/BSA. Images were acquired for 120 min at 1 frame/20 

s in the presence of PI using a spinning disk fluorescence microscope (UltraVIEW VoX, 

PerkinElmer with a 40X 1.3 N.A. oil objective). Shown are representative videos of XY (top) and 

XZ (bottom) views. Time is displayed as minutes: seconds after the cell contacted the mHEL-

GFP expressing COS cell. The video is displayed at 15 frames/s. Bar, 5 μm. 
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Video 8. The BCR polarizes towards antigen-binding sites before PM permeabilization. 

Splenic B-cells stained with anti-BCR antibodies were added to αM-PLB and imaged in a live 

imaging chamber at 37oC with 5% CO2 in DMEM/BSA. Images were acquired for 60 min at 1 

frame/20 s in the presence of FM4-64 using a spinning disk fluorescence microscope (UltraVIEW 

VoX, PerkinElmer with a 60X 1.4 N.A. oil objective). Top: XZ view showing BCR (green) 

polarization towards the αM-PLB (white arrow). Bottom: XY view showing intracellular influx 

of FM4-64 (red, yellow arrow). Time is displayed as minutes: seconds after the cell contacted the 

αM-PLB. The video is displayed at 15 frames/s. Bar, 5 μm. 

 

Video 9. BCR and phosphorylated non-muscle myosin II (pMLC) polarize towards αM-

bead-binding sites on a B-cell. Shown is a 3D representation of co-polarization of the BCR (red) 

and pMLC (green) towards the site of αM-bead (white) binding in a splenic B-cell. Z-stack 

images were acquired using a Zeiss LSM710 confocal fluorescence microscope (63X 1.4 N.A. oil 

objective) and the 3D reconstruction was generated using Volocity software (PerkinElmer). Bar, 

3 μm.  

 

Video 10. A lysosomal exocytosis event detected by total internal reflection fluorescence 

(TIRF) microscopy. Splenic B-cells preloaded with SiR-Lyso were incubated with αM-PLB in a 

coverslip chamber at 37oC with 5% CO2 in DMEM/BSA for 30 min. Time-lapse images were 

acquired for 20 min at 8 frames/s using a TIRF microscope (NIKON Eclipse Ti-E TIRF, 63X 

1.49NA oil objective). Top: TIRF images of a lysosome appearing in the TIRF evanescent field 

and then rapidly losing the SiR-Lyso signal due to fusion with the B-cell PM. Bottom: FI surface 
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plot corresponding to the video on the top. Time is displayed in seconds. The video is displayed 

at 15 frames/s. 

 

Video 11 – B-cells exclude a second membrane-impermeable tracer after antigen-dependent 

permeabilization. Splenic B-cells were added to αM-PLB and imaged in a live imaging chamber 

at 37oC with 5% CO2 in DMEM 2% of FBS in the presence of SYTOX Green (green). Images 

were acquired for 4 h at 1 frame/30 s using a spinning disk fluorescence microscope (UltraVIEW 

VoX, PerkinElmer with a 60X 1.4 N.A. oil objective). PI (red) was added for 10 min at the end of 

the time-lapse image acquisition. The video is displayed as minutes: seconds after the cell 

contacted the αM-PLB. White arrows indicate cells that became permeabilized and later excluded 

PI. The yellow arrow indicates a cell that was stained by SYTOX Green since the beginning of 

the video and was not able to exclude PI. The video is displayed at 20 frames/s. Bar, 5 μm. Work 

for Video 11 was executed by Fernando Maeda. 

 

Video 12. B-cell morphological changes occurring during permeabilization by surface-

associated antigen are reversible. Splenic B-cells were added to αM-PLB and imaged in a live 

imaging chamber at 37oC with 5% CO2 in DMEM without phenol red containing 2% FBS in the 

presence of PI (red). Images were acquired for 4 h at 1 frame/30 s using a spinning disk 

fluorescence microscope (UltraVIEW VoX, PerkinElmer with a 60X 1.4 N.A. oil objective). 

Time is displayed as minutes: seconds after the cells first contacted the αM-PLB. The arrow 

points to a cell that became permeabilized. The dashed line indicates the maximum diameter of 

the B-cell after permeabilization. The video is displayed at 20 frames/s. Bar, 5 μm. Work for 

Video 12 was executed by Fernando Maeda. 
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Video 13. B-cell with polarized surface BCRs and containing fluorescent αM extracted from 

beads. The surface BCRs of splenic B-cells were labeled with Cy3-Fab-donkey anti-mouse 

IgM+G at 4oC. Labeled B-cells were incubated with AF488-αM-beads at 37oC with 5% CO2 for 

60 min and then fixed. Images were acquired using a Zeiss LSM710 (63X 1.4 N.A. oil objective), 

and the 3D reconstruction was generated with Volocity software (PerkinElmer). The arrow points 

to internalized AF488-αM. 
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