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Abstract 

Extracellular vesicles (EVs) are membrane-encapsulated nanosized particles that carry 

bioactive cargo, including proteins, nucleic acids, and lipids. EVs are secreted by most living 

cells, including B lymphocytes (B cells). B cells are antibody-producing immune cells that 

develop in the bone marrow, where different cell surface receptors regulate their maturation. One 

of the earliest surface proteins expressed in developing B cells is called CD24, a 

glycophosphatidylinositol (GPI)-linked protein localized to lipid rafts on the cell plasma 

membrane. Past research in the Christian lab showed that engagement of CD24 on the immature 

murine WEHI-231 B lymphoma cell line could cause the release of bioactive EVs. Following in 

the footsteps of the first discovery, this work employed a model system where donor cells 

expressing palmitoylated GFP (WEHI-231-GFP) were co-cultured, after stimulation, with 

recipient cells lacking either IgM (WEHI-303 murine B cells) or CD24 (CD24 knock-out mouse 

bone marrow B cells). The study found that EVs traffic lipid and membrane proteins between B 

cells in response to stimulation of either CD24 or IgM on the donor cells. Importantly, this study 

found that EV-mediated transfer of CD24 or BCR may affect B cell development by inducing 

apoptosis in recipient bystander cells. The following study aimed to determine how CD24 

regulates the release of EVs. Bioinformatic analysis showed that CD24 expression is linked to the 

PI3K/AKT and mTOR signaling pathways. Using chemical and genetic inhibition, I found that an 

aSMase/PI3K/mTORC2/ROCK/actin pathway regulates EV release. Lastly, through live cell 

imaging, the study confirmed that ROCK is required for inducing the membrane dynamics 

required for EV release, presumably by regulating tethering of the actin cytoskeleton to the 

plasma membrane. The information obtained from this study and other research indicate that EVs 

induced by CD24 stimulation are ectosomes that budded off from the plasma membrane rather 

than exosomes that originated from multivesicular bodies. Significantly, these data have 
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uncovered a novel pathway regulating ectosome release that has not been reported in any cell 

types. This research topic provides a window into the diverse function of CD24 as well as 

increasing our knowledge of how CD24 regulates EV release in cell-to-cell communication.  
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Chapter 1: Introduction 

 

1.1. The immune cells 

The immune system is a complex network of organs, cells and proteins that defend the 

body against infection and disease. There are two subsystems that make up the immune system: 

the innate immune system and the adaptive immune system. The innate immune system is the 

first to respond to early pathogens, characterized by rapid and generally non-specific response. 

On the other hand, the adaptive immune system is slower to response but is highly specific to a 

particular antigen and can provide long-lasting immunological memory
1
.  

 The innate immune response involves many different types of cells. For instance, mast 

cells, basophils and eosinophils produce cytokines, granules, and enzymes to combat microbes 

immediately on infection
2
. Natural killer cells play a major role in the rejection of tumor and the 

elimination of infected cells through the release of perforins and granzymes
3
. Neutrophils and 

macrophages are the two primary cell types that comprise phagocytes
4
. The roles of the two cell 

types are similar in that they both ingest and kill bacteria via various bactericidal mechanisms. 

Neutrophils also have granules and enzyme pathways that eliminate pathogenic microbes. 

Neutrophils are short-lived cells, while macrophages are long-lived cells that not only play a role 

in phagocytosis but are also involved in antigen presentation to T cells
5
. Dendritic cells (DCs) 

also phagocytose and function as antigen-presenting cells (APCs) that act as essential messengers 

between innate and adaptive immunity
6
. Moreover, emerging evidence also demonstrated that 

DCs and macrophages express a variety of pattern recognition receptors (PRRs) important for 

microbe recognition
7
. PRRs-activated macrophages and DCs can influence the fate of B cells 

during normal inflammatory response
8
.  
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Moreover, trained immunity is a concept that describes how certain innate immune cells 

can undergo long-lasting changes after an initial encounter with a pathogen or vaccination
9
. This 

training enhances their response to subsequent infections, providing a more robust and effective 

defense. Trained immunity involves epigenetic and metabolic reprogramming of innate immune 

cells, allowing them to respond more faster and stronger to similar challenges in the future
10

. For 

instance, the functional reprogramming of DCs also shows immune memory response. In this 

regard, DCs isolated from Cryptococcus neoformans vaccinated mice displayed strong interferon 

(IFN)-γ production and enhanced proinflammatory cytokine following secondary challenge
11

. In 

addition, monocytes or macrophages that encounter fungi like Candida albicans can mount 

trained immune response. This training can lead to improved phagocytosis and increased 

production of inflammatory mediators upon re-exposure
12

. There is evidence that the bacillus 

Calmette-Guerin vaccine for tuberculosis, can induce trained immunity in monocytes and 

macrophages. After vaccination, these cells exhibit a heightened ability to respond to other 

pathogens, even cancer, not just Mycobacterium tuberculosis, demonstrating a broader protective 

effect
13

. NK cells can be trained by exposure to cytomegalovirus
14,15

. Following initial infection, 

NK cells can respond more robustly to subsequent infections, demonstrating enhanced cytotoxic 

activity and increased production of cytokines like IFN-γ, resulting in a more protective immune 

response against cytomegalovirus
14,15

. The duration of trained immunity has been proven to 

persist at least three months and up to a year, although heterologous protection against infections 

induced by live vaccinations can extend up to five years
16

. However, it is generally considered to 

be shorter-lived than adaptive immunological memory
17

. 

 Adaptive immunity is the part of the immune system that can be concomitantly induced
1
. 

It involves the activation of DCs, and specialized B cells and T cells, which recognize and 

remember specific antigens. This memory allows the body to mount a faster and stronger 
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response upon subsequent encounters with the same pathogen
18

. T cells originate in the bone 

marrow and, following migration, mature in the thymus
19

. T cells require the action of APCs to 

recognize a specific antigen. The surface of APCs expresses a group of proteins known as the 

major histocompatibility complex class I (MHC-I) and MHC-II. Class I and II MHC proteins 

have crucial roles in presenting foreign protein antigens to cytotoxic and T helper (Th) cells
20

. 

The interaction of the Th cells with the MHC class II region on the B lymphocytes assist in the 

immunologic activation of B cells
21

. Once activated the B cells will differentiate to mature 

plasma cells. Plasma cells can produce up to thousands of antibody molecules per second per 

cell
22

.  

 

1.2. B cells 

1.2.1. Development of B cells 

B lymphocytes are essential components of the adaptive immune system and have a major 

role in humoral immune reactions due to their ability to produce antibodies against foreign 

antigens. B cells originate from hematopoietic stem cells (HSC) in the bone marrow, which is 

seeded by HSC developing in the fetal liver during embryonic life. The initial stages of B cell 

development are differentiation steps of HSC into the various hematopoietic lineages. HSC were 

first described a half-century ago by Till, McCulloch, and colleagues, who reported that these 

cells can self-renew in lethally irradiated mice, and colony-forming cells appearing in the spleen 

were discovered
23,24

. Figure 1.1 depicts hematopoiesis and highlights some of the factors 

involved in B cell differentiation. 
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Figure 1.1. Diagram of B cell development in the bone marrow. Schematic representation of 

the different B cell differentiation stages with their denomination according to the Basel and 

Philadelphia nomenclatures. The pattern of expression of the main markers used to characterize 

each subset is shown with positive or negative. VDJH and VJL rearrangements are indicated. 

HSC: hematopoietic stem cell; ST-HSC: short term HSC; MPP: multipotent progenitor; CMP: 

common myeloid progenitor; CLP: common lymphoid progenitor; BLP: B lymphocyte 

progenitor. Created with BioRender.com. 
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The phenotypic characterization of murine HSCs demonstrated that they lack expression of 

mature blood cell markers and are thus called lineage-negative (Lin
-
) and express the surface 

epitopes c-kit, Sca-1 and Thy-1.1
25

. It was then shown that the Lin
-
c-kit

+
Sca-1

+
 fraction retained 

multilineage repopulation potential, and further differentiation of the long-term HSC into short-

term (ST) HSC is marked by the gain of CD34 expression
26

. Progression from ST-HSC to the 

multipotent progenitor (MPP) subset is observed in the presence of CD135 (Flk-2/ Flt-3)
27

. MPP 

cells then differentiate into a common lymphoid progenitor (CLP) and a common myeloid 

progenitor (CMP) by interleukin-7 receptor (IL7R) upregulation
28

. CMP can give rise to various 

myeloid lineage cells, while CLP marks the entry into the lymphoid lineage, such as T, B, and 

natural killer (NK) cells. B lymphocyte progenitor (BLP) cells gain this multilineage 

developmental potential upon conditional promotion of Ly6D
29

. Thus, murine BLPs are 

characterized by the cell-surface expression of Lin
- 
CD117/c-kit

-
Sca-1

-
 Ly6D

+ 
IL-7R

+
 Flk-2

+
. 

Beginning with BLPs, B cell progression in the bone marrow proceeds through distinct 

stages of development culminating in final immature B cells. Hardy and Rolink established the 

standards for the phenotypic characteristics of the various B cell stages, which are now known as 

the Philadelphia and Basel nomenclatures, respectively
30,31

. The stages of B cell development in 

the bone marrow are antigen-independent and involve generating several intermediary precursor 

cells that rise from BLPs. The BLPs create the entry in the earliest pre-pro B cell stages as 

indicated by B220 expression but not CD19 expression. The subsequent stages of B cell 

differentiation have a specific and crucial role in developing the functional rearrangement process 

of the immunoglobulin (Ig) gene segments, which is identified based on how the heavy (IgH) 

chain and light (IgL) chain gene segments are rearranged. The rearrangements of genes encoding 

the IgH chain are first seen in pro-B cells between the D and J segments, followed by a second 

rearrangement joining an upstream V region to the complete VDJH recombination that takes place 
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at the pre-BI stage. The functional rearrangement of the µ-H chain gene segments marks the entry 

into the pre-B-cell stage. The pre-B cells undergo 1 or 2 cell divisions and contain the µ heavy 

chain bound to the surrogate light chain, composed of the invariant l5 and VpreB proteins, with 

the Iga/Igb signalling complex to form the pre-B cell receptor (BCR)
32–34

. The pre-BCR has two 

functions. The first task is to shut down the activities and expression of the enzyme machinery 

catalyzing the rearrangements of the H chain gene segments, a process termed allelic exclusion
35

. 

This process prevents the expression of two H chains with two different specificities by the same 

cell. The second task is to initiate the rearrangement of the L chain genes. Upon expression of a 

functional IgL chain, the mature BCR is formed by association with the Igµ chain at the 

immature B cell stage. Considering that the establishment of a signaling-competent cell surface 

form of the BCR depends on the interaction between Ig-a/b and IgM, this is critical for B cell 

development. While the Ig portion of the receptor serves as the antigen-binding subunit, the Ig-

a/b is responsible for disseminating intracellular signals
36

. BCR signaling is required for B cell 

maturation and survival, immature B cells are sensitive to antigen binding in that if they bind 

self-antigen in the bone marrow they die
37,38

. To complete development, immature B cells leave 

the bone marrow and become mature naïve B cells. The BCR on mature cells contains 

membranes form of IgM and IgD associated with Ig-a/b36
. While both IgM and IgD require Ig-

a/b for generating intracellular signals, IgD, but not IgM, can travel to the cell surface in the 

absence of Ig-a/b39
. Mature B cells migrate to the secondary lymphoid organs, such as the spleen 

and lymph nodes, where they complete their maturation in the periphery
40

.  

Following their development in the bone marrow, naïve B cells have a half-life of roughly 

six weeks, during which they enter the circulation and lymph node organs
41

. The time that naïve 

B cells will spend approximately 24 hours in lymphoid follicles unless they are exposed to 
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antigens derived from invading pathogens
42

. If activated by an antigen, naïve B cells migrate to 

the outer follicles, where they undergo proliferation
43

. Some of the proliferating B cells 

differentiate into short-lived plasma cells in extrafollicular environments, and some B cells 

differentiate into germinal center-independent memory B cells
44

. This memory B cell subsets 

have the capacity to produce cytokines, such as TNF-α, IFN-γ and IL-12 that impact several cell 

types of both the adaptive and the immune systems
45

. Alternative, the activated naïve B cells 

undergo rapid proliferation to form the germinal centre (GC), where affinity maturation takes 

place. The highest-affinity B cells exit the GC, either as memory B cells or as long-lived plasma 

cells that contribute to serological memory
46

.  

 

1.2.2. Markers expression in B cell development stages 

Both Hardy and Rolink used B220 and CD19 as lineage markers, along with the surface 

expression of BCR as a maturity marker. However, Hardy and colleagues employed CD43, 

CD24, and BP1 expressions to further develop their classification
47

. For instance, CD43 is 

expressed in the early pre-pro-B cell stage and disappears at the large pre-BII stage, while BP1 

appears between the pre-BI and small pre-BII stages. Interestingly, CD24 expression is detectable 

on pro-B cells, with the highest expression seen in the large pre-BII stage, followed by a gradual 

decline in expression, as B cells mature and exit the bone marrow. On the other hand, Rolink and 

colleagues discovered CD117 and CD43 appearing in early pre-pro-B cells, followed by a 

gradual decline at pre-BI and large pre-BII stages, respectively. CD25 was found to appear 

suddenly between the large pre-BII stage and the small pre-BII stage
48

. Thus, B cells develop 

through several well-characterized stages, ending with the expression of surface IgM and IgD 

class Ig molecules associated with Iga and Igb, forming the BCR, responsible for detection of 
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antigen
49

. Further developmental growth and maturation in the periphery are constrained by 

positive and negative selection, mediated by BCR signaling, and aiming to produce a non-self-

reactive, immune-competent repertoire of naïve B cells
50

. Despite the ongoing generation of new 

cells in the bone marrow, the mature B cell count in an adult mouse does not change. An adult 

mouse is thought to produce 1-2 x 10
7
 immature B cells daily

51
. These cells exit the bone marrow 

as immature transitional B cells, but only roughly 3% become mature B cells
52

. Several factors 

have been shown to contribute to cell death and restrict the growth of the peripheral B cell 

compartment, including self-reactivity
53

, incomplete maturation
54

, competition of follicular 

niches
55

, and trophic mediators
56

. As a result, the equilibrium between cell production and cell 

death keeps the size of the peripheral B cell compartment unchanged
57

. Table 1.1 summarises the 

cell surface markers used to distinguish B cell subpopulations. 
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Table 1.1. Markers expression in B cell development stages. 

Fraction  Cell type Markers 

A Pre-pro B cell B220
+ 

CD19
-
 CD24

low 
CD25

- 
CD43

+
 CD93

+
 CD117

+
 IgM

- 

B Pro-B cell B220
+ 

CD19
+
 CD24

+ 
CD25

-
 CD43

+
 CD117

low
 IgM

-
 

C Pre-BI cell B220
+ 

CD19
+
 CD24

+ 
CD25

-
 CD43

+
 CD117

low
 IgM

-
 

C
’ 

Large pre-BII cell B220
+ 

CD19
+
 CD24

+
 CD25

+
 CD43

low
 IgM

-
 

D Small pre-BII cell B220
+ 

CD19
+
 CD24

+ 
CD25

+
IgM

-
 

E Immature B cell B220
+ 

CD19
+
 CD24

high
 IgM

+
 IgD

- 

F Mature B cell B220
+ 

CD19
+
 CD23

+
 CD24

low/- 
CD25

+
 IgM

+
 IgD

+
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1.3. Extracellular vesicles 

1.3.1. Historical background 

The earliest evidence for the existence of extracellular vesicles (EVs) was initially 

published in 1946 by Chargaff and West
58

. They reported the presence of a precipitable 

component in platelet-free plasma that can expedite the synthesis of thrombin. These findings 

demonstrated for the first time that components other than platelets were involved in blood 

coagulation. Afterwards, the phenomena of vesicle secretion by cells was documented in the late 

1960s by Bonucci and Anderson, who observed that chondrocytes secreted vesicles that were 

approximately 100 nm in size
59,60

. In the same timeframe, another study demonstrated that 

platelets can release tiny vesicles known as "platelet dust"
61

. Subsequently, Trams used the word 

"exosomes" in 1981 to characterize a broad array of vesicles produced from cultivated cells, with 

sizes varying from 40 nm to 1 μm
62

. That was to change, though, in 1983 when the research 

teams of Stahl and Johnstone simultaneously announced that reticulocytes released transferrin 

receptors linked to 50 nm-sized vesicles into the extracellular space
63,64

. Johnstone later found in 

1987 that this type of release occurred via the endosomal pathway
65

. This included the creation of 

intraluminal vesicles (ILVs) in the endosome, which were then released extracellularly when 

multivesicular bodies (MVBs) fused with the plasma membrane. This time, these ILVs were 

referred to as "exosomes," a name that Trams et al. first developed.  

A breakthrough study by Raposo and colleagues showed in 1996 that B cells produce 

exosomes that display MHC class II
66

. Importantly, the discovery that messenger ribonucleic 

acids (mRNAs) and microRNAs (miRNAs) could be found in exosomes isolated from human 

and murine mast cells, identifying them as mediators of cell-cell communication, sparked a 

renewed interest in EV research since 2007
67

. The first gathering of scientists working on EVs 

took place in Montreal, Canada, in 2005. Six year later, in 2011, an international conference on 
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EVs was arranged at the Institute Curie in Paris, France. The phrase "extracellular vesicles" has 

been suggested to describe cell-generated particles encased in a lipid bilayer
68

. At the same year, 

the Journal of Extracellular Vesicles (JEV) and the International Society for Extracellular Vesicles 

(ISEV, https://www.isev.org/) were founded with the goal of standardizing the discipline. The 

society now has more than 2000 members, and several national EV societies have also been 

established. The Canadian Society for EVs (CanSEV, http://www.canvesicle.com) held their first 

conference in 2022.  

 

1.3.2. Nomenclature and classification 

Since their initial description, the nomenclature for extracellular vesicles has gotten 

confusing over time. The gathered information demonstrates that, depending on the 

pathophysiological condition of the origin cell, the content, size, and membrane composition of 

the EVs are extremely complicated and varied. Vesicles that cells emit are referred to by a 

number of names. The cells or tissues from which they are discharged have given vesicles their 

names. Therefore, nomenclature such as oncosomes, for EVs released by cancer cells
69,70

, 

prostasomes, for EVs produced by prostate epithelial cells
71,72

 or dexosomes, for EVs released by 

dendritic cells
73,74

 have been used.  

On the other hand, words like calcifying matrix vesicles
75,76

, tolerosomes
77,78

, or 

argosomes
79

 can be found based on their biological function. Although particular traits have been 

suggested for each subpopulation of EVs, there is currently no commonly recognized 

identification of each subgroup, and the issue is still up for discussion
80,81

. Consequently, authors 

are advised to use the term "extracellular vesicle" to refer to any cell-secreted vesicle, unless they 

can identify reliable and noteworthy markers specific to their experimental system, as per the 

guidelines provided by ISEV in their Minimal Information for Studies of Extracellular Vesicles 
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(MISEV) guidelines
82

. Nonetheless, the two fundamental standards determining the most often 

used nomenclature are the biogenesis mode and the biochemical markers. EVs may then be 

precisely divided into two main groups: exosomes and microvesicles (MVs) also known as 

ectosomes, which differ in biogenesis (as shown in Figure 1.2). Exosomes, ranging in size from 

30 nm to 150 nm, are released through exocytosis from MVBs
83–85

. MVs or ectosomes are 

formed by outward budding from the cell’s plasma membrane and are 100 nm to 1000 nm in 

size
86,87

. The cargo of EVs contains the proteins, lipids, nucleic acids, and membrane receptors of 

the cells from which they originate
88–90

. EVs released into the extracellular space can enter body 

fluids and potentially reach distant tissues. Once taken up by neighboring and/or distal cells, EVs 

can transfer functional cargo that may alter the biological functions of target cells, thereby 

contributing to both physiological and pathological processes
91

. 
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Figure 1.2. The biogenesis, compositions and uptake of extracellular vesicles (EVs). EVs are 

heterogeneous, phospholipid membrane-enclosed structures. Two main types of EV are 

distinguished based on their biogenesis, known as exosomes and ectosomes. Exosomes, ranging 

in size from 30 nm to 150 nm, are generated by the exocytosis of multivesicular bodies. By 

contrast, ectosomes (100 nm to 1000 nm) are released by plasma membrane budding and 

blebbing. EVs have spherical structures consisting of a lipid bilayer and contain complex 

contents, including lipid bilayer, proteins, surface proteins, and nucleic acids. The released EVs 

are taken up by recipient cells mainly through three ways, including endocytosis, membrane 

fusion, and ligand-receptor interaction.  Once attached to a target cells, the contents of EVs can 

mediate intercellular communication that impacts a variety of cellular and tissue functions (red 

arrows). Created with BioRender.com. 
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1.3.3. Biogenesis 

1.3.3.1. Biogenesis of exosomes 

Exosomes are vesicles surrounded by a lipid bilayer, having a size from 30 nm to 150 

nm
92,93

 and a density ranging from 1.10 to 1.21 g/ml
94

. The formation of exosomes begins in 

endosomes, with inward budding of the limiting membranes of late endosomes to generate ILVs, 

causing formation of MVBs
83

. MVBs may traffic to lysosomes for degradation or to the cell 

surface for fusion with the plasma membrane, where they are released into the extracellular space 

as exosomes
95

. It appears that MVB cholesterol levels impact the fate of these multivesicular 

bodies. However, the exact causes are still unknown. Other research shows that the lysosome 

breaks down cholesterol-poor vesicles while secreting cholesterol-rich vesicles
96

.  

The ESCRT machinery (Endosomal Sorting Complex Required for Transport) is the most 

well-studied pathway for inducing the formation of ILVs and subsequently of MVBs
97,98

. The 

ESCRTs comprise four complexes (ESCRT-0, -I, -II, and -III) and the accessory Vps4 complex, 

each comprising many subunits
97

. The primary job of ESCRT 0-II is to sort cargo on endosomal 

membranes into functional microdomains. In contrast, Vps4 assists ESCRT-III in completing the 

budding and scission of these domains to produce ILVs
99

. Recent evidence has revealed that 

TSG101 and ALIX are commonly seen as exosome constituent proteins and are components of 

the ESCRT complex
100,101

. The ESCRT accessory protein ALIX interacts with ESCRT-III 

subunits to promote intraluminal vesicle budding and abscission
100

. Moreover, Rab GTPases, the 

most abundant family of proteins in the Ras superfamily of GTPases, are essential for exosome 

secretion and play a crucial role in intracellular vesicle transport, including endosome recycling 

and MVB trafficking to lysosomes
102

. Research has revealed that many Rab proteins, including 

Rab27A/B, Rab7, Rab31, and Rab35, control exosome secretion
103

. It has also been reported that 

Rab GTPases and SNARE proteins collaborate to cause the release of exosomes into the 
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extracellular space by fusion of late endosomes with the plasma membrane
102,104

. Although the 

ESCRT pathway is the critical driver of exosome synthesis, other studies have demonstrated that 

exosomes can be released via an ESCRT-independent pathway. For instance, inhibition of the 

ESCRT-dependent pathway by depleting four ESCRTs did not eliminate MVB release
105

.  

The ESCRT-independent pathway of exosome biogenesis involves the formation of lipid 

rafts; sphingomyelinase converts sphingomyelin into ceramide. The study reported that the 

release of exosomes is reduced after inhibition of neutral sphingomyelinase (nSMase), a protein 

responsible for the production of ceramide, suggesting that the budding of ILVs requires 

ceramide, an essential component of lipid raft microdomains
106

. In addition, ApoE and 

tetraspanin CD63 are recruited for ILV formation and subsequent exosome release without the 

requirement of ESCRT or ceramide
107,108

. In addition to this method of exosome synthesis, 

"endosome like domains" on the plasma membrane can be directly budded to produce exosomes 

through enrichment in endosomal and exosomal proteins
109

. On the other hand, it has been 

demonstrated that actin-myosin binding is involved in the production of exosomes and MVBs
110

. 

However, additional proof is required to validate exosome biogenesis from the plasma 

membrane. 

 

1.3.3.2. Biogenesis of ectosomes 

MVs, also known as ectosomes, are large lipid bilayer vesicles with varying sizes in a 

diameter range from 100 nm up to 1000 nm and a density of less than 1.10 g/ml
111

. They result 

following reorganizing the actin-myosin cytoskeleton and occur by direct budding of the outer 

cellular membrane
93

. MV release can be regulated via several pathways. For example, it has been 

shown that MV release can be stimulated through increased intracellular Ca
2+

 concentrations
112

. 

At steady state, the anionic phospholipids, phosphatidylserine (PS) and 
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phosphatidylethanolamine (PE) localize to the inner leaflet of the plasma membrane. At the same 

time, phosphatidylcholine (PC) and sphingomyelin (SM) are found on the external membrane 

leaflet
113

. The physiological membrane asymmetry is maintained by five transmembrane 

enzymes: gelsolin, scramblase, flippase, translocase and calpain
114

. The increase in the 

cytoplasmic Ca
2+ 

levels inhibits the aminophospholipid translocase and activates lipid scramblase 

at the same time
115,116

. This process drives rearrangements in the asymmetry of the membrane 

phospholipids to expose PS from the inner leaflet to the cell surface. It then leads to the physical 

collapse of cell membrane asymmetry, which can promote MV release.  

In addition to lipids, cytoskeletal elements and their regulators are required for MV 

formation
112

. Reducing the levels of phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2), which 

participates in anchoring the membrane to the cortical cytoskeleton, can induce the disruption of 

the cortical cytoskeleton interaction with the plasma membrane
117,118

, leading to increased MV 

biogenesis
119

. Reduction of PI(4,5)P2 can occur via activation of phospholipase C (PLC)-g, 

phospholipase D (PLD), phosphoinositide 3-kinases (PI3Ks), or phosphatidylinositol 

phosphatases
120

. Rab22a and ARF6, members of the Ras GTPase family, also have essential roles 

in MV generation. Rab22A is directly involved in MV formation as evidenced by the fact that it 

colocalizes with budding vesicles and that vesicle release is prevented by Rab22A knockdown
121

. 

Importantly, ARF6 activity is required for subsequent phospholipase D activation, leading to 

localized myosin light chain kinase activity at the neck of budding vesicles
122

. Furthermore, 

ARF6-mediated activation of RhoA and Rho-associated kinase (ROCK) signaling have been 

implicated in MV formation
122,123

. An additional study has shown that the antagonistic interaction 

between Rab35 and ARF6 also controls MV biogenesis
124

. Furthermore, a key regulator in the 

formation of MVs, Ca
2+

 ions also contribute to the reorganization of the cytoskeleton through the 
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activation of cytosolic calpain protease
125

. Calpain cleaves several cytoskeletal components such 

as actin, ankyrin, protein 4.1 and spectrin
126,127

. Calpain-mediated cleavage of the cytoskeleton 

further disrupts the cortical cytoskeleton protein network, consequently allowing membrane 

budding. Lastly, similar to exosomes, ceremide production can increase MV release
128

. 

 

1.3.4. EV composition 

Cells release EVs of different sizes and intracellular origin. EVs are heterogeneous, 

phospholipid membrane-enclosed structures that comprise a variety of soluble or membrane 

proteins, lipids, metabolites, and nucleic acids
88–90

. EV cargo can vary depending on the cell type, 

physiologic state, and biologic environment leading to differences in EV composition and 

subsequent function
129–131

. Interestingly, EVs, which are released in greater density by cancer 

cells
132

, can promote tumor development and are involved in mediating intercellular 

communication within the tumor microenvironment
133

. Indeed, medulloblastoma cells released 

13,400-25,300 EVs per cell per 48 h, while normal fibroblast cells released 3,800-6,200 EVs per 

cell per 48 h
134

. In addition, EV release also depends on a response to external stimuli such as 

inflammatory signals
135,136

, ATP
137

, heat stress
138

, increased intracellular calcium levels
139

, and 

hypoxia
140

. Different cell culture platforms have also been shown to significantly impact to EV 

composition. It has been reported that mesenchymal stromal cell (MSC)-derived EVs carry a 

higher number of immunomodulatory cytokines when MSCs are grown in a 3D culture
141

. It has 

been demonstrated that decreased cell seeding density in culture flasks results in increased EV 

production
142

. Even the polarity of epithelial cells affects the release of different EV 

subpopulations. Basolaterally secreted EVs are enriched in TSG101, CD9, and CD81, whereas 

apically secreted EVs express CD63, HSP70, annexin A1, and flotillin-1. Due to the differences 



 
18 

in these markers, EV cargos probably should be classified into distinct EVs based on cell 

polarity
143

. 

 

1.3.4.1. Lipids 

EVs are mainly composed of phosphotidylserine (PS), phosphatidyl-ethanolamine (PE), 

sphingomyelin (SM), phosphatidylinositol (PI), phosphatidylcholine (PC), cholesterol and 

ceramide
144,145

. Several studies have shown that the lipid composition of EVs differs significantly 

compared to their parent cells. For instance, exosomes contain a higher quantities of PS, SM, 

cholesterol and PC (approximately 2-3 times) than their parent cells
144,146

. Unlike exosomes, 

MVs contain lipids that are precisely like those of their parent cells
147

. It is commonly known that 

exosomes exhibit greater rigidity than the plasma membranes of cells
148,149

. This rigidity has been 

suggested to be a pH-dependent mechanism. The ILVs are generated in an acidic pH environment 

(pH 5.5) inside the MVBs, and they are released into a neutral pH environment to become 

exosomes. Indeed, the membrane rigidity of exosomes increase between pH 5 and 7
148

. This 

discovery may clarify why EV cellular absorption is enhanced in environments with lower pH, 

such the tumor microenvironment
149

. EV-bound cholesterol and sphingomyelin were found to 

contribute to their rigidity and stability
72,150

. It reported that conical-shaped PS helps to build the 

curved vesicular shape of EVs and encourages the fusion and fission of EVs
151

. Moreover, 

prostaglandins, a group of lipids derived from arachidonic acid, contained in EVs that activate 

signaling pathways in rat basophil leukemia cells
152

. It has been consistently demonstrated that 

exosomes exhibit a higher degree of membrane lipid order than MVs when subjected to detergent 

treatments
153

. Pancreatic tumor cells are less likely to survive when synthetic nanoparticles mimic 

the lipid composition of EVs
154

. However, in a distinct human pancreatic tumoral cell line, these 

artificial exosome-like nanoparticles activated the survival pathway
155

. When considered 
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collectively, these findings indicate that lipids participate in cellular signaling pathways and 

provide structural rigidity and stability to the vesicular membrane
156

. 

 

1.3.4.2. Proteins 

Proteins are vital components of the EV payload. These common vesicular proteins are 

mainly involved in vesicle structure, biogenesis, and trafficking. EVs carry endosome-associated 

proteins, including cytoskeletal proteins (actin, myosin, and tubulin), proteins involved in 

transport and fusion (Rab11, Rab7, Rab2, and Annexins), ESCRT proteins (TSG-101 and Alix), 

chaperones (HSP70 and HSP90), and tetraspanin proteins (CD9, CD63, CD81, and CD82)
157–159

. 

EVs contain specific cytoplasmic proteins from the cell of origin, such as GTP-binding protein, 

ADP-ribosylation factor 6 (ARF6), matrix metalloproteinases (MMPs), glycoproteins (e.g., GPIb, 

GPIIb-IIIa), integrins, receptors (e.g., EGFRvIII), and cytoskeletal elements (e.g., b-actin and a-

actinin-4)
157,158

. Compared to proteins present in the nucleus and mitochondria, proteins found in 

the plasma membrane and cytoplasm are more commonly segregated into EVs
160,161

. 

EVs also contain cell-type specific proteins that serve for biomarker discovery. For 

instance, EVs from patients with melanoma carry the tumor-associated antigen, MART1
162

, while 

ovarian carcinoma cell-derived EVs contain epithelial cell adhesion molecule, EpCAM and 

CD24
163

. Moreover, EVs contain glycosylated proteins that are essential for diagnostic 

purposes
164

. Indeed, glypican-1 contained in pancreatic cancer cell-derived EVs may be a 

potential screening marker to detect early-stage pancreatic cancer
165

. Tumor cell-derived EVs 

have been shown to carry the immunosuppressive factor PD-L1, and EV-PD-L1 serves as an 

early clinical benefit signal in melanoma
166

. Tumor cell-derived EVs also contain a higher level 

of the “do not eat me” signal CD47 and a decreased level of the “eat me” signal PS than 
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heterogeneous EVs, providing possible reasons for the longer lifetime of tumor cell-derived 

EVs
167

. 

Apart from their role as biomarkers, EV-associated proteins are crucial for intercellular 

communication. It was demonstrated that EV-bound EGFRvIII isolated from glioblastoma 

patients induces the activation of MAPK and AKT signaling pathways and thus increases in 

anchorage-independent growth capacity
168

. EVs from docetaxel-resistant cells transferred MDR-

1/P, a P-glycoprotein, into the docetaxel-sensitive cells, significantly increasing resistance to 

docetaxel in recipient cells
169

. It should be noted that B cell-derived EVs carry functional peptide 

MHC complexes and induce antigen-specific MHC-II-restricted T cell responses
66

. Moreover, 

EVs may transport MHC class II that interacts with the T cell receptor and activates naïve CD4 T 

cells to initiate an immune response
170

. Tumor cell-derived EVs carry immunosuppressive 

factors, such as FASL and PD-L1 and can induce directly the death of T cells and NK cells 

through the FAS/FASL and PD1/PD-L1 pathways
171

. Tumor cell-derived EVs also inhibit the 

maturation of DCs by causing the release of IL-6, suppress NK cell response by downregulating 

NKG2D expression on NK cells via EV-associated TGFb1, and cause CD8
+
 T cells to undergo 

apoptosis through EV-associated FASL, TRAIL, or PD-L1
172

.  Altogether, cells secrete EVs to 

communicate with other cells by delivering signals through their content and surface proteins.  

 

1.3.4.3. Nucleic acids 

Notable progress in the characterization of EVs has shown their capacity to transport RNA 

and DNA cargo. Depending on the kind of cell, EVs have different amounts of RNA. Some 

cancer-derived EVs contain more total RNA than those derived from healthy cells
134

. EVs 

contain mRNA and miRNA that may potentially be useful as diagnostic markers for diseases
173

. 



 
21 

For instance, moesin, an mRNA cargo linked to proliferation and epithelial integrity, was 

upregulated in amniotic fluid EVs from fetuses with fetal prenatal hydronephrosis and had more 

diagnostic potential than existing clinical indicators, such as ultrasound imaging
174

. The 

expression of miRNAs, including miR-21, miR-141, miR-200a, miR-200b, miR-200c, miR-205, 

and miR-214, was significantly higher in EVs isolated from patients with ovarian cancer through 

blood tests
175

. Notably, evidence of increased miR-30a-5p in the urine of ovarian serous 

adenocarcinoma patients might serve as a promising diagnostic and therapeutic target
176

. 

Moreover, urinary exosomes from individuals with prostate cancer were used for RNA extraction 

analysis. The results showed significant downregulation of five specific miRNAs: miR-196a-5p, 

miR-34a-5p, miR-143-3p, miR-501-3p, and miR-92a-1-5p. In particularly, miR-196a-5p and 

miR-501-3p show promise as prostate cancer indicators
177,178

. Interestingly, plasma exosomal 

miR-1290 and miR-375 are promising prognostic biomarkers for castration-resistant prostate 

cancer
179

. Serum exosomes from individuals with relapsing-remitting multiple sclerosis (RRMS) 

show decreased levels of two specific miRNAs, hsa-miR-122-5p and hsa-miR-196b-5p, which 

may be a useful biomarker for RRMS
180

.  

EV-contained mRNAs and miRNAs can also be delivered and functionally transferred to 

other cells
181,182

. For instance, the functional transfer of small RNA via exosomes can regulate 

gene expression in recipient DCs when using viral miRNAs endogenously produced in Epstein-

Barr virus (EBV)-infected B cells
183

. Additionally, T regulatory cells transferred EV-associated 

miRNAs (such as miR-155, Let7b and Let7d) to Th1 cells, suppressing Th1 cell proliferation and 

cytokine secretion
184

. Moreover, specific miRNAs (such as miR-150-5p and miR-142-3p) 

associated with T regulatory cell-derived EVs modulate the function of DCs, specifically their 

cytokine production and their phagocytic capacities
185

. The melanoma-EVs-enriched miRNAs, 

including miR-122, miR-149, miR-3187-3p, miR-181a/b, and miR-498, reduce T-cell responses 
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and cytotoxic activity by decreasing TCR signaling, granzyme B and cytokine secretion
186

. 

Interestingly, miR-19a-3p associated EVs produced from nucleophosmin-1 mutated acute 

myeloid leukemia cells could be transferred to CD8
+
 T cells, which directly downregulated the 

expression of solute-carrier family 6 member 8, which resulted in decreased creatine import and 

ATP production, leading to immunosuppression of T cells
187

. In addition, epithelial ovarian 

cancer (EOC)-derived EV miR-181c-5p may upregulate HOXA10 by targeting KAT2B and 

activate the JAK1/STAT3 pathway to promote the M2 polarization of tumor-associated 

macrophages, ultimately promoting growth and metastasis of EOC cells in vitro and in vivo. It 

should be noted that exosomal miR-21 and miR-29a activate toll-like receptor (TLR)-7 and TLR8 

receptors in immune cells, leading to lung cancer growth and metastasis
188,189

. Similarly, 

neuroblastoma-derived EVs can deliver miR-21 that triggers TLR8 in monocytes, leading to 

upregulation of miR-155 in those cells
190

. Recently, some RNA-binding proteins have been 

discovered to be essential for the selective sorting of miRNAs into exosomes
191

. A four-

nucleotide motif, like GGAG and GGCU, has been found to be abundant in miRNAs in 

exosomes and an interaction between this motif and the ribonucleoprotein (hnRNPA2B1) appears 

to be facilitated in loading these miRNAs into MVBs
192

. For instance, a recent study has 

demonstrated that hnRNPA2B1 bounds to miR-122-5p through the exosome sorting motif and 

may promote the selective sorting of miR-122-5p into lung cancer-derived exosomes
193

. 

Importantly, they discovered that the delivery of lung cancer-derived EVs containing miR-122-5p  

liver cells in a distant microenvironment, which promotes the formation of a pre-metastasis 

microenvironment, leading to hepatic metastasis of lung cancer
193

. Another work highlights that 

YBX1 binds specifically to RNA sorting motifs, including ACCAGCCU, CAGUGAGC and 

UAAUCCCA in exosomes derived from HEK293 cells
194

. Moreover, YBX-1 is required for miR-

223 abundance into exosomes released form HEK293T cells
195

. YBX-1-mediated sorting of miR-



 
23 

133 into human endothelial progenitor cell-derived exosomes caused by hypoxia/reoxygenation 

to promote fibroblast angiogenesis and mesenchymal-endothelial transition
196

. However, the 

process of packaging RNA into EVs has not yet been fully clarified. 

Apart from carrying RNA, EVs also contain genomic DNA, mitochondrial DNA, and short 

DNA sequences of retrotransposons. It was shown that over 90% of cell-free DNA is found in 

exosomes extracted directly from whole human blood plasma
1
. The first study showed that 

mitochondrial DNA exists in EVs and may be transferred to other cells
198

. It should be noted that 

genomic DNA from exosomes produced from pancreatic cancer cell lines and serum from 

patients with pancreatic cancer identified mutations in KRAS and p53
199

. Moreover, EV-secreted 

DNA fragments contribute to cellular homeostasis by inhibiting the activation of cytoplasmic 

DNA sensors
200

. Interestingly, T cells can secrete EVs containing genomic and mitochondrial 

DNA that induce antiviral response in DCs via the cGAS-STING cytosolic DNA-sensing 

pathway
201

. In vitro, it was discovered that EVs harboring mitochondrial DNA might trigger an 

inflammatory response in naïve pulmonary epithelial cells
202

. Evidence suggested that EVs from 

human plasma are associated with mitochondrial DNA, which decreases with age
203

. However, 

the sorting mechanism of DNA into EVs remains unknown. Therefore, more investigation is 

needed to ascertain whether DNA is present in EVs and, if so, what its true importance is.  

Generally, EVs play a role in intercellular communication and are involved in numerous 

physiological and pathological processes. The cargo of EVs can reflect the physical state of the 

originating cells, serving to propagate the pathological state and act as a potential biomarker of 

disease including neurological diseases, diabetes, and cancer
204

. Moreover, EVs exert their 

influence to interact with recipient cell and alter the phenotype of receiving cells. Tumor-derived 

EVs promote oncogenic progression such as angiogenesis, immune evasion and metastasis
205

. 

Considering their capacity to overcome biological barriers and transfer bioactive components, 
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EVs are showing great potential for therapeutic applications. Stem cell-derived EVs have 

capacity to accelerate tissue regeneration
206

 and stimulate cardiac repair
207

.  

 

1.4. B cell-derived EVs 

1.4.1. B cell-derived EV cargo 

The investigation of B cell-derived EVs was initially described in 1996
66

. B cells exhibited 

MVBs fusing with the plasma membrane, producing EVs that express MHC molecules. Mass 

spectrometry-based proteomic characterization demonstrated that EVs derived from B cells 

contain abundant MHC-I, MHC-II, CD45, chaperones (HSP70 and HSP90), integrins and other 

proteins
150

. EVs were also concentrated in lipids that are normally enriched in detergent-resistant 

membranes, such as cholesterol, sphingomyelin, and ganglioside GM3
150

. Additionally, the 

plasma MHC-II contained in B cell-derived EVs is incorporated with CD20, CD63, CD81, and 

other tetraspanin family members
150,208,209

. It has been proposed that these proteins can be 

recruited at MVBs by the ESCRT machinery via the cytosolic adaptors syntenin and ALIX for 

incorporation into EVs
210,211

.  

It has been demonstrated that CD20 not only forms complexes with MHC-II and CD40
212

, 

but it can also cooperate with BCR to take part in signal transduction
213

. CD20 also can stimulate 

B cells through calcium channels
214

, which causes a significant amount of EVs to be released
215

. 

The release of EVs produced from B cells might be impacted by environmental changes. In fact, 

in response to heat stress, B cells produced EVs with higher concentrations of HSPs, including 

HSP27, HSP70, HSC70, and HSP90 while other heat shock proteins, HSP60 and GP96, were 

excluded from EVs
216

. B cell-derived EVs also include functional integrins, enabling high-

affinity contact with other cells, such as cytokine-activated fibroblasts
217

. Moreover, stimulation 

of CD40 or BCR and TLR9 in B cells releases an increased density of EVs containing human 
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leukocyte antigen through the classical NF-kB pathway
218

. It has also been demonstrated that B 

cell-derived EVs express high levels of MHC-I, MHC-II, CD45, BCR complex, and tetraspanins 

(CD9 and CD81) when B cells were stimulated through CD40 and IL-4 receptor
219

. This 

investigation revealed that IgM and IgD present at the plasma membrane were incorporated into 

the EV release pathway, whereas other isotypes, primarily IgA, IgG1, IgG2, and IgG3, were 

released as soluble forms unrelated to the membrane. Interestingly, IgG-mediated BCR cross-

linking induces the release of EVs, but to a lesser degree as a result of TCR-plasma-MHC-II 

interaction
220

.  

Apart from proteins, B cell-derived EVs transport miRNAs. Exosomes from EBV-infected 

B cells were found to contain EBV-encoded miRNAs that could be functionally transferred to 

noninfected DCs, possibly interfering with the development of adaptive immunity
183

. 

Interestingly, B cell-derived EVs could deliver exogenous miR-155 to macrophages
221

. After 

treatment with rituximab, a downregulation of miR-155 levels in B cell-derived EVs was 

observed
222

. This work shows that miR-155 found in EVs could be developed into a useful 

biomarker for diagnosis or a target for treatment. Moreover, miR-330-3p from B plasma cell-

derived EVs is a critical regulator of ovarian cancer stroma and promotes tumor metastasis 

through the JAM2 pathway
223

. According to this research, inhibiting the noncanonical exosomal 

miR-330-3p/JAM2 axis may be a useful therapeutic strategy for high-grade serous ovarian 

tumors. 

 

1.4.2. B cell-derived EVs crosstalk with the immune system 

B cell-derived EVs load MHC-I and -II molecules on their surface for antigen presentation, 

which, in turn, interact with other immune cells and influence their functionality. In this context, 
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EVs derived from B cells that contain abundant MHC-II molecules have been shown to stimulate 

antigen-specific CD4
+
 T cell responses in vitro66

. Some studies have shown that B cell-derived 

EVs can directly stimulate T lymphocytes activation
170,218

. B cell-derived EVs were also enriched 

in MHC-I that was required for an antigen presentation to CD8
+
 T cell population

219,224
. The 

activation of cytotoxic T lymphocytes (CTL) by B cell-derived EVs still required CD4
+
 T cells, 

CD8
+
 T cells, and NK cells to be present. The CTL response was completely lost without any of 

these immune cell types. Interestingly, host B cells, the BCR, and B-cell-secreted antibodies did 

not directly contribute to the CTL response triggered by exogenous B-cell-derived EVs, based on 

using mouse models with B cells depleted of membrane-bound and secreted antibodies
225

. 

Moreover, EVs from B cells can bind to follicular DCs as they contain a4b1 integrins that interact 

with VCAM-1 on the surface of follicular DCs. Importantly, follicular DCs do not express MHC-

II but instead, pick up peptide-loaded MHC-II molecules after binding B lymphocyte-derived 

EVs to follicular DCs. This molecule on the follicular DC surface is necessary to induce the 

affinity maturation phenomenon in B lymphocytes
226

. 

Other receptors found on EVs produced from B cells have also been shown to affect 

various immune cell types. For instance, B cell-derived EVs carry CD38, an active glycoprotein 

enzyme, that associates with signaling complexes HSC-70, Lyn, and CD81. The presence of 

CD38 on the surface of EVs can potentially act as an intercellular messenger of T cell 

activation
227

. It has been observed that CD19
+
 EVs from B cells contain high CD39 and CD73, 

which are critical enzymes in the adenosine pathway that hydrolyze ATP released by 

chemotherapy-treated tumor cells into adenosine and attenuate chemotherapeutic efficacy by 

inhibiting antitumor CD8
+
 T cell responses

228
. Remarkably, B cell-derived EVs may also have 

MHC-II and FASL, which cause CD4
+
 T cells to undergo apoptosis through FAS and FASL 
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interaction
229

. Moreover, functional integrins and ICAM-1 are carried by B cell-derived EVs, 

which enable high-affinity interactions with extracellular matrix proteins and open the door for 

cargo delivery to T cells. ICAM-1 interacts with leukocyte function-associated antigen-1 

molecules that are expressed on T cells to enhance the transfer of cargo. In some cases, B cell-

derived EVs also express b1 and b2 integrins. By the expression of b1 integrins, EVs can bind to 

pro-inflammatory cytokine-activated fibroblasts and collagen type I and fibronectin in the 

extracellular matrix
217

. Another fascinating discovery is that B cell-derived EVs carry 

complement 3 (C3) fragments and BCR-antigen complexes
220

. Antigen-loaded B cells release 

C3-carrying EVs which then interact with G protein coupled receptors on T cells. This interaction 

promotes better  T cell responses even when the presence of antigen concentration is 

suboptimal
230

.  

 

1.5. CD24 

Cluster of differentiation 24 (CD24), also referred to as heat-stable antigen, is a small, 

heavily glycosylated cell surface protein linked to lipid rafts on the plasma membrane via a 

glycosyl-phosphatidylinositol (GPI) anchor
231

. CD24 was first discovered in 1978 and has been 

known to be specifically recognized by rat anti-mouse antibodies including M1/75.21, M1/22.54, 

M1/89.1, M1/9.47 and M1/69.16
232

. Of these monoclonal antibodies, M1/69 was found to have 

the highest avidity for this newly identified antigen
233

. The protein core of CD24 comprises 

approximately 30 amino acids linked to the N- and/or O-glycosylation and P-selectin binding 

sites, which is considered as major function of CD24
234

. CD24 is located on chromosome 6q21, a 

polymorphic allele, of which, the protein has molecular weights ranging from 30 to 70kDa
235

. 

CD24 expression has been reported in many cell types
236

. These include hematopoietic cells 
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(immature B cells, T cells, granulocytes, dendritic cells, and macrophages) and non-immune cells 

(neural cells, regenerating muscle cells, and various epithelial cells, as well as tumors). 

CD24 carries out diverse functions by interacting its incorporated glycans with various 

ligands. CD24 has fourteen-O and two N-glycosylation sites, which can bind with different signal 

transducers on lipid raft domains through engaging in cis (same cell) or trans (other cell) 

interactions
237,238

. There are several ligands found to bind to CD24, including P-, L-, and E-

selectin, Sialic-acid-binding immunoglobulin-like lectin (Siglec) G or Siglec 10, TAG-1 and 

contactin, L1 cell adhesion molecule and Neural cell adhesion molecule
239

. For instance, CD24 

interacts in cis with a moderator of  TLR signaling, Siglec-G, and in trans with the danger 

associated molecular pattern (DAMP) protein HMGB1
240,241

. In this case, CD24 acts an adapter, 

binding both HMGB1 and Siglec-G, activating Siglec-G and ultimately inhibiting TLR-4 

signaling.  

CD24 is one of the molecules found the earliest on the surface of B cells during B cell 

development
242

. Indeed, the expression of CD24 in human B cell development presents earlier 

than the expression of CD19
243

. CD24 is first expressed in Fraction B (pro-B cell stage), then it 

rises in  pre-B cells and immature B cells, where it reaches its maximum levels. However, when 

B cells enter circulating B cell stage, CD24 expression declines, and continues to fall in 

subsequent Hardy fractions until it is expressed at low levels by the end of bone marrow 

development
244

. 

CD24, as a GPI-anchored protein, lacks an intracellular domain, and it has to interact with 

other signal transducers through glycolipid-enriched membrane (GEM) domains, also called lipid 

rafts
237,238

. The GEM domain is considered an important platform for signaling molecules, such 

as the Src family tyrosine kinases (SFK) and G-proteins
245,246

. Several reports have shown that 

GPI-linked CD24 protein is associated with SFK, which consists of nine members, Blk, Fgr, Fyn, 
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Hck, Lck, Lyn, Src, Yes, and Yrk
246,247

. An association between CD24 and either c-Fgr or Lyn 

was shown in SW2 and K562 erythroleukemia cell lines respectively
248

 while B cell lymphomas 

showed a signaling and physical association between CD24 and Lck, Hck, and Lyn, but not 

Fyn
247

. Moreover, an association between CD24 and Lyn was shown in Human Burkitt's 

lymphoma cells
249

, whereas the MTLy breast cancer cell line associates CD24 with Src
250

. Taken 

together, these investigations demonstrate that CD24 communicates via several Src family 

proteins. 

It has been demonstrated that CD24 expression triggers the activation of several signaling 

pathways relevant to cancer. For instance, crosslinking between CD24 and Wnt signaling results 

in β-catenin activated by CD24 to interact with the Wnt pathway and to cause β-catenin to 

translocate into the nucleus
251,252

. Also, it has been shown that Notch and Wnt/b-catenin signaling 

pathways play important roles in the activation of liver cancer stem cells expressing CD24
253

. 

Several studies have demonstrated that Notch-related signaling pathways positively correlated 

with CD24 expression in cancer cells
254–256

. Moreover, knockdown of CD24 led to decreased 

expression of Notch1, which inhibited proliferation and apoptosis in cancer stem cells
257

. MAPK 

cascades are shown to be involved in CD24-induced tumorigenesis in tumor cells. It is worth 

noting that CD24 activated cell proliferation was not only p38 MAPK-dependent but also 

ERK1/2-dependent
258,259

. In addition, CD24 induces proliferation and invasiveness in cells 

through the activation of PI3K/Akt, NF-kB and ERK
260,261

. Another study demonstrated that 

CD24 controls STAT3 phosphorylation through the activation of SFK
262

.  

CD24 induces apoptosis in B cell precursors, including pro-B cells, pre-B cells and 

immature B cells
231

. Stimulation with anti-CD24 monoclonal antibodies induces apoptosis in pre-

B cells but not mature splenic B cells
263

. The treatment with anti-CD24 monoclonal antibodies 



 
30 

induced the activation of p38 MAPK and leads to the apoptosis of pre-B cells. Also, CD24 

engagement activates several caspase proteins, including caspase-2, -3, -7 and -8, which are 

known to be involved in the induction of apoptosis
264

. Cross-linking CD24 on human B cells with 

monoclonal antibodies can transduce cytoplasmic calcium mobilization
265

. Moreover, Burkitt's 

lymphoma cells undergo apoptosis when antibody-mediated cross-linking of CD24 induces it 

through glycolipid-enriched membrane domains or lipid rafts
249

. This process is closely linked to 

the BCR-mediated apoptosis signal, which involves activating the SFK, and then initiating 

downstream signaling cascades. 

Our laboratory has previously reported that antibody stimulation of CD24 induces 

apoptosis in the mouse WEHI-231 B cell line and mouse primary bone marrow-derived B 

cells
242

. This finding found that cross-linking CD24 has been shown to up-regulated caspase-3/7 

activity in WEHI-231 cells after anti-CD24 and second antibody stimulation. Furthermore, 

treatment with anti-CD24 monoclonal antibody promotes the generation of CD24-bearing plasma 

membrane-derived EVs
242

. Recent work also indicates that CD24 induces compositional changes 

to the surface receptors of B cell MVs with variable effects on their RNA and protein cargo
266

. 

EVs play pivotal roles in cell-to-cell communication during different pathological and 

physiological processes. The passage of EVs between the donor and recipient cells is still 

unknown upon CD24 engagement. Therefore, understanding the role of CD24-mediated EVs and 

its cargo is my long-term goal. 

 

1.6. Research objectives of the thesis 

Given the current state of knowledge with CD24-mediated stimulation of B cells and EV 

generation, my research focused on three major objectives as described in Figure 1.3 

 



 
31 

1.6.1. Objective 1: Determine if CD24 induces transfer of functional protein to recipient cells via 

EVs.  

Hypothesis: The transfer of EVs in response to CD24 engagement from donor to recipient cells 

alters recipient cell function. 

Specific objectives: 

a. Determine if lipid and protein are transferred to recipient B cells in response to CD24 

stimulation via EVs using flow cytometry. 

b.  Determine if transferred protein are functional in the recipient cells using flow 

cytometry. 

 

1.6.2. Objective 2: Determine if other receptors stimulate EV-mediated transfer of functional 

proteins. 

Hypothesis: EVs induced by stimulation of B cells through anti-IgM or other receptors with 

common function or structure to CD24 can transfer cargo and alter function of recipient cells. 

a. Determine if surface proteins having common function or structure to CD24 are 

expressed on donor B cells using flow cytometry. 

b.  Determine if lipid and protein are transferred to recipient B cells in response to other 

receptor stimulation via EVs using flow cytometry. 

c. Determine if transferred proteins are functional in the recipient cells using flow 

cytometry. 

 

1.6.3. Objective 3: Elucidate the mechanism of CD24-mediated EV release 

Hypothesis: EVs induced by CD24 stimulation are MVs budded off the plasma membrane via the 

PI3K/AKT/mTOR pathway, not exosomes derived from MVBs. 
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Specific objectives: 

a. Identify the relationship between CD24 gene expression and signaling pathways in B 

cells using bioinformatics. 

b. Determine if inhibition of downstream targets, PI3K/AKT, mTOR, and ROCK 

signaling pathway, inhibits lipids and proteins transfer to recipient cells in response to 

CD24 using flow cytometry. 
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Figure 1.3. Diagram of the research objectives. 
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1.7. Publications arising from this thesis 

The results presented in this thesis have all been published as follows: 

Objectives 1 and 2 

1. Hong-Dien Phan, Delania J.B. Gormley, Reilly H. Smith, Modeline N. Longjohn, 

May Dang-Lawson, Linda Matsuuchi, Micheal R. Gold, Sherri L. Christian. CD24 

and IgM stimulation of B cells triggers transfer of functional CD24 and B cell 

receptor to B cell recipients via extracellular vesicles. 2021. Journal of Immunology, 

207 (12): 3004-3015 

Authors contributions: HDP and SLC conceived the idea and designed the experiments. 

HDP performed FACS analysis of the transfer of EVs in response to CD24 and IgM 

stimulation, DG performed FACS analysis of the transfer of EVs in response to CD48 

stimulation, RS performed FACS analysis of the transfer of EVs in response to CD40 

stimulation, MNL performed analysis of EVs by NTA and Western blot, MDL generated 

transfected cells for a model co-cultured system, LM and MG reviewed the data. All 

authors approved the final manuscript. 

 

Objective 3: 

2. Hong-Dien Phan, Willow R.B. Squires, Kaitlyn E. Mayne, Grant R. Kelly, Rashid 

Jafardoust, Sherri L. Christian. CD24 regulates extracellular vesicle release via an 

aSMase/PI3K/mTORC2/ROCK/actin pathway in B lymphocytes. 2024. Journal of 

Extracellular Vesicles (submitted). 

Authors contributions: HDP and SLC conceived the idea and designed the experiments. 

HDP performed FACS analysis, Western blot and transfected siRNA cells, WS performed 
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bioinformatic and FACS analysis, KM, GK, RS performed evaluation of live cell imaging. 

All authors approved the final manuscript. 

 

Other: 

3. Modeline N. Longjohn, Hong-Dien Phan, Sherri L. Christian. Chapter 2: Culturing 

suspension cancer cell lines. 2022. Springer Nature. Cancer cell Biology: Methods 

and Protocols, Methods in Molecular Biology, Vol. 2508. 

Authors contributions: HDP wrote a draft manuscript, MNL wrote the final manuscript, 

SLC reviewed and edited the manuscript. All authors approved the final manuscript. 
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Chapter 2: CD24 and IgM stimulation of B cells triggers transfer of functional B cell 

receptor to B cell recipients via extracellular vesicles 

 

2.1. Abstract 

Extracellular vesicles (EVs) are membrane-encapsulated nanoparticles that carry 

bioactive cargo, including proteins, lipids, and nucleic acids. Once taken up by target cells, EVs 

can modify the physiology of the recipient cells. In past studies, we reported that engagement of 

the glycophosphatidylinositol-anchored receptor CD24 on B lymphocytes (B cells) causes the 

release of EVs. However, a potential function for these EVs was not clear. Thus, we investigated 

whether EVs derived from CD24 or IgM-stimulated donor WEHI-231 murine B cells can transfer 

functional cargo to recipient cells. We employed a model system where donor cells expressing 

palmitoylated GFP (WEHI-231-GFP) were co-cultured, after stimulation, with recipient cells 

lacking either IgM (WEHI-303 murine B cells) or CD24 (CD24 knock-out (CD24KO) mouse 

bone marrow B cells). Uptake of lipid associated GFP, IgM, or CD24 by labeled recipient cells 

was analyzed by flow cytometry. We found that stimulation of either CD24 or IgM on the donor 

cells caused the transfer of lipids, CD24, and IgM to recipient cells. Importantly, we found that 

the transferred receptors are functional in recipient cells, thus endowing recipient cells with a 

second BCR or sensitivity to anti-CD24-induced apoptosis. In the case of the BCR, we found that 

EVs were conclusively involved in this transfer, while in the case in the CD24 the involvement of 

EVs is suggested. Overall, these data show that extracellular signals received by one cell can 

change the sensitivity of neighboring cells to the same or different stimuli, which may impact B 

cell development or activation. 
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2.2. Graphical abstract 

 

 

 

CD24 stimulation on donor B cells caused the transfer of extracellular vesicles carrying lipids 

and functional receptors to B cell recipients, thus endowing recipient cells with a second BCR or 

sensitivity to anti-CD24-induced apoptosis. Created with BioRender.com. 
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2.3. Introduction 

Extracellular vesicles (EVs) are released from all mammalian cells that have been 

examined
1
. These vesicles are a heterogeneous group of phospholipid bilayer-enclosed particles 

that are classified based on their release pathway and size
2
. Exosomes are the smallest EVs at 30 

to 150 nm in diameter and are released through exocytosis from multivesicular bodies
3–5

. Slightly 

larger than exosomes, microvesicles (MVs) or ectosomes are formed by outward budding from 

the cell’s plasma membrane and are 100 nm to 1 µm in size
6,7

. The largest type of EVs are 

apoptotic bodies that are generated by cells undergoing the final stages of apoptosis and can 

range from 1 µm to 5 µm
8
. According to a new study, apoptotic exosome-like vesicles, or 

ApoExos, are similar in size to exosomes but are produced by different biogenesis processes and 

have different markers. ApoExos lack traditional exosome markers such tetraspanins (CD9, 

CD63, and CD81), but expressing others like syntenin and TCTP
4
. 

EVs are critical mediators of cell-to-cell communication during normal physiological and 

pathological processes
9
. EVs contain cargo that reflect the cell of origin and which can be 

transferred to recipient cells
10–12

. These cargoes include lipids, proteins, and genetic material such 

as mRNA, miRNA, and DNA. Once taken up by recipient cells, EVs can alter the biological 

functions of target cells
13

. For example, the first report of EVs found that B lymphocytes release 

EVs carrying peptide-MHCII complexes that can directly activate CD4+ T cells
11

. Apoptotic 

bodies have a powerful effect on recipient cells, which are both professional phagocytes and 

nonprofessional neighboring cells, just like MVs and exosomes do. However, the target cells of 

apoptotic bodies are less diverse than those of MVs and exosomes
14

. 

 The visualization of EVs is essential for understanding EV biology. EVs can be visualized 

directly via fluorescent chemical labelling using lipophilic dyes such as PKH26 or PKH67, which 

label cell membranes by the insertion of their aliphatic chains into the lipid bilayer. Fluorescence 
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microscopy and flow cytometry can then be used to detect EV uptake, as has been done for breast 

cancer cells, macrophages, dendritic cells, endothelial and myocardial cells
15

. However, PKH-

labelled EVs may be degraded and/or recycled in vivo. In addition, PKH dyes can form micellar 

structures identical in size to EVs and can be retained in association with other lipid entities for 

long periods. Therefore, inaccurate spatiotemporal assessment of EV fate can be inferred based 

on the use of these dyes
16

. In contrast, fluorescent proteins such as GFP and tandem dimer 

Tomato (tdTomato) that are fused to a palmitoylation signal (palm-GFP and palm-tdTomato) have 

been reported to label all membrane-enclosed vesicles, including EVs
17

. This specific labeling 

allows tracking of EVs in culture for long periods of time in a more accurate manner than 

lipophilic dyes. 

B lymphocytes (B cells) are critical components of the immune system. B cells are 

generated in the bone marrow from multi-potent hematopoietic stem cells that undergo 

maturation in discrete stages
18

. At each stage of B cell development, different cell surface 

receptors are used to identify each stage using either the Hardy fraction designators
19,20

 or 

established independent markers
21

. The primary driver of this maturation is the generation of the 

BCR, which is composed of the membrane-bound immunoglobulin IgM and two accessory 

molecules, Igα and Igβ (CD79a and CD79b, respectively).  

Of particular relevance for this study is CD24, also called heat stable antigen (HSA), 

which is highly expressed at the pro and pre-B cell stages
22

. CD24 is a lipid raft-localized 

glycosylphosphatidylinositol (GPI)-anchored membrane protein of 27 amino acids with 

extensive, but variable, N- and O-linked glycosylation
23,24

. Several ligands have been identified 

for CD24, including P-, L-, and E-selectin, Sialic-acid-binding immunoglobulin-like lectin-G or 

Siglec 10, TAG-1, contactin, L1 cell adhesion molecule, and Neural cell adhesion molecule
25

. 

However, the relevant CD24 ligand for bone marrow B cells is not known. Engaging CD24 on 
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pro- or pre- B cells with anti-CD24 antibodies leads to apoptosis and CD24 engagement in 

mature splenic B cells blocks CD40-induced proliferation
26,27

. We have also found that antibody-

mediated engagement of CD24 induces apoptosis in the immature murine WEHI-231 B cell line, 

demonstrating that this cell line models the CD24-mediated effects on developing B cells
28

. 

Importantly, we found that engagement of CD24 increases the release of EVs into the 

extracellular environment
28,29

. In addition, CD24-mediated stimulation promoted changes in the 

membrane protein composition of the secreted EVs
29

.  

Here, we tested the hypothesis that EVs released from anti-CD24- or anti-IgM- stimulated 

B cells can transfer functional receptors to recipient cells. We analyzed EV transfer by using cells 

that express palmitoylated fluorescence markers, which allows us to track EVs released from 

both donor and recipient cells. We visualized lipid transfer by tracking the transfer of palm-GFP 

or palm-tdTomato from donor to recipient cells. We visualized protein transfer by tracking the 

transfer of IgM from BCR-positive cells (WEHI-231) to BCR-negative cells (WEHI-303) and the 

transfer of CD24 from WEHI-231 cells to primary B cells isolated from CD24 knock-out 

(CD24KO) mice. We found that stimulation of either CD24 or IgM on donor cells resulted in the 

transfer of both CD24 and IgM to recipient cells. We found that both IgM and GFP are packaged 

into isolated EVs indicating that the transfer of lipid with transmembrane protein is most likely 

via EVs secreted by donor cells. To determine if the transferred receptors were functional, we 

assessed output from the newly transferred receptor on the recipient cells. We found that the 

transferred CD24 and IgM on the recipient cells were functional receptors that could initiate 

signaling and apoptosis in the recipient cells. These data suggest that stimulation of B cells could 

alter the responses of bystander cells via release of EVs. 
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2.4. Materials and Methods 

2.4.1. Animal care 

The Institutional Animal Care committee at Memorial University of Newfoundland 

approved all animal procedures (protocol 17-01-SC). C57BL/6N Cd24
atm1Pjln

 homozygous mice 

(CD24KO)
30–32

 were a gift from Dr. Yang Liu (Center for Cancer & Immunology Research, 

Children’s National Medical Center, Washington, DC). 

 

2.4.2. Cell culture and transfection 

All materials for cell culture were obtained from Life Technologies (Carlsbad, CA) unless 

otherwise indicated. Isolated bone marrow-derived immature B cells and cell lines were 

maintained in RPMI-1640 medium supplemented with 10% heat‐inactivated fetal bovine serum, 

1% antibiotic/antimycotic, 1% sodium pyruvate and 0.1% mercaptoethanol (complete media) at 

37°C in a humidified 5% CO2 atmosphere. WEHI-231 cells (ATCC) and WEHI-303.1.5 (WEHI-

303)
33

 were transfected with palm-GFP (WEHI-231-GFP) or palm-tdTomato (WEHI-303-

tdTomato) lentiviral plasmids, generous gifts from Charles Lai, Institute of Atomic and Molecular 

Sciences, Taiwan
17

. Briefly, these were co-transfected with pCMV-VSV-G-M5 and pCMV-

δR8.91 (from Dorothee von Laer, Medical University of Innsbruck, Austria) into HEK293T cells 

(ATCC). Virus particles were collected at 12 h and 36 h post transfection and added to 12-well 

plates containing WEHI-231 or WEHI-303 cells, which were then centrifuged at 2000 rpm (750 x 

g) for 1 h at 21°C. Cells were cultured 48 h before enrichment by fluorescence-activated cell 

sorting. Cells were re-sorted regularly with the Beckman Coulter MoFlo Astrios EQ (Medical 

Laboratory Services, Memorial University) to maintain >90% fluorescently labelled cells 

(Supplemental Figure 2.1A). 
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2.4.3. Primary bone marrow B cell isolation 

Femurs were removed from euthanized six to eight-week-old male or female CD24KO 

mice and bone marrow was flushed out with Quin saline (25mM NaHEPES, 125 mM NaCl, 5 

mM KCl, 1 mM CaCl2, 1mM Na2HPO4, 0.5 mM MgSO4, 1 g/l glucose, 2 mM glutamine, 1 mM 

sodium pyruvate, 50 µM 2-mercaptoethanol, pH 7.2), using a 21-gauge needle. Cells were pooled 

from two mice and single-cell suspensions produced using a 100-µm nylon mesh. The EasySep 

Mouse B cell isolation kit (cat. no. 19854, StemCell Technologies) was used to enrich bone 

marrow isolates following the manufacturer’s protocol. Primary bone marrow B cell purity was 

confirmed by flow cytometry to be > 80% B cells using anti-mouse CD19-Per-CP-Cy-5.5 (cat. 

no. 45-0193-82, eBioscience), IgM-APC/Cy7 (cat. no. 406515, Biolegend), CD45R (B220)-PE-

Cy7 (cat. no. 25-0452-82, eBioscience) and CD24-PE (cat. no. 12-0242-82, eBioscience) 

antibodies. All analysis by flow cytometry was performed on the FACSAria (BD Biosciences; 

Cold-ocean Deep Water Facility, Memorial University). 

 

2.4.4. Cell stimulation 

WEHI-231-GFP donor cells (5 x 10
5
 cells/ml in 500 µl) were treated with stimulating 

antibodies as follows: 

For stimulation of CD24, 10 µg/ml of functional grade primary monoclonal M1/69 rat 

anti-mouse CD24 antibody (16-0242-85, eBioscience) or 10 µg/ml matching primary isotype 

antibody (16-4031-85, eBioscience) were pre-incubated with 5 µg/ml goat anti-rat secondary 

antibody (112-005-003, Jackson ImmunoResearch) at a 2:1 ratio to ensure efficient cross-linking 

of primary antibody and that no excess secondary antibody was present. We have confirmed that 

isotype pre-incubated with second antibody does not bind to cells 
28

. After stimulation for 15 min 

at 37
°
C in complete media, donor cells were centrifuged at 400 x g for 5 min to remove antibody-
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containing media and then resuspended in complete media followed by co-culture with recipient 

cells, WEHI-303-tdTomato (5 x 10
5
 cells in 500 µl), giving a final density of 10

6 
cells/ml in 1 ml, 

at 37°C in a humidified incubator containing 5% CO2 for a total of 24 h. The co-cultured cells 

were analysed by flow cytometry. Cleared supernatant (cSN) was collected from WEHI-231-GFP 

cells, stimulated as above for 1 h or 2 h, after centrifugation at 500 x g for 5 min, then 2,000 x g 

for 5 min. cSN was added to recipient cells as indicated. 

When primary bone marrow B cells were used as recipients, they were pre-stained with 

proliferation dye eFluor 670 (cat. no. 65-0840, eBioscience) following the manufacturer’s 

protocol and then co-cultured with WEHI-231-GFP cells as indicated. eFluor 670 positivity was 

determined by flow cytometry (Supplemental Figure 2.2G). 

To assess anti-CD24-induced apoptosis in primary bone marrow B cells, WEHI-231-GFP 

and primary bone marrow B cells were plated at a density of 5 x 10
5
 cells each in 500 µL 

complete medium. The cultured cells were mixed 1:1, giving a final density of 10
6 
cells/ml in 1 

ml, and were treated with antibody as indicated for 24 h. 

To stimulate IgM, WEHI-231-GFP cells were treated with 10 µg/ml anti-mouse IgM 

(115-005-020, Jackson ImmunoResearch) or left untreated for 1 or 2 h, then centrifuged at 400 x 

g for 5 min to remove antibody-containing media and then resuspended in complete media 

followed by co-culture with recipient cells CD24KO B cells (5 x 10
5
 cells in 500 µl), giving a 

final density of 10
6 
cells/ml in 1 ml, at 37°C in a humidified incubator containing 5% CO2 for a 

total of 24 h. The co-cultured cells were analysed by flow cytometry. 

To analyze anti-IgM-induced apoptosis of WEHI-303-tdTomato cells, WEHI-231-GFP 

and WEHI-303-tdTomato cells were plated at a density of 5 x 10
5
 cells each in 500 µL complete 

medium. The cultured cells were mixed 1:1, giving a final density of 10
6 
cells/ml in 1 ml, and 
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were treated with 10 µg/ml anti-mouse IgM (115-005-020, Jackson ImmunoResearch) or left 

untreated for 24 h. 

For stimulation of CD40, WEHI-231-GFP cells were treated with 10 µg/ml anti-mouse 

CD40 (16-0401-82, eBioscience) or 10 µg/ml isotype (16-4321-82, eBioscience) for 2 h, or left 

untreated, then centrifuged at 400 x g for 5 min to remove antibody-containing media and then 

resuspended in complete media followed by co-culture with recipient cells WEHI-303-tdTomato 

as above. 

To stimulate CD48, WEHI-231-GFP were stimulated with 10 µg/ml anti-mouse CD48 (cat. 

no. 103402, Biolegend) or 10 µg/ml isotype (cat. no. 400902, Biolegend) for 1 h, or left untreated, 

followed by centrifuged at 400 x g for 5 min to remove antibody-containing media and then 

resuspended in complete media followed by co-culture with recipient cells WEHI-303-tdTomato 

as above. 

 

2.4.5. EV isolation by size exclusion chromatography (SEC) 

cSN was collected from WEHI-231-GFP cells as described above. Four millilitres of 

supernatant, from both 1 h stimulations (2 ml) and 2 h stimulations (2 ml), were loaded onto a 

qEV2/70nm SEC column (Izon Science, Medford, MA, USA) following the manufacturer’s 

instructions. Fractions 7 to 12 were pooled and then concentrated to ~200 µL using Amicon ultra-

15 centrifugal filter units (UFC901024, Millipore, Etobicoke, ON, Canada) at 3,000 x g for 50 

min. The concentrated fraction was diluted in complete media and incubated with WEHI-303-

tdTomato cells for 24 h at 37˚C in a CO2 incubator. 
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2.4.6. Nanoparticle tracking analysis 

Isotype- and CD24-stimulated conditioned media were diluted 5-fold in sterile 0.1um 

filtered 1X PBS if from cells cultured in EV-free media and left undiluted if from SEC. EV free 

media was prepared according to the previously established protocol
34

; briefly, complete medium 

with 20% FBS was centrifuged at 100,000 x g at 4°C for 16 hours,  passed through a 0.22um 

filter, and then mixed with serum free RPMI in a 1:1 ratio. For each measurement, quintuplicate 

1-minute videos were captured at a temperature of 25
˚
C and syringe pump speed of 25 µl/s. Post 

capture, videos were analyzed to generate high resolution size and concentration data by the 

Nanosight NS300 software version 3.4 Build 3.4.003.  

 

2.4.7. EV isolation by Vn96 peptide-based affinity isolation 

One ml of conditioned media (CM) was incubated with 30 µg Vn96 peptide at 4
o
C, 

overnight on a rotator. The CM-Vn96 mix was then centrifuged at 17,000 x g for 15 mins and the 

supernatant removed. A second ml of CM was added to the pellet, followed by a brief vortex to 

disrupt the pellet and then incubation with rotation for 3 h at 4
o
C. Vn96-EVs were pelleted by 

centrifugation at 17,000 x g for 15 mins at 4
o
C, followed by three washes with 0.1 µm filtered 1X 

PBS supplemented with 1.2 mM PMSF.  

 

2.4.8. Western blot 

Vn96-EV pellets isolated as above were dissolved in 0.1µm filtered 1X PBS, mixed with 

Laemmlli reducing sample buffer and 50% of the volume separated using 12% SDS-PAGE. 

Proteins were transferred onto nitrocellulose membranes, then blocked with 5% (w/v) skimmed 

milk in 0.1% Tween-20 Tris-buffered saline (TBST). Primary antibodies were diluted in 5% 
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(w/v) skimmed milk in TBST as follows: 1:1000 HSP90 α/β (SC-13119; Santa Cruz, Santa Cruz 

CA), 1:1000 CD81 (SC-166029; Santa Cruz, Santa Cruz CA), 1:1000 GFP (FL) (SC-8334, Santa 

Cruz, Santa Cruz CA). HSP90 and CD81 were detected using horseradish peroxidase-conjugated 

goat anti-mouse IgG (SC-13119; Santa Cruz, Santa Cruz CA). GFP was detected using HRP 

conjugated mouse anti-rabbit IgG (SC-2357). IgM was detected using goat anti-mouse IgM HRP 

(1:1000, SC-2064). All secondary antibodies were diluted 1:1000 in 5% (w/v) skimmed milk in 

TBST. Western chemiluminescent HRP substrate (Immobilon ECL Ultra Western HRP Substrate) 

was used for detection. Western bot images were acquired using chemidoc gel documentation 

system (Bio-Rad, Ca). Image manipulation involved adjustments to brightness and contrast only. 

 

2.4.9. IgM and CD24 detection by flow cytometry 

Cells were resuspended with FACS buffer (PBS 1x, pH 7.4, cat. no 10010-023, Life 

Technologies, containing 1% heat-inactivated fetal bovine serum) and stained with 0.5 µg of 

IgM-PE-Cy7 (25-5890, eBioscience) or with 0.25 µg of CD24-PE (12-0242-82, eBioscience) for 

30 min at 4
°
C. Cells were then washed with FACS buffer and analysed by flow cytometry. See 

Supplemental Figures 1 and 2 for gating strategies. 

 

2.4.10. Phospho-ERK detection by flow cytometry 

After 24 h of co-culture, the cells were stimulated with 10 µg/ml anti-mouse IgM (115-005-

020, Jackson ImmunoResearch) for 5 min at 37°C, and the reaction stopped with 0.4 ml of cold 

1x PBS containing 1 mM vanadate (13721-39-6, Sigma Aldrich). The cells were centrifuged at 

400 x g for 5 min and then resuspended with 100 µl of pre-warmed fixation buffer (00-8222-49, 

eBioscience) for 35 min at room temperature (RT) followed by resuspension in 100 µl of 

permeabilization buffer (00-8333-56, eBioscience) and incubation with 1 µg of anti-phospho-
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ERK1/2 conjugated with Alexa Fluor 647 (cat. no. 675503, BioLegend) for 35 min at 4
°
C in the 

dark. The reaction was stopped with 0.9 ml of permeabilization buffer before centrifugation at 

400 x g for 5 min. The cell pellets were washed with FACS buffer and analysed by flow 

cytometry. 

 

2.4.11. Apoptosis assay by flow cytometry 

Cells were resuspended in Annexin V binding buffer (10 mM HEPES buffer, 140 mM 

NaCl, 2.5 mM CaCl2, pH 7.4). Three microlitres of anti-annexin V conjugated with Alexa Fluor 

647 (A23204, Invitrogen) or 5 µl of anti-annexin V conjugated with PE (640908, Biolegend) was 

added to 100 µl of cell suspension following the manufacturer’s instructions. Cells were then 

washed with FACS buffer and analysed by flow cytometry. 

 

2.4.12. Confocal microscopy 

WEHI-303 cells were incubated with 5 µM CFSE (ThermoFisher) for 10 min at room 

temperature (RT) and then quenched with FBS following the manufacturer’s instructions. WEHI-

231 were stimulated with anti-CD24 for 15 min, washed, and then co-cultured with WEHI-303 

for 24 h at 37˚C, as above. Cells were incubated with coverslips pre-coated with 1 µg/ml anti-

MHC II (MABF33, Millipore) overnight at 4˚C. Cells were fixed in 4% paraformaldehyde for 10 

min at RT. After washing 3 times with PBS, slides were blocked with 2% bovine serum albumin 

(BSA) in 1X PBS for 30 min at RT. Coverslips were incubated for 1 h at RT with Alexa Fluor 

647-conjugated goat anti-mouse IgM (112-545-175, Jackson ImmunoResearch) in 2% BSA/PBS, 

washed in PBS and then mounted using Prolong Diamond (ThermoFisher) mounting media. 

Cells were imaged with spinning disk confocal microscopy using a Quorum Technologies system 

based on a Zeiss Axiovert 200 M microscope with a 100× NA 1.45 oil objective and a QuantEM 
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512SC Photometrics camera for image acquisition. Z-stacks were acquired in 0.5 µm increments. 

Images were assembled using ImageJ after export of 16-bit TIFF using Slidebook v6.0.4 software 

(3i Inc., Denver, CO). 

 

2.4.13. Statistical analysis 

Prism software (version 8.4.3; GraphPad) was utilized to generate graphs and for statistical 

analyses. One-way ANOVA was performed for comparing more than 2 conditions, followed by 

Sidak’s multiple comparisons post-hoc test. Differences were considered to be significant when P 

values were smaller than 0.05. The number of repetitions is indicated in each figure legend. 

 

2.5. Results 

2.5.1. EV trafficking of lipid and membrane proteins between murine B lymphoma cells in 

response to CD24 stimulation.  

The WEHI-231 murine B cell lymphoma cell line is used extensively as a model for B 

cell responses to receptor engagement. This cell line has surface receptor characteristics of 

immature B cells that undergo growth arrest and apoptosis in response to BCR crosslinking 
35

. To 

analyze the transfer of lipid and protein due to the action of EVs, we took advantage of the 

WEHI-231 variant, WEHI-303, which lacks membrane IgM (Supplementary Figure 2.1B) 
33

.  

To test the hypothesis that lipids and proteins can be transferred between murine B cells in 

response to CD24 stimulation, we used a co-culture model to capture the maximum amount of 

exchange in this dynamic system. After antibody-mediated stimulation of CD24 on WEHI-231-

GFP cells, excess antibody was washed out to ensure that the recipient WEHI-303-tdTomato cells 

were not exposed to stimulating antibody. Equal numbers of anti-CD24-stimulated or control 

antibody-stimulated (isotype) WEHI-231-GFP cells were then co-cultured with recipient WEHI-
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303-tdTomato cells (Figure 2.1A). We found a statistically significant increase in GFP
+
tdTomato

+
 

cells in response to CD24 engagement showing exchange of lipid between cells (Figure 2.1B-C). 

These data could represent WEHI-303-tdTomato cells that have taken up GFP from WEHI-231-

GFP cells or vice versa. To determine the direction of the transfer more precisely, we made the 

assumption that tdTomato
+
 cells with lower levels of GFP are most likely WEHI-303-tdTomato 

cells that have incorporated GFP
+
 EVs and GFP

+
 cells with lower levels of tdTomato are most 

likely WEHI-231-GFP that have incorporated tdTomato EVs. Analysis of low, mid, or high levels 

of GFP in tdTomato+ cells revealed a statistically significant increase of GFP events in the low 

and mid-range but not in the high range (Figure 2.1D and Supplemental Figure 2.1D). These data 

suggest that the increase in double-positive events is most likely due incorporation of EVs into 

tdTomato cells and not a cellular fusion event, which would have high levels of both 

fluorophores. We also observed an increase in GFP
+
 cells that were tdTomato

+
, with statistically 

significant increases at the low and mid-tdTomato levels with the largest increase in the mid-

range (Figure 2.1E and Supplemental Figure 2.1C-E). Thus, there is a bi-directional EV exchange 

between cells that is increased when CD24 is stimulated on the donor cells. It is not clear if the 

transfer of tdTomato+ from the WEHI-303-tdTomato 303 cells to the WEHI-231-GFP donor cells 

reflects an increase in the uptake of EVs by the WEHI-231-GFP cells or an increase in the release 

of EVs by WEHI-303-tdTomato cells in response to the acquisition of CD24 that has been 

clustered by anti-CD24 antibodies. 

To determine if membrane proteins are also transferred in response to CD24 stimulation 

we analyzed the acquisition of IgM by WEHI-303-tdTomato cells. After co-culture with anti-

CD24-treated WEHI-231-GFP cells, we found a significant and substantial increase in the 

number of cells expressing cell surface IgM as well as an increase in the level of IgM on WEHI-

303-tdTomato cells, albeit at a lower level than WEHI-231 cells, (Figure 2.1F-G and 
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Supplemental Figure 2.1F). Neither the percent positive nor the level of IgM was changed in 

WEHI-231-GFP after stimulation (Figure 2.1G and Supplemental Figure 2.1G-H), indicating that 

the transfer of IgM to recipient cells did not substantially deplete IgM from the surface of the 

donor cells. 

We then used confocal microscopy to visualize IgM transfer to WEHI-303 cells that had 

been labeled with CFSE since tdTomato fluorescence is destroyed upon fixation. We found that 

WEHI-303 cells displayed patches of IgM on their cell surface and that the size of these patches 

appeared to be greater when the donor WEHI-231-GFP cells had been co-cultured with anti-

CD24 as opposed to an isotype-matched control antibody (Figure 2.1H).  
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Figure 2.1. CD24 stimulation of donor cells causes transfer of GFP-labeled membrane and 

IgM to recipient cells. (A) Schematic of experimental design using WEHI-231-palmitoylated 

GFP (WEHI-231-GFP) and WEHI-303-palmitoylated tdTomato (WEHI-303-tdTomato) cells. 

WEHI-231-GFP were stimulated with anti-CD24 or control (isotype) for 15 min, or left 

untreated, followed by washout and then a 24 h co-culture with WEHI-303-tdTomato. 

Individually cultured, untreated cells were mixed immediately before the last centrifugation step. 

(B) Representative dotplots of tdTomato
+
 cells with low, mid or high GFP signal. (C) Percent 

GFP and tdTomato double-positive cells. (D) Percent tdTomato
+
 cells with low or mid-level GFP 

fluorescence (see representative dot plots for gating strategy in Supplemental Fig. 1C) (E) 

Percent GFP
+
 cells with low or mid tdTomato signal. (F) Percent IgM and tdTomato double-

positive cells. (G) Mean fluorescence intensity (MFI) of IgM on GFP
+
 (left) and tdTomato

+
 

(right) cells. (n=5 as shown by individual symbols). Significance was determined by a one-way 

ANOVA followed by the Sidak’s multiple comparison test **P<0.01 ***P<0.005. (H) 

Representative images of WEHI-303 cells (CFSE- green) and WEHI-231 cells showing IgM-

positive cells (blue) and patches (indicated by arrows) after co-incubation for 24 h. Scale bar = 10 

µm or 2.5 µm for inset (n=3).  
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To further support our hypothesis that EVs mediate the transfer of lipids and proteins 

from donor to recipient cells, we used low speed centrifugation to generate a cell-free cSN from 

WEHI-231-GFP cells that had been stimulated with anti-CD24 antibodies, and then incubated the 

recipient cells with this cSN. Due to their small size, EVs would remain in the cSN, as much 

greater centrifugal forces are required to pellet them. When donor cSN isolated from an equal 

number of cells was added (1:1 ratio), there was no difference in the number recipient cells 

gaining GFP between CD24 and control stimulation (Figure 2.2A-B). However, when we used 

cSN at a 4:1 ratio we found a clear and statistically significant increase in the number of GFP+ 

tdTomato+ cells when the WEHI-303-tdTomato cells were cultured with the cSN of anti-CD24-

treated WEHI-231-GFP cells, compared to when the WEHI-303 cells were exposed to cSN from 

isotype control-treated donor cells (Figure 2.2B). Interestingly, with both a 1:1 and a 4:1 ratio, we 

found a significant increase in the percent of recipient cells that acquired IgM after being cultured 

with cSN from CD24-stimulated donor cells (Figure 2.2C). However, the amount of IgM 

acquired was substantially greater when a 4:1 cSN ratio was used, as indicated by the 

significantly higher level of anti-IgM fluorescence associated with the cSN-treated WEHI-303-

tdTomato cells (Figure 2.2D). Thus, there is a dose-dependent increase in the transfer of IgM.  



 
80 

 

Figure 2.2. EV-dependent transfer of GFP and IgM by EVs. WEHI-231-GFP were stimulated 

with anti-CD24 or control (isotype) for 15 min followed by a washout then a 1 h or 2 h 

accumulation of EVs in the media. The supernatant was cleared of cell debris and incubated with 

WEHI-303-tdTomato for 24 h. (A) Percent GFP and tdTomato double-positive cells. (B) Percent 

tdTomato-positive cells with low or mid GFP fluorescence. (C) Percent IgM and tdTomato 

double-positive cells after 24 h incubation. (D-E) Mean fluorescence intensity of IgM in the 

presence of tdTomato (n=5), significance was determined by a one-way ANOVA followed by the 

Sidak’s multiple comparison test *P<0.05 **P<0.01 ***P<0.005 ****P<0.001. (F) Percent GFP 

and tdTomato double-positive cells and (G) percent IgM and tdTomato double-positive cells after 
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24 h incubation of SEC-based isolated EVs for 24 h (n=5), significance was assessed using paired 

Wilcoxon test *P<0.05. 
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To further characterize the cSN, we analyzed the particles released following isotype or 

CD24 stimulation from WEHI-231-GFP cells cultured in EV-free media, using nanoparticle 

tracking analysis (NTA) (Supplemental Figure 2.3A). The mean EV size increased with 1 h CD24 

stimulation, but not 24 h, (Supplemental Figure 2.3B left) whereas the concentration of released 

EVs was increased at 24 h but not 1 h (Supplemental Figure 2.3B right). These data are generally 

consistent with our previous work and showed EVs in the 100-200 nm size range
29

. Next, we 

determined if both GFP and IgM are present in the EVs. EVs were isolated and characterized by 

western blot using the Vn96 peptide-based purification, which precipitates EVs based on 

interaction of the Vn96 peptide with heat-shock proteins, that we previously used for this 

purpose
29,36

. We found that both GFP and IgM co-precipitated with the EV surface protein 

markers CD81 and Hsp90 showing the GFP and IgM are packaged in EVs (Supplemental Figure 

2.3C). We also found GFP and IgM present in EVs isolated using size exclusion chromatography 

(SEC) (Supplemental Figure 2.3D). To determine if EVs were able to transfer IgM, we then 

isolated EVs from cSN using SEC followed by incubation with recipient cells for 24 h. The EVs 

isolated by SEC were slightly larger than the bulk EV population with no significant difference 

between isotype and CD24 stimulation (204±13 nm vs.181±15 nm, respectively). Similar to our 

results with cSN, stimulation of donor cells with CD24 resulted in a significant increase in GFP 

and IgM on recipient cells (Figure 2.2F-G). Thus, these results provide further evidence that GFP 

and IgM are transferred between B cells by EVs. Surprisingly, we did not observe transfer of 

CD24 when donor and recipient cells were co-cultured but separated by a filter with 0.4 µm pores 

in a Transwell system (Supplemental Figure 2.4A-B). This suggests that the exchange is likely 

dependent on close contact between cells.  

Overall, we conclude that donor cells secrete EVs carrying lipids and membrane proteins 

that can be taken up by recipient cells. Consistent with our past work
28,29

, and given that IgM is a 
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transmembrane cell surface receptor that we detect with an antibody directed against its 

extracellular domain, the simplest explanation for these data is that CD24 promotes the release of 

EVs from the plasma membrane that contain lipids and proteins, which are then incorporated into 

the plasma membrane of the recipient cells.  

 

2.5.2. CD24 engagement on donor cells induces transfer of lipids and CD24 to recipient cells  

We next asked if primary bone marrow B cells from CD24KO mice could also function as 

recipient cells. To do this, we labelled primary bone marrow cells with eFluor 670, which binds 

to cellular proteins in the cytoplasm, to track these as recipient cells. We found a statistically 

significantly increase in GFP
+
eFluor 670

+
 cells in response to CD24 engagement on the donor 

cells, showing transfer of the lipid-associated palmGFP from donor to recipient cells (Figure 

2.3A). Analysis of low and mid-levels of GFP in eFluor 670
+
 cells revealed statistically 

significant increases in GFP
+
 events in bone marrow B cells (Figure 2.3B). Over 95% of the cells 

that took up GFP were B cells based on expression of CD19 or B220 (Figure 2.3A-C). 

Conversely, there was also a CD24-mediated increase in GFP
+
 cells that acquired eFluor 670 

fluorescence, with a statistically significant increase in the mid-range. Thus, this shows that 

cytoplasm was transferred from the eFluor 670
+
 CD24 KO bone marrow B cells to the anti-

CD24-stimulated WEHI-231-GFP cells (Figure 2.3C). Thus, similar to when WEHI-303 are 

recipient cells, there is a bi-directional exchange between cells that is increased when CD24 is 

stimulated on the donor cell, either by increasing uptake by the donor cell or by causing recipient 

cells to release more EVs in response to the transferred receptor.  

We next investigated CD24 transfer and found a significant increase in surface CD24 

expression on the CD24KO primary B cells after they were co-cultured with CD24
+
 WEHI-231-

GFP cells. Although this transfer of CD24 occurred in the absence of stimulating the WEHI-231-
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GFP cells, we found enhanced transfer of CD24 to the bone marrow B cells after stimulation of 

CD24 on the donor cells (Figure 2.3D). In addition, we found that CD24 was transferred during 

the 4˚C centrifugation step as indicated by the ~5% positive cells in the non-incubated control. 

(Figure 2.3D). Similar to the transfer of GFP, the vast majority of recipient cells (>89%) are 

primary B cells, indicating that contaminating cells are responsible for only a small percentage of 

uptake. Thus, CD24 is readily transferred to primary B cells and this transfer is increased when 

the donor cells are stimulated via CD24. 
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Figure 2.3. CD24 stimulation of donor cells causes transfer of GFP-labeled membrane and 

CD24 to recipient cells. WEHI-231-GFP cells were stimulated with anti-CD24 or control 

(isotype) for 15 min, or left untreated, followed by a followed by a washout and then a 24 h co-

culture with eFluor670-labeled primary bone marrow B cells from CD24KO mice. Individually 

cultured, untreated cells were mixed immediately before the last centrifugation step. (A) Percent 

GFP and eFluor670 double-positive cells. (B) Percent eFluor670
+
 cells with low or mid GFP 

signal. (C) Percent GFP
+
 cells with low or mid eFluor670 signal. (D) Percent CD24 and 

eFluor670 double-positive cells (n=8), significance was determined by a one-way ANOVA 

followed by the Sidak’s multiple comparison test *P<0.05, **P<0.01, ***P<0.005, ****P<0.001. 

The percentage of B cells in a subset of replicates in each treatment group is shown (n=5). This 

was found not to be significantly different between any groups by a one-way ANOVA. 
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2.5.3. CD24 engagement on donor cells induces transfer of signaling-competent IgM and CD24 

to recipient cells. 

We next asked if transferred receptors are functional in the recipient cells and can induce 

cellular responses. Antibody-mediated engagement of the BCR induces phosphorylation of 

ERK1/2 within minutes and we used this as a readout of BCR signaling
37

. We confirmed that 

phospho-ERK1/2 is detected using intracellular flow cytometry upon IgM stimulation of WEHI-

231-GFP but not the IgM-negative WEHI-303-tdTomato cells (Supplemental Figure 2.2E). 

Interestingly, we observed an increase in phospho-ERK cells in response to anti-IgM stimulation 

in WEHI-303-tdTomato cells that had been co-cultured with either isotype- or anti-CD24-

stimulated donor cells (Figure 2.4A). To more carefully analyze the response of WEHI-303-

tdTomato cells that were capable of responding to IgM stimulation, we analyzed only those 

WEHI-303-tdTomato cells that were GFP
+
, an indicator of cargo transfer from the donor WEHI-

231-GFP cells. We found that anti-IgM treatment stimulated ERK phosphorylation in GFP
+
 

WEHI-303-tdTomato cells that had been co-cultured with unstimulated WEHI-231-GFP donor 

cells and a larger percent of the WEHI-303-tdTomato cells exhibited increases in phospho-ERK 

if the donor WEHI-231-GFP cells had been stimulated through CD24 (Figure 2.4B). Therefore, 

the transferred IgM present on the surface of WEHI-303-tdTomato cells is functional, with a 

greater fraction of the cells acquiring IgM when donor cells were stimulated with CD24. 

We next tested if engagement of CD24 on the donor cell can induce transfer of functional 

CD24 to recipient cells. Previously, we and others have shown that CD24 engagement can induce 

apoptosis in WEHI-231 and primary bone marrow B cells
26,28

. When CD24KO B cells that had 

been co-cultured with anti-CD24-stimulated WEHI-231-GFP cells were exposed to anti-CD24 

antibodies, we observed that the recipient cells (>95% B cells) that had acquired CD24 

underwent apoptosis (Figure 2.4C). Focusing on GFP
+
 CD24KO B cells (i.e. evidence of cargo 
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transfer), we found an even more pronounced increase in CD24-induced apoptosis (Figure 2.4D). 

Therefore, CD24 that is transferred to CD24-negative primary B cells in response to CD24 

stimulation of the donor cells retains its functionality.  
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Figure 2.4. CD24 stimulation causes transfer of functional IgM and CD24 from donor to 

recipient cells. WEHI-231-GFP cells were either left untreated or treated with either primary rat 

anti-mouse CD24 antibody or primary isotype antibody, which had been pre-incubated with goat 

anti-rat secondary antibody, and then co-incubated with WEHI-303-tdTomato for 24 h. (A) Cells 

were then either untreated or stimulated with anti-IgM for 5 min, followed by phospho-ERK1/2 

detection on WEHI-303-tdTomato cells or (B) on GFP-tdTomato-double positive cells. (C) 

Percent Annexin V-PE
hi

 and eFluor 670 double-positive apoptotic cells and (D) Percent Annexin 

V-PE
hi

 and GFP-eFluor 670-double positive cells. (Schematic of experimental design and 

representative dotplots can be found in Supplemental 2) (n=6) statistical significance was 

determined by a one-way ANOVA followed by the Sidak’s multiple comparison test *P<0.05, 

**P<0.01, ***P<0.005, ****P<0.001. The percentage of B cells in a subset of replicates in each 

treatment group is shown (n=4). This was found not to be significantly different between any 

groups by a one-way ANOVA. 
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2.5.4. IgM stimulation of donor cells induces transfer of lipids and CD24 to recipient cells 

Next, we set out to determine whether IgM stimulation of donor B cells can also induce 

transfer of lipids and proteins. To do this, we used WEHI-231-GFP cells as the donors and 

CD24KO primary cells as recipients, as in Figure 2.3. We found a statistically significantly 

increase in GFP
+
eFluor 670

+
 recipient CD24KO cells (>95% B cells) when the donor WEHI-231 

GFP cells had been stimulated with anti-IgM for 1-2 h, compared to when the recipient cells were 

co-cultured with untreated donor cells (Figure 2.5A-B). We also observed the donor cells had an 

increase in eFluor670 fluorescence, showing that anti-IgM stimulation of the donor cells 

increased the transfer of cytoplasm from the recipient cells (Figure 2.5C). To determine if surface 

proteins are transferred in response to IgM stimulation, we analyzed the acquisition of CD24 by 

CD24KO primary B cells. Although untreated or control isotype-treated donor cells were able to 

transfer CD24 to recipient cells (>90% B cells), stimulating the donor cells with anti-IgM for 1-2 

h induced a statistically significant higher level of CD24 transfer to the CD24KO primary B cells 

(Figure 2.5D). Thus, IgM stimulation of the donor cells increased the percentage of recipient cells 

that gained CD24. 
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Figure 2.5. IgM stimulation of donor cells causes transfer of GFP-labeled membrane and 

CD24 to recipient cells. WEHI-231-GFP cells were left untreated or stimulated with anti-IgM 

antibody for 1 h or 2 h followed by washout and then co-cultured with eFluor 670-labeled 

primary bone marrow B cells from CD24KO mice for 24 h. Singly cultured, untreated cells were 

mixed immediately before the last centrifugation step. (A) Percent GFP and eFluor670 double-

positive cells. (B) Percent eFluor670
+
 cells with low or mid GFP signal. (C) Percent GFP

+
 cells 

with low or mid eFluor670 signal. (D) Percent CD24 and eFluor670 double-positive cells (n=8), 

significance was determined by a one-way ANOVA followed by the Sidak’s multiple comparison 

test *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. The percentage of B cells in a subset of 

replicates in each treatment group is shown (n=4). This was found not to be significantly different 

between any groups by a one-way ANOVA. 
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2.5.5. IgM stimulation of donor cells induces transfer of signaling-competent IgM to recipient 

cells 

We then determined whether IgM stimulation of donor cells could induce the transfer of 

signaling competent IgM to recipient cells. Donor WEHI-231-GFP were mixed with WEHI-303-

tdTomato recipient cells and stimulated with anti-IgM. In this case the stimulating antibody was 

not removed since the IgM-negative WEHI-303 cells do not undergo apoptosis in response to 

anti-IgM. As above, we found a statistically significantly increase in GFP
+
tdTomato

+
 WEHI-303 

cells after co-culture with anti-IgM-stimulated WEHI-231-GFP cells (Figure 2.6A) with a 

statistically significant increase of low and mid-range GFP
+
 cells, which are likely WEHI-303 

cells that acquired GFP from the GFP
hi

 WEHI-231-GFP cells (Figure 2.6B). Similar to CD24 

stimulation of donor cells, anti-IgM stimulation of the WEHI-231-GFP donor cells induced 

transfer of lipid from recipient cells to donor cells (Figure 2.6C). 

 Next, we analyzed IgM-mediated apoptosis, which allows us to detect transfer of 

functional BCRs to the WEHI-303 cells. We were not able to analyze IgM transfer to recipient 

cells in response to anti-IgM stimulation of donor cells because the stimulating anti-IgM antibody 

blocks all available epitopes for detecting transferred IgM on the surface of recipient cells. We 

found that anti-IgM-induced apoptosis of WEHI-303-tdTomato cells was significantly increased 

after they had been co-cultured cells with WEHI-231-GFP cells (Figure 2.6D). Not all of the 

WEHI-303-tdTomato cells that had acquired GFP from the donor cells became sensitive to anti-

IgM induced apoptosis, perhaps because they did not also acquire IgM (Figure 2.6E). Thus, 

similar to CD24 signaling, BCR signaling is also able to induce the transfer of functional 

membrane proteins to recipient cells. Moreover, the transferred BCR is able to activate signaling 

pathways that initiate apoptosis, demonstrating that the transferred receptor can interact with host 

cellular machinery. 
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Figure 2.6. IgM stimulation of donor cells causes transfer of functional IgM to recipient 

cells. WEHI-231-GFP were co-cultured with WEHI-303-tdTomato for 24 h in the presence or 

absence of anti-IgM stimulating antibody. (A) Percent GFP and tdTomato double-positive cells. 

(B) Percent tdTomato
+
 cells with low or mid GFP signal. (C) Percent GFP

+
 cells with low or mid 

tdTomato signal. (D) Percent Annexin V-Alexa fluor 647
hi

 and tdTomato double-positive 

apoptotic cells. (E) Percent Annexin V-Alexa Fluor 647
hi

 and GFP-tdTomato-double positive 

cells (n=5), significance was determined by a one-way ANOVA followed by the Sidak’s multiple 

comparison test *P<0.05, **P<0.01, ***P<0.005, ****P<0.001.  
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2.6. Discussion 

In this study, we have demonstrated that stimulation of two receptors on B cells, which 

differ in structure, can both cause the release of EVs that can alter recipient cell responses by 

transferring functional membrane proteins. Transfer of membrane proteins was accompanied by a 

concurrent transfer of lipids to further support that the mechanism of transfer was via EVs. 

Furthermore, since cSN was able to transfer lipids and proteins, cell-cell contact was not 

necessary for this process. To the best of our knowledge, this is the first time that transfer of 

functional receptors by EVs has been shown to occur in B cells and the first time that stimulation 

of one receptor resulting in transfer of a second receptor has been shown in any cell type. 

In these experiments, the number of cells that acquired lipids was consistently lower than 

the number that acquired either CD24 or IgM. This is most likely due to differences in the 

threshold of detection for the fluorophores combined with the limited packaging ability of 

palmGFP into EVs. The interior lumen of EVs that released in response to CD24 stimulation is 

estimated to be 20 to 90 nm
3
 
38

. GFP is a 28 kDa cylindrical protein that is 4.2 nm long by 2.4 nm 

wide (~19 nm
3
)

39
. Therefore, we can estimate that there could be 1-4 GFP molecules inside one 

EV. In contrast, there could potentially be 10-fold more CD24 and IgM molecules on the surface 

of individual EVs
40

, each with the potential to be bound by more than one detection antibody. 

Thus, the apparent difference in the uptake by recipient cells is most likely due to a limitation of 

this technique rather than a true difference in uptake of the lipids vs. membrane proteins by 

recipient cells and the amount of lipid transferred is likely underestimated. 

Another limitation of this study is that we are using antibody-mediated engagement of 

CD24 to induce signalling. These conditions may not properly mimic endogenous activation of 

CD24 in vivo. The ligand for CD24 on bone marrow B cells has not been identified. 
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Identification of the relevant activating ligand would allow us to confirm that ligand-induced 

clustering of CD24 also stimulates EV release. 

Interestingly, even though our data clearly show that EVs are responsible for transfer of 

lipids and IgM, we did not observe transfer when donor and recipient cells were separated by a 

membrane. Thus, close contact between cells is necessary for the EV-mediated transfer between 

cell populations. Our previous data showed that CD24 is exchanged between identical cellular 

populations
28

, suggesting that autocrine uptake by the same cell type is likely contributing to the 

total amount of exchange in the co-culture. Thus, we are likely underestimating the extent of 

exchange mediated by EVs in our co-culture system as autocrine mechanisms likely account for a 

significant fraction of EV uptake. 

Using western blot analysis, we were able clearly visualize GFP and IgM present in 

isolated EVs, as validated by Hsp90 and CD81 expression. However, we were unable to detect 

CD24 in a similar manner despite using multiple antibodies and conditions. We attempted to 

detect CD24 using 4 different antibodies using both reducing and non-reducing gels but were 

unsuccessful. We do not know if CD24 undergoes glycosylation, which can affect its migration 

on the gel and complicate detection, potentially leading to unexpected bands or a lack of 

detection. The glycosylation also can mask or alter the epitope, thus the antibodies may not be 

able to attach the protein effectively. However, in our previous work we were clearly able to 

show by flow cytometry that CD24 was present on sub-cellular size objects in the culture 

supernatant that also expressed phosphatidylserine as detected by Annexin-V
41

. Stimulation of 

CD24 increased the abundance of the CD24
+
AnnexinV

+
 particles

41
. In addition, we previously 

detected CD24 by flow cytometry using bead-based isolation of EVs
42

. We suspect that the lack 

of detection of CD24 in isolated EVs by western blot may be due to the reduced sensitivity of this 

technique because of the low levels of protein that are present in EVs. Thus, although we have 
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not conclusively shown that CD24 is also transferred via EVs here, the evidence thus far suggests 

that this is a likely mechanism for the transfer of CD24. 

 IgM is a transmembrane component of the BCR, which induces apoptosis in immature B 

cells
43–45

. CD24 is a GPI-anchored protein that induces apoptosis in vitro and during B cell 

development
22,25–28

. CD24 is constitutively located in lipid rafts and the BCR translocates to lipid 

rafts after stimulation
46,47

. Both can activate similar signaling pathways including those leading to 

apoptosis. For example, both activate the ERK signaling pathway and both activate the caspase-3 

pathway
28,46,48

. It is not known how CD24 or IgM regulate EV release, nor is it clear what 

specific properties of these receptors induce release of EVs. We found that stimulation of CD40, 

a lipid raft-resident TNF-receptor family member, that is a pro-proliferative co-stimulatory 

receptor for B cells
49,50

 did not induce a statistically significant amount of lipid transfer, 

potentially due to limitations in detecting GFP as discussed above, and only a minor amount of 

IgM transfer (Supplemental Figure 2.5A-C). Stimulation of CD48, a GPI-anchored lipid raft-

resident, pro-adhesion and pro-proliferative co-stimulatory receptor of CD40
51–53

 was able to 

induce a small but statistically significant transfer of lipids but not IgM (Supplemental Figure 

2.5D-F). It is unclear if the small degree of transfer in either case is biologically meaningful. 

Together, these observations suggest that specific receptors can induce robust receptor-mediated 

EV release but that others do not. More work is needed to define the precise pathway(s) that 

regulate both EV release and EV uptake. 

 The data from this study and our previous studies suggests that the EVs induced by CD24 

stimulation are MVs budded off the plasma membrane and not exosomes derived from multi-

vesicular bodies
28,29

. A number of stimuli have been shown to induce MV release from platelets 

and endothelial cells, including destabilization of the membrane by complement proteins, shear 

stress, and pro-apoptotic stimuli
54

. Increased [Ca
2+

]i can also cause lateral redistribution of 
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membrane components to promote membrane curvature
55,56

. This physical alteration in 

membrane curvature, as well as protein crowding on the surface of cellular membranes, can 

directly contribute to MV formation
57

. However, more work is needed to determine how MV 

release is regulated in response to stimulation of CD24 or IgM. 

EV uptake can occur via EV internalization by phagocytosis or micropinocytosis
58

, as 

well as theoretically by direct fusion between EVs and the plasma membrane. The lipid raft-like 

membrane composition of EVs is also known to contribute to fusion with recipient cell 

membranes
59

. In addition, PS and P-selectin on the exterior of cells are necessary for fusion of 

tissue factor-expressing MVs with platelets, and PS is necessary for fusion of EVs with glioma 

cells
60–62

. Interestingly, PS on EVs is increased upon stimulation of CD24, suggesting that PS-

binding may be a mechanism by which the EVs that are released in response to CD24 stimulation 

binding to target cells
28

. In this study, we observed the maintenance of the transmembrane 

orientation of both CD24 and the BCR by flow cytometry, the appearance of patches of BCR by 

confocal microscopy, and the transfer of cytosol from primary B cells to WEHI-231 cells, as 

assessed by the transfer of eFluor670. Recycling of the BCR to the plasma membrane from the 

cytosol would results in an inverted orientation of the BCR and CD24. Thus, the maintenance of 

the orientation of these receptors suggests that there is some fusion of the EVs with the plasma 

membrane. However, the precise mechanism responsible for EV uptake, and whether these EVs 

are targeted to recipient cells via specific receptors or PS, is not yet known. 

During B cell development, the expression of the BCR is limited to one rearranged heavy 

chain and one light chain allele via allelic exclusion. This ensures that B cells can only be 

activated in response to one, or a closely related set of, antigenic determinants. The data that we 

present here suggests that B cells could acquire additional BCRs, with differing antigenic 

specificities, due to the action of EVs in response to stimulation of either CD24 or the BCR. 
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Furthermore, the newly acquired BCRs retain functionality in the recipient cells. Our data show 

that between 5% and 20% of cells in the bulk culture can acquire new receptors suggesting that a 

minority of cells in the population would acquire new receptors in this manner. We speculate that 

this may be a mechanism to maintain B cellular homeostasis. In this model, an increase in CD24
+
 

cells, stimulation of CD24 by an unknown ligand, and/or stimulation of IgM, depending on the 

cellular compartment, would result in a concurrent increase in the release of EVs bearing CD24 

and/or IgM. Uptake of these EVs by neighbouring cells would induce cell death in the presence 

of ligand or antigen. In the bone marrow, an increase in CD24+ pre-B cells could result in 

increased apoptosis in CD24- B cells. An effect that is consistent with the leaky block in B cell 

development observed in CD24-transgenic mice
27

. Overall, the paracrine effect of EVs could 

result in the appropriate reduction of cell number needed to maintain homeostasis. However, the 

presence of a second BCR with a different antigenic recognition could also result in the non-

specific activation of B cells in the presence of co-stimulation. Future works is needed to 

determine the contribution of EVs to B cell development and activation. 

Interestingly, the transfer of associated receptors in response to stimulation of a particular 

receptor (i.e. transfer of IgM by CD24 and vice versa) suggests that cells could transfer receptors 

with different functions than the activated receptor. The consequence of transferring different 

receptors would depend on the presence of the appropriate ligand for the transferred receptor. 

Nevertheless, this creates substantial potential for cross-activation of cells due to their acquisition 

of new functionalities. 

Overall, our data demonstrate that both the BCR and CD24 can enable the transfer of 

functional receptors, via EVs in the case of BCR. This transfer allows recipient cells to become 

susceptible to novel antigenic or ligand stimulation. The effects of this acquisition are likely 
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localized in time and space during B cell development or activation in vivo. However, the impact 

of EV-mediated receptor transfer in vivo remains to be determined. 
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2.9. Supplemental figures 
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Supplemental Figure 2.1. Cell characterization and gating strategies. CD24 was stimulated 

and cells co-cultured as in figure 2.1. (A) The percentage of cells positive for GFP and tdTomato. 

(B) WEHI-231-GFP are 100% IgM positive while WEHI-303-tdTomato do not express IgM on 

their cell membrane. (C) Representative dotplots of GFP-positive cells with low or mid or high 

tdTomato signal. (D) Percent tdTomato-positive cells with high GFP signal. (E) Percent GFP-

positive cells with high tdTomato signal. (F) Representative dotplots of IgM on WEHI-303-

tdTomato and (G) WEHI-231-GFP after stimulation and co-culture. (H) Percent IgM and GFP 

double-positive cells. Non-significant by one-way ANOVA. 
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Supplemental Figure 2.2. CD24 stimulation causes transfer of functional IgM and CD24 

from donor to recipient cells. Cells were treated as described in figure 2.4. (A) The percentage 

of cells positive for GFP and tdTomato. (B) WEHI-231-GFP are 100% IgM positive while 

WEHI-303-tdTomato do not express IgM on their cell membrane. (C) Schematic of experimental 

design for panels D – F. (D) Representative dotplots and (E) graphical analysis of phospho-

ERK1/2 levels on WEHI-231-GFP due to IgM stimulation with no response in WEHI-303-

tdTomato cells. (F) Representative dotplots of phospho-ERK1/2 levels in control and co-culture 

experiments. (G) Percentage of cells positive for GFP and eFluor 670. (H) CD24 is expressed on 

WEHI-231-GFP but not eFluor 670-labeled primary bone marrow B cells from CD24KO mice. 

(I) Schematic of experimental design for panels J – L. (J) Representative dotplots and (K) 

graphical analysis of apoptosis on WEHI-231-GFP due to CD24 stimulation with no response in 

primary CD24KO B cells. (L) Representative dotplots of annexin-V-positive cells in co-culture 

experiments (n = 6), significance was determined by Wilcoxon matched pairs test *P<0.05.  
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Supplemental Figure 2.3. Characterization of EVs isolated from cell culture. (A) 

Representative nanoparticle tracking (NTA) plots of particle sizes and concentrations in 

supernatants from WEHI-231-GFP cells stimulated with either isotype (right) or CD24 (left) 

antibody for 24 h in EV-free media. (B) The mean size (left) and concentration (right) of particles 

from supernatants with either isotype or CD24 stimulation after 1 h (n=4) and 24 h (n=6). 

Significance was determined by a one-way ANOVA followed by the Sidak’s multiple comparison 

test *P<0.05, ***P<0.005. (C-D) Western blot identified proteins enriched in EVs originating 

from isotype and CD24 stimulated WEHI-231-GFP cells and isolation by Vn96 peptide-based 

pull-down (C) and size exclusion chromatography (D), respectively. The position of the 

molecular weight markers is shown on the right (n=3).  
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Supplemental Figure 2.4. CD24 stimulation of donor cells did not induce GFP or BCR 

transfer to recipient cells through a transwell system. WEHI-231-GFP were stimulated with 

anti-CD24 or control (isotype) for 15 min, or left untreated, followed by washout and then 

incubated in the upper well, whereas WEHI-303-tdTomato incubated in the bottom well of a 

transwell system. Individually cultured, untreated cells were mixed immediately before the last 

centriugation step. (A) Representative dot plots of percent GFP and tdTomato double-positive 

cells. (B) Representative dot plots of percent IgM and tdTomato double-positive cells.  
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Supplemental Figure 2.5. CD40 induces transfer of IgM but not lipid while CD48 induces 

transfer of lipid but not IgM. (A) Schematic of experimental design for panels B – C. WEHI-

231-GFP were stimulated with anti-CD40 (10 µg/ml) or control (isotype) for 2 h, or left 

untreated, followed by washout and then a 24 h co-culture with WEHI-303-tdTomato. Singly 

cultured, untreated cells were mixed immediately before the last centrifugation step. (B) Percent 

GFP and tdTomato double-positive cells. (C) Percent IgM and tdTomato double-positive cells 

(n=5). (D) Schematic of experimental design for panels E – F. WEHI-231-pGFP were stimulated 
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with anti-CD48 (10 µg/ml) or control (isotype) for 1 h, or left untreated, followed by washout and 

then a 24 h co-culture with WEHI-303-tdTomato. Singly cultured, untreated cells were mixed 

immediately before the last centrifugation step. (E) Percent GFP and tdTomato double-positive 

cells. (F) Percent IgM and tdTomato double-positive cells (n=5). Significance was determined by 

a one-way ANOVA followed by the Sidak’s multiple comparison test *P<0.05, **P<0.01, 

***P<0.005. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
115 

Chapter 3: CD24 regulates extracellular vesicle release via an 

aSMase/PI3K/mTORC2/ROCK/actin pathway in B lymphocytes 

 

3.1. Abstract 

CD24 is a glycophosphatidylinositol-linked protein that regulates B cell development. We 

previously reported that stimulation of CD24 on donor B cells promotes the transport of 

functional receptors to recipient B cells via extracellular vesicles (EVs). However, the 

mechanisms regulating EV formation in response to CD24 are unknown. Using bioinformatics, 

we found a connection between CD24 and the PI3K/AKT and mTOR signaling pathways. To 

determine if PI3K or mTOR regulates EV release, we made use of our co-culture model, whereby 

donor B cells carrying the B cell receptor (BCR, IgM) that release EVs labeled with 

palmitoylated GFP upon CD24 stimulation are incubated with recipient B cells that lack IgM and 

express palmitoylated tdTomato. Using flow cytometry, we followed the transfer of EVs carrying 

lipid-associated GFP and surface IgM from donor to recipient cells. Using chemical and genetic 

inhibition, we found that a PI3K/mTORC2/ROCK/actin pathway regulates EV release. We also 

found that acid sphingomyelinase (aSMase) activates PI3K to induce EV release. Lastly, through 

live cell imaging, we found that ROCK is required for inducing the membrane dynamics 

associated with EV release. Overall, our data suggest that these EVs are ectosomes budded from 

the plasma membrane and not intracellularly derived exosomes. Importantly, we have uncovered 

a novel pathway regulating ectosome release.  
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3.2. Graphical abstract 

 

CD24 activation triggers aSMase, which in turn activates the PI3K/AKT and mTORC2 signaling 

pathways, leading to the local disassembly of the cytoskeletal elements favoring ectosome 

release. Created with BioRender.com. 
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3.3. Introduction  

Extracellular vesicles (EVs) are a heterogeneous group of small lipid bilayer-bound 

particles released by all cells tested to date
1
. There are two primary kinds of EVs described, 

exosomes and ectosomes, the latter which includes microvesicles, that are distinguished based on 

their biogenesis
2
. Exosomes originate from intraluminal vesicles (ILVs) that form through the 

inward budding of the endosomal membrane, resulting in the formation of multivesicular bodies 

(MVB). This is followed by secretion upon fusion of the MVB with the cell plasma membrane. 

Exosomes typically range in size from 30 to 150 nm
3–5

. Exosomes tend to be enriched in a 

number of proteins including chaperones (Hsp70 and Hsp90), cytoskeletal proteins (actin, 

myosin, and tubulin), endosomal sorting complex required for transport (ESCRT) proteins (TSG-

101 and Alix), proteins involved in transport and fusion (Rab11, Rab7, Rab2, and Annexins), and 

tetraspanin proteins (CD9, CD63, CD81, and CD82)
3–7

. Ectosomes are generally considered to be 

100-1000 nm in diameter and formed by direct outward budding from the surface of the plasma 

membrane. Ectosomes tend to be enriched in some proteins that differ from exosomes such as 

GTP-binding protein, ADP-ribosylation factor 6 (ARF6), matrix metalloproteinases (MMPs), 

glycoproteins (e.g., GPIb, GPIIb-IIIa), integrins, receptors (e.g., EGFRvIII), and cytoskeletal 

elements (e.g., b-actin and a-actinin-4)
3–6

.  

Exosome release can be regulated by two distinct processes, namely the ESCRT and 

ESCRT-independent pathways that also participate in ILV formation. The ESCRTs are made up 

of four complexes (ESCRT-0, -I, -II, and -III) and the accessory Vps4 complex, each of which is 

made up of many subunits
8
. The primary job of ESCRT 0-II is to sort cargo on endosomal 

membranes into functional microdomains. In contrast, Vps4 assists ESCRT-III in completing the 

process of budding and scission of these domains to produce ILVs
9
. Recent evidence has revealed 
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that TSG101 and ALIX are often seen as exosome constituent proteins and are components of the 

ESCRT complex. The ESCRT accessory protein ALIX interacts with ESCRT-III subunits to 

promote intraluminal vesicle budding and abscission
10

. Moreover, Rab GTPases, the most 

prevalent family of proteins in the Ras superfamily of GTPases, are essential for exosome 

secretion and play a key role in intracellular vesicle transport, including endosome recycling and 

MVB trafficking to lysosomes
11

. More research has revealed that many Rab proteins, including 

Rab27A/B, Rab7, Rab31, and Rab35, are involved in the control of exosome secretion
12

. It has 

also been reported that Rab GTPases and SNARE proteins collaborate to cause the release of 

exosomes into the extracellular space by fusion of late endosomes with the plasma 

membrane
11,13

. Although the ESCRT pathway is the critical driver of exosome synthesis, other 

studies have demonstrated exosomes can be released via an ESCRT-independent pathway. For 

instance, inhibition of the ESCRT-dependent pathway by depleting four ESCRTs did not 

eliminate MVB formation
14

. Another study reported that the release of exosomes is reduced after 

inhibition of neutral sphingomyelinase (nSMase), a protein responsible for the production of 

ceramide, suggesting that the budding of ILVs requires ceramide, an important component of 

lipid raft microdomains
15

. In addition, ApoE and tetraspanin CD63 are recruited for ILV 

formation and subsequent exosome release without the requirement of ESCRT or ceramide
16,17

.   

Ectosome release can be regulated via several pathways. For example, it has been shown 

that ectosome release can be stimulated through an increase in intracellular Ca
2+

 concentrations
18

. 

At steady state, the anionic phospholipids, phosphatidylserine (PS) and 

phosphatidylethanolamine (PE) localize to the inner leaflet of the plasma membrane, while 

phosphatidylcholine (PC) and sphingomyelin (SM) are found on the external membrane leaflet
19

. 

The physiological membrane asymmetry is maintained by five transmembrane enzymes: gelsolin, 

scramblase, flippase, translocase and calpain
20

. The increase in cytoplasmic Ca
2+ 

levels inhibits 
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the aminophospholipid translocase and activates lipid scramblase simultaneously
21,22

. This 

process drives rearrangements in the asymmetry of the membrane phospholipids to expose PS 

from the inner leaflet to the cell surface. It then leads to the physical collapse of cell membrane 

asymmetry, which can promote ectosome release
23

.  

In addition to lipids, cytoskeletal elements and their regulators are required for ectosome 

formation
24

. Reducing the levels of phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2), which 

participates in anchoring the membrane to the cortical cytoskeleton, can induce the disruption of 

the cortical cytoskeleton interaction with the plasma membrane
25,26

, leading to increased 

ectosome biogenesis
27

. Reduction of PI(4,5)P2 can occur via activation of phospholipase C 

(PLC)-g, phospholipase D (PLD), phosphoinositide 3-kinases (PI3Ks), or phosphatidylinositol 

phosphatases
28

. Rab22a and ARF6, members of the Ras GTPase family, also have essential roles 

in ectosome generation. Rab22A is directly involved in ectosome formation as evidenced by its 

colocalization with budding vesicles and the fact that Rab22A knockdown prevents vesicle 

release
29

. Importantly, ARF6 activity is required for subsequent phospholipase D activation, 

leading to localized myosin light chain kinase activity at the neck of budding vesicles
30

. 

Furthermore, ARF6-mediated activation of RhoA and Rho-associated kinase (ROCK) signaling 

has been implicated in ectosome formation
30,31

. An additional study has shown that the 

antagonistic interaction between Rab35 and ARF6 also controls ectosome biogenesis
32

. 

Furthermore, a key regulator in the formation of ectosomes, Ca
2+

 ions also contribute to the 

reorganization of the cytoskeleton through the activation of cytosolic calpain protease
33

. Calpain 

cleaves several cytoskeletal components such as actin, ankyrin, protein 4.1 and spectrin
34,35

. 

Calpain-mediated cleavage of the cytoskeleton further disrupts the cortical cytoskeleton protein 
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network, consequently, allowing membrane budding
36

. Lastly, similar to exosomes, ceramide 

production can increase ectosome release
37

. 

CD24 (also known as heat stable antigen) is a glycophosphatidylinositol (GPI)-anchored 

glycoprotein, which is localized to lipid rafts on the plasma membrane
38

. It contains 27 amino 

acids with extensive N-linked and O-linked glycosylation that can result in variable molecular 

weight products. CD24 is expressed on several cell types, including B cells, T cells, neutrophils, 

eosinophils, dendritic cells, macrophages, epithelial cells, and cancer cells. During B cell 

development in the bone marrow, CD24 is first expressed by pro-B cells (also called Fraction B) 

but is also highly expressed at the pre-B cell (Fraction C, C’, and D) stages and in transitional B 

cells
39

.  

One of the most well-described effects of CD24-mediated signaling is its promotion of 

apoptosis in developing B cells
40

. CD24 recruits Src family protein tyrosine kinases (PTKs) to 

activate signalling pathways via direct protein phosphorylation, intracellular calcium 

mobilization, and transcription factor activation
39

. Moreover, existing evidence has demonstrated 

that multiple cancer related signaling pathways, such as Wnt/b-catenin, mitogen activated protein 

kinase (MAPK), Src or PI3K/Akt, Notch, and Hedgehog, are activated downstream of CD24
41

. 

We previously discovered that the engagement of CD24 enhances the release of EVs from 

ex vivo bone marrow-derived B cells and the mouse WEHI-231 B cell lymphoma cell lines
42

. We 

also found that the RNA cargo and the EV proteome are relatively stable, but the composition of 

the membrane proteins on the EVs is altered
43

. Recently, we employed a model system where 

donor cells expressing palmitoylated GFP (WEHI-231-GFP cells) were co-cultured, after CD24 

stimulation, with recipient cells lacking IgM and expressing palmitoylated tdTomato (WEHI-303-

tdTomato cells) to study EV-mediated transfer of functional receptors. We found that EVs 
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trafficked lipid and membrane proteins between B lymphocytes in response to stimulation of 

CD24 on the donor cells. Notably, the transported receptors can induce apoptosis, which may 

affect B cell development in recipient bystander B cells during B cell development
44

. The data 

from our previous studies suggest that the EVs induced by CD24 stimulation are ectosomes 

budded off the plasma membrane, not exosomes derived from MVBs. However, the underlying 

mechanisms that govern ectosome formation in response to engagement of CD24 have not been 

described.  

To identify the relationship between CD24 gene expression and signaling pathways in B 

cells, we analyzed the expression of genes differentially expressed in the same manner as CD24 

across B cell development using a dataset from the Immunological Genome Project (ImmGen) 

database
45

. Network analysis revealed that CD24 expression is associated with genes that are 

enriched in the PI3K/Akt/mTOR signaling pathway. Therefore, in this study, we addressed the 

hypothesis that CD24-mediated ectosome release is regulated by the PI3K/Akt/mTOR pathway. 

Using our co-culture model, we found that CD24 mediates ectosome release via the activation of 

acid sphingomyelinase (aSMase), which activates the PI3K/mTORC2/ROCK pathways followed 

by actin cytoskeletal rearrangement. 

 

3.4. Materials and Methods 

3.4.1. Cell culture 

WEHI-231 cells (American Type Culture Collection (ATCC), Manassas, VA) and WEHI-

303.1.5 (WEHI-303)
46

 were transfected with a lentiviral plasmid encoding either palm-GFP 

(WEHI-231-GFP) or palm-tdTomato  (WEHI-303-tdTomato) obtained from Charles Lai, Institute 

of Atomic and Molecular Sciences, Taiwan
47

. Cells were cultured in RPMI-1640 medium (Gibco) 

containing 10% heat‐inactivated fetal bovine serum (FBS) (Gibco), 1.0 mM sodium pyruvate 
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(Gibco), 50 mM 2-mercaptoethanol (Sigma) and 100 U/ml penicillin, 100 µg/ml streptomycin 

(Invitrogen). For knockdown experiments, WEHI-231-GFP cells (2 x 10
5
) were transiently 

transfected with 2 mM siRNA with the Neon Transfection Kit (MPK1025B, Invitrogen) using the 

Neon Electroporation system according to the manufacturer’s instructions. The siRNAs used 

were control non-targeting siRNA-A (Santa Cruz Biotechnology, SC-37007), PI 3-kinase p110d 

siRNA (Santa Cruz Biotechnology, SC-39132), and Rock-1 siRNA (Santa Cruz Biotechnology, 

SC-36432). Cells were pulsed once with a voltage of 1700 and a width of 20. Transfected cells 

were cultured for 55 h before use.  

 

3.4.2. Bioinformatics 

ImmGen data (accession number GSE15907), containing gene expression data for B cells 

in the Fraction (Fr) A-F stages of development, was identified. The microarray gene expression 

data files for Fr A, Fr B/C, Fr C’, Fr D, and Fr F were background corrected, and robust multi-

array average (RMA) normalized using the Oligo, Biobase, and pd.mogene.1.0.st.v1 

Bioconductor packages in R version 4.0.0. A list of differentially expressed genes with similar 

expression patterns to Cd24a was then compiled using the Limma and Affycoretools 

Bioconductor packages. Fr A B cells (pre-pro B cells) was used as the negative control for the 

differential expression analysis. 

Differential expression analysis produced a list of 1838 genes expressed in a similar 

manner as Cd24a. The gene transcript cluster ID list was annotated with the corresponding gene 

names using the NetAffx analysis batch query and merged with the R expression data to create a 

median linkage hierarchical cluster in Genesis version 1.8.1. A clade of 44 genes whose 

expression patterns were most similar to that of Cd24a was identified (Figure 1A). Of the 44 
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genes in the clade, 41 were annotated. These 41 genes were used to generate pathway networks in 

Cytoscape version 3.8.0 using the ClueGO plugin version 2.5.7. The analysis used pathway 

network data from the KEGG, REACTOME Pathways, and WikiPathways databases to compile 

a network of signaling pathways associated with the 41 gene list.  

 

3.4.3. Phosphatidylinositol (3,4,5)-trisphosphate (PIP3) Quantification 

WEHI-231-GFP cells (0.5 x 10
6
) were pre-treated with the PI3K inhibitor, 10µM 

LY294002 (9901, Cell Signaling Technology), 10 µM imipramine (J63723.06, Alfa Aesar), or 

with an equal volume of DMSO in a 37°C water bath for 15 min. Cells were then stimulated with 

10 µg/ml of functional grade primary monoclonal M1/69 rat anti-mouse CD24 antibody (16-

0242085, eBioscience) or 10 µg/ml matching primary isotype antibody (16-4031-85, 

eBioscience) that was pre-incubated with 5 µg/ml goat anti-rat secondary antibody (112-005-003, 

Jackson ImmunoResearch) at RT for 15 min. After treatment, cells were centrifuged and 

phosphoinositides were extracted and measured using the PIP3 ELISA kit (Creative Diagnostic, 

DEIA-XYZ6). All experiments were performed at least four times, each carried out in duplicate 

according to the manufacturer’s instructions. 

 

3.4.4. Analysis of cell surface IgM and lipid transfer by flow cytometry 

WEHI-231-GFP cells (0.5 x 10
6
) were pre-treated with either DMSO or inhibitor in a 37°C 

water bath for 15 min. The following inhibitors were used: 10 µM LY294002
48,49

, 0.25 µM 

MK2206
50,51

 (S1078, Selleckchem), 0.25 µM Torin 1
52,53

 (14379S, Cell Signaling Technology), 

0.1 µM rapamycin
54,55

 (A8167, APExBIO), 0.1 µM JR-AB2-011
54,56

 (HY-122022, 

MedChemExpress), 10 µM Y27632
57,58

 (13624S, Cell Signaling Technology), 0.2 µM 
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cytochalasin D
59

 (PHZ1063, Gibco, ThermoFisher), 10 µM imipramine
60

, 20 µM  Arc39
61,62

 (1-

aminodecylidene bis-phosphonic acid, 13583, Cayman Chemical), 20 µM GW4869
61,63,64

 

(D1692, Sigma Aldrich), 0.5 µg/mL ionomycin
65

 (I24222, Thermo Fisher) or 20 µM BAPTA-

AM
66

 (B1205, Thermo Fisher). Flow cytometry was used as an orthogonal method to determine 

cell viability after treatment based on a dot plot of forward scatter versus side scatter. This 

analysis confirmed that the compounds did not result in toxicity at the concentrations we have 

chosen. Cells then were stimulated with anti-mouse CD24 antibody or isotype antibody as above 

followed by centrifugation to remove excess antibody. Cells were then co-cultured with the 

recipient WEHI-303-tdTomato cells (0.5 x 10
6
) in the incubator at 37°C for 24 h. To assess cell 

surface IgM and lipid transfer, the mixed cells were resuspended in ice-cold FACS buffer (1x 

PBS, pH 7.4, containing 1% heat-inactivated FBS) and then stained on ice for 30 min with 0.5 

mg of IgM-PE-Cy7 (25-5890, eBioscience) to detect IgM. Cells were then washed with FACS 

buffer and analyzed by flow cytometry. Flow cytometry was performed using a CytoFLEX 

(Beckman Coulter) counting at least 10,000 events and data were analyzed using FlowJo 

software version 10.4.1. 

 

3.4.5. Immunoblotting  

Cell extracts were separated on 8% to 15% SDS-PAGE gels and transferred to 

nitrocellulose membranes, which were blocked with either 5% milk powder or 5% BSA in 0.1% 

Tween-20-Tris-buffered saline (TBST) for 1 h at room temperature. The membranes were 

incubated with primary antibody in TBST overnight at 4°C: phospho-Akt (Ser473) antibody (Cell 

Signaling Technology, #9271, 1:1000), Akt (Cell Signaling Technology, #9272, 1:1000), 

phospho-cofilin (Cell Signaling Technology, #3313; 1:1000), cofilin (Cell Signaling Technology, 
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#3318, 1:1000), Rock-1 antibody (G-6) (Santa Cruz Biotechnology, SC-17794, 1:500), PI3K 

p110d antibody (A-8) (Santa Cruz Biotechnology, SC-55589, 1:1000), GAPDH (G-9) (Santa 

Cruz Biotechnology, SC-365062, 1:1000). The membrane was washed and incubated with a 

horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (H+L) (Bio Rad, #1706515) or 

goat anti-mouse IgG (H+L) (Bio Rad, #1721011). Immunoreactive bands were visualized on a 

Chemidoc gel system (BioRad) using an ECL substrate (WBULS0100, Millipore). Image 

manipulation involved adjustments to brightness and contrast only. Protein detection was 

performed using ImageLab (BioRad). The protein density of each band was assessed using 

ImageJ 1.53q software (National Institutes of Health). 

 

3.4.6. Live cell imaging 

Glass coverslips measuring 35 mm were cleaned thrice with 1x PBS and incubated with 1 

mg/mL of anti-MHC class II antibody (Sigma, MABF33) overnight at 4°C. Then, 0.5 x 10
6
 

WEHI-231-GFP cells were seeded onto the glass coverslips for 30 min at 4°C. The cells were 

washed with PBS and visualized with a Carl Zeiss LSM 880 laser scanning microscope system 

with a 63x oil immersion lens with numerical aperture (NA) of 1.4 objective under environment 

at 37
°
C and 5% CO2. Laser excitation light was provided at a wavelength of 488 nm, and 

fluorescent emissions were collected at wavelengths above 515 nm. For image acquisition, an 

exposure time of 0.8 second was adopted with a binning of 2 x 2 yielding a pixel size of 0.68 

mm. Individual cells within a single field of view were captured with an Airyscan detector over a 

5-min period for 250 cycles, with a 1.2-second shuttered interval between each image. Raw 

Airyscan images were processed using the Zeiss Zen Blue analysis software. Subsequent image 
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processing was conducted in ImageJ to create a video with 25 frames per second for a 10-second 

length. 

 

3.4.7. Statistical analysis 

Prism software (version 10.1.1; GraphPad) was utilized to generate graphs and for 

statistical analyses. One-way ANOVA was performed for comparing more than 2 groups or for 

investigating the level of PIP3, followed by Sidak’s multiple comparisons post-hoc test. Two-way 

ANOVA was used to analyze lipid and protein transfer to the recipient cells in the presence of 

donor cells with inhibitor pre-treatment and antibody stimulation as independent variables, 

followed by Sidak’s multiple comparisons post-hoc test. Differences were considered to be 

significant when P values were less than 0.05. The number of repetitions is indicated in each 

figure legend. 

 

3.5. Results 

Prior research from our lab showed that B cells release EVs in response to CD24 

engagement
42–44

. As the first step in attempting to elucidate the pathway(s) responsible for CD24-

mediated release of EVs, we performed a bioinformatics-based analysis to find potential 

signaling pathways linked to CD24 expression in developing B cells. We identified 44 genes in 

the clade that that most closely resembled Cd24a (Figure 3.1A). Of these, 41 could be used to 

predict CD24-related signaling pathways. In the networks of connected pathway terms, seven of 

the nodes had terms related to PI3K/Akt/mTOR signalling (Figure 3.1B). Thus, we predicted that 

CD24 may activate PI3K signaling. To determine if engagement of CD24 activated PI3K, we 

analyzed the levels of PIP3, the immediate product of PI3K activation. We found that PIP3 levels 

were significantly increased in response to CD24 stimulation, but not with isotype-control 
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stimulated cells. In addition, we observed the increase of PIP3 was inhibited in the presence of the 

PI3K inhibitor, 10 µM LY294002 (LY, Figure 3.1C). These results clearly demonstrate that CD24 

triggers B cells to activate PI3K. 
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Figure 3.1. CD24 expression is associated with the PI3K-Akt signaling and mTOR 

pathways. (A) Hierarchical cluster analysis showing the clade of 44 genes (41 annotated) with 

similar differential gene expression patterns as CD24a. (B) Pathway network analysis generated 

from the differentially expressed 41-gene list identified the PI3K/Akt and mTOR signaling 
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pathway as being associated with CD24 expression in developing B cells. The red boxes indicate 

nodes with terms related to PI3K-Akt or mTOR signaling. (C) WEHI-231-GFP cells were pre-

treated with LY294002 or DMSO (vehicle control) for 15 min then cells were stimulated with 

isotype antibody or anti-CD24 stimulating antibody for the times indicated. PIP3 levels were 

analyzed by ELISA, n=4, significance was determined by a one-way ANOVA followed by the 

Sidak’s multiple comparison test *P<0.05. 
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To determine if the PI3K signaling pathway regulates EV release in response to CD24 

stimulation, we used our model system to track EV transfer (Supplemental Figure 3.1A-C). 

Transfer of EVs, as shown previously
44

, can be evaluated by the uptake of GFP and IgM in the 

recipient tdTomato-positive cells. We found a significant increase in lipid transfer between the 

CD24-stimulated and the isotype-stimulated group in either the absence or presence of the 

inhibitor. However, the amount of lipid transferred in response to CD24 was significantly reduced 

in the presence of LY (Figure 3.2A and Supplemental Figure 3.1D). Parallel investigations into 

protein transfer revealed a similar pattern. There was a significant increase in protein transfer 

between the CD24-stimulated and the isotype-stimulated group in the presence or absence of LY 

with significantly less transfer in the CD24-stimulated group in the presence of LY (Figure 3.2B 

and Supplemental Figure 3.1E). To verify inhibition of the PI3K pathway, we analyzed Akt 

phosphorylation. We found that the level of phosphorylated Akt increased in response to CD24 

stimulation, while it was markedly lower in cells pre-treated with LY for 15 min compared with 

those that received DMSO, particularly at the earliest timepoints of 5 and 10 min stimulation 

(Figure 3.2C). Thus, these data show that LY inhibits CD24-mediated PI3K signaling; however, 

some residual activation remains.  
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Figure 3.2. CD24-mediated EV release is regulated by PI3K. (A-B) WEHI-231-GFP cells 

were pre-treated with LY294002 or DMSO for 15 min, then stimulated with anti-CD24 (CD24) 

or isotype control (isotype, iso) for 15 min, followed by washout and then a 24 h co-culture with 

WEHI-303-tdTomato cells. (A) Percent GFP and tdTomato double-positive cells and (B) Percent 

IgM and tdTomato double-positive cells after 24 h incubation. n=6, statistical significance 

determined by a two-way ANOVA (interaction significant at P=0.0003 for A and P=0.0002 for B) 

followed by the Sidak’s multiple comparison test *P<0.05, ****P<0.001.  C) Total cell lysates 

from WEHI-231-GFP cells pre-treated with DMSO or LY2940002 for 15 min, then stimulated 
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with the above antibodies for different times indicated. Phosphorylated Akt and total Akt 

expression levels were determined by immunoblotting and a representative image from 4 

replicates is shown. D) WEHI-231-GFP cells were transfected with scrambled control siRNA or 

PI3K siRNA, and PI3K and GAPDH levels determined by immunoblotting and a representative 

image from 3 replicates is shown. (E-F) WEHI-231-GFP cells with or without PI3K siRNA 

knock-down were stimulated with anti-CD24 or isotype for 15 min, followed by washout and 

then a 24 h co-culture with WEHI-303-tdTomato cells. (E) Percent GFP and tdTomato double-

positive cells and (F) Percent IgM and tdTomato double-positive cells after 24 h incubation. n=3, 

statistical significance determined by a two-way ANOVA (interaction significant at P=0.0015 for 

E and P=0.0088 for F) followed by the Sidak’s multiple comparison test **P<0.01, ***P<0.005.  
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Next, we sought to genetically validate the LY result using siRNA knock-down of PI3K in 

donor cells. The absence of PI3K expression in siRNA-transfected WEHI-231-GFP cells was 

confirmed by Western blot (Figure 3.2D). Analysis of lipid and protein transfer between the 

CD24-stimulated and isotype-stimulated groups revealed a significant increase in the scrambled 

control siRNA group, as expected. However, there was no transfer of lipid or protein in either the 

isotype-stimulated or CD24-stimulated groups when PI3K was knocked-down in the donor cells 

(Figure 3.2E-F). These findings strongly support a role for the PI3K signaling pathway in 

regulating CD24-mediated EV production.  

We investigated further to see if proteins downstream of PI3K are involved in EV release in 

response to CD24. Akt is an important downstream kinase of PI3K, and it can be activated in 

response to phosphorylation by PI3K-mediated activation of the PDK1 and mTORC2 

kinases
67,68

. Phosphorylated Akt can activate multiple downstream signaling molecules, including 

TSC2, GSK3, and BAD, which drive cell growth, survival, and angiogenesis
69

. After pre-

treatment with the Akt inhibitor MK-2206, we found a significant decrease in CD24-mediated 

lipid and protein transfer to recipient cells (Figure 3.3A-B). Similar to PI3K inhibition, some 

residual EV transfer remained in the presence of the inhibitor.  

Other signalling pathways downstream of PI3K are the mTOR signalling pathways. mTOR 

forms two structurally and functionally distinct complexes called mTORC1 and mTORC2
70. 

Therefore, we next determined if mTORC1 or mTORC2 regulates CD24-mediated EV release. 

To do this, we used Torin 1, an inhibitor of mTORC1/2, rapamycin, an inhibitor of mTORC1, and 

JR-AB2-011, an inhibitor of mTORC2
71

. As can be seen in Figure 3C and Figure 3D, there was a 

substantial statistical difference in lipid and protein transfer between the mTORC2 inhibition 

groups (Torin 1 and JR-AB2-011) and the control stimulated group, indicating that mTORC2 

controls EV release in response to CD24.  
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Figure 3.3. CD24-mediated EV release is dependent on Akt and mTOR signaling pathways. 

(A-B) WEHI-231-GFP cells were pre-treated with MK-2206 or DMSO for 15 min, then 

stimulated with anti-CD24 or isotype control for 15 min, followed by washout and then a 24 h 

co-culture with WEHI-303-tdTomato cells. (A) Percent GFP and tdTomato double-positive cells 

and (B) Percent IgM and tdTomato double-positive cells after 24 h incubation. n=4, statistical 

significance determined by a two-way ANOVA (interaction significant at P=0.0074 for A and 

P=0.0002 for B) followed by the Sidak’s multiple comparison test *P<0.05, **P<0.01, 

****P<0.001. (C-D) WEHI-231-GFP cells were pre-treated with Torin 1 or Rapamycin or JR-

AB2-011 or DMSO for 15 min, then stimulated with anti-CD24 or isotype control for 15 min, 

followed by washout and then a 24 h co-culture with WEHI-303-tdTomato cells. (C) Percent GFP 

and tdTomato double-positive cells and (D) Percent IgM and tdTomato double-positive cells after 
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24 h incubation. n=4, statistical significance determined by a two-way ANOVA (interaction 

significant at P=0.0143 for C and P=0.0066 for D) followed by the Sidak’s multiple comparison 

test *P<0.05, **P<0.01, ***P<0.005, ****P<0.001. 
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Rho-associated protein kinase (ROCK) is known to be regulated by the PI3K/mTORC2 

signaling pathway
72

 and was identified by the bioinformatics analysis (Figure 3.1B). Therefore, 

we next asked whether CD24-mediated EV release was similarly regulated by the ROCK 

signaling pathway using the inhibitor Y27632
73

. We found that, in comparison to EVs from the 

control group, the release of EVs from donor cells pre-treated with 10 µM Y27632 for 15 min 

resulted in a significantly lower transfer of lipid and protein to recipient cells upon CD24 

stimulation (Figure 3.4A-B). We found that there was a reduction but not a total block in 

phosphorylated cofilin, a downstream target of ROCK, suggesting that the inhibitor did not fully 

block ROCK activity (Figure 3.4C). Next, to genetically validate the Y27632 inhibitor result, we 

used siRNA to knock-down ROCK in donor cells (Figure 3.4D). We found that there was no 

transfer of lipids or proteins with CD24 stimulation when ROCK was knocked-down (Figure 

3.4E-F). These data clearly demonstrate that CD24-mediated EV generation is regulated by 

ROCK. 
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Figure 3.4. CD24-mediated EV secretion is dependent on ROCK. (A-B) WEHI-231-GFP cells 

were pre-treated with Y27632 or DMSO for 15 min, then stimulated with anti-CD24 (CD24) or 

isotype control (isotype, iso) for 15 min, followed by washout and then a 24 h co-culture with 

WEHI-303-tdTomato cells. (A) Percent GFP and tdTomato double-positive cells and (B) Percent 

IgM and tdTomato double-positive cells after 24 h incubation. n=6, statistical significance 

determined by a two-way ANOVA (interaction significant at P=0.03 for A and P=0.0069 for B) 
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followed by the Sidak’s multiple comparison test *P<0.05, **P<0.01, ***P<0.005, ****P<0.001.  

C) Total cell lysates from WEHI-231-GFP cells pre-treated with DMSO or Y27632 for 15 min, 

then stimulated with the above antibodies for different times indicated. Phosphorylated Cofilin 

and total Cofilin expression levels were determined by immunoblotting and a representative 

image from 3 replicates is shown. D) WEHI-231-GFP cells were transfected with scrambled 

control siRNA or ROCK siRNA, and ROCK and GAPDH levels determined by immunoblotting 

and a representative image from 3 replicates is shown. (E-F) WEHI-231-GFP cells with or 

without ROCK siRNA knock-down were stimulated with anti-CD24 or isotype for 15 min, 

followed by washout and then a 24 h co-culture with WEHI-303-tdTomato cells. (E) Percent GFP 

and tdTomato double-positive cells and (F) Percent IgM and tdTomato double-positive cells after 

24 h incubation. n=3, statistical significance determined by a two-way ANOVA (interaction 

significant at P=0.0011 for E and P=0.0013 for F) followed by the Sidak’s multiple comparison 

test ***P<0.005, ****P<0.001.  
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We hypothesized that dynamic cytoskeletal reorganization downstream of ROCK that 

changes the shape of cell membrane will, in turn, promote EV release. Donor cells were thus pre-

treated with cytochalasin D to prevent cytoskeleton rearrangement. The results showed that there 

was no increase in lipid and protein transfer in the cytochalasin D-treated CD24-stimulated group 

compared to the control stimulation (Figure 3.5A-B). Thus, actin cytoskeleton regulation plays a 

key role in regulating CD24-mediated EV release. 

Sphingomyelin (SM), a phospholipid that localizes on the plasma membrane's outer leaflet 

and has a strong affinity for cholesterol, plays a significant role in determining the fluidity and 

structural integrity of the plasma membrane
74

. nSMase and aSMase catalyze the hydrolysis of 

SM to ceramide, a process that is involved in both exosome and ectosome release
75

. Exosome 

release has been previously shown to be regulated by nSMase, which can be blocked by 

GW4869
12

, while a previous study has shown that imipramine blocked ectosome formation from 

glial cells by inhibiting aSMase
37

. Thus, we treated donor cells with either GW4869, imipramine, 

or Arc39, a more specific inhibitor of aSMase to determine if nSMase or aSMase regulates 

CD24-mediated EV release. We found that there was no difference in lipid and protein transfer 

with GW4896 (Supplemental Figure 3.2A-B). In contrast, CD24-mediated lipid and protein 

transfer were significantly inhibited with imipramine and Arc39 treatment (Figure 3.6A-D). 

These findings show that aSMase, but not nSMase, regulates CD24-mediated EV release. These 

data are consistent with our previous studies that suggested that the EVs induced by CD24 

stimulation are ectosomes budded off the plasma membrane and not exosomes derived from 

MVBs
42–44

.  
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Figure 3.5. CD24-mediated EV release is controlled by actin cytoskeleton re-organization. 

WEHI-231-GFP cells were pre-treated with cytochalasin D or DMSO for 15 min, then stimulated 

with anti-CD24 or isotype control for 15 min, followed by washout and then a 24 h co-culture 

with WEHI-303-tdTomato cells. (A) Percent GFP and tdTomato double-positive cells and (B) 

Percent IgM and tdTomato double-positive cells after 24 h incubation. n=4, statistical 

significance determined by a two-way ANOVA (interaction significant at P=0.0017 for A and 

P=0.0027 for B) followed by the Sidak’s multiple comparison test **P<0.01, ***P<0.005, 

****P<0.001. 
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Figure 3.6. CD24-mediated EV release is controlled by aSMase activity. (A-B) WEHI-231-

GFP cells were pre-treated with Imipramine or Arc39 or DMSO for 15 min, then stimulated with 

anti-CD24 or isotype control for 15 min, followed by washout and then a 24 h co-culture with 

WEHI-303-tdTomato cells. (A) Percent GFP and tdTomato double-positive cells and (B) Percent 

IgM and tdTomato double-positive cells after 24 h incubation. n=4, statistical significance 
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determined by a two-way ANOVA (interaction significant at P=0.0006 for A and P=0.0006 for B) 

followed by the Sidak’s multiple comparison test ***P<0.005, ****P<0.001. (C-D) WEHI-231-

GFP cells were pre-treated with Arc39 or DMSO for 15 min, then stimulated with anti-CD24 or 

isotype control for 15 min, followed by washout and then a 24 h co-culture with WEHI-303-

tdTomato cells. (C) Percent GFP and tdTomato double-positive cells and (D) Percent IgM and 

tdTomato double-positive cells after 24 h incubation. n=6, statistical significance determined by a 

two-way ANOVA (interaction significant at P<0.0001 for C and P<0.0001 for D) followed by the 

Sidak’s multiple comparison test ****P<0.001. (E) WEHI-231-GFP cells were pre-treated with 

imipramine or DMSO (vehicle control) for 15 min then cells were stimulated with isotype 

antibody or anti-CD24 stimulating antibody for the times indicated. PIP3 levels were analyzed by 

ELISA, n=5, significance was determined by a one-way ANOVA followed by the Sidak’s 

multiple comparison test *P<0.05, **P<0.01. 
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We next determined if PI3K was upstream or downstream of aSMase by determining if 

inhibition of aSMase alters PIP3 levels in response to CD24 stimulation. We found that the CD24-

mediated increase of PIP3 was significantly inhibited in the presence of imipramine (Figure 

3.6E). Therefore, aSMase activation is upstream of PI3K.  

Lastly, we performed live cell imaging to visualize EV release and membrane dynamics. 

We clearly saw green fluorescent punctae that were either intracellular, associated with 

cytoplasmic membranes, or embedded on and outside of GFP-labeled cell plasma membranes. 

The number of GFP membrane bound vesicles increased when cells were stimulated through 

CD24 (Figure 3.7A). In some cases, we were able to visualize EV-like structures budding from 

the plasma membrane with more apparent of these structures visible in CD24-stimulated cells; 

however, this was extremely difficult to quantify as the structures were very transient. We 

observed a reduction in membrane dynamics in the presence of PI3K and ROCK inhibitors 

during CD24 treatment when highly active cells were counted; however, only ROCK inhibition 

had a statistically significant effect (Figure 3.7B-C). These data suggest that the induction of 

membrane dynamics necessary for EV release requires ROCK activation. 
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Figure 3.7. Representative images of WEHI-231-GFP cells show EV release and cell 

activation. WEHI-231-GFP cells were pre-treated with LY294002 or Y27632 or DMSO for 15 

min, then stimulated with anti-CD24 or isotype control. (A) The cells were captured at 15 min 

after stimulation. White arrows indicate EV release. Scale bar = 2 mm. The analysis of cell 

activation was observed and marked at 3 levels of activation by 4 different indiviuals who were 

blinded to the treatments. Cell activation was determined at B) 15 min and C) 30 min after 

stimulation. n=4, statistical significance determined by a two-way ANOVA (interaction 

significant at P<0.0001 for B and P<0.0001 for C) followed by the Sidak’s multiple comparison 

test *P<0.05, ***P<0.005. 
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3.6. Discussion 

We have identified a novel pathway regulating ectosome release, namely 

aSMase/PI3K/mTORC2/ROCK/actin pathway. By exploiting bioinformatics pathway analysis, 

we were able to identify PI3K and mTOR as potential nodes regulating CD24-mediated EV 

release. Further elucidation of potential regulators allowed us to determine that this pathway is 

initiated by aSMase which, through an unknown mechanism, activates PI3K to promote actin 

rearrangement downstream of the mTORC2/ROCK axis. To the best of our knowledge, this is the 

first time that CD24 has been linked to PI3K and to aSMase. In addition, this is the first report of 

PI3K regulating ectosome release. One previous publication linked PI3K to the generation of 

ABCG2-rich EVs in breast cancer cells; however, these EVs were most likely exosomes
76

. 

This study revealed a range of pharmacological agents that can effectively inhibit the 

release of ectosomes. The first inhibitor, LY294002, is an inhibitor of PI3K. Generation of PIP3 

from PI(4,5)P2 by PI3K recruits protein kinase B (Akt), phosphoinositide-dependent kinase 1 

(PDK1), and mTORC2 resulting in their colocalization. This permits PDK1 to phosphorylate Akt 

on threonine 308 and mTORC2 to phosphorylate serine 473
67,68

. The second inhibitor, MK2206, 

is an inhibitor of Akt. PI3K/Akt signaling is implicated in various cellular processes, including 

differentiation, growth, proliferation, and intracellular trafficking, all of which are factors in B 

cell development and activation
67,68

. mTOR is found in two complexes: mTORC1 (which 

contains mTOR, Raptor, and other proteins) and mTORC2 (which contains mTOR, Rictor, and 

other proteins)
77

. mTORC1, called the rapamycin-sensitive mTOR complex, is a key regulator of 

cell proliferation and survival downstream of the PI3K/Akt pathway. It activates protein synthesis 

through modulation of the 40S ribosomal protein S6 kinase and the translational initiation factor 

elF-4E binding protein 1
78

. In contrast, the rapamycin-insensitive, rictor-containing complex 

(mTORC2) is assembled via binding of PIP3 by the PH-domain containing protein mSIN1, and 
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thereby relieving its suppression on mTOR kinase activity
79

. As mentioned, mTORC2 triggers 

Akt activation by phosphorylation on serine 473, as well as regulation of the actin cytoskeleton 

via RhoA and PKCa80
. We used Torin1, rapamycin and JR-AB2-011 to determine if mTORC1 or 

mTORC2 is involved in the release of EVs. We found that mTORC2, but not mTORC1, is 

essential for CD24-mediated EV release. The sixth inhibitor, Y27632, is an inhibitor of ROCK. 

The two isoforms of ROCK, ROCK1 and ROCK2, are involved in multiple cellular processes 

such as cell growth, differentiation, and cytoskeleton regulation
81

. The seventh inhibitor tested, 

cytochalasin D, disrupts actin filaments of the cytoskeleton, particularly inhibiting actin 

polymerization. In addition, we provide evidence, by live cell imaging, that ROCK signaling 

regulates EV release in response to CD24 stimulation, likely by regulating actin anchorage to the 

plasma membrane. In addition, increases in PIP3 can also regulate anchorage of the actin 

cytoskeleton by reducing the available PI(4,5)P225,26
. These findings expand our understanding of 

the molecular mechanisms governing CD24-mediated EV release and highlights the complexity 

of the signaling networks underlying this process (Supplemental Figure 3.3).  

Contrary to the previous report
18,36

, we did not find any involvement of intracellular 

calcium in the regulation of ectosome release. For instance, ionomycin was employed as an 

enhancer of [Ca
2+

]i alone, which was insufficient to stimulate EV release, indicating that it is not 

a substantial regulator in the EV release observed (Supplemental Figure 3.4A-B). Moreover, it 

was an interesting finding that pre-treatment with BAPTA-AM, a calcium level inhibitor, did not 

suppress EV release in response to CD24 stimulation (Supplemental Figure 3.4C-D), but actually 

increased cellular exchange by inducing cell death and potentially apoptotic body formation 

(Supplemental Figure 3.4E). 
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Lipid rafts play a key role in the synthesis and function of EVs
82

. Ceramide-enriched lipid 

rafts have also been found in exosomal membranes
83

. Herein, we report decreased levels of EV 

transfer in the presence of imipramine and Arc39, which prevent the activation of aSMase, and 

the subsequent increase in ceramide levels. Thus, in these cells, aSMase is likely inducing the 

formation of ceramide-enriched lipid rafts, which in turn promotes the membrane curvature 

needed for EV formation
84

. The increase in local ceramide concentrations might displace 

cholesterol in the lipid rafts to alter their function and initiate signal transduction
85

. However, 

alterations in lipid composition in lipid rafts in response to CD24 stimulation has yet to be 

determined. 

Previous work has linked CD24 to the recruitment of PTEN, a negative regulator of PI3K 

signaling, to the plasma membrane to induce autophagy by inhibition of downstream proteins Akt 

and mTORC1
86

. However, this is opposite to what we found, which was an activation of PI3K by 

CD24. CD24 has been found to mediate signal transduction by recruiting Src family protein 

tyrosine kinases, including Fgr, Lyn, and Lck to lipid rafts
40,41

.  Specifically, Lyn is activated by 

CD24 in B cells
40

. Lyn activates PI3K in colorectal cancer cells and myeloma cells
87,88

. In 

endometrial cells, Lyn has been shown to be activated by long chain glucosylceramide and in 

neutrophils by lactosylceramide
89,90

. Therefore, activation of Lyn by re-organization of lipid raft 

components due to the increase in ceramide, as discussed above, may promote the activation of 

PI3K downstream of CD24.  

Sphingolipids are an essential class of bioactive lipids. Ceramide is the principal 

sphingolipid metabolite that is produced through three main synthesis pathways, including the de 

novo pathway in the endoplasmic reticulum, the salvage pathway in the lysosome, and 

sphingomyelinase (SMase) both in lysosome and plasma membranes
91

. There are three types of 

SMase: nSMase, aSMase, and alkaline SMase named based on their pH optima
92

. aSMase is 
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further divided into lysomal and secreted forms. Secretory aSMase translocates onto the cell 

surface from intracellular vesicles
93

. At the outer leaflet of the plasma membrane, aSMase 

hydrolyzes sphingomyelin into ceramide
94

, generating ceramide-enriched lipid rafts that induce 

membrane curvature
95

 and facilitate membrane blebbing and shedding
75

. It was reported that 

aSMase and ceramide are involved in ectosome release from glial cells, which requires p38 

MAPK activation
37

. Our findings that aSMase, and not nSMase, induces EV release supports our 

earlier research suggesting that the EVs generated by CD24 stimulation are not exosomes derived 

from multivesicular bodies, but rather ectosomes that have budded off the plasma membrane
42–44

. 

Future work will be needed to understand the mechanism that regulates CD24 activation of 

aSMase. 

In sphingolipid metabolism, ceramide can be broken down by ceramidases to produce 

sphingosine
96

. Ceramide and sphingosine both work by activating PKCd and protein phosphatase 

2A to suppress Akt activity, thereby inducing cell cycle arrest and promoting apoptosis
69

. On the 

other hand, ceramide can be metabolized to ceramide-1-phosphate (C1P) by ceramide kinase. 

C1P can be converted back to ceramide by lipid phosphate phosphatases
97

. Alternatively, 

sphingosine can be phosphorylated by sphingosine kinase to produce sphingosine-1-phosphate 

(S1P)
97

. It is reported that both C1P and S1P activate PI3K, consequently contributing to cell 

survival and cell proliferation
98–100

. However, the appropriate balance between the amounts of 

these two metabolites for cell and tissue homeostasis is unknown. Here, we show that aSMase 

activates PI3K. However, whether this activation is via increases in ceramide or C1P levels has 

yet to be determined.  

In summary, here we provide compelling evidence that CD24 activates an 

aSMase/PI3K/mTORC2/ROCK/actin signaling pathway to induce ectosome formation. 
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Importantly, these findings provide a new avenue for research into the regulation of ectosome 

generation.  
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Supplemental Figure 3.1. Pre-treatment with inhibitor on donor WEHI-231-GFP cells 

inhibits the transfer of GFP and IgM from donor to recipient cells in response to 

CD24.  (A) The percentage of cells positive for GFP and tdTomato. (B) WEHI-231-GFP are 

100% IgM positive while WEHI-303-tdTomato cells do not express IgM on their cell 

membrane. (C) Schematic of experimental design of model system. WEHI-231-GFP cells 

were pre-treated with a chemical, for example, LY294002 or DMSO, for 15 min, then 

stimulated with isotype control or anti-CD24 for 15 min, followed by washout and then a 24 

h co-culture with WEHI-303-tdTomato cells. Representative dotplots of GFP-positive (D) and 

IgM-positive (E) on WEHI-303-tdTomato cells after co-culture with stimulated donor WEHI-

231-GFP cells. 
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Supplemental Figure 3.2. nSMase has no effect on EV release regulation. WEHI-231-GFP 

cells were pre-treated with GW4869 or DMSO for 15 min, then stimulated with anti-CD24 or 

isotype control for 15 min, followed by washout and then a 24 h co-culture with WEHI-303-

tdTomato cells. (A) Percent GFP and tdTomato double-positive cells and (B) Percent IgM and 

tdTomato double-positive cells after 24 h incubation. n=4, statistical significance determined by a 

two-way ANOVA (interaction significant at P=0.2669 for A and P=0.4195 for B) followed by the 

Sidak’s multiple comparison test ***P<0.005, ****P<0.001.  

 

 

 

 



 
164 

 

Supplemental Figure 3.3. Inhibition of CD24-mediated EV release by 

PI3K/Akt/mTORC2/ROCK signaling pathways. The enzyme PI3K and the downstream AKT 

protein were initially identified by their activity associated with various oncoproteins, growth 

factor receptors, and events associated with the cell cycle. LY294002 is a chemical compound 

that is a potent inhibitor of numerous proteins and a strong inhibitor of PI3Ks. MK-2206 is a 

selective allosteric inhibitor of AKT. The two complexes of mTOR, mTORC1 and mTORC2, are 

involved in cell growth and proliferation. Torin-1 is a potent and selective inhibitor of the 

mechanistic target of mTOR subtypes mTORC1 and mTORC2. Rapamycin is a specific inhibitor 

of mTORC1, whereas JB-AB2-011 is a potent and selective inhibitor of mTORC2 kinase activity. 

Rho-associated protein kinases (ROCK) are serine-threonine kinases involved in cytoskeleton re-

organisation. Y27632 is a competitive inhibitor of both ROCK1 and ROCK2. Cytochalasin D is a 

potent inhibitor of actin polymerization. Created with BioRender.com. 
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Supplemental Figure 3.4. Calcium has no influence on the regulating of EV release. (A-B) 

WEHI-231-GFP cells were stimulated with isotype control, anti-CD24, ionomycin or ionomycin 

removed after 15 min, followed by 24 h co-culture with WEHI-303-tdTomato cells. (A) Percent 

GFP and tdTomato double-positive cells. (B) Percent IgM and tdTomato double-positive cells 
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after 24 h incubation. n=4, statistical significance was determined by a one-way ANOVA 

followed by the Sidak’s multiple comparison test ****P<0.001. (C-D) WEHI-231-GFP cells 

were pre-treated with BAPTA-AM or DMSO for 15 min, then stimulated with anti-CD24 or 

isotype control for 15 min, followed by washout and then a 24 h co-culture with WEHI-303-

tdTomato cells. (C) Percent GFP and tdTomato double-positive cells and (D) Percent IgM and 

tdTomato double-positive cells after 24 h incubation. n=4, statistical significance determined by a 

two-way ANOVA (interaction significant at P=0.5072 for C and P<0.0001 for D) followed by the 

Sidak’s multiple comparison test **P<0.01, ****P<0.001. (E) Percent dead cells determined 

from the non-gated population based on the BAPTA-AM experiment. n=4, statistical significance 

determined by a two-way ANOVA (interaction significant at P=0.1799) followed by the Sidak’s 

multiple comparison test ****P<0.001. 
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4. Chapter 4: Discussion 

 
4.1. Summary of results 

Extracellular vesicles (EVs) can impact several biological processes by directly activating 

cell surface receptors and transporting molecular effectors into target cells
1–3

. Prior research has 

documented that B cells produce more EVs in the engagement of CD24 stimulation
4
. 

Consequently, I focused on EV-mediated cellular communication between B cells in order to 

confirm that EVs derived from donor B cells strongly modulate the activity of recipient B cells. 

In this work, I used multiple approaches to validate that donor B cell-derived EVs transferred 

lipids and surface proteins (CD24 and IgM) to recipient B cells in response to CD24 and IgM 

stimulation. For instance, CD24 and IgM challenge increased the number of EVs carrying GFP-

associated lipid and surface proteins transferred to the recipient cells, when recipient cells were 

either co-cultured with treated donor cells in the same layer or cultured only with SEC-isolated 

EVs originated from treated donor cells. EV-specific proteins in the purified EV samples were 

identified using Western blotting with anti-CD81, anti-Hsp90, anti-IgM, and GFP antibodies, 

similar to EV markers described in other studies
5–7

. The number of EVs secreted from donor cells 

treated with surface proteins was substantially higher than those released from isotype treated 

cells. This data is generally consistent with earlier work and showed EVs in the 100-200 nm size 

range
5
. Moreover, EV carrying IgM membrane proteins was visualized in the recipient cells. To 

determine whether the surface membrane proteins (CD24 and BCR) were taken up by the 

recipient cells and if they triggered the cellular response in the recipient cells, different controls 

were used. EVs from donor B cells alone did not induce phosphorylation of ERK1/2 or apoptosis 

in the recipient cells, even when the donor cells were stimulated with isotype, indicating that only 

CD24 and IgM stimuli, were transferred via EVs to the recipient cells. These data provided 
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further evidence that in response to receptor engagement, donor cells can actively alter the 

behavior of neighboring cells by EV transfer of functional cargo. 

Furthermore, using bioinformatics analysis suggested that the PI3K, AKT and mTOR 

signaling pathways may be relevant with the mechanism of action of CD24. I generated the 

hypothesis that CD24-mediated EV release is regulated by these pathways. Using chemical and 

genetic inhibition, I subsequently confirmed this theory by demonstrating that suppressing 

downstream targets, the PI3K-AKT signaling and regulation of actin cytoskeleton, inhibits the 

transfer of lipids and proteins to recipient cells in response to CD24. The data from this work and 

previous studies suggests that the EVs induced by CD24 stimulation are ectosomes budded off 

the plasma membrane, not exosomes derived from multivesicular bodies. Overall, this work 

provides a new insight into regulating ectosome generation. 

 

4.2. Discussion and Question Arising 

 The work in this thesis identified a novel pathway regulating ectosome release into the 

extracellular microenvironment, which allowed them to alter the physiological state of the 

recipient cells. However, there is much about CD24-mediated ectosomes derived from B cells 

that remain unknown. There are several areas of future research that can be derived from this 

work: examining whether ectosomes derived from CD24-stimulated B cells may affect different 

bone marrow cell types and cause a biological reaction, investigating whether ectosomes 

produced from B cells activated by CD24 can be taken up by secondary cells in vivo, 

investigating how ectosomes uptake in recipient cells, investigating whether CD24 requires co-

receptor binding for intracellular signal transduction, investigating how CD24 triggers aSMase on 

lipid rafts, as well as the mechanism of CD24 activation that drives the metabolism of 

ceramide/sphingosine and its antagonistic molecule to maintain regular cell activity. 
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Chapter 2 of this thesis identified that the release of ectosomes transferred lipid and 

functional surface proteins between neighboring B cells, and imparted functional consequence 

was extensive in recipient cells. However, to investigate the potential transfer of 

functional ectosomes in other cell types in the bone marrow environment is required. For 

instance, bone marrow mesenchymal stromal cells (BMSCs) are plastic adherent non-

hematopoietic progenitor cells that can stimulate bone tissue repair and regeneration
8
. CD24 is 

initially presented at a small level of expression on the surface of BMSCs at the first day of 

osteogenic differentiation and reaches a maximal level after 7-10 days of osteogenic 

differentiation, suggesting that CD24 could serve as a surface marker for a subpopulation of 

BMSCs with increased osteoblastic potential
9
. An emerging question is whether CD24 expression 

on BMSCs comes from B cells during osteogenic differentiation of BMSCs. Additionally, EVs 

derived from BMSCs of leukemia patients rescue leukemic B cells from apoptosis and enhance 

their migration capacity
10

. However, there is limited knowledge on the effect of secreted EVs 

upon interactions with B cells originating from the BM, where BMSCs are resident. Further work 

should investigate the bidirectional transfer between B cells and BMSCs, and their functional 

consequences. 

The work in Chapter 2 proved that ectosomes derived from CD24-stimulated immature B 

cells delivered functional proteins and activated apoptosis in CD24KO B cells, thereby increasing 

speculation about possible roles of EVs in B cell development. However, an emerging question is 

whether this transfer can observe in vivo. EVs are challenging to track in vivo because they are 

small size, quickly dispersed in body fluids, and have a similar composition to body cells
11

. 

Recently, more refined techniques for EV imaging have made their way into the field which are 

slowly changing about the labeling and tracking of EVs, including fluorescent imaging, 

bioluminescent imaging, radio-labeling-assisted imaging, and nanoparticle-based imaging
12

. 
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Further work should evaluate EV tracking, GFP and CD24 transportation, and subcellular 

localization following transfer using bioluminescent imaging, fluorescent signal, antibody 

immunofluorescence staining, and/or confocal microscopy. 

Many studies have demonstrated that EVs can affect the physiological state of target cells 

through various uptake mechanism, including endocytosis, receptor-ligand interactions, fusion 

membrane
6,7,13

. It is also known that the lipid raft-like membrane composition of EVs facilitates 

in fusing with the recipient cell membranes
14

. In addition, PS and P-selectin on the exterior of 

cells are necessary for fusion of tissue factor-expressing MVs with platelets, and PS is necessary 

for fusion of EVs with glioma cells
15–17

. Interestingly, PS on EVs is increased upon stimulation of 

CD24, suggesting that PS-binding may be a mechanism by which the EVs that are released in 

response to CD24 stimulation bind to target cells
18

. When EVs fuse with the target cells, they can 

transfer their parent cytosolic content and translocate cell membrane attached and spanning 

proteins
19

. In this study, I discovered that both CD24 and the BCR maintained their 

transmembrane orientation. Additionally, the appearance of patches of BCR was revealed under 

the confocal microscopy, and the transfer of cytosol from primary B cells to immature B cell 

lines, as assessed by the transfer of eFluor670. Only the addition of anti-IgM or anti-CD24, the 

functional transported proteins could induce intracellular signal transduction in recipient cells. 

Thus, the maintenance of the orientation of these receptors and the activation of intracellular 

signaling pathways by the transferred receptors suggest that there is some fusion of the EVs with 

the plasma membrane. Nevertheless, it is currently unknown what exact mechanism drives EV 

uptake and whether these EVs are directed towards recipient cells through specific receptors or 

PS. Therefore, further work should determine how ectosomes are uptaken up in recipient cells. 

Chapter 3 of this thesis clarified, for the first time, that CD24 triggers the activation of the 

aSMase/PI3K/AKT/mTOR/ROCK signaling pathway in B cells to induce ectosome release. The 
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overexpression of CD24 in tumor cells has been linked to multiple signaling pathways, including 

Wnt/b-catenin, mitogen activated kinase (MAPK), PI3K/AKT kinase, and Notch and Hedgehog 

pathway
20

. However, it is notable that CD24 cannot directly signal into the host cell because it 

lacks intracellular transmembrane domains or cytoplasmic domains
21

. The extracellular domain 

of CD24 has varying numbers of N-linked and O-linked glycosylation sites, which interact with a 

range of cell surface receptors in glycolipid-enriched membrane domains in order to transduce 

intracellular signaling through engaging in cis (same cell) or trans (adjacent cells) 

interactions
22,23

. Among the most studied ligands that bind CD24 are P-, L-, and E-selectin, the 

sialic acid binding immunoglobulin-like lectin (Siglec) 10, Siglec 15, the L1 cell adhesion 

molecule (L1CAM), and transient axonal glycoprotein (TAG)-1
24,25

. There are two siglecs 

expressed on the surface of B cells, named CD22 (Siglec-2) and Siglec-G or Siglec 10, which are 

known to bind CD24 to perform a variety of activities
26

. CD22 binds a2,6-linked sialic acids
27

, 

while Siglec-G can bind both a2,6- and a2,3-linked sialic acids
28

. CD22 and Siglec-G carry 

immunoreceptor tyrosine-based inhibitory motifs (ITIMs) within their cytoplasmic tail and 

recruit the tyrosine phosphate SHP-1 that inhibits BCR-mediated signaling
29

. Siglec 2 has been 

shown to contribute to regulating B cell signalling, cell survival, proliferation, and antibody 

production
30,31

. In addition, CD24/Siglec-G can activate SHP-1 and SHP-2 phosphates linked to 

ITIMs, inhibiting TLR-mediated inflammation and macrophage engulfment of cells
32

. The 

CD24/Siglec-G pathway engages danger-associated molecular patterns (DAMPs) while it is not 

affected by pathogen-associated molecular patterns (PAMPs) in response to signals of injury
33

. 

Therefore, further work should determine if Siglec-G or CD22 is expressed on the B cell surface 

as a co-receptor for CD24 in controlling B cell development in the bone marrow.   
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The work in Chapter 3 demonstrated the functional role of aSMase, which triggers the 

PI3K signaling pathway in response to CD24 stimulation. As mentioned above, CD24 lacks 

intrinsic enzymatic activity; it interacts with other signal transducers to induce intracellular 

signaling through glycolipid-enriched membrane (GEM) domains, also called lipid rafts
22,23

. The 

GEM domain is considered an important platform for signaling molecules, such as the Src family 

tyrosine kinases (SFK) and G-proteins
34,35

. Several reports have shown that GPI-linked CD24 

protein was shown to be associated with the Src family tyrosine kinases (SFK), which consist of 

nine members, including Blk, Fgr, Fyn, Hck, Lck, Lyn, Src, Yes, and Yrk
35,36

. Cross-linking of 

CD24 enhances the interaction between CD24 and Lyn, which in turn regulates the increased 

activity of Lyn and the activation of mitogen-activated protein kinases (MAPK) that leads to B 

cell apoptosis
37

. In addition, aSMase is required to distribute palmitoylated proteins, such as 

SNAP23 and Lyn, from the Golgi to the plasma membrane
38

. The SFK activation initiates the 

recruitment of the PI3K
39,40

. However, the interaction between Src family and aSMase is 

unknown, although these proteins are associated with CD24 activity. Thus, an emerging question 

is how CD24 triggers aSMase on lipid rafts. 

Finally, one mystery that keeps coming up is how CD24 activation is involved in cell 

proliferation and apoptosis. As a well-established function, CD24 mediates intracellular signal 

transduction that leads to B cell apoptosis
4,37,41

. However, my current work found that CD24 

activation triggers aSMase, which in turn activates the PI3K, mTORC2 and Akt signaling 

pathways, which are more well-known for their role in B cell proliferation and survival
42

.  

aSMase hydrolyzes sphingomyelin to produce the biologically active lipid ceramide
38

. Ceramide 

has long been recognized to cause necrosis or apoptosis in a variety of cell types, but more recent 

research shows that ceramide and its metabolites have a significant impact on cellular 

metabolism
43

. In the process of sphingolipid metabolism, ceramide can be broken down to 
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generate sphingosine by ceramidases
44

. Ceramide and sphingosine both function by stimulating 

protein phosphatase 2A and PKCd, which in turn inhibits Akt activity and induces cell cycle 

arrest and apoptosis
45

. It is reported that ceramide can become ceramide-1-phosphate (C1P) by 

the action of ceramide kinase. C1P can be converted back to ceramide by lipid phosphate 

phosphatases
46

. Alternatively, sphingosine-1-phosphate (S1P) can be generated by 

phosphorylating sphingosine by the action of sphingosine kinase
46

. Evidence showed that C1P 

and S1P activate PI3K, which supports cell survival and proliferation
47–49

. More research will be 

required to determine if the mechanisms of CD24 activation induce enzymes involved in 

ceramide/sphingosine and its antagonistic molecule to maintain regular cell activity. 

 

4.3. Conclusion 

The current study significantly adds to our knowledge of the role of EVs, especially 

ectosomes, as important mediators in cell-to-cell communication. Evidence showed that CD24 

and IgM stimulation of B cells triggers transfer of surface receptors between B cells through 

ectosomes to induce functional changes in recipient cells. In addition, I identified a novel 

pathway regulating ectosome release that has not been reported in any cell types. The research 

topic enhances understanding the expression of CD24 on B cells during B cell development. It 

offers great opportunities into the diverse function of CD24 as well as increasing biomedical 

application of EVs, particularly in B cells. 
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Appendix 

 

1. Lentiviral transfection 

1.1. Theoretical basis of the method 

Retrovirus-based gene transfer to mammalian cells presented major advantages, due to 

producing stable transgene expression by interaction of their genome in the host cell 

chromosomes
1
. In recent years, lentivirus vector development has received much interest because 

they have characteristics like their simple retrovirus counterparts, are devoid of viral protein, are 

free from replication-competent viruses, and can also transduce non-dividing cells
2
. Lentivirus 

vectors bring more benefits than other transfected methods. For instance, lipofection, a non-viral 

vector, is low in cost and is non-pathogenic, but it has limited transfection efficiency
3
. Unlike 

adenoviral vectors, there are rarely neutralizing antibodies against lentiviral vectors
4
. Importantly, 

lentivirus has been modified to reduce biosafety risks, where the crucial genes are separated and 

packaged in several plasmids that form the viral glycoproteins
5
. In short brief, lentivector 

particles are generated by co-transfection of 3 plasmids in human embryonic kidney (HEK) 293T 

cells, including a packing plasmid, a transfer plasmid and an envelope-encoding plasmid
6
. 

Currently, there are four generations of lentiviral vectors provided
7
.  

The scheme of a second-generation recombinant lentiviral vectors is shown in Figure 1.1. 

and schematic presentation of the production of lentivirus vector particles is shown in Figure 1.2. 
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Figure 1.1. Scheme of a second-generation recombinant lentiviral vectors. The system 

contains three separate plasmids: a packaging plasmid, an envelope plasmid encoding the viral 

glycoprotein, and a transfer vector genome construct. The packing plasmid express HIV Gag, 

Pol, and two regulatory genes for viral replication, Tat and Rev, under the control of a CMV 

promoter. The envelope plasmid expresses a viral glycoprotein such as VSV-G to provide the 

vector particles with a receptor binding protein. The transfer vector plasmid contains LTR that are 

quire for viral gene expression, reverse transcription and transport of viral RNAs. Created with 

BioRender.com. 
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Figure 1.2. Schematic presentation of the production of lentivirus vector particles. The HEK 

293T cells grow up to 90% confluency, followed by transfection using envelope, packaging and 

transfer plasmids. Virus particles were collected at 48 h and 36 h post transfection and 

subsequently filtered through a 0.45 µm filter. Post-transduction, cells expressing the target gene 

reporter were selectively identified using flow cytometry and/or other techniques. Created with 

BioRender.com. 
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1.2. Rationale for using this method 

The pCMV-VSV-G-M5 is envelope plasmid that expresses the G glycoprotein of the 

vesicular stomatitis virus (VSV-G) under the control of the CMV immediated-early promoter. 

VSV-G is used in pseudotyping of Moloney murine leukemia virus (MMLV)-based retroviral 

vectors by mediating viral entry. VSV-G interacts with phospholipid components of the target cell 

membrane and fosters the fusion of viral and cellular membranes. VSV-G does not require a cell 

surface receptor and can serve as a surrogate viral envelope protein. The vector contains the 

amplicillin-resitance gene for propagation and antibiotic selection in bacteria. 

The pCMV-δR8.91 is a packing plasmid that contains Gag, Pol, Rev, and Tat. It can be used 

with the second and third generation transfer plasmids. Gag/Pol encodes structural proteins, and 

enzymes required for viral reproduction. Tat is necessary for high level expression of viral LTR, 

whereas Rev has the ability to transport mRNAs containing unsliced and singly spliced viral 

sequences from the nucleus to the cytoplasm. This vector also contains amplicillin-resitance 

gene. 

The palmitoylation sequences (MLCCMRRTKQ) of growth cone-associated protein 

(GAP43) were genetically fused to the NH2 terminus of GFP (PalmGFP) and tdTomato 

(PalmtdTomato) by PCR using Phusion high fidelity DNA polymerase. Plasmids pCAG-mGFP 

and pCSCMV-tdTomato were used as cDNA templates for GAP43, EGFP and tdTomato. 

PalmGFP and PalmtdTomato sequences were inserted into pCSCGW2 lentivector plasmid using 

NheI and Xhol sites
8
. 

The lentiviral packaging plasmid pCMV-δR8.91, and envelope plasmid pCMV-VSV-G-M5 

were co-tranfected with either the pCSCGW2-PalmGFP or pCSCGW2-PalmtdTomato lentiviral 

vector into HEK-293T cells. Lentiviral supernatant was harvested and subsequently filtered 

through a 0.45 µm filter at 36 h post transfection, followed by adding it to 12-well plates 
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containing WEHI-231 or WEHI-303 cells. Cells were cultured 48 h before enrichment by 

fluorescence-activated cell sorting. WEHI-231-GFP and WEHI-303-tdTomato cells were re-

sorted regularly with the Beckman Coulter MoFlo Astrios EQ (Medical Laboratory Services, 

Memorial University) to maintain >90% fluorescently labelled cells. 

 

2. Vn96-based isolation 

2.1. Theoretical basis of the method 

Vn96 based isolation has been designed based on a series of peptides showing nucleotide-

independent specific affinity for typical heat shock proteins. It has been demonstrated that Vn96 

peptides can specifically and affinity capture HSP-containing EVs from cell culture growth 

media, plasma, and urine
9
. This technique is a more efficient isolation method than current 

methods based on physical characteristics (density and/or size separations) and multiple antibody 

affinity-based purifications. Vn96-isolated EVs have a cargo content similar to EVs isolated by 

the standard ultracentrifugation (UFC) purification method
9
. Moreover, Vn96 peptide can isolate 

EVs derived from cells under pathological conditions, such as cancer, infection, 

neurodegenerative, and metabolic diseases
10

. Thus, Vn96 peptide is an emerging technology for 

EV isolation because it provides a simple, efficient, and rapid method of EV enrichment and 

capture.  

 

2.2. Rationale for using this method 

There is no gold standard for isolation of EVs, however, UFC remains the most commonly 

used method
11

. UFC takes a long time, requires specialized equipment, and cannot be used for 

diagnostic testing in a clinic. UFC separates and purifies EVs using centrifugal force. It does this 

by employing a high centrifugal speed long enough for individual EVs to travel the length of the 
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tube and form a pellet, although it is less effective at pelleting smaller or less dense particles. 

Although repeated centrifugation can reduce the amount of non-EV particles co-isolated with the 

EVs, it reduces particle yield due to lost and damaged EVs
12

. A recent study showed that the size 

of EVs isolated with Vn96 is similar to UCF
13

. Therefore, in this study, Vn96 peptide was 

selected to isolate EVs in order to identify EV surface protein indicators such CD81, Hsp90, IgM, 

and GFP proteins because of its advantages, which include specificity, affinity, and less damaged 

EVs. 

 

3. Inhibitors used 

3.1. LY294002 

LY294002 is a chemical compound that is a potent inhibitor of several proteins and a strong 

inhibitor of PI3Ks.  It not only binds to class I PI3Ks and other PI3K-related kinases, but also to 

act on other lipid kinases and additional apparently unrelated to the PI3K family proteins. It is 

commonly used to investigate the role of the PI3K pathway in various biological processes, 

including cell growth, survival, and metabolism
14

. 

Typically, LY294002 use concentrations range from 5 µM to 50 µM in cell culture studies. 

However, using 10 µM LY294002 has shown a common choice in various studies
15,16

. Although 

both 10 µM and 50 µM LY294002 pre-treatment were used, 10 µM LY294002 was sufficient to 

inhibit signaling downstream of PI3K. Moreover, there was an emerging question if 50 µM 

LY294002 concentration induced apoptosis, and thus the release of apoptotic bodies, this could 

have potentially increased the quantity of lipid and IgM transferred to the recipient cells 

compared to the 10 µM LY294002 pre-treated group (Figure 3.1). Thus, 10 µM LY294002 

concentration was chosen in this study. 
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Figure 3.1. Representative dot plots showing the percent of GFP/ IgM-PE-CY7 and 

tdTomato in pre-treatment with LY294002 or DMSO for 15 min. WEHI-231-GFP cells were 

pre-treated with (A-B) DMSO for 15 min, or (C-D) 10 µM LY294002 for 15 min or (E-F) 50 µM 

LY294002 for 15 min, then stimulated with isotype control or anti-CD24 for 15 min, followed by 

washout and then a 24 h co-culture with WEHI-303-tdTomato cells. (A) Representative dot plots 
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of percent GFP and tdTomato double-positive cells indicating lipid transfer from WEHI-231-GFP 

to WEHI-303-tdTomato cells in Q2. (B) Representative dot plots of percent IgM and tdTomato 

double-positive cells indicating IgM transfer from WEHI-231-GFP to WEHI-303-tdTomato cells 

in Q6. (C) Representative dot plots of percent GFP and tdTomato double-positive cells indicating 

lipid transfer from WEHI-231-GFP to WEHI-303-tdTomato cells in Q2. (D) Representative dot 

plots of percent IgM and tdTomato double-positive cells indicating IgM transfer from WEHI-

231-GFP to WEHI-303-tdTomato cells in Q6. (E) Representative dot plots of percent GFP and 

tdTomato double-positive cells indicating lipid transfer from WEHI-231-GFP to WEHI-303-

tdTomato cells in Q2. (F) Representative dot plots of percent IgM and tdTomato double-positive 

cells indicating IgM transfer from WEHI-231-GFP to WEHI-303-tdTomato cells in Q6. 
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3.2. MK2206 

MK2206 is a selective allosteric inhibitor of AKT. MK2206 has been demonstrated to 

inhibit auto-phosphorylation of both AKT at Threonine 308 and Serine 473 sites
17,18

. It is 

recommended to use MK2206 at concentrations between 0.1 µM and 1.25 µM to inhibit AKT 

with minimal cytotoxicity
19

. Another study reported that cell viability reduced 30% upon cell 

types treated with 1 µM MK2206 for 48 h
20

. In this study, both 0.25 µM and 0.5 µM MK2206 

pre-treatment were sufficient to decrease the transfer of lipid and IgM to the recipient cells 

(Figure 3.2). However, there was an emerging question if the greater 0.5 µM MK2206 

concentration induced apoptosis, and thus the release of apoptotic bodies, this might have led to a 

greater quantity of lipid and IgM being transferred to the recipient cells compared to the 0.25 µM 

MK2206 pre-treated group. Therefore, the concentration of 0.25 µM MK2206 was selected. 
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Figure 3.2. Representative dot plots showing the percent of GFP/ IgM-PE-CY7 and 

tdTomato in pre-treatment with MK2206 or DMSO for 15 min. WEHI-231-GFP cells were 

pre-treated with (A-B) DMSO for 15 min, or (C-D) 0.25 µM MK2206 for 15 min or (E-F) 0.5 

µM MK2206 for 15 min, then stimulated with isotype control or anti-CD24 for 15 min, followed 

by washout and then a 24 h co-culture with WEHI-303-tdTomato cells. (A) Representative dot 



 
190 

plots of percent GFP and tdTomato double-positive cells indicating lipid transfer from WEHI-

231-GFP to WEHI-303-tdTomato cells in Q2. (B) Representative dot plots of percent IgM and 

tdTomato double-positive cells indicating IgM transfer from WEHI-231-GFP to WEHI-303-

tdTomato cells in Q6. (C) Representative dot plots of percent GFP and tdTomato double-positive 

cells indicating lipid transfer from WEHI-231-GFP to WEHI-303-tdTomato cells in Q2. (D) 

Representative dot plots of percent IgM and tdTomato double-positive cells indicating IgM 

transfer from WEHI-231-GFP to WEHI-303-tdTomato cells in Q6. (E) Representative dot plots 

of percent GFP and tdTomato double-positive cells indicating lipid transfer from WEHI-231-GFP 

to WEHI-303-tdTomato cells in Q2. (F) Representative dot plots of percent IgM and tdTomato 

double-positive cells indicating IgM transfer from WEHI-231-GFP to WEHI-303-tdTomato cells 

in Q6. 
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3.3. Torin-1 

Torin-1 is a potent and selective inhibitor of both mTORC1 and mTORC2, relating to cell 

growth, proliferation, and metabolism
21,22

. It has been reported to suppress mTOR activity with a 

concentration ranging from 0.25 µM to 2 µM
23

. Although both 0.25 µM and 0.5 µM Torin-1 pre-

treatment were used, the pre-treatment of 0.25 µM Torin-1 was adequate to suppress the transfer 

of lipid and IgM to the recipient cells. Moreover, there was an emerging question if the greater 

0.5 µM Torin-1 concentration induced apoptosis, and thus the release of apoptotic bodies, this 

could have potentially increased the quantity of lipid and IgM transferred to the recipient cells 

compared to the 0.25 µM Torin-1 pre-treated group (Figure 3.3). Therefore, a concentration of 

0.25 µM Torin-1 was used. 
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Figure 3.3. Representative dot plots showing the percent of GFP/ IgM-PE-CY7 and 

tdTomato in pre-treatment with Torin-1 or DMSO for 15 min. WEHI-231-GFP cells were 

pre-treated with (A-B) DMSO for 15 min, or (C-D) 0.25 µM Torin-1 for 15 min or (E-F) 0.5 µM 

Torin-1 for 15 min, then stimulated with isotype control or anti-CD24 for 15 min, followed by 

washout and then a 24 h co-culture with WEHI-303-tdTomato cells. (A) Representative dot plots 
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of percent GFP and tdTomato double-positive cells indicating lipid transfer from WEHI-231-GFP 

to WEHI-303-tdTomato cells in Q2. (B) Representative dot plots of percent IgM and tdTomato 

double-positive cells indicating IgM transfer from WEHI-231-GFP to WEHI-303-tdTomato cells 

in Q6. (C) Representative dot plots of percent GFP and tdTomato double-positive cells indicating 

lipid transfer from WEHI-231-GFP to WEHI-303-tdTomato cells in Q2. (D) Representative dot 

plots of percent IgM and tdTomato double-positive cells indicating IgM transfer from WEHI-

231-GFP to WEHI-303-tdTomato cells in Q6. (E) Representative dot plots of percent GFP and 

tdTomato double-positive cells indicating lipid transfer from WEHI-231-GFP to WEHI-303-

tdTomato cells in Q2. (F) Representative dot plots of percent IgM and tdTomato double-positive 

cells indicating IgM transfer from WEHI-231-GFP to WEHI-303-tdTomato cells in Q6. 
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3.4. Rapamycin 

Rapamycin is a selective inhibitor of mTORC1, thus inhibits the proliferation and 

survival of cells
24,25

. It  has demonstrated that HK-2 cells did not undergo apoptosis when treated 

with rapamycin at a concentration of less than 5 µM for 24 hours
26

. Another study found that 

treating SW1990 pancreatic cancer cells with rapamycin at concentrations below 200 nM had no 

effect on the cell viability
27

. In this study, the transfer of lipid and IgM to the recipient cells 

decreased by pre-treatment with 0.1 µM and 1 µM rapamycin in donor cells (Figure 3.4). 

However, there was an emerging question if the pre-treatment of 1 µM rapamycin concentration 

caused apoptosis, and thus the release of apoptotic bodies, this might have led to a greater 

quantity of lipid and IgM being transferred to the recipient cells than the 0.1 µM rapamycin pre-

treated group. Therefore, the concentration of 0.1 µM rapamycin was selected. 
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Figure 3.4. Representative dot plots showing the percent of GFP/ IgM-PE-CY7 and 

tdTomato in pre-treatment with Rapamycin or DMSO for 15 min. WEHI-231-GFP cells were 

pre-treated with (A-B) DMSO for 15 min, or (C-D) 0.1 µM rapamycin for 15 min or (E-F) 1 µM 

rapamycin for 15 min, then stimulated with isotype control or anti-CD24 for 15 min, followed by 

washout and then a 24 h co-culture with WEHI-303-tdTomato cells. (A) Representative dot plots 
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of percent GFP and tdTomato double-positive cells indicating lipid transfer from WEHI-231-GFP 

to WEHI-303-tdTomato cells in Q2. (B) Representative dot plots of percent IgM and tdTomato 

double-positive cells indicating IgM transfer from WEHI-231-GFP to WEHI-303-tdTomato cells 

in Q6. (C) Representative dot plots of percent GFP and tdTomato double-positive cells indicating 

lipid transfer from WEHI-231-GFP to WEHI-303-tdTomato cells in Q2. (D) Representative dot 

plots of percent IgM and tdTomato double-positive cells indicating IgM transfer from WEHI-

231-GFP to WEHI-303-tdTomato cells in Q6. (E) Representative dot plots of percent GFP and 

tdTomato double-positive cells indicating lipid transfer from WEHI-231-GFP to WEHI-303-

tdTomato cells in Q2. (F) Representative dot plots of percent IgM and tdTomato double-positive 

cells indicating IgM transfer from WEHI-231-GFP to WEHI-303-tdTomato cells in Q6. 
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3.5. JR-AB2-011 

JR-AB2-011 is a selective inhibitor of mTORC2
24

. A study reported that human melanoma 

cell lines had only little impact on the cell growth and viability up to 100 µM JR-AB2-011 

concentration for up to 48 h treatment
28

. In this study, both 0.1 µM and 1 µM JR-AB2-011 pre-

treatment were sufficient to decrease the transfer of lipid and IgM to the recipient cells (Figure 

3.4). However, there was an emerging question if the greater 1 µM JR-AB2-011 concentration 

caused apoptosis, and thus the release of apoptotic bodies, this might have led to a greater 

quantity of lipid and IgM being transferred to the recipient cells than the 0.1 µM JR-AB2-011 

pre-treated group. Therefore, the concentration of 0.1 µM JR-AB2-011 was selected. 
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Figure 3.5. Representative dot plots showing the percent of GFP/ IgM-PE-CY7 and 

tdTomato in pre-treatment with JR-AB2-011 or DMSO for 15 min. WEHI-231-GFP cells 

were pre-treated with (A-B) DMSO for 15 min, or (C-D) 0.1 µM JR-AB2-011 for 15 min or (E-

F) 1 µM JR-AB2-011 for 15 min, then stimulated with isotype control or anti-CD24 for 15 min, 

followed by washout and then a 24 h co-culture with WEHI-303-tdTomato cells. (A) 
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Representative dot plots of percent GFP and tdTomato double-positive cells indicating lipid 

transfer from WEHI-231-GFP to WEHI-303-tdTomato cells in Q2. (B) Representative dot plots 

of percent IgM and tdTomato double-positive cells indicating IgM transfer from WEHI-231-GFP 

to WEHI-303-tdTomato cells in Q6. (C) Representative dot plots of percent GFP and tdTomato 

double-positive cells indicating lipid transfer from WEHI-231-GFP to WEHI-303-tdTomato cells 

in Q2. (D) Representative dot plots of percent IgM and tdTomato double-positive cells indicating 

IgM transfer from WEHI-231-GFP to WEHI-303-tdTomato cells in Q6. (E) Representative dot 

plots of percent GFP and tdTomato double-positive cells indicating lipid transfer from WEHI-

231-GFP to WEHI-303-tdTomato cells in Q2. (F) Representative dot plots of percent IgM and 

tdTomato double-positive cells indicating IgM transfer from WEHI-231-GFP to WEHI-303-

tdTomato cells in Q6. 
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3.6. Y27632 

Y27632 is a chemical compound that used in research focusing on the ROCK pathway. It is 

a selective inhibitor of ROCK and is often used in various biological studies
29,30

. Treatment with 

10 µM Y27632 did not induce cytotoxicity
30

. Although both 5 µM and 10 µM Y27632 pre-

treatment were used, 10 µM Y27632 was only sufficient to decrease the transfer of lipid and 

protein to the recipient cells (Figure 3.6). Therefore, the concentration of 10 µM Y27632 was 

selected. 
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Figure 3.6. Representative dot plots showing the percent of GFP/ IgM-PE-CY7 and 

tdTomato in pre-treatment with Y27632 or DMSO for 15 min. WEHI-231-GFP cells were 

pre-treated with (A-B) DMSO for 15 min, or (C-D) 5 µM Y27632 for 15 min or (E-F) 10 µM 

Y27632 for 15 min, then stimulated with isotype control or anti-CD24 for 15 min, followed by 

washout and then a 24 h co-culture with WEHI-303-tdTomato cells. (A) Representative dot plots 
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of percent GFP and tdTomato double-positive cells indicating lipid transfer from WEHI-231-GFP 

to WEHI-303-tdTomato cells in Q2. (B) Representative dot plots of percent IgM and tdTomato 

double-positive cells indicating IgM transfer from WEHI-231-GFP to WEHI-303-tdTomato cells 

in Q6. (C) Representative dot plots of percent GFP and tdTomato double-positive cells indicating 

lipid transfer from WEHI-231-GFP to WEHI-303-tdTomato cells in Q2. (D) Representative dot 

plots of percent IgM and tdTomato double-positive cells indicating IgM transfer from WEHI-

231-GFP to WEHI-303-tdTomato cells in Q6. (E) Representative dot plots of percent GFP and 

tdTomato double-positive cells indicating lipid transfer from WEHI-231-GFP to WEHI-303-

tdTomato cells in Q2. (F) Representative dot plots of percent IgM and tdTomato double-positive 

cells indicating IgM transfer from WEHI-231-GFP to WEHI-303-tdTomato cells in Q6. 
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3.7. Cytochalasin D 

Cytochalasin D is a cell-permeable inhibitor that prevents polymerization by binding actin 

filaments but not actin monomers
31

. Research reported that F-actin cytoskeleton organization 

started to affect at 0.2 µM cytochalasin D
32

. In this study, both 0.2 µM and 0.5 µM cytochalasin 

D pre-treatment of donor cells were shown to inhibit the transfer of lipid and IgM to the recipient 

cells (Figure 3.7). However, there was an emerging question if the greater 0.5 µM cytochalasin D 

pre-treatment included apoptosis, and thus the release of apoptosis bodies, this could have 

potentially increased the quantity of lipid and IgM transferred to the recipient cells compared to 

the 0.2 µM cytochalasin D pre-treatment group. Therefore, the pre-treatment of 0.2 µM 

cytochalasin D concentration was selected. 
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Figure 3.7. Representative dot plots showing the percent of GFP/ IgM-PE-CY7 and 

tdTomato in pre-treatment with Cytochalasin D or DMSO for 15 min. WEHI-231-GFP cells 

were pre-treated with (A-B) DMSO for 15 min, or (C-D) 0.2 µM cytochalasin D for 15 min or 

(E-F) 0.5 µM cytochalasin D for 15 min, then stimulated with isotype control or anti-CD24 for 15 

min, followed by washout and then a 24 h co-culture with WEHI-303-tdTomato cells. (A) 
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Representative dot plots of percent GFP and tdTomato double-positive cells indicating lipid 

transfer from WEHI-231-GFP to WEHI-303-tdTomato cells in Q2. (B) Representative dot plots 

of percent IgM and tdTomato double-positive cells indicating IgM transfer from WEHI-231-GFP 

to WEHI-303-tdTomato cells in Q6. (C) Representative dot plots of percent GFP and tdTomato 

double-positive cells indicating lipid transfer from WEHI-231-GFP to WEHI-303-tdTomato cells 

in Q2. (D) Representative dot plots of percent IgM and tdTomato double-positive cells indicating 

IgM transfer from WEHI-231-GFP to WEHI-303-tdTomato cells in Q6. (E) Representative dot 

plots of percent GFP and tdTomato double-positive cells indicating lipid transfer from WEHI-

231-GFP to WEHI-303-tdTomato cells in Q2. (F) Representative dot plots of percent IgM and 

tdTomato double-positive cells indicating IgM transfer from WEHI-231-GFP to WEHI-303-

tdTomato cells in Q6. 
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3.8. Imipramine 

Imipramine is introduced to prevent the activity of acid sphingomyelinase to catalyze 

sphingomyelin hydrolysis to ceramide
33

. Treatment with imipramine at concentration of 30 µM 

imipramine reduced cell viability
34

. Although both 5 µM and 10 µM imipramine pre-treatment 

were investigated, 10 µM imipramine was only sufficient to decrease the transfer of lipid and 

protein to the recipient cells (Figure 3.8). Therefore, the concentration of 10 µM imipramine was 

selected. 
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Figure 3.8. Representative dot plots showing the percent of GFP/ IgM-PE-CY7 and 

tdTomato in pre-treatment with Imipramine or DMSO for 15 min. WEHI-231-GFP cells 

were pre-treated with (A-B) DMSO for 15 min, or (C-D) 5 µM imipramine for 15 min or (E-F) 

10 µM imipramine for 15 min, then stimulated with isotype control or anti-CD24 for 15 min, 

followed by washout and then a 24 h co-culture with WEHI-303-tdTomato cells. (A) 
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Representative dot plots of percent GFP and tdTomato double-positive cells indicating lipid 

transfer from WEHI-231-GFP to WEHI-303-tdTomato cells in Q2. (B) Representative dot plots 

of percent IgM and tdTomato double-positive cells indicating IgM transfer from WEHI-231-GFP 

to WEHI-303-tdTomato cells in Q6. (C) Representative dot plots of percent GFP and tdTomato 

double-positive cells indicating lipid transfer from WEHI-231-GFP to WEHI-303-tdTomato cells 

in Q2. (D) Representative dot plots of percent IgM and tdTomato double-positive cells indicating 

IgM transfer from WEHI-231-GFP to WEHI-303-tdTomato cells in Q6. (E) Representative dot 

plots of percent GFP and tdTomato double-positive cells indicating lipid transfer from WEHI-

231-GFP to WEHI-303-tdTomato cells in Q2. (F) Representative dot plots of percent IgM and 

tdTomato double-positive cells indicating IgM transfer from WEHI-231-GFP to WEHI-303-

tdTomato cells in Q6. 
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3.9. Arc39 

Arc39 is a new inhibitor of ASM by inhibiting both lysosomal and secretory ASM
35

. Since 

ARC39 is a relatively strong inhibitor, adding it directly to cell lysates results in an almost 

complete inhibition of ASM activity at a final dose of 0.3 to 0.5 μM in the experiment
36

. In 

contrast, in living cells, ASM activity entirely inhibited by a dosage of 20 μM
36

. In this work, 

donor cells pre-treated with 20 µM Arc39 more effectively inhibited the transfer of lipid and 

protein to the recipient cells than those pre-treated with 10 µM Arc39 (Figure 3.9). Therefore, a 

concentration of 20 µM Arc39 was selected. 
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Figure 3.9. Representative dot plots showing the percent of GFP/ IgM-PE-CY7 and 

tdTomato in pre-treatment with Arc39 or DMSO for 15 min. WEHI-231-GFP cells were pre-

treated with (A-B) DMSO for 15 min, or (C-D) 10 µM Arc39 for 15 min or (E-F) 20 µM Arc39 

for 15 min, then stimulated with isotype control or anti-CD24 for 15 min, followed by washout 

and then a 24 h co-culture with WEHI-303-tdTomato cells. (A) Representative dot plots of 
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percent GFP and tdTomato double-positive cells indicating lipid transfer from WEHI-231-GFP to 

WEHI-303-tdTomato cells in Q2. (B) Representative dot plots of percent IgM and tdTomato 

double-positive cells indicating IgM transfer from WEHI-231-GFP to WEHI-303-tdTomato cells 

in Q6. (C) Representative dot plots of percent GFP and tdTomato double-positive cells indicating 

lipid transfer from WEHI-231-GFP to WEHI-303-tdTomato cells in Q2. (D) Representative dot 

plots of percent IgM and tdTomato double-positive cells indicating IgM transfer from WEHI-

231-GFP to WEHI-303-tdTomato cells in Q6. (E) Representative dot plots of percent GFP and 

tdTomato double-positive cells indicating lipid transfer from WEHI-231-GFP to WEHI-303-

tdTomato cells in Q2. (F) Representative dot plots of percent IgM and tdTomato double-positive 

cells indicating IgM transfer from WEHI-231-GFP to WEHI-303-tdTomato cells in Q6. 
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