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Abstract

Persistent and uncontrolled inflammation promotes the development of humerous chronic
pathologies. During efferocytosis, apoptotic cells (AC) are recognized and engulfed by
professional phagocytes. This phagocytic event is guided by the release of “find-me” signals
creating a chemotactic gradient that aids the recruitment of macrophages. AC also release
extracellular vesicles (ACdEVs) in the environment, and although this subset of EVs has not
yet been extensively characterized, evidence highlights their role as key mediators of
efferocytosis. This study aims to understand the complex mechanisms of the resolution of

inflammation mediated by ACdEVs.

AC (UV induced) were shown to continuously release highly heterogeneous EVs, as observed
by their various structures/shapes (Cryo-TEM), and polydisperse size distribution (resistive
pulse sensing). ACdEVs were shown to have a similar membrane fluidity as their parent cells
as measured by laurdan fluorescence. Interestingly, comparing early and late ACdEVs
revealed differences in lipid composition, which may reflect different biogenesis pathways.
ACdEVs samples depleted of soluble factors lose the ability to recruit macrophages whereas
their uptake remained unchanged. Depleting the membrane of cholesterol resulted in an
increased membrane rigidity and surface charges which was found to promote the ACdEVs
uptake. Early and late apoptosis timepoints were defined by the kinetic study of UV-induced
apoptosis as 6h and 18h, respectively. Early ACAEVs were more efficiently engulfed but less
chemo attractive than the late ACdEVs, which may result in different immunomodulatory
functions. The characterization of EV subtypes in different contexts is extremely challenging.
Here, an alternative passive microfluidic method was shown to continuously separate EVs

(above 500 nm) based on their size, while retaining soluble factors.

Altogether, these data suggest that ACAEVs are complex mediators of efferocytosis and also
highlights the importance of eat-me and find-me signals in ACdEV’s functions. Lipidomics
should support a new and fundamental way of discriminating between different EV subtypes
and, indeed, the lipid composition of the membrane is likely vital in tuning the activity of these

subtypes.

Keywords: Extracellular vesicles, apoptosis, ACdEV, inflammation, efferocytosis,

microfluidics
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1. Introduction

1.1 Inflammation

Descriptions of inflammation date back to the ancient Egyptian and Greek cultures with terms
like Edema. The four cardinal signs of inflammation, still relevant to this day, were introduced
by Aulus Cornelius Celsus in the first century AD: redness (rubor), pain (dolor), heat (calor),
and swelling (tumour) (Granger and Senchenkova, 2010). Over the centuries, advances in

technologies allowed scientists to investigate the inflammatory response in more depth.

Inflammation is now referred to as a complex and coordinated biological protective response
against pathogens, damaged cells, injury, and other trauma. It consists in a vascular and
cellular response. During the short-term acute response, many mediators of the immune
response will work to restore a physiological state, such as endothelial cells, immune cells,
fibroblasts, soluble factors, etc. An immune system out of balance can cause a long-lasting

chronic inflammation that can lead to severe inflammatory disorders.

1.1.1 Acute Inflammation

When a tissue injury occurs, resident cells (tissue macrophages, dendritic cells and epithelial
cells), through pattern recognition receptors (PRRs), recognize damage/pathogen-associated
molecular patterns (D/PAMP) derived from damaged cells or pathogens (Takeuchi and Akira,
2010). This leads to the rapid production and secretion of soluble pro-inflammatory factors,
also known as cytokines, that will stimulate the migration and recruitment of leukocytes. These
include interleukin (IL)-1a, IL-18, IL-6, IL-8, tumour necrosis factor (TNF)-a, platelet-derived
growth factor (PDGF) and transforming growth factor (TGF)-8 (Zhang and An, 2007).

Chemical mediators such as amines, peptides, and eicosanoids are also released by immune
cells. Amines include histamine and serotonin, peptides include bradykinin, whereas
eicosanoids include prostaglandins (PGs), leukotrienes (LTs), and thromboxanes. These
vasoactive mediators target local vascular endothelial cells promoting vascular permeability
and a decreased blood flow (Figure 1.1.a) (Abdulkhaleq et al., 2018). This facilitates the
extravasation of recruited leukocytes to the site of infection/injury by allowing them to bind to
specific adhesion molecules (selectins and integrins) on endothelial cells surfaces (van Steen
et al., 2020).
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Neutrophils are the first to be recruited to the inflamed tissue. They secrete proteolytic
enzymes such as serine proteases and matrix metalloproteinases (MMP) -2 and —9 that break
down nonhealthy tissue. Additionally, they phagocytose extracellular matrix (ECM) debris
(Xue and Jackson, 2015) (Figure 1.1.b).

Following neutrophils, monocytes are the next to infiltrate the site of injury. Blood circulating
monocytes extravasate into the inflamed tissue through rolling, adhesion and transmigration
of the endothelial cells (Ley et al., 2007). Once in the tissue, monocytes then mature into active
M1 macrophages where they will ingest apoptotic neutrophils and remaining debris (Figure
1.1.c) (Yang et al., 2014). Due to their own production of nitric oxide (NO), M1 macrophages
undergo cell death, resulting in an increase of resolution-phase M2 like macrophages (Mills,
2012). In more details, NO production results in oxidative stress which eventually lead to
irreversible cellular damages and cell death. M2 macrophages produce and release anti-
inflammatory cytokines and growth factors (GF) that will inhibit neutrophil migration and tissue
infiltration, including TGF-a, TGF-f3, basic fibroblast growth factor (bFGF), PDGF, and vascular
endothelial growth factor (VEGF). These soluble mediators will also recruit and activate
fibroblasts and endothelial cells for tissue proliferation and repair (Figure 1.1.d) (Watanabe et
al., 2019). When the stable physiological equilibrium has been restored, both tissue resident-
and monocyte-derive macrophages maintain an M2-like phenotype and stay in the tissue,
possibly becoming trained memory macrophages, or exit the tissue through the lymphatic

system (Figure 1.1.e) (Italiani and Boraschi, 2014).

It should be noted that macrophages exhibit a complex plasticity depending on the
environmental cues. Here, M1 and M2 represent a simplified taxonomy of two extreme

macrophages activation states (Sica and Mantovani, 2012; Xue et al., 2014).
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Figure 1.1: Summary of the mediators involved in the resolution of the inflammatory response.
(a) Tissue injury leads to the release of vasoactive mediators that promote the dilatation and increase
the leakiness of blood vessels. (b) Pro-inflammatory cytokines recruit leukocytes to the site of injury
that phagocytose pathogens, damaged cells and debris. (c) Recruited monocytes differentiate into M1
inflammatory M@ that engulf apoptotic leukocytes. Surviving M1 M@ eventually die due to their own NO
production, increasing the level of M2 M@. (d) Pro-resolving M2 M@ stimulate tissue regrowth and
repair to return to the state of homeostasis. (e) M2 M@ then either exit or stay in the tissue as a M2-like
resident M@ or memory M@. N@: Neutrophils; EC: Endothelial cell; AC: Apoptotic Cell; MO: Monocyte;
M@: Macrophage.

Due to the complexity and the number of mediators involved in the inflammatory response,
various imbalances or defects can lead to a long lasting excessive or deficient immune

response known as chronic inflammation.

1.1.2 Chronic inflammation

Long lasting inflammation or chronic inflammation can last for months up to several years
(Pahwa, Goyal and Jialal, 2022). This long-term response is caused by the immune system
failure to restore tissue homeostasis following acute inflammation caused by an infection,
injury, etc. Additionally, chronic inflammation can be caused by autoimmune disorders which
consist in immune cells attacking healthy tissues/cells (rheumatoid arthritis, systemic lupus
erythematosus), and long-term exposure to chemical irritants (silica dust) (Furman et al.,

2019). Chronic inflammation can lead to severe tissue damages and remodelling, promoting
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cell mutation and proliferation. This harmful environment is prone to many pathologies such
as, but not limited to: cardiovascular diseases (Mozos et al., 2017; Qi, Yang and Zhang, 2017),
development and progression of cancer (Singh and Baby, 2019), diabetes (Clark, Kroger and
Tisch, 2017; Purohit et al., 2018), arthritis, Alzheimer’s disease, autoimmune diseases and

pulmonary diseases (Vroman, Hendriks and Kool, 2017) (Figure 1.2).

Chemical irritant Cancer
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Figure 1.2: Overview of causes and consequences of acute and chronic inflammation. Acute
inflammation is caused by exogeneous inflammogens, and if prolonged, leads to chronic inflammation

and numerous pathologies.

1.1.3 Inhibition of pro-inflammatory signalling

The first treatment against fever and inflammation was discovered by the Greek physician
Hippocrates who used an extract of willow tree, about 3,500 years ago. The active compound
of this extract was then identified as salicylic acid in the 17th century and led to the
commercialization of aspirin in 1869. Since then, not much improvement has been made to
the anti-inflammatory drug discovery development. Anti-inflammatory drugs still work in a very
similar way by targeting the eicosanoids synthesis pathway such as cyclooxygenase,

lipoxygenase, and corticoid receptor (Figure 1.3).
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Figure 1.3: Anti-inflammatory drug targets over the years. Data originated from chEMBL online
database. Graph shows the number of food and drug administration (FDA)-approved drugs to treat
inflammation from 1940 to 2020.

Eicosanoid synthesis pathways, such as those of prostaglandins (PGs) and leukotrienes
(LTs), generate key inflammatory mediators and are thus of great interest in the development
of anti-inflammatory drugs (Figure 1.4). Indeed, PGs and LTs promote vascular permeability
and leukocytes accumulation. Activated by an inflammatory stimulus, a 20-carbon fatty acid
with four double bonds e.g., arachidonic acid (AA), gets released from the plasma membrane
by the action of phospholipase A2 (PLA-2). AA can then get oxygenated by cyclooxygenase
(COX) and lipoxygenase (LOX) enzymes to generate PGs and LTs. PGE2 is a crucial
inflammatory mediator, and reducing its level using up-stream targets of its biosynthetic
pathway has been extensively explored over the years by either inhibiting PLA-2 using
corticosteroids, or by inhibiting COX-1 and COX-2 using non-steroidal anti-inflammatory drugs
(NSAIDs). Corticosteroids and NSAIDs drugs (such as aspirin), have been widely used to
manage inflammation. Additionally, LOX inhibitors and COX/LOX dual inhibitors drugs have
been developed to target LTs formed via the 5-lipoxygenase pathway. However, these drugs
can cause side effects such as gastrointestinal toxicity, hematologic toxicity, and

nephrotoxicity; and do not target the inflammatory stimulus.
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Figure 1.4: Overview of the cyclooxygenase and lipoxygenase pathways of the arachidonate
cascade and current anti-inflammatory targets. Red boxes represent the targeted enzymes:
Phospholipase A2 (PLA2), Cyclooxygenase-1 and -2 (COX-1 and COX-2), and 5-Lipooxygenase (5-
LOX). Green boxes represent the main three inflammatory drugs: corticosteroids, non-steroidal anti-
inflammatory drugs (NSAIDs), and 5-LOX inhibitors.

Recently, more disease modifying drugs have been developed such as immune cell anti-
proliferative, anti-inflammatory cytokines, or inflammasomes inhibitors (Dinarello, 2013).
Nevertheless, as inflammation is crucial for our everyday survival by protecting ourselves from
pathogens, research should focus on immunoresolvent therapies instead of
immunosuppressive therapies. Indeed, improving the understanding of the mechanisms that
control the resolution of inflammation and the role of pro resolving mediators will undoubtably

lead to important breakthrough in the treatment of various diseases.

Specialized pro resolving mediators (SPMs) are derived from n-3 (omega-3) long chain poly-
unsaturated fatty acids (n-3PUFA) and produced across various cell types (Serhan, Chiang
and Van Dyke, 2008). SPMs comprise resolvins, protectins, maresins, and lipoxins (Serhan
and Levy, 2018). SPMs are active mediators of the resolution of inflammation and play

important roles in the downregulation of pro inflammatory mediators, the promotion of
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efferocytosis, the clearance of pathogens, the inhibition of neutrophils infiltration, and the

increase of the M2 macrophage’s pool.

Even though chronic inflammation has multifactorial causes, using a computational modelling
approach, it was shown that the main critical factor was the macrophages influx and efflux
rates (Nagaraja et al., 2014). Indeed, macrophages play a significant role in the resolution of
inflammation by phagocyting apoptotic immune cells in the inflamed tissue, also known as

efferocytosis.

1.2 Resolving acute inflammation: Efferocytosis

Apoptosis plays an important role in regulating the inflammatory response (Yang et al., 2015).
Following the initial elimination of inflammogens, neutrophils undergo apoptosis. Efferocytosis
is the controlled recognition and removal of apoptotic cells by macrophages. This anti-
inflammatory mechanism occurs in three steps: the sensing of apoptotic cells, the recognition
of eat-me / keep-out signals, and finally its engulfment. Efficient efferocytosis prevents
apoptotic neutrophils from undergoing secondary necrosis further releasing toxic DAMPs in
the surrounding tissue, as well as promoting a pro-resolving phenotype in efferocytotic

macrophages. Subsequently, efferocytosis is a key step of the resolution of inflammation.

1.2.1 Cell death

The Nomenclature Committee on Cell Death (NCCD) has unveiled and classified multiple
types of cell death over the past decades from which three different forms emerge: apoptosis

(Type 1), autophagy (Type 1), and necrosis (Type lll) (Galluzzi et al., 2018).

Type | cell death or apoptosis, first observed by Carl Vogt in 1842 (Vogt, C. and Vogt, 1842),
is a type of controlled programmed cell death necessary for the growth and development of
any organism as well as the maintenance of tissue homeostasis (Ke et al., 2018). It is different
from senescence which is the biological process of ageing where the cells stop dividing but
do not die, and to necrosis which is a traumatic version of cell death. Major hallmarks of
apoptosis include membrane blebbing, cell shrinkage, nuclear fragmentation, chromatin
condensation, DNA fragmentation and mRNA decay (Saraste and Pulkki, 2000; Gheibi Hayat
et al., 2019). There are two major pathways leading to apoptosis: the extrinsic and the intrinsic

pathways (Figure 1.5). Ultimately, both pathways converge towards the activation of
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caspases (serine proteases) that cleave critical cellular components such as polymerases and

lamins leading to morphological changes observed during cell death (M. COHEN, 1997).

The extrinsic pathway is initiated by the binding of a death ligand, commonly Fas and tumour
necrosis factor-related apoptosis-inducing ligand (TRAIL), to a TNFR family death receptor.
This leads to conformational changes in the intracellular death domain of the receptor,
activating the Fas-associated death domain (FADD) protein. Activated FADD will then cleave
the pro-caspases-8 and -10 resulting in their activation and cleavage of the effectors

caspases-3 and -7.

The intrinsic pathway, occurring in UV-induced apoptosis, can be caused by stress or damage
to the cell (genotoxic damage, hypoxia, metabolic and ER stress, and other cytotoxic cues),
and is mediated by the irreversible mitochondrial outer membrane permeabilization (MOMP).
MOMP is controlled by apoptotic regulators part of the B-cell ymphoma (BCL)-2 protein family
(Singh, Letai and Sarosiek, 2020), which can be either pro- or anti- apoptotic proteins. In the
intrinsic signalling cascade, pro-apoptotic members of the BCL-2 family, also known as BH3-
only proteins, are activated in response to stress signalling (Pihan, Carreras-Sureda and Hetz,
2017) (Bouillet et al., 2002). These includes BAX and BAK, that switch the equilibrium against
anti-apoptotic proteins (BCL-2, BCL-X, MCL-1) towards apoptosis (Czabotar, Lessene and
Strasser, 2014). BH3-only proteins are responsible for the pore’s formation in the
mitochondrial outer membrane leading to the release of cytochrome c into the cytoplasm
(Shamas-Din et al., 2013; Aluvila et al., 2014; Salvador-Gallego et al., 2016). Together with
apoptotic peptidase activating factor 1 (APAF1), these apoptotic signalling molecules will
assemble to form the apoptosome complex, whose role is to cleave and activate the pro

caspase-9, in terms activating the effectors caspase-3 and -7 (Li et al., 1997).

Both intrinsic and extrinsic pathways converge at the activation of pro-apoptotic molecules
BAX and BAK. Indeed, in the extrinsic pathway, the proteolytic cleavage of BID into its
truncated form tBID by both capase-8 and -10. tBID then acts as a BH3-only protein and
mediate the BAX/BAK dependant MOMP (Li et al., 1998). Ultimately, both extrinsic and

intrinsic apoptotic pathways lead to cell death and the release of apoptotic vesicles, ACdEVs.
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Figure 1.5: Overview of the apoptosis extrinsic and intrinsic pathways. The extrinsic pathway is
activated by an external lethal stimulus and leads to a signalling cascade. The intrinsic pathway is
activated by an intrinsic lethal stimulus and is mainly characterized by mitochondrial outer membrane

permeabilization (MOMP). Both processes result in the activation of the execution caspases-3 and -7.

1.2.2 Macrophage recruitment to the site of cell death

For efferocytosis to be efficient, macrophages need to be rapidly mobilized to the site of cell
death. During apoptosis, cells release a multitude of signals in the environment that form a
chemotactic gradient, aiding macrophage’s direction. Those signals are called “find-me”

signals and include nucleotides, lipids, chemokines, and ACdEVs (Figure 1.6).

Adenosine triphosphate (ATP) and uridine-5'-triphosphate (UTP) are released in the
extracellular environment through the plasma membrane channel pannexin 1 (PANX1), as an
effector of caspase-3 and -7 (Chekeni et al., 2010). Extracellular nucleotides interact with
macrophages via the ATP/UTP receptor P2Y(2). However, the precise downstream signalling
from P2Y(2) leading to the macrophage migration remains unknown. Interestingly,
extracellular nucleotides can also upregulate the release of pro resolving factors (Kordoskényi
et al.,, 2011; Lin, Niparko and Ferrucci, 2014).
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Figure 1.6: Apoptotic cells release find-me signals attracting macrophages. Apoptotic cells (AC)
release lipids (S1-P, LPC), nucleotides (ATP, UTP), chemokines (CX3CL-1), and ACdEVs. These
soluble find me signals are recognized by macrophages (MQO) through membrane receptors (S1PR,
G2A, P2Y2, and CX3CR-1). Molecules involved in ACdEVs recognition by macrophages remain

unknown.

Lipid attraction signals include lyso-phosphatidylcholine (LPC), and sphingosine-1-
phosphate (S1P) (Lauber et al., 2003; Gude et al., 2008). LPC is generated in a caspase 3
dependent manner, where upon activation of calcium independent phospholipase A2 (iPLA-
2), plasma membrane PC is cleaved into two products: LPC and arachidonic acid. LPC
engages with the G protein coupled receptor G2A on macrophages surfaces (Radu et al.,
2004). Additionally, S1P is produced and secreted by apoptotic cells upon upregulation of
sphingosine kinases and is sensed by macrophages through the S1P receptor (S1PR). The
C-X3-C motif chemokine ligand 1 (CX3CL1) chemokine was also identified as a find-me signal
(Truman et al., 2008). CX3CL1 stimulates the chemotaxis of CX3CR1 positive phagocytes.
Furthermore, CX3CL1 — CX3CR1 signalling decreases pro inflammatory cytokines release.

The release of ACdEVs promotes apoptotic cell clearance by exhibiting chemo attractive
properties (Segundo et al., 1999). However, the identified molecules involved in ACdEVs
mediated macrophages recruitment are limited. The adhesion molecule ICAM-3 was identified

as one of these molecules. Indeed, ICAM-3 positive ACdEVs were found to be more efficient
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at attracting macrophages than ICAM-3 negative ACdEVs (Torr et al., 2012). ICAM-3 positive
ACdEVs were also found to promote the chemoattraction of phagocytes (Torr et al., 2012).
Nevertheless, the interactions and signalling pathways behind ACdEVs mediated phagocyte’s
recruitment are poorly understood. Investigating the ACdEVs immunomodulatory functions is
crucial to better characterize efferocytosis and the resolution of inflammation, which could lead

to potential new therapeutic target for the treatment of inflammatory diseases.

Once nearby phagocytes have sensed the numerous soluble factors released during early
apoptosis, the tethering of apoptotic cells begins. Interestingly, ACdEVs, in addition to acting
as a find-me signal, also harbour eat-me signalling molecules. Those ACdEVs associated eat-
me signals are also found on apoptotic cells surface suggesting that ACdEVs have the

potential to be engulfed by professional phagocytes.

1.2.3 Viable and apoptotic cells discrimination

Interactions between eat-me or keep-out signals with macrophages are crucial for the
discrimination of viable cells and apoptotic cells (Figure 1.7). Eat-me signals include ICAM-3,
calreticulin, CX3CL1, phosphatidylserine (PS) and will induce the engulfment of the dying
cells. Whereas keep-out signals include CD47 and CD31 and will promote the detachment

from the viable cell.

PS is a negatively charged phospholipid composed of a hydrophobic tail (two fatty acids) and
a hydrophilic head group (a glycerol and phosphate group to which is attached a serine
residue). The increased PS exposure in the outer leaflet of the plasma is known as the main
marker of apoptosis and a well characterized eat-me signal (Leventis and Grinstein, 2010;
Segawa and Nagata, 2015). It is caused by the caspase-dependent inactivation of flippases
and the activation of scramblase by caspases. Flippases comprise a family of proteins that
translocate phospholipid, here PS, from the outer to the inner leaflet of the membrane
(Sharom, 2011). Whereas the scramblase family comprises proteins that translocate
phospholipids from the inner to the outer leaflet of the membrane (Suzuki et al., 2010; Brunner
et al., 2014). During efferocytosis, PS is recognized by phagocytes through scavenger
receptors either directly (TIM-4, BAI-1, stabilin) or indirectly (Gas-6, protein S, MFGEA)
(Penberthy and Ravichandran, 2016). Additionally, there is evidence in the literature of the
importance of PS in the clearance of certain viruses by macropinocytosis (Mercer and
Helenius, 2008). The adhesion molecule ICAM-3, only expressed by leukocytes, was found to

facilitate the synapsing and engulfing of apoptotic cells. This attachment could be mediated
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by the binding of phagocytes CD14 to ICAM-3 (Ravichandran, 2010). However, ICAM-3 level
decreases with time in apoptotic cells as it is loaded in ACdEVs. Another candidate “eat-me”
signal is calreticulin (Calr). In ER-stress induced apoptotic cells, Calr is translocated from the
ER membrane to the plasma membrane through exocytosis (Panaretakis et al., 2009). Calr is
sensed by macrophages through low-density lipoprotein receptor LRP1 (Gardai et al., 2005).
Additionally, Calr binds to C1q (Ogden et al., 2001), a component of the complement system
that opsonizes pathogens to aid the immune response by acting like a molecular tag to
facilitate their elimination by phagocytes. Membrane bound CX3CL-1 also play a role in the
selective clearance of dying cells through interaction with CX2CR-1 receptor on macrophages

surface.

While the binding to apoptotic cell ligands triggers the engulfment of the corpse, keep out
signals repel phagocytes efferocytosis. Signals like CD47 and CD31 ensure that healthy cells
are not wrongly engulfed by macrophages (Oldenborg, 2000). CD47 binds to SIRPa which
causes a cytoskeletal rearrangements in macrophages downregulating phagocytosis
(Oldenborg, Gresham and Lindberg, 2001). Apoptotic cells still display CD47 on their surface
but at a much lower level which allows them to be phagocyted. Similarly, the binding of CD31
on viable cells to macrophages promotes their detachment, whereas in apoptotic cells this
CD31 mediated detachment is disabled (Brown et al., 2002).
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Figure 1.7: Macrophages discriminate healthy and apoptotic cells through eat me and keep out
signals. Healthy cells (HC) carry keep out signals on their surface such as CD47 and CD31.
Macrophages (MQO) recognize apoptotic cells (AC) via surface molecules such as calreticulin (Calr),
ICAM-3, PS, and membrane bound CX3CL-1. The balance between eat me and keep out signals will
determine the fate of the cell.

The tethering of macrophages to apoptotic cell ligands triggers intracellular signalling

cascades needed for the initiation of phagocytosis and the degradation of apoptotic cells.

1.2.4 Clearance of apoptotic cells

Firstly, apoptotic corpse internalisation by macrophages is mediated by a major cytoskeletal
reorganization. Downstream of eat-me signalling cascades, RAC1 dependent actin
polymerisation is essential to form protrusions needed for the engulfment (Evans et al., 2013).
The plasma membrane derived vacuole containing the engulfed and sealed AC or large
apoptotic bodies is referred to as efferosome (Kinchen and Ravichandran, 2008). The fate of
the efferosome in the efferocytes has been described as either canonical or microtubule-

associated protein 1 light chain 3 alpha (LC3)-associated efferocytosis (Yin and Heit, 2021).
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The canonical efferocytosis, or endo-lysosomal maturation pathway, is characterized by the
sequential fusion of the efferosome with the endosome and lysosome. The fusion of the
engulfed AC with the early endosome is mediated by the Rab5 GTPase, which then fuse with
the late endosome and lysosome through Rab7 interaction (Roberts et al., 2000; Harrison et
al., 2003). The acidification of the maturating efferosome allow the degradation of the AC by

hydrolytic enzymes.

The non-canonical pathway is the LC3-associated efferocytosis that recruits the autophagy
machinery (Martinez et al., 2011). The autophagy pathway is normally activated through
nutrient starvation or growth factors depletion, whereas during efferocytosis, autophagy
proteins are recruited upon ligation of PS with scavenger receptors of the efferocyte.
Afterward, the rapid degradation of the efferosome is mediated by autophagy related proteins
such as ATG5 and ATG7 (Heckmann and Green, 2019). However, the exact mechanisms

behind this LC3-associated phagocytosis remain unknown.

Effective ingestion and degradation of apoptotic cells leads to a change in macrophage
polarisation towards an anti-inflammatory phenotype, with an increased production of anti-
inflammatory mediators such as SPMs in the environment, crucial to restore homeostasis
(Dalli and Serhan, 2012; Cai et al., 2016). Additionally, both efferocytosis pathways prevent
AC antigens presentation by efferocytes, resulting in an immunologically silent AC clearance
(Yin et al., 2016; Wan, 2020).

ACdEVs act as a “find-me” signal to attract phagocytic cells, and express “eat-me” signals
(phosphatidylserine, ICAM-3, CX3CL-1, and calreticulin) to aid the uptake of AC by
phagocytes (Ravichandran, 2010). ACdEVs also have the ability to deliver their cargo and
increase the production of pro resolving mediators. Not much is known about ACdEVs
functions in efferocytosis, but they are already of great interest in intercellular communication
and modulation of activity to mediate inflammation’s resolution. Indeed, further understanding
of ACdEVs in AC clearance could lead to the development of new therapy for inflammatory

disorders.
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1.3 Apoptotic cell derived extracellular vesicles

As highlighted in the previous sections, apoptosis plays an important role in the regulation of
inflammation. Most importantly, the rapid clearance of apoptotic cells promotes tissue
homeostasis, and this process is mediated by soluble factors released by apoptotic cells.
Although various chemotactic factors are released, this study focuses on ACdEVs due to their

ability to carry various cargo and affect the recipient cells.

1.3.1 Extracellular vesicles

Extracellular vesicles (EVs) derived from plasma platelets were first observed in 1967 using
electron microscopy and were referred to as “platelet dust” (Wolf, 1967). EVs are now defined
as nanoscale lipid bilayer encapsulated particles secreted by cells. They are highly
heterogeneous as they can vary in size, content, and mechanism of formation (Caruso and
Poon, 2018a) (Figure 1.9, 1.10). They carry cargo such as proteins, lipids, nucleic acids,

metabolites, etc, and play a key role in intercellular communication.

The principal forms of soluble intercellular communication (IC) include hormones, cytokines
and growth factors, acting as signalosomes. Dysregulation of IC leads to various pathologies
such as cancer and autoimmune diseases. IC can also be mediated by EVs encompassing
exosomes, microvesicles, oncosomes, matrix vesicles, ACdEVs, etc. A sizeable percentage
of EV proteins seem to be involved in cell communication or signal transduction which
correlates with the role of EVs as mediators of intercellular communication (Figure 1.8). Other
processes associated with EV proteins were identified such as metabolism, energy pathways,

cell growth, transport, etc (Figure 1.8).
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Figure 1.8: Biological process associated with EV proteins. The top 100 EV proteins list published
on Vesiclepedia was used to determine the main biological processes EV proteins are involved in based

on Gene Ontology terms. The FunRich analysis tool was used to generate this chart.

In innate immunity, inflammation can be enhanced by different cargo inside EVs such as
proinflammatory cytokines (IL-1B (MacKenzie et al., 2001)) or DAMPs than can lead to chronic
inflammatory diseases. EVs also play a role in adaptive immunity, through antigen
presentation, influencing the immune response and tolerance. Indeed, EV being a source of
antigens, they can be taken up by antigen presenting cells (APC) e.g., dendritic cell (DC), M@,
B cells, leading to stimulatory or down regulatory signals in APCs. Additionally, APCs release
EVs than can carry major histocompatibility complex (MHC) peptides and costimulatory
molecules (Raposo et al., 1996), resulting in the direct presentation of antigen that can activate
CD4+ helper T cells (Giri and Schorey, 2008). Cross antigen presentation is mediated by the
transport of the antigen by the EVs to the APC. This cross talk was observed in infected
macrophages releasing EVs that delivered mycobacterial antigen to APCs in turn activating
CD8+ cytotoxic T cells (Schaible et al., 2003).

Other physio pathological functions of EVs include: vascular system and coagulation,
pregnancy, bone calcification, etc (Yafez-Mé et al., 2015). Through all their involvement in
pathological and biological processes, EVs therapeutic and pharmaceutical applications have
widened to clinical therapy (Akers et al., 2013), gene vector delivery, biomarker, drug delivery
(Alvarez-Erviti et al., 2011; Tian et al., 2014; Haney et al., 2015; Vader et al., 2016),

regenerative medicine (Lai et al., 2010), tissue engineering, amongst others.

EVs can be divided into three main subtypes which are exosomes (EXOs), microvesicles

(MVs) and apoptotic cell derived EVs (ACdEVs). However, different terms can be found in the
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literature as there is no standard nomenclature e.g. microparticles, ectosomes, etc (Lotvall et
al., 2014).

1.3.1.1 Biogenesis and release of extracellular vesicles
1.4.1.1.1 Exosomes

In 1987, Rose Johnstone proposed the name “exosome” to refer to secreted membrane
vesicles derived from multivesicular bodies (Johnstone et al., 1987). Exosomes represent a
heterogeneous population with a size ranging from 30 to 120 nm in diameter. Exosomes are
released through the exocytic intracellular pathway (Denzer et al., 2000), and are initially
formed inside the endosome. The endosome can be divided in three major compartments: the
early endosome, the late endosome, and the recycling endosome. This organelle’s function is
to sort and deliver intracellular material to its specific destination. Intraluminal vesicle (ILV)
formation in the early endosome is mediated by protein-protein interactions in tetraspanin
enriched microdomains of the endosome membrane (e.g. CD63) (Pols and Klumperman,
2009). Additionally, endosomal sorting complexes required for transport (ESCRTs) are
necessary for an efficient ILVs formation. Four different complexes are involved in this
biogenesis mechanism: ESCRT 0 clusters the cargo, ESCRT 1 and 2 mediate the inward
budding of the endosomal membrane and the cargo confinement, and finally ESCRT 3
cleaves the neck of the bud (Wollert and Hurley, 2010). The early endosome matures into the
late endosome containing multiple vesicles in its lumen, this structure is referred to as
multivesicular bodies (MVBs) (SOTELO and PORTER, 1959). Lysobisphosphatidic acid
(LBPA) was found to be enriched in the endosome membrane and is involved in MVBs
formation (Kobayashi et al., 1998). Degradative MVB fuses with the lysosome for the
degradation of its content while exocytic MVB fuses with the plasma membrane to release

exosomes in the extracellular environment.

1.4.1.1.2 Microvesicles

Microvesicles, by their name, are larger vesicles and their size usually varies from 50 nm to 1
um. They are formed by budding off the plasma membrane. The localization of the cellular
machinery to the membrane initiates the outward budding of the plasma membrane. This
recruitment of MVs cargo and machinery happens at specific membrane domain enriched in
lipid raft (Cocucci, Racchetti and Meldolesi, 2009). Some key mediators involve tethering
molecules (SNARE), molecular motors (kinesins, myosins), and actin (Willms et al., 2018). To
allow the membrane to bend to form a vesicle, the lipids present in the membrane are

redistributed to change the membrane curvature and rigidity (Kozlov et al., 2014; McMahon
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and Boucrot, 2015). This alteration in lipid composition is mediated by flippase, translocase,
and scramblase. The main key mediators of MVs biogenesis are ADP-ribosylation factor 6
(ARF6) and Ras homolog gene family member A (RhoA). ARF6 mediates the myosin
localization and regulation whereas RhoA mediates the recruitment and activation of actin,
both comprising the contractile machinery at the neck of the budding vesicle (Wickman et al.,
2013a). Finally, the vesicle is cleaved and released in the extracellular environment. However,

this mechanism of microvesicle release is poorly understood.

1.4.1.1.3 Apoptotic cell-derived extracellular vesicles (ACJEVS)

Subtypes of ACdEVs include large apoptotic bodies (ApoBDs) of 1 to 5 ym, smaller apoptotic
microvesicles (ApoMVs) under 1um, and apoptotic exosome-like vesicles around 100 nm.
This type of programmed cell death induces morphological changes starting with membrane
blebbing that will lead to thin membrane protrusions, which in turn form apoptotic bodies.
These membrane protrusions can be generated through microtubule spikes, apoptopodia,
beaded apoptopodia or non-beaded apoptopodia (Atkin-Smith et al., 2015). Unlike ApoBDs,
ApoMVs are formed by the outward budding and fission of the plasma membrane. It remains

unclear what mechanism of biogenesis is involved for smaller apoptotic exosome-like EVs.
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Figure 1.9: Biogenesis of the 3 main EV subtypes. Exosome formation in the early endosome is
mediated by the ESCRTs proteins. The endosome matures into MVBs containing ILVs. MVBs either
fuse with lysosomes for the degradation of its content or fuse with the plasma membrane to release
exosomes by exocytosis. Microvesicles (MVs) are formed in membrane microdomains enriched in PS
and the outward budding will then release MVs via the contraction of actin and myosin filaments.
Apoptotic cell releases EVs via membrane blebbing, outward budding or via the formation of

apoptopodia.
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Figure 1.10: Size overlap of EV subtypes. Exosomes range from 30 to 120 nm, microvesicles from
50 nm to 1 um, ACdEVs from 30 nm to 5 um, and are released by cells ranging from 8 to 12 um.

Graphical representation of (left to right) viruses, bacteria and yeast was added as a visual aid.

1.3.1.2 Composition of EVs

EVs were first believed to carry random cellular components, mostly cell debris. However, as
the interest in the EVs field grew, research demonstrated that EVs harbour a specific subset
of proteins, mMRNAs, miRNAs, enzymes and lipids (Skog et al., 2008; Théry, Ostrowski and
Segura, 2009) (Figure 1.11). These specific cargoes derive from the secreting cell providing
valuable information about the cell state and its surrounding environment. Thus, EVs carry
biomarkers that could help with early diagnosis, prognosis and therapeutic solutions as they
are found in all body fluids i.e. blood, plasma, breast milk, urine, etc (Keller et al., 2011; Lasser
etal., 2011).

The proteomic composition of EVs varies between the different EV subtypes and the parent

cells they derive from. Broadly, proteomic composition has been determined by a combination
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of western blotting, ELISAs and mass spectrometry approaches. The protein cargo of
exosomes includes membrane proteins of endocytic origin and is enriched with tetraspanin,
integrins and membrane trafficking proteins. As ESCRT proteins play a leading role in the
biogenesis of exosomes, they are also found to be enriched in this EV subset. Specific proteins
identified as exosome markers (e.g. Flotillin-1, heat-shock 70-kDa proteins, MHC | and II)
have recently been detected in other EV subtypes such as microvesicles (Kowal et al., 2016).
MVs mainly contain cytosolic and plasma membrane proteins as a result of their biogenesis
process. MMP-2, an enzyme involved in vascularization and invasiveness, was found to be
enriched in MVs (Muralidharan-Chari et al., 2010). Additionally, so were glycoproteins and
integrins such as P-Selectin and Mac-1 (Falati et al., 2003; Pluskota et al., 2008). However,
protein markers seem to be less specific for this EV subtype as they are mainly cell specific
since they bud off the plasma membrane thus expressing the same surface marker as the cell
they derived from. Nonetheless, a small number of proteins were found to be enriched in
microvesicles and larger EVs derived from human DC, isolated by sedimentation speed
followed by density gradient or immune-isolation (Kowal et al., 2016). These enriched proteins
were identified using both western blot and quantitative proteomic comparison and comprise
actinin-4 and 1, glycoprotein 96, Mitofilin, major vault protein, and eEF2. For ACdEVs, there

is a lack of knowledge as they were thought to be formed randomly.

Several studies demonstrate that genetic material such as RNA can be transferred from the
donor cell to the recipient cell through EVs (Skog et al., 2008; Mittelbrunn et al., 2011).
Functional RNA in EVs, first observed in 2007 (Valadi et al., 2007), can affect the recipient
cell’'s activity as the EV-mRNA can be translated, and the EV-miRNA can regulate the
translation of the recipient cel’'s mRNA. Additionally, EV are enriched in mRNA fragment with
increased 3' UTR regions including multiple regulatory miRNA binding sites. These
fragmented EV-mRNA are actively delivered to the recipient cell and can compete with the
host cellular mRNA for miRNA regulation. In comparison to EV-RNA, the DNA content of EV
remains less explored despite the fact that both single and double stranded DNA have been
observed in EVs (Thakur et al., 2014). EV-DNA reflects the donor cell’'s DNA, as studies
showed that cancer cell mutation such as BRAF and KRAS were also found in EVs released
from melanoma and pancreatic cells (Kahlert et al., 2014). Furthermore, DNA was
successfully transferred to recipient cells as labelled EV-DNA was seen in their cytosol and
even in their nucleus (Waldenstrom et al, 2012). Finally, mitochondrial elements from
astrocytes and glioblastoma cells can also be released through exosomes (Guescini et al.,
2010).
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The lipidomic profile of EVs can be different to that of the donor cell with a specific enrichment
of lipids (Llorente et al., 2013). EVs are generally enriched in glycosphingolipids, ceramide,
sphingomyelin and PS (Trajkovic et al., 2008; Record et al., 2014). Other studies also state
that there is an increase of cholesterol in exosomes relative to the donor cell’'s membrane
(Llorente et al., 2013). EV’s membranes being enriched in sphingomyelin and cholesterol
agrees with the evidence that lipid raft-like domains are enriched in exosomes. Like apoptotic
cells, ACdEVs harbour increased levels of PS in the outer leaflet of the membrane. ACdEVs
also carry lipid mediators of inflammation and the level of pro- versus anti- inflammatory
mediators contained in ACdEV might balance the fate of the resolution of inflammation (Devitt,
Griffiths and Milic, 2018). Calreticulin and ICAM-3 were previously detected by protein mass
spectrometry on the ACdEVs studied in this research (Dr Ivana Millic, personal

communication).
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Figure 1.11: Overall composition of extracellular vesicles. Schematic representation of the
composition of EVs: nucleic acids, proteins, and lipids. Some components are present in specific EV

subtypes.

Taken together, the cargo of ACdEVs is highly variable and dependent on the physiological
context, the donor cell, and the EV subtypes. However, the membrane composition of EVs is
highly important in regard to its physical properties such as the lipid packing order, fluidity and

curvature that could dictate the preferred uptake route of EVs by recipient cells.

A.Rozo, PhD Thesis, Aston University, September 2022. Page | 39



1.3.1.3 EV uptake by recipient cells

As previously described, the composition of EVs plays a significant role in intercellular
communication (IC) as they can generate various responses in the recipient cells, affecting
their behaviour. This short and long range signalling can be mediated through direct receptor-
ligand interaction e.g. PS binding scavenger receptors on macrophages surfaces (Miyanishi
et al., 2007), or through internalization of the vesicle contents (CLAYTON et al., 2004; Valadi
et al., 2007). Respectively, this results in an induced intracellular signalling, or the transfer of
molecules. In order to release their content in the recipient cell, EVs either fuse with the plasma
membrane or are taken up by endocytosis. There is evidence that this uptake is energy-
dependent, as the uptake of exosomes is inhibited at 4°C (Morelli et al., 2004; Escrevente et
al., 2011). However, at such temperature, membrane properties important for the uptake of
vesicles such as fluidity can be modified. The internalization of EV content can be mediated
through different routes (Mulcahy, Pink and Carter, 2014) i.e. endocytosis and cell surface

membrane fusion (Figure 1.12).

Endocytosis comprises several uptake mechanisms: phagocytosis and pinocytosis.
Phagocytosis is the engulfment of large particles by a professional phagocyte whereas
pinocytosis is performed by all cells and can be divided into three subtypes: clathrin-
dependant endocytosis (CDE), clathrin-independent endocytosis (CIE) (e.g. caveolin- and
lipid raft-mediated endocytosis) and macropinocytosis. Macropinocytosis and phagocytosis
are quite similar in a way that these endocytic mechanisms generate large intracellular

vacuoles.
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Figure 1.12: The main routes of EV uptake by recipient cells. EV signalling can be direct through

specific receptor-ligand interaction leading to intracellular signal transduction. EV can also signal
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indirectly to the recipient cells through internalization via different routes. The main uptake mechanisms
are endocytosis and membrane fusion. Endocytosis can be further divided into phagocytosis that eat

up large vesicles, pinocytosis (CDE and CIE), and macropinocytosis.

Phagocytosis involves specialized recipient cells taking up particles in the extracellular
environment resulting in the formation of large vacuoles called phagosomes. This uptake
process is more specific to macrophages and dendritic cells than other recipient cells, and is
mainly mediated by PS that acts as a ligand between ACdEVs and scavenger receptors of

phagocytes (Kourtzelis, Hajishengallis and Chavakis, 2020).

Pinocytosis, also called fluid endocytosis, is the uptake of small vesicles and extracellular fluid.
This type of endocytosis can be receptor mediated generating caveolin- and clathrin-coated
pits. CDE is the formation of the inward budding of the plasma membrane following specific
receptor-ligand interaction at the cell surface. These buddings are coated with clathrin and will
mediate the vesicle formation from the plasma membrane. The clathrin molecules will then
detach and be recycled to the plasma membrane while the content of the vesicle is released
in the endosome for further sorting. CIE such as caveolin-mediated endocytosis is very similar
to this mechanism as vesicular buds from the plasma membrane are formed in caveolin-rich
domains also enriched in cholesterol (Anderson, 1998). Another type of CIE is lipid raft-
mediated endocytosis. Lipid rafts are microdomains that are enriched in sphingomyelin,
ceramide, and cholesterol (Anchisi et al., 2013; Sezgin et al., 2017). These lipid microdomains
are less fluid than the plasma membrane and can move freely within the plasma membrane.
The colocalization of EVs with lipid rafts of recipient cells suggests lipid raft-mediated
endocytosis (Svensson et al., 2013). Moreover, lipid rafts within EV membranes seems to

facilitate the binding and uptake of EVs by recipient cells (Izquierdo-Useros et al., 2009).

Macropinocytosis can be described as protrusions that loop over particles being engulfed, and
fuse back with the plasma membrane (Figure 1.12). This uptake route is triggered via the
activation of growth factors (GF) signalling pathways (EGFR, PDGFR). This GF signalling
results in an increase of actin polymerization at the cell surface in turn forming membrane
protrusions referred to as ruffles (Kerr and Teasdale, 2009). Actin-mediated ruffles engulf the
particles producing macropinosomes (Fitzner et al., 2011). The macropinosome organelle’s
fate tend to be cell type dependent but mainly end up fusing with the late endosome or
lysosome. This actin-dependent macropinocytic mechanism is mediated by Rac1 GTPase,
Na‘*/H* exchangers, dynamin as well as phosphoinositide-3-kinase activity (Kerr and
Teasdale, 2009; Mercer and Helenius, 2009; Costa Verdera et al., 2017).
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Membrane fusion is the merger of vesicles with the plasma membrane, this process is
stabilized via various proteins interactions involving SNAREs, Rab, etc (Jahn and Scheller,
2006). The fusion of the vesicle allows the content of the EV to be mixed with the recipient cell
cytosol. This uptake route of EVs can be observed by fluorescent lipid quenching (Franzen et
al., 2014). The direct fusion between the EV membrane and the plasma membrane requires
the same membrane fluidity (Chang and Cheng, 2006; Kima et al., 2017). Regulatory lipids
play an important role in creating microdomains that serve as fusion site, mainly by modulating
the membrane curvature and fluidity (Lang, Halemani and Rammner, 2008; Zhukovsky et al.,
2019).

As phagocytosis is aimed at larger particles, it is more likely that macrophages are taking up
ACdEVs via a different route, perhaps pinocytosis for smaller vesicles or membrane fusion.
Feng et al., 2010, showed that most of the exosomes were actively internalized via
phagocytosis, however a small portion were taken up by non-phagocytic cells meaning that
this specificity is only partial (Feng et al., 2010). Whether this process is cell type specific, or
EV subtype specific remains unclear. The specificity of the EV uptake route could be affected

by their size, surface molecules, membrane fluidity, etc.

1.4 EV isolation methods

As EVs are of great interest in diagnosis and biomarkers research, it is crucial to isolate EVs
from non-EV proteins and non-EV particles to validate EV-related discoveries. Indeed, blood
derived samples or supplemented culture media samples, often contain serum derived
proteins and lipoproteins which can interfere with the particle counts and further analysis
(Liangsupree, Multia and Riekkola, 2021). However, it can be challenging to discriminate
between EV cargo and soluble contaminants (complement component, immune complexes,
protein aggregates, etc.) present in the extracellular environment from which EVs are
harvested (Webber and Clayton, 2013). Various isolation techniques can therefore be used to

isolate EVs based on their size, charges, affinity, density, and other properties.

1.4.1 Conventional methods

Conventional isolation methods can be divided into external field (centrifugal force), sieving
(physical holes or barrier) and colloidal stability (size-selective precipitation or solvent
addition). The choice of the method is mostly based on the EV subtype of interest and the

experimental design.

A.Rozo, PhD Thesis, Aston University, September 2022. Page | 42



Ultracentrifugation (UC) based techniques include differential UC and density gradient UC.
Differential UC is the most commonly used method for EV isolation (Gardiner et al., 2016).
This isolation principle is based on a series of increasing centrifugal forces and time based on
the size, density and shape of the vesicles (Théry et al., 2006). The series of sedimentation
cycles is as followed: cells are pelleted first at 300 x g, then the apoptotic bodies and larger
debris at 1000 x g, the MVs at 2000 x g and finally, exosomes at 100,000 x g. This protocol
can be modified by adding filtration steps to increase the purity. Additionally, the choice of the
rotor, g-force, and centrifugation time can affect the yield and purity of the sample by, for
example, altering the sedimentation path (Cvjetkovic, Létvall and Lasser, 2014).

The other type of UC, density gradient, can be further divided into isopycnic UC or rate zonal
UC. The key difference between the two is that isopycnic UC separates particles that differ in
density but not in size, whereas rate zonal UC separates particles that differ in size but not in
density. In general, it consists in a predetermined density gradient on the top of which the
sample is added. Upon centrifugal force, the different sedimentation rate of the particles will

separate them and the different fractions can be collected (Cantin et al., 2008).

Size-based techniques include ultrafiltration and size exclusion chromatography (SEC).
Different EV subtypes are isolated based on their size difference. Ultrafiltration uses
membrane filters with specific size exclusion limits based on the size and molecular weight of
the vesicles. The SEC principle is based on the different elution rate of particles where larger
vesicles move faster and elute first while smaller vesicles elute later. The sample is loaded
onto a chromatography column which contains a porous stationary phase that will retain the

smaller particles while the larger ones are eluted (Boing et al., 2014).

Precipitation techniques can also be used for EV isolation. The main precipitation experiments
involve either polyethylene glycol (PEG) or lectin. PEG-mediated precipitation relies on PEG’s
water excluding properties in order to change the solubility of the EVs, forcing them to
precipitate out of the solution. As for the use of lectin, it binds to carbohydrates on the surface
of the vesicles and causes them to agglutinate. For both precipitation methods, low speed

centrifugation or filtration can be used afterwards to collect the isolated vesicles.

Lastly, immunoaffinity based capture techniques use antibodies to capture EVs based on
specific surface markers. The antibodies can be attached to a plate, beads, and more recently,
to microfluidic devices. This requires a high expression of the biomarker of interest in order to

increase the capture and recovery of EVs. This technique is particularly relevant for EVs
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derived from a specific cell type such as hepatocyte-derived EVs carrying asialoglycoprotein

receptor 1 on their surface (Conde-Vancells et al., 2008).

Techniques Examples Advantages Disadvantages

UC-based Differential UC | Large sample Lowest number of
Density capacity. Mostly particles/mL. Limited
gradient used. resolution. Sample loss.

Aggregation. Time

consuming. Multistep.

Size-based SEC Fast. Clogging and vesicle
Ultrafiltration Reproducibility. trapping. Sample loss.
Isolation kits Moderate sample

capacity. Low cost.

Precipitation PEG Large capacity. Contaminant precipitation. No
Lectin Scalable. EV subtype specificity.
Moderately time consuming.
Low purity.
Immunoaffinity | Immunocapture | High specificity. High | Few specific surface
ELISA purity. High markers. High cost.
recovery.

Table 1.1: Comparison of EV conventional isolation methods. ELISA (enzyme-linked

immunoassay).

EV isolation remains a challenge as each technique shows disadvantages (Table 1.1). Due
to the size overlap of the different EV subtypes, size-based techniques fail to purify specific
EV subtypes to homogeneity. Moreover, immunoaffinity based techniques are challenging due
to the lack of specific membrane bound biomarkers for each EV subtype, and especially
ACdEVs. In order to increase the specificity and purity of EV isolation, it is recommended to
use complementary approaches such as UC followed by SEC. Current conventional isolation
methods only enrich the subtype of interest and might damage the cargo and membrane of
EVs (Taylor and Shah, 2015). The need for novel isolation methods is crucial and one of the

potential alternatives is microfluidic isolation.
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1.4.2 Microfluidics and EV isolation

Microfluidics is the science of manipulating and controlling fluids in a network of channels in a
small device usually with dimensions from 10 to 100 ym. The size of the channels will define
whether it is microfluidic or nanofluidic. However, they have similar physical properties and
often come under the same terminology: “Microfluidics”. In opposition to passive microfluidics,
active microfluidics refers to the fluid handling made by active components such as
microfluidic pumps or valves. Pressure driven flows use a pressure gradient to drive the fluid
through the channels. Different parameters can affect the fluid dynamics such as the height
of the channel, the pressure, the density, and gravity. However, when working on such smaller
scales, like the microfluidic device used in this study, most of those forces are nullified leading
to what is known as a fully developed flow. In more details, a fully developed flow’s velocity
do not change with the increased distance along the microfluidic channels, ensuring a

continuous and homogeneous isolation of nanoparticles.

The behaviours of the fluid inside the microfluidic channels define the type of flow based on
the Reynolds number Re, a measure of flow turbulences (Nguyen and Wereley, 2006). There
are two maijor types of flow in fluid dynamics: laminar and turbulent. Laminar flow is when the
fluid particles move along smooth paths in layers whereas turbulent flow is when the fluid
particles move along irregular paths. There are two types of fluids: Newtonian and non-
Newtonian fluids (Ong et al., 2008). When working with a Newtonian fluid and based on its
linear relationship, the liquid density and the viscosity are constants. The only two parameters
left that are considered are the velocity and the geometric parameter known as the hydraulic
diameter. This is relevant when isolating ACdEVs in said fluids solely based on their size and

the flow rate at which it is perfused through the microfluidic channels.

In the microfluidic field, novel devices known as lab-on-a-chip (LOC) offer promising
applications for EV isolation (Haeberle and Zengerle, 2007). A LOC is a microfluidic chip that
has a set of micro-channels moulded into a material. Fluids enter the channel network and are
separated or manipulated depending on the desired function and design of the chip. Usually,
LOCs integrate one or multiple laboratory functions. Various LOC techniques have been
recently developed in microfluidics for nanoparticle isolation (Salafi, Zeming and Zhang,

2017). The main active and passive separations techniques are listed below (Table 1.2).
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Techniques

References

Active
separations

Passive
separations

Field Flow Fractionation

Centrifugal Microfluidic

Optical
Magnetophoresis
Acoustophoresis
Affinity Based Sieving

Electrophoresis

Dielectrophoresis

lon Concentration
Polarization

Electrohydrodynamic
vortices

Deterministic Lateral
Displacement

Inertial Microfluidics

Filtration
Electrostatic Sieving

Cell Actuation

(De Momi and Lead, 2008; Dayanand and Widomska
Justyna, 2018; Drexel et al., 2020)

(Arosio et al., 2014)

(Statsenko, Inami and Kawata, 2017)

(Lee, Hatton and Khan, 2011; Munir et al., 2014)
(Lee et al., 2015)

(Ebara et al., 2013)

(Ban, Yoo and Song, 2015; Jeon, Kim and Lim,
2016)

(Kazemi and Darabi, 2018)

(Jeon et al., 2013)

(Boettcher et al., 2011)

(McGrath, Jimenez and Bridle, 2014; Tottori,
Hatsuzawa and Nisisako, 2017; Naotomo Tottori,
Yasuhiko Muramoto, Hiraku Sakai, 2020)

(Bhagat, Kuntaegowdanahalli and Papautsky, 2009;
Zhang et al., 2016)

(Amato et al., 2012; Davies et al., 2012)
(Krishnan et al., 2010; Regtmeier et al., 2011)

(Traore and Behkam, 2013; Suh, Traore and
Behkam, 2016)

Table 1.2: Current microfluidics techniques for nanoparticles separation. Separation techniques
can be divided into active separations, which require an external field, and passive separations, which

do not.
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Similarly to some conventional EV isolation techniques, active microfluidic separation
techniques can damage EV samples such as electric fields, acoustic waves, optical beams,
etc. In opposition, label-free and external field-free passive microfluidic separation techniques
offer a less damaging approach for EV isolation. Among them, the microfluidic filtration-based
separation can be further defined by the specificity of the separation forces such as

hydrodynamic-, hydrophoretic-, size-exclusion- and crossflow filtration.

Microfluidics for EV isolation offers many advantages compared to conventional approaches.
The main advantage of microfluidic devices is the miniaturization of conventional techniques
with decreased materials and samples consumptions especially for small biological sample
volume as well as reagents. Additionally, this method has a lower power budget enabling high
throughput capabilities at a lower cost (Streets and Huang, 2013). Most importantly,
microfluidics is able to separate nanoparticles continuously unlike most conventional isolation

methods used in the EV field where multiple preparation steps are required.

1.5 Knowledge gap and objectives

Inflammation is a crucial protective response against pathogens. When impaired, inflammation
can lead to a harmful environment prone to cellular mutation and proliferation leading to
various pathologies. Current therapeutic targets focus on immune-suppressive strategies
putting the patient at greater risks of side effects and infections. Instead, improving the
understanding of the mechanisms that control the resolution of inflammation and the role of
pro-resolving mediators will undoubtably lead to important breakthrough in the treatment of

various diseases.

In this study we focus on a major pro-resolving process: efferocytosis. This phagocytic event
is defined as the controlled recognition and removal of apoptotic leukocytes by macrophages.
For this, macrophages are recruited to the site of cell death through a chemotactic gradient
created by apoptotic cells derived extracellular vesicles (ACdEVs). Little is known about the
structure and functions of this extracellular vesicle population as they were long thought to be

cellular debris.
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The aim of this thesis is to characterize the structure and function of ACdEVs to gain
knowledge on the mechanisms that control the resolution of inflammation. To achieve this,

several objectives were set:

(1) Compare the particle size distribution and basic characteristics of early and late
ACdEVs, discussed in chapter 1 and chapter 2, p. 75.

(2) Investigate the composition of ACdEVs (protein, cholesterol, lipid content), discussed
in chapter 2, p.88.

(3) Investigate the membrane properties of ACAEVs throughout apoptosis, discussed in
chapter 2, p. 85.

(4) Determine the bioactivity of different ACAEVs subpopulation (macrophages
recruitment and EV uptake), discussed in chapter 3.

(5) Develop a novel microfluidic strategy to isolate ACdEVs based on their size,

discussed in chapter 4.
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2. Material and methods

2.1 Materials

Reagents, equipments and antibodies used in this study are listed below.

2.1.1 Reagents

Reagents Manufacturer
RPMI-1640 cell culture medium (phenol red Sigma Aldrich
supplemented and phenol red-free)

L-glutamine Sigma Aldrich
Penicillin/Streptomycin Sigma Aldrich
Dulbecco’s phosphate buffered saline (PBS) Sigma Aldrich

Foetal calf serum of South American origin

Gibco (Thermo Fisher

Scientific)

10a,25-Dihydroxyvitamin D3 (VD3)

Enzo Life Sciences

Apoptosis detection kit FITC/APC

eBioscience™ (Thermo

Fisher Scientific)

BODIPY™ FL N-(2-Aminoethyl)) Maleimide

Invitrogen (Thermo Fisher

Scientific)

BODIPY™ TMR maleimide

Invitrogen (Thermo Fisher

Scientific)

Megamix-Plus Forward Scatter and Side Scatter beads Biocytex

2.1.2 Equipment

o EVOS™ FL Digital Inverted Microscope (Invitrogen, UK)
o Multiskan™ GO Microplate Spectrophotometer (Fisher Scientific, UK)

o gNano - Tunable Resistive Pulse Sensing (IZON Science, New Zealand)

o nCs1 — Microfluidic Resistive Pulse Sensing (Spectradyne)

o CytoFLEX S, Beckman Coulter, USA

o Videodrop particle analyser (Myriade, France)

o Nanodrop 1000 (ThermoFisher, UK)

o UVP chromato-vue C71 light box cabinet and UVX radiometer (UV-P Inc, Uplands,

CA, USA)

A.Rozo, PhD Thesis, Aston University, September 2022.

Page | 49



o Mithras plate reader (Berthold technologies, Germany)

o Cytation 5 automated cell imaging reader (Biotek, USA)

o Ultrospec 2000 spectrophotometer (Pharmacia Biotech, USA)

o ZetaView PMX120 NTA (Particle Metrix GmbH, Meerbusch, Germany)

2.1.3 Antibodies

Antibody Manufacturer
Mouse anti-human CD11b PE eBioscience™ (Thermo Fisher Scientific)
Mouse anti-human CD14 PE Invitrogen (Thermo Fisher Scientific)
Mouse IgG1kappa isotype control PE eBioscience™ (Thermo Fisher Scientific)
Mouse IgG2a isotype control PE Invitrogen (Thermo Fisher Scientific)

2.2 Methods

2.2.1 Cell lines and culture

THP-1 monocytes and Jurkat T lymphocytes (ATCC, VA, USA), were cultured at a density of
5x10° cells/mL in RPMI1640 medium supplemented with 10 % foetal bovine serum, 100 ug/mL
penicillin/streptomycin, and 2 mM L-glutamine. Cells were passaged every two to three days
and kept in the incubator at 37 °C, with 5 % carbon dioxide (CO.). Prior to induction of
apoptosis, cells were transferred to serum-free (SF) and phenol free (PF) RPMI1640
supplemented with 1 % L-glutamine, and 100 ug/mL penicillin/streptomycin. When needed,
THP-1 cells were differentiated into THP-derived macrophages over 48 hours via addition of
100 nM Vitamin D3.

2.2.2 Induction of apoptosis

Cells were washed with D-phosphate buffer solution (PBS) and resuspended in serum-free
and phenol red-free RPMI 1640 at a density of 4x10° cells/ml. Cells were then exposed to a
UV-B dose of 30 md/cm? using the UVP chromato-vue C71 light box cabinet and UVX
radiometer. Apoptotic cells were collected at different time points after irradiation (0-, 2-, 6-
and 18-hours) and observed under the microscope (EVOS FL, Invitrogen) for morphological

signs of apoptosis (shrinking and blebbing).

2.2.3 EV isolation and purification

After induction of apoptosis and incubation for 6 hours or 18 hours, apoptotic cells were first

centrifuged at 300 x g for 5 min/4°C to remove cells, and the supernatant was collected to be
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further centrifuged at 2000 x g for 20 min/4°C to remove larger cellular debris. The 2000 x g
supernatant containing the cell secretome including the EVs, was then collected for further
analysis. When required, the 2000 x g supernatant was first concentrated down using 30 KDa
cut off Amicon spin filter to a volume < 1mL. 500 pyL was then transferred to a 70 nm qEV
original column (lzon, France), previously washed with 20 mL PBS. Following the
manufacturer instructions, a void volume of 3 mL was discarded before collecting a 3.5 mL
purified EV fraction.

2.2.4 Flow cytometry

All flow cytometry measurements were realised using the CytoFLEX S (Beckman Coulter,
USA). Data were analysed using CytExpert version 2.2 (Beckman Coulter, USA). For cells
measurements, a 488 nm laser was used, whereas for EV measurements, the violet side

scatter laser of 509 nm was used.

2.2.4.1 Cell staining

5x10° cells were washed with PBS containing 0.1 % bovine serum albumin (BSA), twice, and
stained with anti-mouse CD14 followed by anti-mouse IgG FITC (Sigma-Aldrich) and then
incubated in PBS supplemented with 10 % human serum for 30 minutes on ice. Samples were
then washed twice with PBS and resuspended in a final volume of 250 uL PBS. Antigen
expression was determined by flow cytometry using the CytoFLEX (Beckman Coulter, USA)
by looking at the percentage of positive cells for the antigens as well as the mean fluorescence
intensity (MFI).

2.2.4.2 Apoptosis assay

Quantification of apoptosis was performed using annexin V-FITC and propidium iodide (PI)
staining kit according to the manufacturer’s instructions. Briefly, samples were washed and
resuspended in annexin V-binding buffer (10 mM HEPES, 150 mM NaCl and 2.5 mM CacCl,
in water) and stained with annexin V (5 uL) on ice for 10 minutes. For double stained samples,
propidium iodide (PI) (10 uL) was added directly. The stained samples were detected by flow
cytometry (cytoFLEX S, Beckman Coulter, USA). Distinct stages of cell apoptosis were
studied with this assay where early apoptotic cells are AnV positive and Pl negative (AnV-
FITC +/PI-), whereas late apoptotic cells are AnV/Pl-double-positive (AnV-FITC+/Pl+.) Viable
cells are unstained (AnV-FITC-/PI-).
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2.2.4.3 Extracellular vesicles

Typically, a volume of 10 mL of 2000 x g ACdEVs were concentrated down to 1 mL and stained
with 5 uM Bodipy FL or TMR for one hour on ice. The samples were then washed in PBS and
purified by SEC using the qEV 70 nm original columns (Izon, France). EVs were then
measured by flow cytometry by gating on FIT-C or PE positive events, 50,000 events were
recorded per measurement. MegaMix forward and side scatter fluorescent beads were used

to determine relative sizes of the particles after gating using FIT-C fluorescence.

For measuring the level of surface phosphatidylserine (PS), SEC purified ACdEVs were
stained with annexin V (AnV)-FITC for 15 minutes on ice. EVs were gated against the
unstained samples using violet side scatter for size and FIT-C channel for fluorescence. Violet

side scatter (VSSC) was used as a trigger for EVs detection.

2.2.4.4 EV uptake assay

10 mL of 2000 x g supernatant of Jurkat T cell culture from 6h or 18h post-UV was
concentrated down to < 1 mL with a 10 KDa molecular weight Amicon filter tube and stained
with BODIPY™ TMR at 5 yM and incubated for up to 1 hour on ice in the dark. Stained or
unstained ACdEVs were purified, and the excess dye was removed by SEC using gEV 70 nm
columns (Izon). Labelled EVs were then incubated with VD3 treated THP-1 monocytes for up
to 4 hours. Before flow cytometry analysis, macrophages were washed with PBS to remove
unbound EVs to measure the level of EV uptake. Samples were recorded at an event rate of
<10,000/second.

2.2.5 Cryo-transmission electron microscopy

Early or late ACdEVs samples for cryo-EM were stored at 4 °C for less than 24 hours before
being processed. Carbon grids were made hydrophilic using a glow discharger. 5 pL of
samples were loaded on a glow-discharged 300 mesh EM grid with lacey carbon (EM
Resolutions — LC300Cu100) and vitrified using a Leica EM GP2 (Leica, Germany). Excess
sample was removed by blotting once between 1 and 2 seconds with filter paper. Grids were
mounted in a cryo-holder for cryo-EM imaging. Imaging was performed on a JEOL2200FS
TEM operated at 200 kV. Images were recorded on a Gatan K2 Summit camera. Images were

recorded at 15,000 x magnification (pixel size 0,25 nm) and analysed on ImageJ.
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2.2.6 EVs particle size distribution measurement
2.2.6.1 Microfluidic resistive pulse sensing (MRPS)

ACdEVs size distribution and concentration was measured with the nCS1 (Spectradyne, USA)
using TS-400 and TS-2K single use cartridges. These cartridges are suitable for the detection
of particles between 65- to 400 nm, and 250- to 2000 nm, respectively. Samples were diluted
in 1% Tween-20 or 0.1 % BSA and 3 pL was loaded onto the microfluidic device to be

measured.

2.2.6.2 Tuneable Resistive Pulse Sensing (TRPS)

Tuneable resistive pulse sensing using the gNano (iZON Science, Oxford, UK) platform was
used to establish size and concentration of vesicles in suspension. Manufacturer’s instructions
were followed for all measurements, and particles were measured using NP-200 nanopore
and calibration particles CPC100 beads (Izon). Samples were analysed until 500 particles
were counted, with an optimal size detection ranging from 60 to 400 nm. Following parameters
were maintained constant between samples and calibration while measuring size and

concentration: stretch of 47.02 mm, Voltage of 0.66 nA, and a pressure of 7 mbar.

2.2.7 Liposomes

Liposomes were prepared using POPC lipids (Avanti Polar). Lipids in chloroform were dried
down in a round-bottom flask with nitrogen. Resulting lipid films were stored at -20 °C under
nitrogen to prevent oxidisation. Lipid films were rehydrated in liposome buffer (50 mM Tris, 50
mM NacCl, pH 7.4). This was done through vortexing, resulting in large, multilamellar vesicles
(LMV). Following this, LMVs were extruded using 1 mL Hamilton syringes to produce smaller
unilamellar liposomes at a size of 200 nm. For laurdan assays, extruded liposomes were
incubated with 2.5 yM laurdan for at least 1h at 180 RPM at 37 °C, in the dark.

2.2.8 Membrane fluidity assay

Cells were washed and resuspended in PBS at an ODggo of 0.4 prior to adding the laurdan
fluorescent probe at 5 uM. For EVs, laurdan was added at 2.5 yM. Samples were incubated
at 37°C for 1 hour at 180 RPM in the dark. After excitation at 355 nm, fluorescence was
measured at both 435 nm and 500 nm using the Mithras plate reader (Berthold technologies,

Germany). The GP was then calculated as:
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1 -1
GP = 232 3% (Equation 1)
I435+ Isoo

Where 1435 stands for the fluorescence intensity measured using a 485 nm emission filter,
while 1490 is the fluorescence intensity measured using a 535 nm emission filter. The closer

the GP is to 1, the more rigid the lipidic bilayer is, and vice versa.

2.2.9 Total cholesterol quantification

Cholesterol was quantified using the colorimetric cholesterol quantification assay kit (Sigma-
Aldrich) according to the manufacturer’s instructions. The absorbance at 570 nm was
measured using the Multiskan FC photometer plate reader (ThermoFisher Scientific, USA).
Prior to this assay, the concentration in particles/mL of each sample was measured using the

Videodrop (Myriade, France).

2.2.10 Total protein quantification

The total protein content of purified early and late ACdEVs was determined using a
colorimetric micro bicinchoninic acid (BCA) protein assay kit (ThermoFisher, UK) according to
the manufacturer’s instructions. BSA was used as a protein standard. The absorbance at 562
nm was measured with the Nanodrop 1000 (ThermoFisher, UK). Prior to this assay, the
concentration in particles/mL of each sample was measured using the Videodrop (Myriade,

France).

2.2.11 Lipid Mass Spectrometry
2.2.11.1 Lipid extraction for mass spectrometry lipidomics

Mass spectrometry-based lipid analysis was performed by Lipotype GmbH (Dresden,
Germany) as described (Sampaio et al. 2011). Lipids were extracted using a two-step
chloroform/methanol procedure (Ejsing et al. 2009). Samples were spiked with internal lipid
standard mixture containing: cardiolipin 14:0/14:0/14:0/14:0 (CL), ceramide 18:1;2/17:0 (Cer),
diacylglycerol 17:0/17:0 (DAG), hexosylceramide 18:1;2/12:0 (HexCer), lyso-phosphatidate
17:0 (LPA), lyso-phosphatidylcholine 12:0 (LPC), lyso-phosphatidylethanolamine 17:1 (LPE),
lyso-phosphatidylglycerol  17:1  (LPG), lyso-phosphatidylinositol 17:1  (LPI), lyso-
phosphatidylserine 17:1 (LPS), phosphatidate 17:0/17:0 (PA), phosphatidylcholine 17:0/17:0
(PC), phosphatidylethanolamine 17:0/17:0 (PE), phosphatidylglycerol 17:0/17:0 (PG),
phosphatidylinositol 16:0/16:0 (PI), phosphatidylserine 17:0/17:0 (PS), cholesterol ester 20:0
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(CE), sphingomyelin 18:1;2/12:0;0 (SM), triacylglycerol 17:0/17:0/17:0 (TAG). After extraction,
the organic phase was transferred to an infusion plate and dried in a speed vacuum
concentrator. The first step dry extract was re-suspended in 7.5 mM ammonium acetate in
chloroform/methanol/propanol (1:2:4, V:V:V) and the second step dry extract in 33 % ethanol
solution of methylamine in chloroform/methanol (0.003:5:1; V:V:V). All liquid handling steps
were performed using Hamilton Robotics STARIet robotic platform with the Anti Droplet

Control feature for organic solvents pipetting.

2.2.11.2 MS data acquisition

Samples were analysed by direct infusion on a QExactive mass spectrometer (Thermo
Scientific) equipped with a TriVersa NanoMate ion source (Advion Biosciences). Samples
were analysed in both positive and negative ion modes with a resolution of Rm/z=200=280000
for MS and Rm/z=200=17500 for MSMS experiments, in a single acquisition. MSMS was
triggered by an inclusion list encompassing corresponding MS mass ranges scanned in 1 Da
increments (Surma et al. 2015). Both MS and MSMS data were combined to monitor CE, DAG
and TAG ions as ammonium adducts; PC, PC O-, as acetate adducts; and CL, PA, PE, PE
O-, PG, Pl and PS as deprotonated anions. MS only was used to monitor LPA, LPE, LPE O-,
LPI and LPS as deprotonated anions; Cer, HexCer, SM, LPC and LPC O- as acetate adducts.

2.2.11.3 Data analysis and post-processing

Data were analysed with in-house developed lipid identification software based on
LipidXplorer (Herzog et al. 2011; Herzog et al. 2012). Data post-processing and normalization
were performed using an in-house developed data management system. Only lipid
identifications with a signal-to-noise ratio >5, and a signal intensity 5-fold higher than in

corresponding blank samples were considered for further data analysis.

2.2.12 Migration assay

Vertical transwell assay migration of macrophages was assessed using the Cytation 5
automated cell imaging reader (Biotek, USA). 700 uL of chemoattractants (~1x10° ACdEV/mL)
was seeded per well on a 24-well plate. Using PVP-free polycarbonate membrane inserts (8.0
Mm pore; Corning®, USA), each upper transwell chamber was loaded with 300 uL of THP-1
derived macrophages at a density of 8x10* cells. The 24-well plate was then loaded in the
Cytation 5 instrument, and the cell migration was measured by automated imaging of pre-

selected fixed positions every 30 minutes over 12 hours (4 positions per well, with 3 technical
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replicates per condition). For analysis, the Gen 5 software was used to count the migrated

cells at the bottom of each well.

2.2.13 Luciferase-based ATP assay

Jurkat cells were starved for 24h in serum-free and phenol-free RPMI medium before UV
treatment to decrease variability of the readouts as phenol can interfere with the luminescence
signal. Early or late ACdEV were isolated by differential and ultracentrifugation at 300 x g/5
min, 2000 x g/20 min, or further by ultracentrifugation 100,000 x g/90 minutes. The EVs were
then resuspended in SF PF RPMI and incubated for 1 hour at 37 °C with or without detergent.
Quantitative amount of ATP present in AC secretome or released by EVs was measured using
a luminescent ATP detection assay kit (ab113849: Abcam, Cambridge, MA, USA). EV
samples and ATP standards were incubated with D-Luciferin and firefly luciferase reagents.
Relative luminescent intensity (RLU) from luciferase activity was recorded using the Omega
Plate reader. A standard curve was plotted and luminescent units from each sample were

interpolated to calculate the quantitative ATP levels in uM.

2.2.15 Cholesterol depletion

Methyl-B-cyclodextrin (MBCD) (Sigma Aldrich) was used to deplete Jurkat ACdEVs of
membrane cholesterol. SEC purified ACdEVs were treated with MBCD in the 10 - 20 mM
range and incubated for 30 minutes at room temperature. Cholesterol extraction at 20 mM

was used for further experiments.

2.2.16 Zeta potential measurements

Surface charges of non-treated and MBCD-treated 18H ACdEVs were quantified using zeta
potential measurements by TRPS with the Exoid (Izon Science). Samples were diluted in PBS
and measured with NP-200 nanopores with a 49.9 mm stretch and an applied voltage of 300
mV. 500 particles were measured, and the samples were calibrated with CPC200 standards

particles (Izon Science).

2.2.17 Microfluidic isolation of particles

Using the chip SE-015-02-NA-C (uFraction8, Scotland), samples were perfused following
manufacturer’s instructions. Briefly, a HPLC 515 pump (WatersTM, UK) was used to perfuse
the samples at a flow rate of 0.6 mL/min through the input of the microfluidic chip. Calculation

of flow rate is part of proprietary data. Samples from the small outlet (SO) and large outlet
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(LO) were then collected for further analysis. The flangeless fittings system (XLT-111 - Fingls
Sys PEEK 10-32 for 1/16in) was used to connect the chips to tubing.

2.2.18 Characterisation of the microfluidic chip

Nanosphere™ size standards (ThermoScientific, USA) were used for the characterization of
the microfluidic chip (SE-015-02-NA-C) designed to separate particles in the desired size
range. They were resuspended in PBS solution with 1 % Tween-20 and filtered at 0.22 ym
using a PES syringe filter. The polydisperse mixture of nanospheres standard of size 60-, 100-
, 150-, 202-, 303- and 1000-nm was of a final concentration of ~2.52x10° particles/mL. The
samples were measured before and after collection at either the small outlet (SO) or large
outlet (LO). To do so, 3 puL was loaded onto both TS-400 and TS-2K microfluidic cartridges in
order to visualize the different sized nanospheres using the nCS1. Similarly, 18H ACdEVs
were resuspended in 0.1 % BSA for accurate characterisation of the microfluidic chip size cut-
off.

2.2.19 BSA assay

BSA was diluted in dH2O to a concentration of 0.1-, 0.2-, 0.3-, 0.4-, and 0.5-% (w/v). The
absorbance intensity at 280 nm was measured using the Ultrospec 2000 spectrophotometer
(Pharmacia Biotech, USA), and the results were used to draw a standard curve. A 0.2 % BSA
solution was made and the absorbance at 280 nm of the collected fractions from both SO and
LO were measured. The equation of the linear regression of the standard curve was then used

to determine the accurate BSA concentration of the SO and LO fractions.

2.2.20 Statistical analysis

For data analysis, GraphPad Prism v.8. was used. Statistical test used are detailed in the
legend of the figures. The probability p-values < 0.05 were considered statistically significant
(*p <0.05, **p < 0.01 and ***p < 0.001).
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3. Chapter 1: Apoptotic cell-derived

extracellular vesicles production

3.1 Introduction

In vitro, apoptosis can be induced biologically by using death ligands such as an anti-Fas
antibody (Matsumoto et al., 1995; Yi et al., 2000), or chemically by using cellular damaging
agents e.g., doxorubicin hydrochloride (Thakur et al., 2020), staurosporine (Lotsberg et al.,
2020), etoposide (Sola et al., 2020), etc. Additionally, as demonstrated across several cell
types, ultraviolet (UV) radiation can be used as an apoptotic trigger (Salucci et al., 2013). The
kinetics of UV-induced apoptosis are specific to the cell type and the inducer of apoptosis
(Wolbers et al., 2004). UV irradiation can induce apoptosis via many different pathways
(Kulms and Schwarz, 2000). UV induces nuclear DNA damage which activates the tumour
suppressor p53 ultimately leading to oxidative stress. Additionally, UV induces the release or
upregulation of death ligands which activates death receptors expressed on the cell.
Furthermore, UV directly activates death receptors in a ligand-independent way by inducing
receptor clustering. Activated death receptors trimerize and transduce the apoptotic signal via
their intracytoplasmic death domain (DD). Finally, UV induces the release of cytochrome ¢
from the mitochondria. Several studies have linked UV induced cell death to ROS production
(de Jager, Cockrell and Du Plessis, 2017; Xie et al., 2021).

Apoptotic cell death progression starts with internal changes such as chromatin condensation
and rapidly the membrane starts to bleb. Towards the end of apoptosis, larger membrane
enclosed vesicles, or apoptotic bodies are released. Various phases of apoptosis exist
releasing multiple waves of ACdEVs in the extracellular environment. Indeed, apoptotic cell
blebbing has been divided into two phases: early and late blebbing. The early phase is
restricted to adherent cells only. The late blebbing is characterized by the engulfment of
derived endoplasmic reticulum surrounding condensed chromatin. This mechanism is
dependent on actin and microtubule activity that drives chromatin towards the periphery of the
cell (Lane, Allan and Woodman, 2005). Altogether this suggests that different EV population

are released during early and late apoptosis phases.
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When studying ACdEVs, and more generally EVs, it is crucial to first confirm their presence.
As mentioned previously, EVs can be mixed up with non-EV contaminants that would share
the same characteristic used for their isolation (size, density, affinity, etc). Here, EVs are

isolated by differential centrifugation followed by size exclusion chromatography.

3.2 Aims and objectives

The aim of this chapter is to validate a model for in vitro apoptosis induction and release of
ACdEVs in mammalian cells. Due to a more extensive characterization of apoptotic bodies
(Xu, Lai and Hua, 2019), this study will focus on smaller vesicles populations looking at both
early and late AC derived EVs. This chapter also aims to define the kinetics of UV induced
cell death in Jurkats and confirm the presence of EVs in AC secretome using a variety of
techniques including flow cytometry and cryogenic transmission electron microscopy (Cryo-
TEM).

3.3. Results

3.3.1 UV irradiation induces apoptosis in Jurkats

To study apoptotic cell clearance, various cell lines can be used. Jurkat cells are an
immortalized line of T lymphocyte cells originally obtained from the peripheral blood of a 14-
year-old boy with T cell Leukaemia. Previously, the Jurkat cell line has been used to model
and characterize infection and immunity (Montano, 2014) as well as inflammation and
apoptotic EVs (Gholijani et al., 2015; Oh et al., 2016; Németh et al., 2017; Poon et al., 2019).
For the purpose of this study, the cells were treated with an intermediate UV-B dose of
30mJ/cm? (Dr Lois Grant, personal communication), as lower doses lead to a non-
inflammatory response which would not be relevant for the study of inflammation (Masuda,
Kimura and Morita, 2019). In vitro markers commonly used for the detection of apoptosis

include morphological changes and PS exposure on the outer leaflet of the cell membrane.

To establish the kinetic of UV-induced apoptosis, the irradiated cells were analysed by flow
cytometry at different time points (0-, 2-, 6- and 18-hours post UV treatment). Cell death and
viability were measured using annexin V/propidium iodide staining. Phosphatidylserine (PS)
is restricted to the inner monolayer of the plasma membrane in viable cells whereas, during
the early stage of apoptosis, PS is externalised to the outer monolayer while the plasma
membrane retains its integrity. In the presence of calcium, annexin V (AnV) binds to PS with

high affinity. Coupled to a FIT-C fluorophore, An-V is used as an indicator of early apoptosis.
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Propidium iodide (PI) is a membrane impermeable dye that stains nucleic acids. When the
plasma membrane integrity is lost during the later stage of apoptosis, Pl can enter the cells
and bind to nucleic acids. Distinct stages of cell apoptosis were observed with this assay,
where early apoptotic cells are AnV positive and Pl negative (AnV-FITC +/Pl-), late
apoptotic/necrotic cells are AnV/Pl-double-positive (AnV-FITC+/Pl+), and viable cells are
double negative (AnV-FITC-/PI-) as shown in (Figure 3.1).
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Figure 3.1: Annexin V / propidium iodide assay for the detection of apoptosis. (a) Schematic
representation of the principle of the assay. Viable cells can be detected in the first quadrant (Q1), early
apoptotic cells in the second quadrant (Q2), and late apoptotic cells in the third quadrant (Q3). Viable
cells are unstained, early apoptotic cells (AC) are stained with AnV-FITC binding to the externalised
phosphatidylserine (PS), and late AC are stained with both AnV-FITC and propidium iodide (PI) binding
to the accessible cellular DNA. (b) Representative flow cytometry plots of the assay showing cell

viability through time gated against the unstained cell population.
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Additionally, UV-induced apoptosis was observed by light microscopy (Figure 3.2.a). The
non-induced Jurkat cells (untreated) appear spherical and healthy looking, whereas 18H
irradiated cells display membrane blebbing and budding, releasing apoptotic bodies, as well
as cell shrinkage resulting in a denser cytoplasm. These microscopic characteristics are major
morphological hallmarks of apoptosis (Salucci et al., 2013), and thus support the cell viability

assay data.

Healthy cell cultures are characterized by 80-95 % cell viability, which may vary due to the
growth conditions such as the temperature, pH, CO, and O; levels, confluency, and medium
composition (Segeritz and Vallier, 2017). From the flow cytometry data (Figure 3.2.b), the live
culture showed an average of 77.7 % viable Jurkat cells prior to UV treatment, this could be
explained by the several factors stated above. The percentage of viable cells was deemed
reasonable to qualify as a healthy cell culture. After 18H-post UV this percentage decreases,
with only 2.04 % viable cells remaining. This shift in cell viability over time also reveals that
the significant distinction between early and late apoptosis starts at 6H post UV treatment,

which will be the time point chosen for further analysis of early apoptosis (Figure 3.2.b).
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Figure 3.2: UV irradiation induces cell death in Jurkat cells after 18 hours incubation. (a)
Microscopic signs of apoptosis in Jurkat cells. Untreated, early and late apoptotic cells were imaged by
bright field microscopy at 20X magnification. Scale bar = 200 um. (b) On the left, the cell viability is
represented as the progression of cell death with time. 2-way anova with Tukey’s multiple comparison

test showing the significant difference between early and late apoptosis from 6H and 18H. On the right,

A.Rozo, PhD Thesis, Aston University, September 2022. Page | 61



the apoptosis assay is represented as the percentage of cells in each condition. 2-way anova with
Dunnett’'s multiple comparison test showing the significant mean difference between pre-treatment with
6H and/or 18H for early apoptosis (asterisk) and late apoptosis (hashtag). Samples were measured in

three independent biological repeats (N=3). Error bars represent +/- SD and + SD.

The variability between biological repeats, and the 6.24 % of live cells present in the samples
18h post UV irradiation can be explained by the fact that cells are not previously synchronized
and might thus undergo apoptosis at various times. Additionally, cells can take up to 24 hours
to fully undergo apoptosis. 18 hours was judged adequate to obtain an acceptable percentage
of late apoptotic cells for further experiments. Because some cells remain viable up to 18h
after induction of apoptosis, it should be noted that EVs that do not classify as ACdEVs are
also released. However, as commonly known, dying cells release much more EVs than viable
cells, which is sufficient to say that the AC secretome is highly enriched in ACdEVs rather
than viable cells derived EVs (Distler et al., 2005; Baxter et al., 2019).

Altogether, these results show that the UV-B dose of 30 mJ/cm? used is sufficient to induce
nearly total cell death after 18 hours of incubation as observed by their loss of membrane
integrity and morphological changes. This model of cell death will be used to further study
ACdEVs collected at either 6 hours or 18 hours post UV irradiation as a model of early and
late apoptosis, respectively. To avoid artefactual measurements of ACdEVs due to storage
conditions, ACdEVs were always processed from fresh samples to avoid particle loss, purity

reduction and particle fusion (Gelibter et al., 2022).

Even though the mechanisms are largely conserved across all cells, broad observations
unravelled in this chapter would have to be validated in other cell lines. Although no different
methods for inducing apoptosis were tested in this study, it was shown that UV-B exposure
was sufficient to induce apoptosis in Jurkat cells. Other types of cell death such as
necrosis, ferroptosis or pyroptosis can also expose PS on the outer leaflet of the membrane,
the Annexin V/ Pl assay alone is not sufficient to validate our in vitro apoptosis model. The
inactive pro-caspase 3 is present in viable cells, and activated during both intrinsic and
extrinsic apoptotic pathways, ultimately executing cell death. To be activated, caspase 3 is
cleaved by caspase 9 into individual units forming an active tetrameric effector caspase 3
(Asadi et al., 2022). A western blot against active cleaved caspase 3 level following UV
irradiation in Jurkat cells would be sufficient to confidently state that apoptosis is the type of

cell death induced.
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3.3.2 Evidence of EVs

EVs were isolated from early or late apoptotic cells by differential centrifugation followed by
size exclusion chromatography (SEC). In more detail, irradiated cells in serum free media
were first centrifuged at 300 x g for 5 minutes to pellet the apoptotic cells, and the supernatant
(SN) was then centrifuged at 2000 x g for 20 minutes to remove larger cellular debris and
apoptotic bodies. The 2000 x g SN was then concentrated and loaded onto a gEV SEC column
with a 70 nm cut off, purifying ACdEVs from small contaminants such as soluble proteins.
To identify the particles secreted from early and late apoptotic cells, multiple techniques were
combined such as nanoparticle tracking analysis (NTA), interferometric light microscopy
(ILM), flow cytometry (FCM) and electron microscopy (EM). Firstly, the AC secretome or 2000
x g SN was measured by NTA and ILM.

Nanoparticle tracking analysis measures particle’s hydrodynamic diameter and concentration
based on their Brownian motion. The Brownian motion can be defined as the random
movement of particles in a liquid caused by collision with molecules of the containing liquid,
which can be affected by the liquid’s viscosity. Using the ZetaView instrument, each individual
particle in the field of view is counted and tracked in short video clips. Particles present in the
2000 x g SN can be seen by NTA (Figure 3.3.a). Based on a similar principle as NTA,
interferometric light microscopy was also used to visualize particles (Figure 3.3.b). This
technique involves an optic system coupled to a camera, which generates a movie based on
real time displacement of the particles, allowing to define the size and number of observed

particles based on their trajectories’ speed and distance.
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Figure 3.3: Evidence of nanopatrticles in the apoptotic cell secretome. 2000 x g supernatant of 18h
AC was measured by NTA and ILM. (a) Screenshot of the generated video with the ZetaView
(ParticleMetrix). (b) Screenshot of the generated movie showing detected particles (circles) and tracked
particles (orange circles) along with their displacement trajectories (yellow) observed with Videodrop
(Myriade).

Both these techniques confirmed the presence of particles in the apoptotic cells secretome.
However, NTA and ILM cannot discriminate between EVs from nanobubbles, salt precipitates,
soluble proteins, similar sized particles, and similar refractive index particles. This limited
visualisation of particles was resolved by using a standard EV imaging technique: Cryo-TEM.
It allows the visualization of the native morphology of EVs by giving information on the number
of lipid bilayers, the internal structures, the size, and the shape of the vesicles. Additionally,
Cryo-TEM can also be used to assess the purity of the samples. Cryo-TEM is the least
invasive EM techniques to visualize samples, as the samples are plunge frozen avoiding the
use of dehydration and fixation which can damage the samples and cause artifacts
(Chernyshev et al., 2015; Choi and Mun, 2017). An accelerated electron beams passes
through the samples and the transmitted electrons are then collected to generate EM

brightfield images.

SEC purified AC secretome from 6H and 18H post UV irradiation were imaged by cryo-TEM.
The EM images confirmed the presence of EVs as distinct lipid bilayer encapsulated particles
were observed in both samples (Figure 3.4). Due to the sparse number of images taken (<10

per condition), the accurate particle size distribution could not be estimated. Although not
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representative of the samples, it can be noted that EVs varied in diameter from 108 to 678 nm
and from 11 to 590 nm in early and late ACdEVs samples, respectively, already showing a
high heterogeneity. Additionally, it shows that at by using a sedimentation speed of 2000 x g,
particles with a diameter up to ~ 700 nm can be recovered from the supernatant of apoptotic
cells. Furthermore, both samples showed an important diversity in structures, morphologies,

and cargos.

Most vesicles were encapsulated by a single lipidic bilayer; however, some were classified as
double membrane vesicles (Figure 3.4.a.1,2) as well as multilamellar vesicles when a smaller
vesicle was found in the lumen of a larger vesicle (Figure 3.4.b.1). The diversity of vesicles
was also observed based on their shape. Although most of the imaged vesicles were round
shaped, some variants were cup shaped (Figure 2.4.a.4, b.4), oval (Figure 3.4.a.5, b.3), or
elongated (Figure 3.4.b.7). The absence or presence of cargo was determined by the level of
grey intensity within the vesicle lumen corresponding to a low- or high- electron density,
respectively. The absence of cargo was observed when the lumen was smooth and light,
whereas the presence of cargo was identified by a darker granular lumen. Vesicular cargo is
often identified as proteins. Interestingly, some vesicles also displayed actin like filaments
structures (Figure 3.4.a.2), possible vestige of their biogenesis pathway. Small spherical
dense structures were also observed in vesicles (Figure 3.4.a.4, b.2). Some vesicles also
seem to carry membrane bound cargo that could be glycosylation or protein corona (Figure
3.4.b.1,3,5), potentially useful for EV uptake and signalling. Interestingly, EV with
compromised membrane integrity were identified, which could be a result of breakage during
sample preparation (Figure 3.4.b.4). Other variants were shown to be surrounded by dark
granular material similar to the one found in the vesicle lumen suggesting that it could be

classified as secreted material (Figure 3.4.a.3).
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Figure 3.4: Cryo-TEM images of isolated ACdEVs derived from Jurkat cells. (a) Images of early
ACdEVs. (b) Images of late ACdEVs. The black arrows point to vesicles with double membranes. The
yellow arrows point to actin filament like structures. The blue arrows point to membrane bound EV

cargo. The white asterisk shows the EM grid. Scale bar = 100 nm.

For the Cryo-TEM imaging of EVs, the morphology of larger particles observed can be
criticized. The ice layer is realistically under 200 nm thick to allow the beam of electron to go
through, consequently any large particles are likely to be distorted exhibiting an altered
morphology. Interestingly, some large EVs were cup shaped, which is usually a result of
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dehydration of the samples as seen in previous studies. Here, the samples were plunge frozen
which suggests that the morphology observed could indeed be the one of native state of the
EVs. Specific packing of lipid could affect the curvature of membranes and could explain the

non-spherical shapes of certain ACdEVs.

3.3.3 Labelling and detection of EVs by flow cytometry

Despite the precautions taken in washing the cells, depleting the media of serum, and purifying
the EVs by SEC, some non-vesicular contaminants and debris remain, as seen by the cryo-
TEM images (Figure 3.4). Labelling of EVs can shed light on the levels of non-vesicular
contaminant present in the samples. Due to the lack of specific biomarkers on the surface of
ACdEVs, a specific antibody could not be used. It was therefore more convenient to use a
reactive dye to directly label membrane proteins within the EVs membrane. Here, Bodipy FLN-
(2 aminoethyl)maleimide was used. As maleimide acts as a reactive probe, it irreversibly binds

to free cysteine thiols present in membrane proteins thus labelling the EV membrane.

Due to a limitation on the filters available within the flow cytometer, it was important to validate
the use of Bodipy for EV labelling. Bodipy and FITC fluorescence spectra are similar with a
maximum excitation at 503 nm and 490 nm, and a maximum emission at 512 nm and 525 nm,
respectively (Figure 3.5). This allows us to measure Bodipy fluorescence using a 488 nm

excitation laser line and the common FITC filter to collect emissions from the Bodipy dye.
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Figure 3.5: Fluorescence spectra of Bodipy and FITC dyes. CSV data of Bodipy FL and Fluorescein

FITC spectra were downloaded from www.FPbase.org. Arbitrary units (a.u.).
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The thiol reactive Bodipy maleimide dye was first titrated at 1-, 5-, and 10- uM to label ACdEVs
(~1.5 x10° particles/mL) present in the 18h apoptotic cell secretome as shown in the
representative flow cytometry plots (Figure 3.6.a). Analysis of the percentage of stained EVs
showed a significant 1.3-fold increase in the number of stained EVs when using 1 yM and 5
MM of Bodipy, respectively (Figure 3.6.b). However, using 10 uM of Bodipy showed no
significant difference in the percentage of FITC positive events from using 5 uM. Additionally,
the mean fluorescence intensity (MFI) for FITC increased proportionally when Bodipy was
added from 5 uM to 10 uM, meaning that EVs are becoming more fluorescent in opposition to
more EVs being stained (Figure 3.6.b). The titration of Bodipy allowed determination of the
optimal concentration for a maximum EV labelling coverage. Here, around 80 % of vesicles

were labelled when using 5 uM of Bodipy.
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Figure 3.6: Titration of Bodipy FL for ACdEVs labelling. 18H ACdEVs from Jurkats were incubated
with the Bodipy dye and detected by FCM. (a) Representative flow cytometry plots from 4 biological
repeats showing Bodipy positive ACdEVs in the FIT-C channel, stained with 1-, 5-, and 10-uM of
Bodipy. (b) The percentage of positive events is represented (left) as well as the FIT-C MFI (right).
Samples were measured in four independent biological repeats (N=4). Error bars represent SD,

statistical test used: one-way anova for multiple comparisons.

As the use of flow cytometry to detect small particles can be challenging due to their size in

comparison with the laser wavelength, violet side scatter was used as a trigger as this laser
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has a shorter wavelength of 405 nm compared to the commonly used 488 nm laser.
Additionally, Megamix-Plus SSC and FSC fluorescent beads were used to gate relative size
regions of 100-, 160-, 200-, 240-, 300-, 500-, and 900 nm to allow further determination of the
ACdEVs size (Figure 3.7.a). By amplifying the FITC signal in the FITC fluorescent channel,
as represented by the gain increase from 200 to 1500, smaller stained particles were detected
(Figure 3.7.a). Using the optimized flow cytometry settings, a gating strategy was drawn to
detect all EVs present in the measured samples against the unstained population (Figure
3.7.b).

Lastly, the size of the labelled particles suggests the presence of EVs rather than contaminant,
as the majority of the FITC positive events falls within the 100 nm diameter region (Figure
3.7.c). The size distribution of the Bodipy-labelled particles depicts a typical EV population,
supporting the previous statement. Ultimately, Bodipy labelled ACdEVs were detected by flow

cytometry using violet side scatter trigger and a 1500 FITC gain.
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Figure 3.7: Optimisation of extracellular vesicles detection by flow cytometry. The detection of
EVs present in the 2000 x g SN of apoptotic Jurkat T cells incubated for 18h was optimized. MegaMix
side scatter beads and Bodipy labelled EVs were detected by fluorescence in the FITC channel, and
their size was differentiated by violet side scatter. (a) Optimization of flow cytometry settings using 200
and 1500 gain settings on MegaMix beads, unstained EVs, and stained EVs. (b) Representative scatter
plots of the gating strategy for EV detection. (d) Histogram representing Bodipy positive events
frequency gated by size according to the regions in which the bead standards fall. Samples were

measured in three independent biological repeats (N=3). Error bars represent +SD.

3.4 Conclusion

This chapter has validated an in vitro method to induce apoptosis using UV irradiation and
defined its kinetics using anV/PI staining. Early and late apoptosis time points were set at 6H
and 18H post UV treatment. The apoptotic cell secretome was analysed by nanoparticle
tracking analysis and interferometric light microscopy where particles were detected. The
presence of EV was then confirmed by cryo-TEM, showing a vast heterogeneity in structures,
morphology, and size at both time points. Finally, EVs were successfully stained using a thiol
reactive dye and detected by flow cytometry for further analysis. The size of the labelled
particles as well as the presence of a lipidic bilayer suggest that most of the particles in the

samples are EVs.
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4. Chapter 2: Characterization of
ACdEVs

4.1 Introduction

Chapter 1 demonstrated the isolation of particles consistent with ACdEVs, which now require
further characterisation. The characterisation of EVs can be based on several parameters, but
often it is particle size distribution (PSD) that prevails. However, the small size of EVs can be
challenging as it can be below the resolution thresholds of detection methods. Additionally,
there is yet to be a standard method for the detection of EV. Based on the MISEV guidelines
(Théry et al., 2018), the best approach is to combine a variety of techniques to get reliable
and appropriate measurements. Conventional method includes nanoparticle tracking analysis
(NTA), flow cytometry (FCM), dynamic light scattering (DLS), tunable pulse resistive sensing

(TRPS), electron microscopy (EM), and atomic force microscopy (AFM).

DLS is a popular technique for particle sizing as it is inexpensive and relatively easy to use.
The principle of this technique is based on the ability of particle to scatter light, the more a
particle scatters light, the bigger the particle and vice and versa (Rozo et al., 2020), assuming
that all particles are spherical. However, as bigger particles will scatter more light, it can
oversize a polydisperse sample. NTA is also based on light scattering, however, it is equipped
with a camera that can track the trajectory of a particle (Filipe, Hawe and Jiskoot, 2010). Based
on the Brownian motion of the particles present in the sample, their size can be measured. In
TRPS, particles passing through a tunable nanopore are detected by a transient change in
the ionic current. The amplitude and frequency of this event gives information on the particle
size and sample concentration. A newly improved method called microfluidic RPS (MRPS), is
based on the same principle with the advantages of using single use, pre-calibrated
microfluidic cartridges for sterility and contamination purposes. Another improvement of a
conventional technique has led to a better detection of small particles. Indeed, high resolution
FCM (HR-FCM) measures the PSD of samples by using a highly sensitive side-scatter
channel to trigger particle events enabling the detection of particles as small as 40 nm.
Interferometric light microscopy (ILM) is another method that allows the detection of particles
under the diffraction limit of standard FCM. The ILM technique utilizes an optic system coupled
to a camera that generates a movie based on real time displacement of the particles. Their

size and number are based on their trajectories’ speed and distance. Whilst size is clearly an
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important parameter for nanoparticles, it is likely that their biophysical properties and

components also influence their function.

Membranes are a major physical barrier against the extracellular environment. Here we focus
on membrane fluidity as it is important for cell communication and function such as lipid and
protein diffusion, permeability, membrane fusion, molecule distribution, etc. Membrane fluidity
refers to the viscosity of the lipid component of a membrane. In this study, the laurdan assay
is used to quantify the membrane fluidity of cells and EVs, even though other techniques can
be used (Szalontai et al., 2000; Poojari et al., 2019). In more detail, the laurdan assay is
measured by observing the emission shift of the fluorescent hydrophobic probe 2-
dimethylamino-6-laurylnaphalene (laurdan) incorporated in the membrane (Parasassi and
Gratton, 1995). As laurdan is sensitive to the polarity in the lipidic bilayer, the shifts in its
emission spectrum are caused by the variations in membrane contents allowing indirect
measurement of membrane fluidity. It should be noted that laurdan does not measure fluidity
directly, rather the accessibility of water around the lipid headgroups which is strongly
influenced by the phase of the membrane. This can be analysed through the generalized
polarisation (GP) value (Equation 1). |44 stands for the fluorescence intensity measured using
a 440 nm filter, while lsgo is the fluorescence intensity measured using a 490 nm filter. The
closer the GP is to 1, the more rigid the lipidic bilayer is, and vice versa. The membrane lipid
order of different EV subtypes has been previously characterised using flow cytometry where
the following GP values were measured: -0.14, 0, and 0.36 for apoptotic bodies (APOs),
microvesicles (MVs), and EXOs, respectively (Osteikoetxea, Balogh, et al., 2015). This study
shows that ACdEVs (here, apoptotic bodies) are the most fluid type of EVs compared to MVs
and EXOs. Membrane fluidity can be affected by the membrane composition in lipids, proteins,
and sterols, as well as thermodynamic parameters such as temperature and pressure (Los
and Murata, 2004).

Lipids are extremely important when it comes to membranes as they are the fundamental
building blocks. The main components of plasma membranes are phospholipids (PLs) which
consist of a hydrophobic tail made of two fatty acids (FA) linked to a hydrophilic head made of
a glycerol backbone and a polar head group linked by a phosphoric acid. The position of FA
is numbered based on their stereospecificity relative to which glycerol carbon they are

attached to (sn-1, sn-2, and sn-3).
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Figure 4.1: Generic structure of lipids. Schematic representation of a phospholipid structure
composed of a hydrophilic head (a polar group attached to a glycerol via a phosphate), and a
hydrophobic tail (unsaturated and/or saturated fatty acids based on the absence or presence of double
bonds). The FA chains are linked to the glycerol backbone at sn-1, sn-2 in phospholipids or sn-3

positions in a TAG.

Other lipid classes can be found based on the structure of the lipids such as glycolipids,
sphingolipids, sterols, and more. The degree of unsaturation of lipid corresponds to the
number of double bounds found in lipid acyl chains. It is highly regulated and can influence
the viscosity of a membrane (Ballweg et al., 2020). Saturated lipid chains are more closely
packed leading to a more rigid membrane whereas unsaturated lipid chains increases the
fluidity (Koynova and Caffrey, 1998; Lee et al., 2020). This is largely due to the formation of
hydrogen bonds between the acyl chains, which are less able to form between “kinked”
unsaturated chains. The length of the acyl chains will influence the fluidity of the membrane
as well (Denich et al., 2003). The longer the tails are, the more interactions between the
phospholipids tails there will be thus adding rigidity to the membrane. Additionally, short acyl
chains under twelve carbons cannot form hydrophobic interactions with surrounding proteins
and lipid and display an increased tail motion (increased fluidity). Short acyl chains such as
these are rare within natural phospholipid bilayers. The lipid shape, also known as packing
parameter, can directly influence the curvature of the membrane, based on the polar head to
acyl chain ratio (Yang, 2016). Small area ratio of polar head to acyl chain result in a cone

shaped lipid (phosphatidylethanolamine), leading to a negative curvature. Additionally, equal
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head to chain ratio forms cylinder shaped lipid (phosphatidylcholine, sphingomyelin), resulting
in a neutral curvature. Finally, larger head than the acyl chain area leads to inverted cone
shaped lipid (Lyso-phosphatidylcholine), leading to a positive curvature. Ultimately, curvature
is linked to the complex lipid composition of membranes (Holthuis and Menon, 2014), as well
as plasma membrane protein activities as it can modulate their conformation (Mcintosh and
Simon, 2006).

4.2 Aims and objectives

The aim of this chapter is to characterise both early and late ACdEVs’ composition and
properties to have a better understanding of their functions. The objectives are to select an
appropriate analytical technique for particle sizing, as well as defining the membrane fluidity

of EVs and their lipidic composition.

4.3 Results

4.3.1 Particle size distribution

Since there is an important number of sizing methods and instruments and that it is impossible
to assess them all for the analysis of ACdEVs, a few common techniques were chosen (Figure
4.1).

Here the ACdEVs mean size diameter was compared by DLS, TRPS, MRPS, HR-FCM, FCM,
ILM and NTA (Figure 4.2.a). It should be noted that the particles mean diameter is not
representative of the ACdEVs polydispersity, but it gives information on the instrument
resolution and reproducibility of the measurements. The lowest mean particle diameter (MPD)
measured for ACAEVs samples was using MRPS with 75.9 nm followed closely by HR-FCM
with 80.64 nm. Interestingly, the TRPS method that uses the same principle as MRPS with a
similar measurement range showed a MPD of 257.3 nm. The other techniques showed a
higher MPD with FCM (124.9 nm), NTA (174.3 nm), DLS (232.7 nm) and ILM (269 nm), in
increasing order. It is worth noting that each instrument and techniques have their own
limitations in regard to their resolution (Figure 4.2.b). Some are tunable with different sized
nanopores/cartridges to focus on a specific measurement range (MRPS and TRPS). Some
have a wider resolution allowing a wider representation of the entire population while maybe
losing in precision (DLS, FCM, NTA, and ILM). Whereas other techniques are focused on the
nanoscale allowing an accurate representation of smaller particles, often relevant when

working with exosomes size like EVs (HR-FCM).
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When possible, a representation of the particle size distribution was plotted for each technique
(Figure 4.1.c). Even if all the techniques show a similar PSD with the majority of the ACdEVs
being around 100 — 200 nm, the particle mean diameter is highly variable when looking at the
same samples from different biological repeat on various instruments. As mentioned before,
the mean diameter is not a good representation of heterogeneous samples and can vary
based on the instruments and analysis range. NTA, TRPS and ILM shows a higher
heterogeneity in size with the presence of bigger EV, whereas MRPS, FCM, and HR-FCM falil
to do so. Additionally, MRPS upper size cut off for this measurement is at 300 nm which
explain the lack of larger EVs. Interestingly the TRPS 500 nm size cut off still allowed larger

vesicles to pass through the nanopore possibly due to the applied pressure and stretch.
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Figure 4.2: Comparison of various patrticle size distribution techniques for EV measurements.
(a) Particles mean diameter of late AC 2000 x g SN measured by various sizing techniques. (b)
Information on the technique used and the measurements. (c) Representative particle size distribution
of particles present in the 2000 x g supernatant measured by NTA, ILM, TRPS, MRPS, FCM and HR-
FCM.

This comparison enabled an informed decision based on methodological limitations and
instruments availability. Going forwards, the PSD of ACdEVs will be measured by TRPS using
the gNano instrument as it offers tunability of the detection size through the choice of
nanopores. This tunable technique will give the best chance for a maximal optimization of
heterogenous samples. A few parameters can be altered such as the voltage for the signal to
noise ratio, the pressure for the particle rate, and the stretch of the pores for the blockade
magnitude and sample resolution. In addition, TRPS is becoming a go to sizing technique in
the EV field (Maas, Vrij and Broekman, 2014; Vogel et al., 2016).

PSD techniques can also measure similar size contaminants present in the samples. Further
purification methods can help limit this issue. For this reason, SEC was used to further purify
ACdEVs released by early or late apoptotic cells prior to measurement by TRPS. By using NP
200 nanopores, ACdEVs between 80- and 500- nm in diameter can be detected. Both samples
show a similar heterogeneous PSD with a modal diameter of 164.3 nm (+/- 30.43) for early
ACdEVs, and 178.6 nm (+/- 30.92) for late ACdEVs (Figure 4.3.a). This suggests that
apoptotic cells release exosome- and microvesicle- size like extracellular vesicles.
Additionally, 18H samples are more concentrated than 6H samples suggesting that ACdEVs
are released continuously by apoptotic cells, as seen by the proportional increase in total
protein amount (Figure 4.3.b). Previously, the mean size of particles was used to compare
various sizing techniques as some instrument did not give enough information to give a mode
size. Here, the gNano instrument gives more detail of the measurements such as the mode

size, best used with a polydisperse population like ACdEVs.
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Figure 4.3: Basic characterization of early and late ACdEVs. 6H and 18H ACdEVs from Jurkat cells
were purified by SEC and measured by TRPS using the qNano. (a) Mean particle size distribution of
6H and 18H ACdEVs, 500 particles were recorded using a NP200 nanopore calibrated with CPC100
beads. Samples were measured in three independent biological repeats (N=3). (b) Total protein
concentration of 6H and 18H ACdEVs measured by Micro BCA assay (N=2 biological repeats), error

bars represent + standard deviation.

Like any particle sizing instrument, the gNano instrument has its limitations. The major
drawback encountered is that it is highly time consuming (Maas et al., 2015), as each
measurement needs to be calibrated. In comparison to ILM for example, which only takes a
few minutes, TRPS can sometime take up to an hour to measure one sample. In addition,
nanopore clogging events are also frequent, even more so when measuring heterogeneous
samples as particle build ups or larger particles present in the sample can cause partial
blocking of the nanopore. Furthermore, the nanopore efficiency and characteristics can differ
between individual nanopore, set up, storage condition, and time, which can account for a
higher variability (Willmott et al., 2014). This method is best suited for monodisperse particle
population of known size rather than polydisperse particles population of unknown sizes, such
as ACdEVs.

A recently optimized technique based on TRPS principle is the microfluidic pulse resistive
sensing (MRPS) technique. Theoretically, this improved technique should overcome most of
the problems encountered with the TRPS method. Indeed, there is no need for calibration as
it utilizes pre-calibrated single use microfluidic cartridges. Moreover, the cartridges are

composed of a pre-filter to reduce the clogging events.
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Similarly to the gNano, the nCS1 instrument is tunable and offers various cartridges with
multiple size cut-offs to measure a wide range of particles diameter (Rozo et al., 2020b). Using
both TS-400 and TS-2K cartridges allowed the analysis of the whole ACdEV population by
combining both measurements range of 65- to 400- nm and 250- to 2000- nm, respectively.
The addition of a pre-filter to the cartridges means that the surface tension in smaller
cartridges, such as TS-400, is harder to overcome and prevent the flow from flowing into
microfluidic channels. For this, the manufacturer recommends the addition of a detergent
(Tween-20) as a surfactant to lower the surface tensions. Thus, a range of Tween-20
concentrations from 0.02 % to 1 % were evaluated to determine the lowest concentration that
will allow for a full flow rate (Figure 4.4.a). In each condition, particles were counted per 10
seconds run until 1000 particles were recorded. As seen below, the lower the tween
concentration is, the higher the number of runs and the lower the number of particles per run.
The concentration of 1 % Tween-20 gave the highest particles per run with a total number of
12 runs required, which is the best option as full flow rate could not be achieved in low tween
concentration such as 0.02 % with up to 103 runs. These results demonstrate the importance
of the use of a surfactant or wetting agent to allow the flow into the microfluidic channels of

smaller cartridges.

However, the use of detergent is undesirable when it comes to lipid particles due to its
possibility to integrate into the EV membrane and potentially affect their functionality, integrity,
and characteristic (Lichtenberg, Ahyayauch and Goni, 2013; Osteikoetxea, Sdodar, et al.,
2015). Indeed, when comparing the PSD of ACdEVs with increasing Tween-20 concentration,
the analysis revealed that the more Tween-20 was added, more smaller particles were
measured (Figure 4.4.b). This result suggests that Tween-20 potentially lyse ACdEVs,

especially larger EVs.
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Figure 4.4: Effect of Tween-20 on particle size and run measurements. Late AC 2000 x g SN sizing
and quantification was measured by MRPS using Tween-20 as a wetting agent at a concentration
ranging from 0.02 % to 1 % using a TS-300 cartridge. (a) Number of particles per run represented by
the mean only of three biological repeats (N=3). (b) Comparison of the mean size distribution of late
ACdEVs. Samples were measured as three independent biological repeats (N=3). Error bars
represents SD.
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It should be noted that the various Tween-20 concentration tested above are all above the
critical micelle concentration (CMC) of Tween-20 of 0.0074 (% W/V) (OpenWetWare
contributors, 2022). The CMC is defined as the concentration of detergent above which
spontaneous micelles are formed. The Tween-20 micelles being around 8.5 nm in diameter,
they would not be detected by the instrument when looking at the PSD of ACdEVs. However,
above the CMC, membranes are being solubilized more effectively which could explained the
observed increase in smaller size ACdEVs when using higher Tween-20 concentration such
as 1% (Lichtenberg, Ahyayauch and Gofii, 2013).

Although Tween is widely used within the EV field (Bachurski et al., 2019), it would be
preferable not to use detergents to make accurate size measurements of lipid particles.
Therefore, bovine serum albumin (BSA) was investigated as an alternative wetting agent for
ACdEVs PSD measurements, as it was previously showed to decrease the surface tension of
water and other liquids (Windvoel et al., 2010). 100 nm polystyrene size standard beads
suspended in 0.1 % BSA in PBS were measured using a TS-400 cartridge (Figure 4.5). The
PSD shows an accurate sizing of the beads with a mean diameter of 105 nm (Figure 4.5.a).
Additionally, when looking at the transit time against particle diameter, the included events are
particles with a transit time below 50 us which is under the 60 us calibration of the TS-400
cartridges (proprietary data). Particles with elongated transit time were automatically excluded
from the analysis (Figure 4.5.b). The elongated transit time means that particles take longer
to cross the aperture. This is often due to a coincident particle passage, or when two or more
particles are crossing the aperture at the same time. Those events need to be excluded as it
can result in a lower particle counts and larger counted particles thus affecting the PSD.
Finally, all the included events were above the noise threshold of 50 ym, excluding all the

events falling below this threshold.
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Figure 4.5: Use of BSA as a wetting agent for MRPS measurements. 100 nm polystyrene size
standard beads were measured in 0.1 % BSA using a TS-400 cartridge. (a) Particle size distribution.

(b) Dot plot of measured diameter (nm) versus transit time (us).

Altogether these results show that the use of BSA as a surfactant for measurements of
particles using smaller cartridge is promising for accurate particle sizing. Following this, 2000
x g 18H ACdEVs were measured in 0.1 % BSA using both TS-400 and TS-2K cartridges to
cover the wide PSD of our sample (Figure 4.6). Prior to the measurements, samples were
diluted in PBS in order to fall in both cartridges specific concentration range being 1x107 to
1x10™" particles/mL, and 5x10°to 5x10° particles/mL for TS-400 and TS-2K, respectively. By
combining both PSDs, EVs of diameters ranging from 65- to 2000- nm were detected, with a

A.Rozo, PhD Thesis, Aston University, September 2022. Page | 84



majority being around 200 nm in size. The observed difference in particles concentration is
due to the fact that the TS-2k cartridge has a lower size cut off of 250 nm thus excluding most

of the small particles present in the samples, detected with the TS-400 cartridge.

2.5x10% 5x10¢

2x10° < = TS5 -400 - ax10f

= TS-2K

1.5%10% - ax108

TS - 400
MZ-SL

(u/sajape 4) uoneQUasUDT)

1x10% = 22105

Concentration (Particles/mlL)

Ex107 - - 12108

L] T T T T T L]
200 400 00 800 1000 1200 1400 1600 1200 2000

Diameter [nm)

Figure 4.6: Particle size distribution of late ACdEVs measured by MRPS. Late ACdEVs diluted
1:10 in PBS were measured in 0.1 % BSA using both TS-400 (green) and TS-2K (cyan) cartridges for
a full coverage, with analysis range from 65 to 400 nm and from 250 to 2000 nm, respectively. Data

represents N=1.

The MRPS was found to be more challenging in practice than expected due to the difficulty of
getting the samples to flow through the channels in small cartridges. To lower the surface
tension, Tween-20 was assessed as a surfactant. However, we demonstrated that the use of
detergent affected the particle size distribution of the samples. As an alternative, BSA proved

to successfully measure lipid particles PSD with accuracy.

In conclusion, it is necessary to be cautious when choosing a particle sizing technique. The
chosen technique should be best fitted to the characteristic of the sample such as its size,
concentration, and buffer. All techniques have limitations, and it is thus recommended to

combine several techniques to have an accurate representation of EVs PSD. Now that the
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PSD of early and late ACdEVs was defined, other parameters such a membrane fluidity were

investigated.

4.3.2 Membrane fluidity

For membrane fluidity measurements, the incubation temperature of laurdan has to be above
the phase transition temperature of the lipids so the membrane can become fluid and allow
the probe to integrate into the lipid bilayer. Here, the incubation temperature of 37°C was used
as it is the temperature used to culture Jurkat cells as well as being above the transition
temperature of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) used to form
liposomes. Firstly, membrane fluidity measurement was optimized in different systems
(liposomes, EVs, and cells) by testing the recommended or excess concentration of laurdan
as well as different buffers (liposome buffer, PBS, and SF-RPMI) (Figure 4.7).

Results show that the three systems tested were within the same GP range (Figure 4.7).
However, ACdEVs are more rigid than live cells as seen by a higher GP value, although not
significantly so. POPC liposomes were found to be the most fluid compared to cells and EVs.
This could be explained by the fact that liposomes do not contain proteins and sterols which
is likely to affect their membrane fluidity. POPC, like most lipids, has a phase transition of -2
°C, thus, by choosing an experimental temperature of 37 °C, it allowed the membrane to
become fluid and incorporate the laurdan probe. The water exposure increases with fluidity,
so if there is an excess of laurdan the increased exposure due to it being in an aqueous
environment rather than the lipid bilayer will make it falsely appear more fluid. This is why it is
important to calculate the lowest amount of laurdan that can effectively be used. Laurdan was
added at the recommended concentration of 0.1-0.3 mol% of the total lipid concentration
which correspond to 2.5 and 5 uM for EVs and cells, respectively (Learmonth and Gratton,
2002). When laurdan was added in excess with EVs at 2.5 mM, the GP decreased slightly,
however not significantly. Thus, the excess of laurdan tested was not sufficient to have an
effect on membrane fluidity, and 2.5 uM laurdan will be used to assess EV membranes fluidity.
Finally, no significant difference was observed when using SF-RPMI and PBS as buffer for

the membrane fluidity of live cells (Figure 4.7).
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Figure 4.7: Optimization of laurdan assays to measure lipid particle membrane fluidity.
Membrane fluidity assay optimisation on 200 nm POPC liposomes, 18H Jurkat ACdEVs, and live Jurkat
cells. Samples were measured in triplicates in three independent biological repeats (N=3). Error bars

represent +/- SEM, statistical test used: unpaired t test.

For further membrane fluidity assay, the samples were measured in ACdEVs buffer, SF-RPMI,
and further incubated with either 2.5- or 5- yM of laurdan for EVs and cells, respectively.
Afterwards, the membrane fluidity of cells and EVs was measured throughout apoptosis,
comparing live cells, early AC and ACdEVs, and late AC and ACdEVs in both Jurkat and THP-
1 cell lines (Figure 4.8). Across the studied cell lines, the GP value of viable cells was the
highest compared to the other conditions suggesting that viable cells are more rigid than
apoptotic cells and ACdEVs. Indeed, during apoptosis structural changes occur to prepare the
cells for clearance by phagocytes, these changes include PS exposure on the outer layer of
the plasma membrane and other trans bilayer migration of glycerophospholipids which results
in an increased spacing in lipids affecting biophysical parameters such as membrane fluidity
(Appelt et al., 2005; Gibbons et al., 2013). Interestingly, the similarity in membrane fluidity of
EVs and their parent cells could be explained by a similar membrane composition which gives
insights on EVs biogenesis, as they could be deriving from the AC plasma membrane rather
than exocytosis. Furthermore, early AC and ACdEVs have a lower GP value compared to late
AC and ACEVs which indicates a difference in membrane properties during early and late
apoptotic phases, although statistical analysis showed no significant differences. Finally, the
increase of variability observed for both late AC and ACdEVs could be explained by the fact

that during late apoptosis/necrosis, the membrane integrity of some apoptotic cells is
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compromised, making it difficult to accurately measure the membrane fluidity. Additionally, the
passage number of Jurkat cells at the time of the assay was 2 times higher than the one of
THP-1 cells which could also affect the difference in variability. However, Gibbons et al. (2013)
suggest that during late apoptosis the membrane becomes more rigid due to the formation of

blebs and release of larger vesicles, supporting the observed increased in GP values.
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Figure 4.8: Generalized polarisation distribution in cells and EVs throughout apoptosis.
Generalized polarisation was measured using the laurdan probe in both Jurkat and THP-1 cell lines.
Conditions are the following: viable cells, early and late apoptotic cells, and early and late ACdEVs.
Samples were measured in triplicates in three and two independent biological repeats (N=3 and N=2)
in Jurkat cell and THP-1 cell line, respectively. Error bars represent +/- SEM.

In conclusion, membrane fluidity is affected by apoptosis in both AC and ACdEVs, with a
general increase in fluidity during early apoptosis and an increase in rigidity during late
apoptosis. As observed in other studies, a high protein to lipid ratio in early apoptotic
conditions could explain the fluidisation of the membranes (Osteikoetxea, Balogh, et al.,
2015). For this reason, further investigations focusing on the lipid, protein, and sterol
composition of early and late conditions were conducted to better understand the observed

fluctuation in membrane fluidity.
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4.3.3 ACdEVs composition

It should be noted that the following quantifications of cholesterol, protein and lipid are total
quantification and not only reflect the ACdEVs membrane composition but also the ACdEVs
cargo and internal membranes of multilamellar vesicles as well. The initial observations made

in this chapter would have to be verified with ACdEVs membrane extracts.

4.3.3.a Cholesterol and protein quantification

Sterol molecules in phospholipid bilayers can alter packing density and membrane fluidity by
packing against acyl chains in the hydrophobic tail groups (Li et al., 2003). Ordered packing
of lipid tails around the four-ring structure of cholesterol reduces the entropy of lipid bilayers,
leading to decreased mobility of the bilayer as well as increased membrane thickness and
reduced membrane permeability (Bui, Suga and Umakoshi, 2016). In other situations, sterols
can increase fluidity by intercalating between lipids. Cholesterol functions as a buffer to control
the fluidity of the membrane when facing temperature variations: preventing lower
temperatures from inhibiting fluidity and preventing higher temperatures from increasing it
(Subczynski et al., 2017). Additionally, the ratio of lipid to protein can influence membrane
fluidity. Generally, an increase in density of membrane protein results in a more rigid

membrane (Osteikoetxea, Balogh, et al., 2015).

To have a better understanding of ACdEVs membrane properties, the amount of cholesterol
and protein per ACdEVs was quantified in both early and late ACdEVs. Firstly, colorimetric
assays were used to measure the total level of cholesterol and proteins. Secondly, the
samples were measured by ILM using the Videodrop to get an accurate concentration in order
to calculate the amount of cholesterol and protein per ACdEV. The results showed no
significant difference in both conditions (Figure 4.9.a). The protein per ACdEVs quantification
observed here is quite similar to what is found in the literature on various EV subtypes often
ranging from 0.1 to 10 x10™" g of protein per EV (Koliha et al., 2016). However, it can be
hypothesised that the protein loading in the ACdEVs seems to be less controlled than the one
of cholesterol as seen by the higher variability in protein quantification. To compare the
amounts of both measured components, the estimated molar ratios were calculated based on
the average molecular weight of a human protein (38200 g/mol) from UniProt database, and
the molecular weight of cholesterol (386.65 g/mol) (Figure 4.9.b). The observed difference of
ratios in early and late ACdEVs (6.63 and 12.9, respectively) indicate that there is a greater
number of cholesterol molecules in late ACdEVs, or a lesser number of proteins compared to
early ACdEVs.
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Figure 4.9: Protein and cholesterol quantification of early and late ACdEVs. Particle concentration
was determined using ILM; protein concentration was measured by micro—-BCA Assay, and cholesterol
concentration by a cholesterol assay kit. EVs were isolated from either early or late apoptotic Jurkats
and purified by SEC. (a) Total proteins and cholesterol quantifications in early and late ACdEVs. (b)
Estimated cholesterol:protein molar ratios. Samples were measured in triplicates in three or six

independent biological repeats (N=3 and N=6) for all conditions but protein level in 18H ACdEV.

As previously mentioned, the protein and cholesterol quantification observed here represents
the total amount of cholesterol and protein including the ACdEVs cargo as well. As seen by
the electron low and high ACdEVs imaged by cryo-TEM (Figure 3.4), the cargo of these EVs
is highly variable which could account for the variability in protein and cholesterol

quantification.

Cholesterol effects on fluidity can be difficult to predict, however, if the late ACdEVs contain
more proteins, it could potentially increase their rigidity, as seen in the previous section.
Additionally, membrane fluidity is not necessarily homogenous within a membrane and local
variation of fluidity can be caused by membrane microdomains such as lipid rafts. These are
highly ordered dynamic domains composed of cholesterols, saturated lipids and
sphingomyelin (SM), decreasing the overall and local membrane fluidity (Simons and

Sampaio, 2011). The microfluidity of lipid raft domains regulates the activation of receptors
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present in these domains (Morenilla-Palao et al., 2009; Szoke et al., 2010). As several studies
report that EVs are significantly enriched in cholesterol compared to their parent cells (De

Gassart et al., 2003), this could indicate that lipid rafts are incorporated more in ACdEVs.

4.3.3.b Lipidomic analysis

In an EV field where studies are predominantly focusing on membrane proteins for surface
markers identifications and disease diagnosis, it is crucial to shed some lights on the important
role of lipids. A comprehensive analysis of the lipid composition of cells and ACdEVs during
early and late apoptosis will undoubtably help understand the biophysical properties of EVs

membranes.

For this, an untargeted high-resolution MS was used to extensively analyse the molecular
lipidomic profile of the T cell line Jurkat cells and the ACdEVs released during early and late
apoptosis. As the initial dataset generated by lipid mass spectrometry was extremely large
with 1780 lipid species identified belonging to 23 lipid class, a pre-analysis was required
(Figure 4.10).

Mammalian lipid biogenesis only produces even numbers of carbons in FA chains, this is why
the odd chain fatty acids (OCFA) lipids were removed as they most likely come from the diet,
or in this case from the serum which is supplemented to the culture media. Serum is important
to promote cell growth by providing the cells with basic nutrients and growth factors. Even
though the sample preparation before mass spectrometry analysis included washing steps to
remove any lipids deriving from the serum, lipids and factors already taken up by cells prior to
serum depletion remained. By removing the OCFA from the lipid data set, 537 lipid species

were removed corresponding to 6.97 % of the total lipids.

The stability of lipids can be influenced by hydrolysis and oxidation during sample collection,
storage, and preparation (Ulmer et al., 2021). Hydrolysis of lipids leads to free FA and
lysolipids production. Lysolipids are lipids in which one or both acyl derivatives have been
removed and they have been identified as extracellular mediators activating specific GPCRs
(Heringdorf, 2008). Even though the samples have been spiked with internal standards, lipid
degradation such as hydrolysis prior to the spiking was not accounted for. For this reason, the
lysolipids identified here may not be representative of the true lysolipids levels. Additionally,
the removed lysolipids represent less than 0.5 mol% of the total lipids and thus might not be
significant structural components of ACdEVs although they might still have important role in

signalling. Consequently, 46 lysolipids species and 8 lipid class were removed.
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Figure 4.10: Steps followed for lipidomics analysis. The initial dataset was provided by Lipotype,
from which odd chain fatty acids (OCFA) were removed, followed by lysolipids, leading to a final dataset
used for further analysis. The heat map represents the mol% lipids with each number of carbons in FA
chains in each condition. Heat map range: smallest value = 0.46; baseline value = 14.62; largest value
= 28.78. The bar graph represents the abundance of lysolipids in mol %. LPA Lyso Phosphatidate, LPC
Lyso  Phosphatidylcholine, LPC O- Lyso Phosphatidylcholine (-ether)) LPE Lyso
Phosphatidylethanolamine, LPE O- Lyso Phosphatidylethanolamine (-ether)) LPG Lyso
Phosphatidylglycerol, LPI Lyso Phosphatidylinositol, LPS Lyso Phosphatidylserine.

Following this first lipidomic analysis, a total of 1644 and 1338 lipid species were identified in
Jurkat cells and ACdEVs, respectively, sharing 1248 species in common. The quantified lipid
species belong to 4 main lipid classes including sterol esters (STE), sphingolipids (SL),
glycerolipids (GL), and glycerophospholipids (GPL), encompassing 15 sub lipid classes
(Figure 4.11). As expected, phosphatidylcholine (PC) was the most abundant lipid across all
the conditions with a minimum abundance of 24 mol %. Indeed, phospholipids are the most
abundant class of lipid in mammalian cells, with PC representing 45-55% of the total
phospholipids (Cockcroft, 2021). On the other hand, cholesteryl esters (CE) were the less

abundant lipids with a maximum abundance of 0.35 mol %.

A.Rozo, PhD Thesis, Aston University, September 2022. Page | 92



ok
izt WA L2 22l

Ak ddeokok Ak *k
40+ Live cells 1
Early apoptotic cells
Early apoptotic EVs
Late apoptotic cells I
Late apoptotic EVs

30+

20+

Abundance in mol %

G
.

&
S, 3
&

(e

24
Qv
“

STE SL GL GPL

Figure 4.11: Abundance of specific lipid class from the final dataset. Abundance is represented
as mol % of total lipids. Statistical test used: 2way ANOVA, Tukey’s multiple comparisons. Samples
were measured in triplicates in three independent biological repeats (N=3). Error bars represent + SD.
CE, cholesterol esters, Cer Ceramide, HexCer Hexosylceramide, SM sphingomyelin, DAG
Diacylglycerol, TAG Triacylglycerol, CL Cardiolipin, PA Phosphatidate, PC Phosphatidylcholine, PC O-
Phosphatidylcholine (-ether), PE Phosphatidylethanolamine, PE O- Phosphatidylethanolamine (-ether),
PG Phosphatidylglycerol, Pl Phosphatidylinositol, PS Phosphatidylserine, STE Sterol, SL Sphingolipid,
GL Glycerolipid, GPL Glycerophospholipid.

The abundance of lipid classes showed significant differences between EVs and their parent
cells as well as between early and late apoptotic cells in PC, PG, Pl and PS (Table 4.1). To
confirm such differences, a principal component analysis (PCA) was then realised to observe
possible correlations between the different conditions and the abundance of sub lipid classes
(Figure 4.12). The PCA was plotted based on the first and second principal component (PC1
and PC2) which represents the maximum variance direction in the data. The PCA analysis
shows similarities between cells as seen by a low PC1 score whereas ACdEVs are
characterised by a higher PC1 score. Comparably, early apoptosis is illustrated by a positive
PC2 score, whereas late apoptosis is characterised by a negative PC2 score. Additionally, the
results show a distinct clustering between the biological replicates which indicates a low intra
variability between conditions. This result indicates that the composition in lipid classes in cells

differs from ACdEVs and is also different during early and late apoptosis.
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Mean 95.00% CI of Below Summary P Value

Diff. diff. threshold
PC
Early apoptotic cells vs. -11.04 -13.421t0-8.658 Yes bl <0.0001
Early apoptotic EVs
Late apoptotic cells vs. Late -10.43 -12.811t0-8.047 Yes bl <0.0001
apoptotic EVs
PG
Early apoptotic cells vs. 6.124 3.741 to 8.506 Yes e <0.0001
Early apoptotic EVs
Late apoptotic cells vs. Late 3.785 1.403t06.168 Yes el 0.0002
apoptotic EVs
Pl
Early apoptotic cells vs. 8.506 6.124 to 10.89 Yes o <0.0001
Early apoptotic EVs
Early apoptotic cells vs. 3.01 0.6275t05.392 Yes > 0.0057
Late apoptotic cells
Late apoptotic cells vs. Late 5515 3.133to0 7.898 Yes bl <0.0001
apoptotic EVs
PS
Early apoptotic cells vs. 2.94 0.5578105.323 Yes > 0.0074

Late apoptotic cells

Table 4.1: Summary statistics table. Significant statistics comparing lipid class abundance within
each condition, (Cl) confidence interval. Statistical test used: 2way ANOVA, Tukey’s multiple
comparisons. ** P<0.01 *** P <0.001; **** P<(0.0001.
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Figure 4.12: PCA analysis based on lipid classes. PC scores of each replicate based on lipid classes
(mol%) was plotted. Samples were measured in triplicates in three independent biological repeats

(N=3). Ovals were manually drawn as a visual representation of the clusters.
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As the differences observed by the PCA analysis gives us a glimpse on the importance of the
lipidic compositions, the enrichment in lipid classes in each condition was then quantified. For
this, significant fold increases in mol% were plotted to compare ACdEVs with cells, ACdEVs

and their parent cells, and early and late apoptosis (Figure 4.13).

Analysis of lipid composition in cells compared to ACdEVs showed a significant 9.2-fold
increase in the abundance of triacylglycerol (TAG) in cells. Additionally, when comparing
ACdEVs and parent cells, during both early and late apoptosis, TAG was found to be enriched
in ACs by an 8.6- and 16.5-fold increase, respectively. This suggests that TAG is most likely
found in live cells prior to the serum depletion and apoptosis induction. Through apoptosis
TAG seems to remain in cells rather than loaded in vesicles. As TAG is mainly found in lipid
droplets and lipoprotein it is most likely that TAG may also derive from the serum or
particulates contaminations. Similar observations apply to cholesteryl ester (CE) which is also
associated with such contaminating particulates and is found to be enriched in ACdEVs and
especially 6H ACdEVs. Both TAG and CE will most likely be vesicular cargo rather than
membrane component especially based on the highly hydrophobic nature of CE. Depleting
the samples in lipoproteins could help discriminating between TAG and CE as contaminants
or as part of the membrane lipids. However, other studies revealed a similar enrichment in
both TAG and CE in exosomes (Skotland et al., 2020). Interestingly, diacylglycerol, which
derives from TAG, was found to be enriched in 6H ACdEVs.

Cardiolipin (CL), a phospholipid located in the inner mitochondrial membrane, was enriched
in 6H AC compared to 6H ACdEVs. This indicates that during the early stages of apoptosis
mitochondrial lipids and associated materials are not actively loaded in ACdEVs. Indeed,
cardiolipin is a crucial lipid involved in the process of apoptosis, as upon apoptotic signalling,
CL is translocated from the inner- to the outer- mitochondrial membrane to form a cytochrome
c/CL complex (Paradies et al., 2019). This complex formation allows the peroxidation and
further release of the cytochrome ¢ which then assemble with APAF-1 to form the
apoptosome. Additionally, CL was found to be directly involved in mitochondrial outer
membrane permeabilization (Gonzalvez and Gottlieb, 2007). Nevertheless, cardiolipin
synthesis was shown to decrease during apoptosis (Ostrander et al., 2001; Manganelli et al.,
2015).
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Interestingly, ACdEVs were always enriched in ceramide (Cer) when compared to cells.
Ceramide is generated by hydrolysis of sphingomyelin (SM) and can be further transformed
into S1-P which is a well know find me signal sensed by efferocytes. Additionally, all of those
sphingolipids were found to be involved in cargo sorting and secretion of exosomes (Yuyama
et al., 2012; Kajimoto et al., 2013) which could indicate a similar role of Cer in ACdEVs loading
and secretion. Cer was also enriched in 18H EV compared to 6H EVs. SM is also one of the
main constituents of lipid rafts together with cholesterol. Like most studies, enrichment from
cells to EVs of SM was observed in 6H ACdEVs with a 1.6-fold increase (Skotland et al.,
2020). These ordered raft membrane microdomains tend to decrease the overall and local
membrane fluidity and regulate membrane protein localization and activity. 6H ACdEVs are
thus more likely to contain such domains. Lipid raft domains were shown to give membranes
a higher resistance to detergent and physiochemical changes (Bir6 et al., 2005; Simons and
Sampaio, 2011). Lipid raft enriched particles such as early ACdEVs could thus have a longer
lifetime and possibly diffuse longer and have better chances of interacting with recipient cells
in distant area. Alternatively, as SM was enriched in 6H ACdEVs compared to 18H ACdEVs,
it can be hypothesized that the SM present in vesicles during early apoptosis is further
hydrolysed into Cer during late apoptosis. Another type of sphingolipid, hexosylceramide
(HexCer), was only enriched in 6H ACdEVs compared to 18H ACdEVs. It is found in the
literature that HexCer are predominantly enriched in smaller EVs as opposed to larger EVs
(Brouwers and Al., 2013), which could potentially indicate that 6H AC tend to release smaller

ACdEVs in greater numbers.

Regarding phospholipids, the lipid class analysis revealed that phosphatidylinositol (PI) and
phosphatidylglycerol (PG) were depleted in ACdEVs compared to cells whereas
phosphatidylcholine (PC) was enriched. Phosphatidylcholine (-ether) (PC O-) was found to be
enriched in 18H AC and ACdEVs which could be specific to late apoptosis, whereas

phosphatidylethanolamine (-ether) (PE O-) was only enriched in 6H ACdEVs.

When the lipid classes of live and apoptotic cells were compared, no significant differences
were observed (data not shown). Additionally, when comparing early vs late apoptosis only
Cer was significantly enriched during late apoptosis compared to early apoptosis with a 0.44-

fold increase.
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Figure 4.13: Lipid class enrichment in cells and early and Late ACdEVs in Jurkats. Enrichment of
lipid classes in live-, apoptotic-cells, and ACdE Vs calculated as mol% of lipids in the compared samples.

Statistically significant data only was plotted. Statistical test used: multiple unpaired t test.

Other characteristics in lipidomics can be investigated when looking at membrane fluidity such
as the degree of unsaturation of the acyl chains. The abundance of saturated FA (SFA),
monounsaturated FA (MUFA), diunsaturated FA (DUFA) and polyunsaturated FA (PUFA)
lipids was quantified (Figure 4.14). Results show that most lipids contain MUFA (Figure
4.14.a). ACdEVs contain more SFA and less MUFA than cells, in agreement with previous
studies on exosomes (Llorente et al., 2013). Late apoptotic cells and EVs contain more DUFA
and less PUFA than early apoptotic cells and EVs. Additionally, the UFA:SFA lipid ratios was
calculated (Figure 4.14.b). The significant decrease in UFA:SFA ratio in 6H ACdEVs
compared to 6H AC is also observed in 18H conditions. The lesser the number of unsaturation
the more rigid the membrane becomes. These results suggest that EVs are more rigid than
cells, however the laurdan assay results showed that EVs share the same membrane fluidity
as their parent cells. As mentioned previously, various parameters can affect the membrane
fluidity and it is most likely that the degree of unsaturation alone does not reflect the membrane

properties.
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Figure 4.14: Degree of saturation of lipids in Jurkat cells and ACdEVs. (a) Abundance of lipids and
degree of unsaturation. (b) Proportion of unsaturated/saturated lipid ratios across all conditions.
Samples were measured in triplicates in three independent biological repeats (N=3). Error bars
represent + SD, statistical test used: unpaired t test. SFA: saturated fatty acids;, MUFA:
monounsaturated fatty acids; DUFA: diunsaturated fatty acids; PUFA: polyunsaturated fatty acids.

The degree of hydroxylation, or numbers of hydroxyl groups (-OH), was then quantified
(Figure 4.15). When the abundance of lipids was under 1 mol %, the data was excluded,
number of hydroxylation not shown: 3. The majority of lipids were not hydroxylated with only
a maximum abundance of 7.2 mol% of lipids containing 2 hydroxyl groups (Figure 4.15.a).
The ratio of non-hydroxylated:hydroxylated lipids across the different conditions showed no

significant difference (Figure 4.15.b).

Interestingly, the lipids that contained hydroxyl group were sphingolipids (SM, HexCer and
Cer) only. SM was found to be the most abundant hydroxylated lipid across all conditions
compared to the other types of SL (Figure 4.15.c). This can be explained by the fact that the
total amount of SM is 10 times higher than Cer in cells (Adada, Luberto and Canals, 2016).
Several studies have highlighted the importance of SL hydroxylation in interactions with the
surrounding membrane and enzymes. Indeed, sphingomyelin synthases which produce SM,
have a better affinity for hydroxylated SM rather than non-hydroxylated SM (Sessa et al.,
2021). ACdEVs were found to have the highest total abundance of hydroxylated lipids with
7.2 and 6.1 mol% for 6H- and 18H-ACdEVs, respectively. This could indicate that SL are
actively hydroxylated within ACdEVs. Additionally, 18H ACdEVs had a higher percentage of
Cer-OH and a lower percentage of SM-OH than the other conditions. This leads to the
suggestion that during late apoptosis, SM is further hydrolysed into Cer.
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Figure 4.15: Degree of hydroxylation of lipids in Jurkat cells and ACdEVs. (a) Abundance of lipids

and amount of hydroxylation. (b) Proportion of non-hydroxylated/hydroxylated lipid ratios across all
conditions. (c) Representations of hydroxylated SL proportions across all conditions. Samples were
measured in triplicates in three independent biological repeats (N=3). Error bars represent + SD,
statistical test used: unpaired t test.

Sterols also seems to have a better affinity for SM-OH to form highly ordered membrane
domains (Jaikishan and Slotte, 2013), the decrease in SM towards late apoptosis could induce
a decrease in lipid raft like domains, affecting the membrane lipid packing.
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When looking at the molecular level, a total of 1197 unique species were identified across all
conditions after removal of OCFA and lysolipids (Figure 4.10). As expected from the Lipid
class enrichment data (Figure 4.13), most of the lipid species enriched in ACdEVs belong to
the PC and Cer lipid class, and most of the species highly enriched in cells are TAG. Similarly,
most of the lipid species enriched during early apoptosis belong to CE, HexCer, DAG, SM, PS
and PE O- lipid classes, and most of the species highly enriched during late apoptosis belong
to the PC O-, PG and Cer lipid classes.

Many mediators of inflammation are derived from phospholipids and polyunsaturated FA. Here
we focus on a key lipid mediator precursor: arachidonic acid (AA). AA is a 20-carbon fatty acid
with 4 double bonds (20:4) and a crucial precursor of inflammatory lipid mediators such as
prostaglandin, leukotriene, prostacyclin, and thromboxane (Figure 1.4). Potential AA lipid
precursor were identified in both 6H and 18H ACdEVs by looking at unique lipid species
containing 20:4 FA chains (Figure 4.16). The analysis resulted in the identification of 5.8 and
5.4 mol% of total lipids, respectively. In both ACdEV populations, the species identified belong
to the PC, PE O- and PE lipid classes. Interestingly, the same unique lipid species were
identified in both 6H and 18H ACdEVs in similar proportions with PC 14:0_20:4; PE O-
16:1/20:4; and PC 16:0_20:4. The slash separating the FA chains of the PE O- signifies that
the sn-position on the glycerol was resolved (sn-1/sn-2), whereas the underscore separating
the other FA chains of PC and PE could not be discriminated. Like in PE O-, a 20:4 FA chain
in sn-2 position can be further hydrolysed by PLA2. Therefore, it is possible that those specific
lipids are further hydrolysed into AA and further inflammatory lipid mediators, as EVs can carry
active enzymes. Thus, ACdEVs can potentially deliver inflammatory lipid mediators to

recipient cells and modulate immune cells response.

6H ACdEV 18H ACdEV

= 20.92% PC 14:0_20:4
= 20.47% PE 0-16:1/20:4
B 6.16% PC16:0_20:4

= 2161% PC 14.0 204
mm 14.93% PE 0-16:1/20:4
mm 9.10% PC 16:0_20:4

Total=5.88375 Total=5.43386

Figure 4.16: Possible arachidonic acid precursors in ACdEVs. Quantification of unique lipid

species present in 6H and 18H ACdEVs containing a 20:4 FA chain.
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Taken together, these lipidomic results demonstrate that a selective incorporation of lipids is
occurring when AC release ACdEVs, and that it is different in EVs from early and late phases
of apoptosis. Those distinct lipidic profiles are likely to dictate ACAEVs membranes biophysical

properties and could affect their uptake and functions.

4.4. Conclusion

This chapter has reviewed the extensive characterization of early and late ACdEVs by looking
at their PSD, membrane fluidity, cholesterol and protein level, as well as their lipidic
composition. The PSD was similar in both 6H and 18H ACdEVs showing a highly
heterogeneous population of EV predominantly of exosome-like size (up to 120 nm). The
TRPS particle sizing technique was time consuming due to the needed calibration and pore
clogging. The optimized MRPS revealed to be a successful alternative technique for the
measurement of lipid particles. The high surface tension of small cartridges was overcome by
using BSA as a wetting agent rather than detergent. The membrane fluidity was successfully
measured using the laurdan probe on both cells and EVs. The membrane fluidity was found
to fluctuate through apoptosis by first increasing and then decreasing towards late apoptosis.
Those observations were then investigated by looking at the EVs cholesterol and protein
amount, which showed no significant difference between early and late apoptosis. Finally, the
MS lipidomics data were analysed by looking at the lipid classes, species, degree of saturation
and lipid hydroxylation. The lipid classes results indicated a selective incorporation of lipids in
EVs during early and late apoptosis. EVs were found to have less SFA and more hydroxylated

SL than cells, showing how complex and multifactorial membrane fluidity is.
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5. Chapter 3: ACdEV's role in

modulating immune response

5.1 Introduction

As mentioned previously, the macrophage lineage derives from hematopoietic stem cells in
the bone marrow and are mainly composed of vascular monocytes and tissue resident
macrophages. Upon inflammatory stimuli, activated monocytes (M0) can differentiate into two
main polarisation states of macrophages (MQ): either classically activated M1 Md, or the
alternatively activated M2 Md, depending on the environmental stimulus (cytokines, microbial
products, etc.). CD14 and CD11b surface markers expression is known to increase upon
activation in monocytes (Kohro et al., 2004). CD14 is a co-receptor for Toll like receptor that
binds LPS and other PAMPs, whereas CD11b integrin family member that pairs up with CD18
to form CR3 cell surface receptor. The macrophage lineage is composed of a highly

heterogeneous population of myeloid cells (Gordon and Taylor, 2005).

The role of EVs released from dying cells has been less characterised than those released by
healthy cells. However, increasing evidence have highlighted the role of ACdEVs in regulating
immune responses (Caruso and Poon, 2018). As mentioned in the introduction, ACdEVs
harbour find me and eat me signals to attract and promote uptake of AC by efferocytes.
Additionally, ACdEVs can be involved in direct antigen presentation by having MHC I
molecules on their surface, or in indirect antigen presentation by delivering antigens to antigen
presenting cells (Braciale, 1987; Joffre et al., 2012). Finally, ACdEVs can transport
proinflammatory cytokines like IL-1a and promote inflammation (Berda-Haddad et al., 2011).
ACdEVs were also found to inhibit dendritic cell function and aid the infection of neighbouring
cells in HIV infection (Frleta et al., 2012). As ACdEVs can deliver cargo to recipient cells, it
likely that ACdEVs influence the polarisation of M@ towards M1 or M2 and modulate the
immune response. The delivery of cargo to recipient cells in ACdEVs is poorly understood and
is often cell specific. Many uptake pathways can be used by efferocytes to engulf ACAEVs

such as endocytosis and cell surface membrane fusion.
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5.2 Aims and objectives

In this chapter, the aim is to characterize the functions of ACdEVs in recruiting and modulating
the immune function of efferocytes. For this, both early and late ACdEVs’ ability to attract
macrophages will be assessed by a transwell migration assay. Furthermore, the uptake of
ACdEVs will be investigated by monitoring the kinetics of labelled EV’s engulfment by

macrophages via FCM and the possible role of membrane fluidity in modulating this process.

5.3 Results

5.3.1 Monocytes differentiation into macrophages

To study the mechanisms of ACAEV mediated apoptotic cell clearance, macrophage
recruitment was investigated as it is the predominantly recruited efferocyte compared to other
phagocytic cell type such as neutrophils (Eguchi et al., 2015). As a model to study
macrophages, the THP-1 monocytic cell line was used. Myeloid leukaemia cells can be
differentiated in macrophages upon vitamin D3 (VD3) treatment in both human and mice (Abe
et al., 1981; Tanaka et al., 1982) by binding to its nuclear receptor and promoting the
transcription of macrophages genes. Prior to any functional assay, THP-1 cells were first
activated by (VD3) treatment for 48 hours. The VD3 treated monocytes were then checked for
the activated monocyte markers CD14 and CD11b levels by flow cytometry gated on side and
forward scatter (Figure 5.1.a). The isotype controls for both CD14 and CD11b were incubated
with activated THP-1 cells and measured by flow cytometry. Both isotypes had a similar signal
in the PE channel than the unstained cells, ensuring the specificity of the antibodies staining
and a low non-specific background (Figure 5.1.b). Upon VD3 treatment a significant increase
of THP-1 cells expressing the CD11b monocyte marker compared to untreated cells was
observed. However, this increase was not significant for CD14 (Figure 5.1.c) as the majority
of the cells were already positive for CD14 prior to VD3 treatment. The significant MFl increase
in CD14 expressing cells suggests that upon VD3 treatment, macrophages express more
CD14 on their surface (Figure 5.1.d).
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Figure 5.1: Differentiation of monocytes in macrophages. THP-1 monocytes were treated with 100
nM VD3 for 48 hours to induce macrophage differentiation. Non-treated and treated cells were analysed
by flow cytometry, gated on side and forward scatter, P1 represents live cells (a). (b) Isotype controls
for Cd11b (IlgG1k) and CD14 (IgG2a) (c) Percentage of THP-1 cells expressing CD14 and CD11b
surface markers. (d) Mean fluorescence intensity (MFI). Samples were measured in three independent

biological repeats (N=3). Error bars represent + SEM, statistical test used: unpaired t-test.

Both the percentage of positive THP-1 cells and the MFI data indicate that THP-1 leukaemia
cells successfully differentiate along the monocytic lineage following exposure to VD3. This
method will further be used to investigate the role of ACdEVs in modulating macrophages

immune response.
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5.3.2 ACdEVs function as chemoattractants for macrophages

To quantify the migratory response of macrophages to ACdEVs, a transwell migration assay
was used. For this, ACdEVs were seeded at the bottom of a well separated by a porous insert,
while THP-1 activated monocytes were seeded in the top chamber (Figure 5.2.a). The plate
was then inserted in the automated Cytation 5 high resolution microscopy where images were
taken at 4 positions per well, every 30 minutes over 12 hours. Afterwards, the images were
processed to count the migrated macrophages. To further analyse the kinetics of the migration
assay, further optimisation was required using the Gen5™ software (Figure 5.2.b). Firstly, the
4 images per well were stitched to create one image per well at each time point. Secondly, a
plug was drawn and applied to all the images in order to get rid of dark edges created by the
insert than can bias the final cell count. This step also ensured that the same surface area
was analysed through all the dataset making it comparable between the different conditions.
Finally, the migrated cells were counted by dividing all the objects (sum area) by the average
area of a single cell, where each yellow dot represents a counted cell. Initially, data showed a
small cell count number that did not increase over time. This was caused by the focus of the
camera that was automatically set on the insert membrane. This issue was overcome by
setting a fixed focal height for the focus of the camera at the bottom of a well, where only
macrophages were seeded, and no inserts were added. With the accurate image analysis and

instrument settings, the migrated cells were counted over time (Figure 5.2.b).
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Figure 5.2: Transwell assay set up and analysis for the quantification of migrated macrophages.
Transwell migration assay of VD3 treated THP-1 cells towards 18H 2000 x g ACdEVs over time. (a)
Schematic representation of the transwell assay. (b) Stitched and plugged images generated with the
Gen5™ software after analysis at Oh and 12h, each yellow dot represents a counted cell. Scale bar =
2000 um. Link to the video: https://aston.box.com/s/d4sp917n75p113aaz64yer51wzvejd7f.

The 2000 x g supernatant was used as a positive control as it contains intact EVs and the
apoptotic cell secretome containing all the find-me signals. The EVs collected after SEC
purification have a lower concentration than the ones present in the 2000 x g supernatant as
measured by ILM. The concentration of ACdEVs decreases after SEC purification from
1.67x10° to 3.9x108 particles/mL for early ACdAEVs, and from 1.59x10° to 2.1x108 particles/mL
for late ACdEVs (Figure 5.3). Indeed, 500 pL of EVs are loaded on the SEC column and 3,5
mL of purified EV fraction is collected. To ensure that the migration assay results are not due
to a dose response effect, 10 mL of 2000 x g supernatant was concentrated down to 1 mL by
centrifugation at 3200 x g in 10 kDa centrifugal filter tubes, prior to SEC purification to make
up for the diluted SEC purified fraction.
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Figure 5.3: EV concentration decreases with SEC purification. Concentration of 2000 x g
supernatant or qEV purified EVs samples were measured by interferometric light microscopy using the
Videodrop (Myriade). Concentration is represented in (particles/mL). Samples were measured in three

independent biological repeats (N=3). Error bars represent + SEM.

To compare the chemoattractivity of early and late apoptotic vesicles, purified 6H ACdEVs
and 18H ACdEVs were seeded for the transwell assay (Figure 5.4). As mentioned above, the
cell count corresponds to the cells counted after the plug is drawn (Figure 5.4.a). As the plug
is different between each biological repeat it is desirable to normalise the data based on the
number of seeded macrophages after the analysis (Figure 5.4.b). The positive control (PC)
for both early and late conditions attracted macrophages increasingly until 5 hours where the
number and percentage of migrated cells reached a plateau, compared to the negative control
(NC) where SF-RPMI alone did not recruit macrophages over time. This indicates that within
5 hours all the macrophages have migrated, and they did so more efficiently towards the early
apoptotic cell secretome (PC 6H). Similarly, to the NC, both purified ACdEV conditions
showed no macrophage recruitment. The SEC purification step seems to affect the bioactivity
of ACdEVs by either resulting in the loss of some important surface molecules, or by depleting

the samples of crucial soluble factors.
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Figure 5.4: ACdEVs function as attractants for activated THP-1 monocytes. Graphs representing
THP-1 monocyte migration assay over 12 hours using different types of attractants: SF-RPMI alone for
the negative control (NC), AC 2000 x g SN as the positive control (PC) and SEC purified ACdEVs
derived from both early and late apoptotic Jurkat cells. Migration was quantified using the Cytation 5
equipment by (a) the cell count of migrated cells and (b) the percentage of migrated macrophage.
Samples were measured in triplicates in two independent biological repeats (N=2). Error bars represent
+/- SEM.

The rapid recruitment towards early apoptotic cell secretome could be due to the fact that it
contains more chemoattractants. Indeed, it was shown that lysophosphatidylcholine (LPC)
was released by UV induced early apoptotic cells and acted as a chemoattractant for
phagocytes (Lauber et al., 2003). Even though the lysolipids were removed from the lipidomics
dataset for further analysis, the abundance of LPC showed a significant 0.63-fold increase in
early ACdEVs compared to late ACdEVs (data not shown), which could also participate in the

rapid recruitment of macrophages.
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During the early stage of apoptosis, apoptotic cells release find-me signal in the extracellular
environment such as nucleotides, that aid macrophages recruitment. In an attempt to
understand why macrophages are not recruited towards purified ACdEVs, a luminescent
luciferin/luciferase ATP assay was conducted to detect the extracellular level of ATP present
in the EV sample before and after SEC (Figure 5.5). Detergent was also added to quantify
the intravesicular level of ATP. Results show a significant decrease in ATP concentration
between 2000 x g and SEC samples suggesting that the qEV columns deplete the EV samples
in soluble factors. This is very likely to happen as the qEV columns used have a recovery
range of 70 to 1000 nm, meaning that small molecules like ATP will elute later. Additionally,
the ATP concentration increased when adding detergent with 2000 x g EVs indicating that
EVs may contain ATP.
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Figure 5.5. ATP quantification before and after SEC purification. Luminescent ATP assay was used
to measure the extravesicular, - Detergent (-D), or intravesicular, + Detergent (+D), level of ATP in both
2000 x g SN and SEC purified EVs. ATP concentration was quantified based on the Relative
luminescence unit (RLU) of ATP standards. Statistical test used: Ordinary 2-way Anova, error bars

represent SD. Samples were measured in triplicates in three independent biological repeats (N=3).

Here, it was shown that purified ACdEVs lose their ability to recruit macrophages due to a
likely depletion in soluble factor during the SEC purification step. It can be hypothesized that
the same thing happens for other soluble find me signals such as UTP, CX3CL-1, LPC and
S1-P. Additionally, this shows that ACdEVs alone are not sufficient to recruit macrophages

(Figure 5.4). Finally, other evidence shows that the protein surface corona of ACdEVs is
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damaged during SEC and could potentially affect their chemo attractive functions (Gomes et
al., 2022).

The ability of ACdEVs to release find me signals in the environment was also investigated.
For this the 2000 x g SN was further centrifuged at 100,000 x g to pellet the ACdEVs in order
to get rid of the ATP released by AC. Results show that the extravesicular level of ATP did not
increase over time (data not shown) suggesting that ACdEVs do not release ATP in the

environment.

However, itis unclear if ACAEVs are aiding the migration of macrophages by simply interacting
through surface markers or by being internalized. For this an experiment was designed where

labelled vesicles are incubated with activated THP-1 monocytes.

5.3.3 ACdEVs are engulfed by macrophages

As phagocytosis is mainly aimed at cells and larger entities, it is most likely that ACdEVs are
engulfed via another mechanism. To investigate this hypothesis, an uptake assay was first
optimized using flow cytometry. Secondly, lipid raft mediated uptake was investigated for both
early and late ACdEVs, by depleting the EVs in cholesterol ultimately changing their

membrane fluidity.

ACdEVs were labelled with the thiol reactive Bodipy TMR dye. Bodipy TMR gave the same
results when measuring labelled EVs in the PE channel than when using Bodipy FL in the FIT-
C channel, data not shown. By labelling ACdEVs with Bodipy TMR and incubating them with
activated monocytes the uptake of EVs was quantified by measuring Bodipy cells in the PE
channel, gated on live cells using SSC and FSC (Figure 5.6.a). Excess free dye can be
incorporated in the macrophages membranes as well as the ACdEVs and could bias the
quantification of macrophage positive cells. However, this was minimized by the wash of
excess dye using SEC columns. Additionally, macrophages were washed with PBS before
FCM measurements to remove bound ACdEVs. Firstly, different density of labelled ACdEVs
were added to macrophages to investigate the optimal kinetics for this assay. The more
ACdEVs were added, the more Bodipy positive cells were measured. However, for all the
different density tested, the uptake reached a plateau indicating that all the ACdEVs have
been engulfed or that macrophages phagocytotic activity was at its maximum. The 25 pL
volume of ACdEVs seemed the best option as it gave a plateau at ~ 60% of Bodipy positive

macrophages after 1h, which allows to compare early and late ACdEVs engulfment (Figure
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5.6.b). Indeed 50 uL of ACdEVs was engulfed to quickly study the uptake, while 10 uL showed

a very low number of Bodipy positive macrophages.
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Figure 5.6: Optimisation of the EV uptake assay. 10 mL of late AC 2000 x g was concentrated down
to 1 mL and stained with 5 uM of Bodipy TMR, prior to SEC purification. Bodipy labelled purified ACJEV's
were then added to VD3 treated THP-1 at a density of 1x106 cells/mL. The Bodipy positive THP-1 cells
were measured by flow cytometry gated on side and forward scatter, in the PE channel where 10 000
events were recorded. (a) Representative plots of Bodipy positive macrophages measured in the PE
channel, gated on live cells using SSC and FSC. (b) Quantification of EV uptake over time with

increasing late ACdEVs volume. N=1.

After successfully measuring the uptake of ACdEVs by macrophages using flow cytometry,
early and late ACdEVs were compared and membrane fluidity’s role in this process was
investigated. As the previous lipidomics data revealed, the ACdEVs are enriched in raft lipids.

Lipid raft microdomains can affect the membrane fluidity and were also shown to play a role
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in EV uptake. To investigate whether lipid rafts domains and membrane fluidity are involved

in ACdEVs uptake, cholesterol was depleted prior to the uptake assay.

Here, methyl-B-cyclodextrin (MBCD) was used as a cholesterol depleting agent. MBCD is a
heptasaccharide composed of seven glucopyranose units which forms a hydrophobic pocket
(Figure 5.7.a). Due to the high affinity of cholesterol for MBCD’s hydrophobic core, cholesterol
is spontaneously extracted from the membrane, ultimately changing its composition and
properties (Figure 5.7.b). MBCD was first incubated with 18H ACdEVs at different
concentration to see whether a change in fluidity was observed as a result of cholesterol
depletion. The laurdan assay data show a clear increase in GP values upon MBCD treatment
proportional to its concentration compared to the negative control where no MBCD was added,
although statistical analysis showed no significant differences (Figure 5.7.c). Thus, it can be
said that depleting the ACdEVs in cholesterol leads to an increased rigidity of the membrane.
This change in lipid order packing could be due to the micro fluidity of lipid raft domains
affected by the depletion of cholesterol, as EVs are enriched in lipid raft like domains. For
further experiments, 20 mM of MBCD will be used to deplete the membrane in cholesterol as

it shows the most difference in membrane fluidity compared to the control.
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Figure 5.7: Membrane fluidity decreases upon cholesterol depletion. 18h ACdEVs were incubated
with MBCD at 10 mM, 15 mM, or 20 mM for 1h at 37 °C. Generalized polarisation was measured using
the laurdan assay. (a) Structure of a cholesterol molecule and MBCD. (b) Representative schematic of
cholesterol depletion by MBCD. (c¢) GP values of 18H ACdEVs with titration of MBCD concentration.
Samples were measured in triplicates in three independent biological repeats (N=3). Error bars

represent +/- SD.
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Although MBCD depletes the outer membrane in cholesterol, it is not specific to lipid raft
microdomains. As lipid raft contains more cholesterol than the rest of the membranes, they
will significantly be more targeted. By incubating cholesterol depleted labelled ACdEVs with
macrophages, the role of membrane fluidity and lipid raft domains in EV uptake can be
assessed. Bodipy labelled early ACdEVs were added at a concentration of 1.8x10° whereas
late ACdEVs were added at 1.4x10° particles/mL. Results show that macrophages are more
efficient at taking up 18H ACdEVs rather than 6H ACdEVs (Figure 5.8). Indeed, within 1h only
4.16 % macrophages were Bodipy positive when incubated with 6H ACdEVs against 19.25 %
when incubated with 18H ACdEVs. In both conditions, MBCD treatment increased the
percentage of Bodipy positive cells suggesting that more ACdEVs are being engulfed as seen
by the proportional increase in MFI. Another study has shown that liposomes with a higher

fluidity exhibited a lower cellular uptake (Mitoxantrone et al., 2009), supporting our findings.
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Figure 5.8: Role of membrane fluidify in early and late ACdEV’s uptake. Early and late ACJEVs
were stained with 5 uM of Bodipy TMR and purified by SEC and incubated with MBCD at 20 mM.
Bodipy labelled and MBCD treated ACdEVs were incubated with VD3 treated monocytes over 3 hours.
Bodipy positive macrophages were measured by flow cytometry in the PE channel, gated on live cells
using FSC and SSC. Data represent one measurement (N=1).
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Oxidized lipids are known to activate scavenger receptor of macrophages and promote
engulfment (Vogel et al., 2022). The most common form of oxidation reaction is hydroxylation.
Here, the observed accumulation of oxidized lipids in late apoptotic cells and EVs (Figure
4.15) could contribute to the preferential uptake of 18H ACdEVs compared to 6H ACdEVs
(Figure 5.8).

As the treated EVs were not washed a second time before incubation with macrophages, it is
possible that excess MBCD depletes the macrophages membrane of cholesterol as well.
Indeed, by lowering cholesterol levels in macrophages using lovastatin, an increase in
apoptotic cell clearance was observed (Morimoto et al., 2006). This suggests that the
increased uptake of ACdEVs upon MBCD treatment could be due to a cholesterol depletion

in macrophage’s membrane rather than in ACdEV’s membrane.

As ACdEVs carry eat me signals on their surface similarly to AC, it could explain why 18H
ACdEVs were engulfed more efficiently than 6H ACdEVs. Indeed 18H ACdEVs might harbour
more PS on their outside than 6H ACdEVs. To confirm this hypothesis the PS level on both
ACdEVs surface was measured using fluorescent Annexin V (AnV) conjugates which binds to
PS in the presence of calcium. The AnV positive ACdEVs were detected by flow cytometry in
the FIT-C channel, gated against the unstained ACdEVs (Figure 5.9.a). The results showed
a significant increase from 46 % to 68 % of AnV positive events in 18H ACdEVs compared to
6H ACdEVs, supported by the proportional MFI results (Figure 5.9.b). This data suggests
that 18H ACdEVs have more engulfment signal and thus are preferably taken up by
macrophages compared to 6H ACdEVs.
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Figure 5.9: EVs released by late AC have greater PS levels than those released by early AC. 6H
and 18H EVs from apoptotic Jurkat cells were isolated and purified by SEC before staining with annexin
V-FITC for surface PS. (a) EVs were gated on size and fluorescence using violet side scatter and the
FITC channel. Unstained samples were used for the initial setting of the gate. (b) Percentage of positive
cells and mean fluorescence intensity is represented. Statistical test used: paired t test. Samples were
measured as three biological repeats (N=3).
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These previous results are in contradiction with the MS data. Indeed, the lipidomic analysis
revealed that PS was significantly enriched in 6H ACdEVs compared to 18H ACdEVs (Figure
4.13). Although AnV only binds to the PS present on the external leaflet of the EV membrane,
the MS quantifies the total level of PS. It can be proposed that overall late ACdEVs have less
PS than early ACdEVs, however, more of it is found on the surface of the EV and therefore
more accessible to AnV suggesting that PS continues to be flipped from the inner leaflet

towards the outer leaflet of the membrane throughout apoptosis.

The increased uptake of MBCD treated ACdEVs by macrophages could be the results of
various changes within the membrane. As previously shown, cholesterol depletion can
increase the membrane rigidity of ACdEVs. Cholesterol depletion can also affect the
membrane surface charges. Indeed, decreasing the cholesterol level in a phospholipid
membrane was found to increase its surface charges (Magarkar et al., 2014), becoming more
positive. As cholesterol is depleted, the membrane becomes more negatively charged,
interacting more with positive extracellular ions such as Na*. As ACdEVs are depleted in
cholesterol, their surface charges might increase which could effectively affect their uptake by
macrophages. The zeta potential, or electrokinetic potential, is a popular indicator of surface
charges and is used here to look at ACdEV surface charges. For this, MBCD treated- and
non-treated 18H ACdEVs were measured by TRPS. As observed in other EVs, ACdEVs were
found to have an overall negative zeta potential (Midekessa et al., 2020). As EV’s most
abundant lipids are phospholipids, it is thus expected that they carry a negative charge due to
the phosphate group presence in PL head group. Results show that MBCD treated ACdEVs
have a more positive zeta potential than non-treated ACdEVs with a mean zeta potential of -
19.25 mV compared to -38.89 mV, respectively (Figure 5.10). It can also be observed that
non-treated ACdEVs comprise small vesicles of various zeta potential ranging from -100 to
100 mV, whereas MBCD treated ACdEVs tend to have a similar zeta potential.
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Figure 5.10: Cholesterol depletion increases the surface charges of ACdEVs. Non-treated and
MBCD-treated 18H ACdEV’s membrane zeta potential was measured by TRPS with the Exoid. A NP-

200 nanopore was used, with a 49.99 mm stretch and a 300 mV baseline voltage.

The surface charges can influence different biological processes associated with EVs such as
their uptake. Indeed, phagocytic cells preferentially take up anionic nanoparticles (Frohlich,
2012). Upon MBCD treatment, the ACdEVs become less anionic but their uptake is still more
efficient than the non-treated more anionic ACdEVs. This shows how complex ACdEVs
membranes are, and that by changing their composition and properties we can affect their

uptake, possibly by influencing membrane protein activities involved in EV uptake.

5.4 Conclusion

This chapter has successfully reviewed some of ACdEVs role in modulating immune response
by characterizing the mechanisms behind their ability to recruit and being engulfed by
macrophages. For this, THP-1 monocytes were successfully differentiated in macrophages
upon VD3 exposure, and both migration and uptake assays were optimised. SEC purified
ACdEVs did not recruit macrophages due to a soluble factor depletion containing find me
signals such as ATP. ACdEVs uptake was increased when released during late apoptosis and
upon cholesterol depletion. This is due to an increase level of eat me signals such as PS, and

an increased membrane rigidity and surface charges, respectively.
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6. Chapter 4: microfluidic passive
filtration using hydrodynamic

separation for EV separation

6.1 Introduction

It is important to isolate EV from non-vesicular components but also to fractionate the different
EV subtypes for functional studies. Indeed, ApoBDs and ApoMVs found to be physiologically
different due to dissimilarity in membrane integrity (Wickman et al., 2013b). Additionally, small
EVs and large EVs from apoptotic Jurkats were also found to carry different protein cargo
(Tucher et al., 2018). It can only be hypothesized that due to their difference in size, membrane
properties, and composition, that small and large ACdEVs have different functions. To
investigate this hypothesis, it is important to separate EVs based on their size. Current
conventional method for size-based isolation of EVs can be damaging, time consuming and
high-cost. Microfluidic isolation is a promising field, which offers miniaturisation of conventional
techniques, quicker purification times and improved resolution while enabling a continuous
separation of EVs. One alternative method for EV separation utilizes microfluidic chips to
separate EV samples based on their size only to obtain small and large EVs based on the
recovery range of the chip. This passive separation using hydrodynamic separation has the
advantage of being less damaging for the EVs as it is a low energy isolation technique utilizing
the flow field and channel’s structure. Most microfluidic sized based particle separation are
still in the microscale rather than nanoscale, as the miniaturization of techniques can be

challenging.

In inflammation, soluble factors are key players of intracellular communication as they can
stimulate and reprogram recipient cells in favour of the resolution of the inflammatory process
(Abdulkhaleq et al., 2018). Such soluble factors include cytokines, chemokines, pro resolving
mediators, etc. Dying vascular smooth muscle cells can induce both apoptosis-induced
apoptosis and proliferation in nearby cells, depending on their cytokine secretome (Aravani et
al., 2020), highlighting the importance of soluble factors in dictating the outcome. Similarly,
apoptotic cells signal their presence and recruit immune cells to the site of cell death by

secreting soluble factors, constituting ACdEVs microenvironment. Subsequently, it is crucial
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to keep this microenvironment when investigating the mechanisms behind ACdEVs mediated

apoptotic cell clearance, to mimic in vivo conditions and outcomes.

6.2 Aims and objectives

Given the limitations of current isolation methods, a low-force regime that can retain the
soluble factors and any other loose associated components for size-based EV isolation is
highly desirable. Here, a microfluidic, label free, high throughput, sized based separation
technique was investigated for ACdEVs isolation. For this, the size of the recovery range was

characterised as well as the fate of soluble factors.

6.3 Results

5.3.1 Characterization of the microfluidic chip

The microfluidic chips used in this study are manufactured by the company pFraction8. They
are made of polymethyl-methacrylate (PMMA) and SU-8 clear polymer using
photolithographic techniques. PMMA being a photoresistant and SU-8 a thermoplastic
material, the combination of both makes a highly biocompatible microfluidic device. The chip
can be manufactured with different channel size, here the chip with 15 um channel size was
investigated. The samples are continuously perfused through the chip via the input hole at a
specific flow rate, generated by an algorithm (part of proprietary information from pFraction8).
The branched side channels inside the microfluidic devices then separate the particles to
different outlets based on their size (Figure 6.1.a). The smaller particles are expected to come
out of both outlets, whereas the larger particles are expected to come out at the large outlet
(LO) (Figure 6.1.b).
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Figure 6.1: Microfluidic chip for particle separation by hydrodynamic separation. (a) Microfluidic
chip design showing input, the large outlet (LO) and the small outlet (SO). (b) Close up view of the LO
intersection using EVOS inverted microscope, scale bar = 400 um, 10x magnification. Schematic
representation of particle flow shows large particles isolated at the LO while small particles are isolated
at both outlets.

Firstly, the chip was perfused with bromophenol blue to calculate its void volume of ~3.5 mL.
To determine the recovery range at each outlet, a mix of standard size nano beads of 60-,
100-, 150-, 200-, 300-, and 1000 nm was perfused through the microfluidic chip and measured
by MRPS using the nCS1 instrument. By combining the TS-400 and TS-2K measurements,
the data showed that all the sized beads were able to be detected prior to perfusion (Figure
6.2.a).

All the beads were recovered at the LO (Figure 6.2.b), whereas the 1000 nm beads were
absent from the small outlet (SO) fraction (Figure 6.2.c). These results showed that small
particles remain diffuse through both outlets whereas the larger ones are being isolated at the
LO, as expected. To overcome this issue, recirculation of the large outlet fraction would
concentrate small particles at the SO while isolating large particles at the LO. The size of the
larger vesicles that can be isolated will depend on the size cut-off of the microfluidic chip,
which is somewhere between 300 nm and 1000 nm. The size cut-off of the chip will depend
on the size and structure of the microfluidic channel as well as the flow field. Additionally, the
concentration of the beads remains relatively unchanged following microfluidic isolation which
constitute a significant advantage over SEC isolation.
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Figure 6.2: Size cut off determination of the microfluidic chip — Standard beads. Sizing and
quantification of a nanosphere mix measured before, at the large outlet and small outlet fractions by
MRPS using TS-400 (65-400 nm) and TS-2k (250-2000 nm) cartridges.

A.Rozo, PhD Thesis, Aston University, September 2022. Page | 121



To get a more accurate sizing of the recovery range of the microfluidic chip, 18H ACdEVs
were perfused as their heterogeneity will help to define the size cut off previously set between
300 nm and 1000 nm. Using the TS-400 cartridge no difference was observed between the
SO and the LO meaning that the size cut-off of the microfluidic chip is above 400 nm (data not
shown).

By focusing on the TS-2K measurements, data showed a similar size distribution trend for the
measurements of EVs from the input and LO fractions. However, very few particles with a
diameter above 550 nm were present in the SO fraction (Fig 6.3.a). This was confirmed by
the analysis of the normalized area under the curve of different size ranges (Fig 6.3.b). Indeed,
the percentage of area under the curve (AUC) for the 500-2000 nm section is of 32 % for the
SO against 62 % and 65 % for the LO and Before measurements, respectively. Additionally,
the percentage of AUC for the 550-2000 nm section was of 17 % for the SO against 49 % and
53 % for the LO and Before measurements, respectively (Fig 6.3.b). All together, these data

showed that the microfluidic chip can isolate large particles above ~550 nm, collected at the
LO.
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Figure 6.3: Size cut off determination of the microfluidic chip — ACdEVs. (a) Sizing and
quantification of 18H ACdEVs from the Before, LO and SO fractions, measured in 0.1% BSA using TS-
2k cartridges on the nCS1. (b) Percentage of area under the curve (AUC) of different size ranges
normalized by the total AUC from 400 to 2000 nm. N=1.

Following up on the last experiments, the relevance of this microfluidic chip for the isolation of
small and large ACdEVs was investigated. MegaMix forward and side scatter standard size
beads were used to determine the relative sizes of small and large EVs after gating using FIT-
C fluorescence (Figure 6.4.a,b). Small and large Bodipy labelled EVs were detected against
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unstained ACdEVs in the manually drawn gates of 200 nm and under, and 200 nm and above
(Figure 6.4.c). As shown on the representative FCM plot, 66.97 % of the stained ACdEVs are
in the small EV region against 0.11% stained ACdEVs in the large EV region (Figure 6.4.d).
The use of flow cytometry gating confirmed that this device is not suited for the separation of
ACdEVs into two different sized subpopulations as the majority of the vesicles are of small

diameter under 200 nm which is below the size cut-off of the previously characterised
microfluidic chip.
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Figure 6.4: Application to ACdEVs samples. MegaMix side scatter beads were detected by
fluorescence in the FITC channel, and their size was differentiated by violet side scatter. Small and
large regions were manually drawn.

A.Rozo, PhD Thesis, Aston University, September 2022. Page | 123



However, by downscaling the microfluidic chips production with the appropriate channel sizes,
this isolation method could be used to isolate small and large ACdEVs. Indeed, our ACdEV
samples are enriched in small EVs due to the depletion of larger vesicles during the differential
centrifugation isolation step at 2000 x g. However, if the whole AC secretome (300 x g SN)
was investigated, which contains larger vesicles and apoptotic bodies, this sized based
separation method could be more suitable. Compared to other microfluidic devices, this
microfluidic chip was able to separate particles in the nanoscale (Shen et al., 2017; Palumbo
et al., 2020).

As shown in the previous chapter (section 5.3.2), soluble factors isolated alongside EVs form
an important part of their biological activity and can be lost in some approaches such as SEC.
The soluble factors fate upon microfluidic isolation was investigated by looking at their
proportion at both outlets. To mimic the fate of soluble factors within the chip, BSA was used
as it is composed of a highly soluble protein. For this, a 0.2 % BSA solution was perfused
through the chip, and its absorbance at 280 nm was measured. Statistical analysis showed
no significant difference in BSA concentration between the Before, SO and LO fractions
(Figure 6.5). This demonstrates that unlike other isolation method, microfluidic isolation allows
to retain the soluble factors as they diffuse equally to both outlets. This is promising for the
isolation of ACAEVs as soluble factors present in the AC secretome plays an important role in
directing the migration of immune cells and aid to the rapid clearance of apoptotic cells to

avoid secondary necrosis.
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Figure 6.5: Soluble factor diffusion. Percentage of BSA measured by Nanodrop before and after
going through the chip (LO and SO) as an indicator of soluble factor diffusion. Samples were measured
as three biological repeats (N=3). Statistical test used: Tukey’s multiple comparison one-way ANOVA,

error bars represent + SD.
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6.4 Conclusion

This chapter has attempted to provide an insight on a novel EV separation method using
microfluidics. The potential of microfluidic passive separation technique using hydrodynamic
separation as a novel sized-based EV isolation method was investigated. The microfluidic
device used was shown to isolate large particles above ~550 nm at the LO while small particles
and soluble factors remained diffused at both outlets. Whilst the data presented here suggests
the channel size of the chips is too large for the envisaged application, if it is technically
possible to produce chips with a smaller channel size, it should be possible to separate
particles in a range relevant for EV studies. This would have the advantage of retaining soluble
factors whilst allowing fractionation based on size, possibly using a number of microfluidic

chips in series.
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7. Chapter 5: General discussion and

future work

7.1 General conclusion and discussion

While most ACdEVs studies have focused on the structure-function relationship of larger EVs
such as apoptotic bodies (Xu, Lai and Hua, 2019), limited information is available on smaller
ACdEVs. This is mainly due to the fact that apoptotic bodies were the first type of ACdEVs
discovered and that their larger size allows for an easier isolation. Additionally, the proteome
is often the first extensive characterization when studying such entities functions as ACdEVs
associated proteins were found to be involved in various biological process (Caruso and Poon,
2018b). Although the proteome of EVs has been listed in several studies, the EV lipidome is
less covered. This study gives a new perspective on ACdEV’s role in apoptotic cell clearance
by focusing on smaller ACAEVs and looking at different properties such as membrane fluidity,

lipidomics and surface charges.

This project has extensively characterised ACdEVs in line with the minimal international
society of extracellular vesicles (MISEV) guidelines for EV characterization published by ISEV
(Théry et al., 2018). The quantitative measure of the source was stated (apoptotic Jurkat cells
at 4x10% cells/mL), the abundance of EVs was quantified (particles/mL and protein
quantification), the presence of component associated with EV was tested (externalized PS),
and the presence of non-vesicular component was investigated (soluble factors
quantification). Results showed that in addition form apoptotic bodies, apoptotic Jurkat cells
continuously released a smaller EV population as well. The heterogeneity of this population
was demonstrated through their various sizes, shapes, structures, compositions, and

membrane properties.

ACdEVs released during early and late apoptosis exhibited significant differences in
membrane fluidity, lipidic composition and functions. This suggests that early and late
apoptotic cells are releasing two distinct ACAEVs populations, or that early ACAEVs formation
and loading is a controlled process whereas late ACdEVs formation and loading occurs more
randomly as the cell membrane loses its integrity. The immunological consequences of early
and late apoptotic cell clearance being different, a similar outcome for ACdEVs could be

observed. Indeed, early apoptotic cell uptake is anti-inflammatory whereas late apoptotic cell
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or necrotic cell uptake is inflammatory (Poon, Hulett and Parish, 2010). However, this outcome
can be influenced by many different factors such as the experimental model, the

microenvironment, the cell type, the type of cell death, etc.

The recruitment of phagocytes was more efficient towards early apoptotic cell secretome. This
rapid recruitment is probably required to prevent dying cells from undergoing further necrosis
and releasing their content into the environment. When ACdEVs were isolated by SEC, they
lost the ability to recruit phagocytes by depleting them of crucial soluble factors. It can be
proposed that ACdEVs alone are not sufficient to actively recruit efferocytes. When looking at
the functionality of EVs, it may be more appropriate to choose a different isolation method that
retains the EVs microenvironment to mimic physiological conditions even though the
complexity of in vivo conditions might not be reached. Novel isolation techniques such as
microfluidic passive separation are very promising for the EV field, as it was shown to retain

soluble factors while isolating the EV based on their size.

The uptake of ACdEVs by macrophages was more efficient towards late apoptotic EVs as
they were found to carry more eat me signals on their surface, which triggers intracellular
signalling required for uptake. It is well known that EVs can deliver their cargo to recipient
cells. Here it could be hypothesized that ACdEVs deliver precursor of mediators of
inflammation to efferocytes, modulating their phenotype and aiding the resolution of
inflammation. Such process could be mediated by the delivery of arachidonic acid precursor
upon ACdEVs engulfment by macrophages, which could be further processed by
macrophages COX and LOX into inflammatory lipid mediators. Such enzymes have been
identified in exosomes and could potentially be present in ACdEVs as well (Esser et al., 2010).
Additionally, the engulfment of EVs was inhibited or enhanced by modulating their membrane

fluidity and surface charges.

Overall, ACdEVs are complex communicasomes able to modulate the immune response by
recruiting and interacting with macrophages. Early ACdEVs, are more fluid and
chemoattractive, whereas late ACdEVs are more rigid, and uptaken more efficiently. These
results support the hypothesis that early ACdEVs are aiding the rapid recruitment of immune
cells to the site of cell death, by forming a gradient. Additionally, the properties of late ACdEVs
suggest the possible release of pro inflammatory bioactive lipid mediators and could thus
prime macrophages towards a M1 phenotype to prepare them for an effective efferocytosis.
Due to their ability to interact with immune cells such as phagocytes, ACdEVs-based therapies

are especially relevant in transplantation tolerance, immunotherapy, vaccine development,
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etc. Based on this study, ACdEVs could be potential therapeutical targets for inflammatory
diseases with abnormal macrophages influx and efflux. Additionally, this study provides
groundwork for ACdEVs, and more widely, EVs engineering as it shows that not only the EV
cargo is of importance but other factors too (lipid composition, membrane fluidity, surface
charges). Modulation of such factors can directly affect the uptake and efficiency of these
engineered EVs. It is vital to have a comprehensive understanding of EV surface composition
(and content) to fully understand their function. However, as highlighted in this study, there
are challenges in the characterization and isolation of EVs, making it difficult to accurately
define their functions. To advance the field, it is crucial to identify which criteria are the best to
distinguish different subtypes of EVs and develop standardised techniques and protocols to
study EVs. Lipidomics should support a new and fundamental way of discriminating between
different EV subtypes and, indeed, the lipid composition of the membrane is likely vital in
tuning the activity of these subtypes. Not only do the biophysical properties of the membrane
affect functions such as membrane fusion, they also modulate the activity of membrane

proteins within EVs, further affecting their activity.

7.2 Future work and recommendations

As noted above, whilst early and late ACdEVs had distinct differences in vitro, this work has

raised a number of important questions and routes of investigations:

Future work could focus on the characterisation and functions of ACdEVs generated
during other types of cell death such as necrosis and autophagy. Additionally, it would be
interesting to compare whether the composition, properties and functions observed in early
and late ACdEVs were affected by other types of apoptotic inducers (biological and chemical).
Similarly, it would be beneficial to confirm these findings across different cell types and primary

cell lines.

As the technique used here failed to isolate ACAEV to homogeneity, some other EV
released by non-apoptotic cells remained. As EVs derived from non-apoptotic cells should
have less exposed PS, it would be interesting to look at PS-high and PS-low proportions of
EVs. As mentioned previously, AnV binds to PS in the presence of calcium. By using biotin-
conjugated AnV, PS expressing vesicles can be magnetically captured with streptavidin
coated beads in the presence of calcium. By progressively decreasing the concentration of
calcium, low- to high-PS EVs could be eluted in different fractions, thus determining the

proportions of ACdEVs vs non-apoptotic cells derived EVs.
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There is a current limited knowledge on the biogenesis of ACdEVs that do not classify
as apoptotic bodies. Here, the selective incorporation of lipids in early and late ACdEVs could
indicate a different formation mechanism. To investigate this hypothesis, endosomal and
plasma membrane lipids could be labelled prior to induction of apoptosis, and the proportions
of both lipids could be looked at in the produced ACdEVs during early and late apoptosis.
Furthermore, the ACdEVs lipid fate in recipient cells could be followed up. Finally, the fate of
ACdEVs after engulfment by macrophages could also be looked into, by checking their

presence in the phagolysosome by using the PH sensitive pHrodo dye.
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